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A B S T R A C T

In this special issue to celebrate the 30th anniversary of the Uruguayan Society for Neuroscience (SNU), we find 
it pertinent to highlight that research on glial cells in Uruguay began almost alongside the history of SNU and 
contributed to the understanding of neuron-glia interactions within the international scientific community.

Glial cells, particularly astrocytes, traditionally regarded as supportive components in the central nervous 
system (CNS), undergo notable morphological and functional alterations in response to neuronal damage, a 
phenomenon referred to as glial reactivity.

Among the myriad functions of astrocytes, metabolic support holds significant relevance for neuronal function, 
given the high energy demand of the nervous system. Although astrocytes are typically considered to exhibit low 
mitochondrial respiratory chain activity, they possess a noteworthy mitochondrial network. Interestingly, both 
the morphology and activity of these organelles change following glial reactivity.

Despite receiving less attention compared to studies on neuronal mitochondria, recent studies indicate that 
mitochondria play a crucial role in driving the transition of astrocytes from a quiescent to a reactive state in 
various neurological disorders. Notably, stimulating mitochondria in astrocytes has been shown to reduce 
damage associated with the neurodegenerative disease amyotrophic lateral sclerosis.

Here, we focus on studies supporting the emerging paradigm that metabolic reprogramming occurs in as
trocytes following damage, which is associated with their phenotypic shift to a new functional state that 
significantly influences the progression of pathology. Thus, exploring mitochondrial activity and metabolic 
reprogramming within glial cells may provide valuable insights for developing innovative therapeutic ap
proaches to mitigate neuronal damage. In this review, we focus on studies supporting the emerging paradigm 
that metabolic reprogramming occurs in astrocytes following damage, which is associated with their phenotypic 
shift to a new functional state that significantly influences the progression of pathology. Thus, exploring mito
chondrial activity and metabolic reprogramming within glial cells may provide valuable insights for developing 
innovative therapeutic approaches to mitigate neuronal damage.

Introduction

Brain energy metabolism is linked to neuronal activity, a concept 
that was recognized in the mid-20th century and has been consistently 
supported since then (McIlwain et al., 1951; Van den Berg et al., 1969). 
Numerous studies have further supported this hypothesis (Pellerin and 
Magistretti, 1994; Poitry-Yamate et al., 1995; Theparambil et al., 2024). 
This process is mediated through the precise metabolic coupling be
tween neurons, glia, and vascular cells (Lauro and Limatola, 2020; 

Bonvento and Bolaños, 2021; Kugler et al., 2021).
Glial cells, traditionally regarded as supportive elements in the ner

vous system, are increasingly being recognized as active components of 
the neural tissue together with neurons. These include ectoderm- 
originated macroglia (radial glia, astrocytes, oligodendrocytes, NG2- 
positive progenitors) and microglia, the mesoderm-derived macro
phages of the central nervous system (CNS). Through dynamic moni
toring of CNS structure and function, glial cells respond to 
environmental changes and provide homoeostatic support and defense 
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of the nervous tissue during physiological or damaging conditions (Allen 
and Lyons, 2018). The number and relative proportions of neurons and 
different types of glial cells vary by region (e.g., gray matter versus white 
matter; cerebral versus cerebellar cortex), developmental stage, and 
species (Von Bartheld et al., 2016). Importantly, growing evidence 
supports the morphological and functional diversity of glial cells, which 
is likely influenced by both intrinsic developmental programs and 
extrinsic interactions with their environment (Trias et al., 2018; Khakh 
and Deneen, 2019; Reichenbach and Bringmann, 2020; Vidal-Itriago 
et al., 2022).

In the context of injury and disease, astrocytes and microglia, the two 
major non-neuronal cell types in the CNS, experience morphological, 
transcriptional, and functional alterations that modify the final outcome 
of the damage. This phenomenon is referred to as glial reactivity, first 
described in the early 20th century with the advent of silver staining 
techniques for nervous tissue. It continues to be actively studied today 
due to its significant impact on the progression of neurological pathol
ogies (Liddelow and Barres, 2017; Sofroniew, 2020; Escartin et al., 
2021).

During reactivity, astrocytes and microglia release cytokines, che
mokines, reactive oxygen species, and secondary messengers, which 
drive an inflammatory response within the brain or spinal cord, 
commonly referred to as neuroinflammation. Endothelial and immune 
cells originating from the periphery also contribute to this process, 
which has a wide range of immune, physiological, and biochemical ef
fects that can lead to immune cell recruitment, edema, tissue damage, 
and even cell death (Yang and Zhou, 2019).

The study of reactive astrocytes within the Uruguayan neuroscience 
community began more than 20 years ago, following one of the earliest 
observations that astrocyte–motor neuron interactions influence motor 
neuron survival. This was demonstrated while studying the trophic ef
fects of the glutamatergic antagonist riluzole on primary rat motor 
neuron cultures (Peluffo et al., 1997). It was observed that the drug’s 
trophic effect was significantly enhanced when motor neurons were co- 
cultured with astrocytes. This finding contributed significantly to 
advancing knowledge about riluzole, the first drug approved for the 
treatment of amyotrophic lateral sclerosis (ALS), a neurodegenerative 
disease characterized by progressive motor neuron loss. Subsequently, a 
series of publications emerged in the field, which can be reviewed in 
(Pehar et al., 2005; Olivera-Bravo et al., 2016; Trias et al., 2018). The 
result of this collaborative work between different generations of sci
entists led to the inclusion of Uruguayan researchers in the establish
ment of guidelines for glial research (Escartin et al., 2021).

Glial cells cooperate with neurons in energy metabolism, with as
trocytes playing a critical role. Several features of astrocytes contribute 
to their metabolic differences with neurons, including a higher rate of 
glycolysis and lactate release, the presence of glutamate uptake trans
porters, different sensitivities of monocarboxylate transporters, the 
presence of glycogen, extensive gap junction connections, the expression 
of distinct isoforms of synthetic enzymes (e.g., isocitrate dehydrogenase, 
pyruvate carboxylase, pyruvate kinase, lactate dehydrogenase), as well 
as different glucose uptake mechanisms (Verkhratsky et al., 2021).

In this regard, considering astrocytes as essentially glycolytic cells, 
little attention has been given to their mitochondrial function. Although 
astrocytes respond to increased neuronal activity and metabolic de
mands by enhancing glycolysis and glycogenolysis, they also have a 
substantial capacity for oxidative (mitochondrial) metabolism. In fact, 
the mitochondrial network in astrocytes is highly developed and ex
hibits changes in response to variations in neural function (Jackson and 
Robinson, 2018). This complex meshwork of mitochondria in astrocytes 
is conserved across different regions of the CNS despite their significant 
morphological and functional heterogeneity, suggesting the involve
ment of tightly regulated mechanisms supporting a relevant cell func
tion (Göbel et al., 2018).

In the case of microglia, their roles in brain energy homeostasis have 
been less thoroughly explored. Analysis of a cell-type-specific gene 

expression database generated from acutely dissociated mouse brains 
reveals that microglia express the full complement of genes required for 
both glycolytic and oxidative energy metabolism (Ghosh et al., 2018). 
As with other mononuclear immune-resident cells, their metabolic state 
drives their functional phenotypes. Under homeostatic conditions, 
adenosine triphosphate (ATP) is generated in microglia via glucose 
metabolism through glycolysis, the tricarboxylic acid cycle (TCA), and 
mitochondrial oxidative phosphorylation (OXPHOS), but after proin
flammatory stimuli, metabolic reprogramming shifts their energy pro
duction to glycolysis (Lynch, 2020).

The exact way in which the metabolic contribution of glial cells is 
affected during glial reactivity remains under investigation. Research on 
reactive astrocytes has focused on evaluating various molecular and 
functional parameters across different types of injury to assess their 
impact on key pathological features in relevant models (Zamanian et al., 
2012; Escartin et al., 2021). Among them, the study of energy meta
bolism and mitochondrial morphology has received increased attention 
recently and indicates that mitochondria contribute to the transition of 
glial cells from a quiescent to a reactive state in various neurological 
disorders. Notably, stimulating mitochondrial respiration in glial cells 
has been shown to reduce damage associated with ALS and chronic pain 
(Cassina et al., 2021).

This review will focus on metabolic changes in glial cells, mainly in 
astrocytes, during reactivity associated with neuronal injury, primarily 
in ALS and chronic pain, which profoundly modulate their reactive 
phenotype. This has led to a new paradigm proposing that what is 
typically characterized as mitochondrial dysfunction may actually 
represent a metabolic adaptation to damage, which: 1) modifies glial 
functions under normal conditions, 2) impacts the progression of dis
ease, and 3) may be reversible through mitochondrial-targeted 
therapies.

This information may contribute to identifying therapies aimed at 
mitigating the harmful effects of reactive astrocytes, enhancing their 
neuroprotective and glioprotective actions, and restoring or strength
ening their homeostatic, modulatory, and defensive roles.

The metabolic flexibility of glial cells

There is a substantial difference between neurons and glial cells 
regarding their metabolic flexibility and adaptability in different situa
tions (Cantando et al., 2024). Neurons depend on OXPHOS, and as such, 
they present a strictly oxidative metabolism (Herrero-Mendez et al., 
2009), whereas glial cells such as astrocytes and microglia exhibit a 
higher metabolic flexibility that is deeply linked to their function and 
activation state (Amo-Aparicio et al., 2023).

Astrocytes support neuronal function by providing an energy supply 
and protection against oxidative stress, activities linked to their glyco
lytic activity, the pentose phosphate pathway, and lipid metabolism 
(Bonvento and Bolaños, 2021). Astrocytes are thought to primarily meet 
their energy needs through the glycolysis pathway (Dienel and Cruz, 
2006; Bélanger et al., 2011), although recent findings suggest that this 
process coexists with fatty acid oxidation (Morant-Ferrando et al., 
2023). Nonetheless, astrocytes possess a highly developed mitochon
drial network that adapts to variations in neural function (Jackson and 
Robinson, 2018) and demonstrates a substantial capacity for oxidative 
metabolism (Hertz et al., 2007).

These cells are particularly suited to accomplish energetic meta
bolism: they exhibit high expression of glucose transporters (Allaman 
et al., 2011), are connected by gap junction channels (Rouach et al., 
2008), and express glucose-metabolizing enzymes in their perivascular 
regions (Escartin and Rouach, 2013). They possess specific glycolytic 
enzymes that enable them to derive 80 % of their glucose supply through 
glycolysis (Bélanger et al., 2011; Dienel, 2019). Astrocytes exhibit 
higher glycolytic activity due to their elevated expression of the enzyme 
6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 (pFKFB3), in 
contrast to neurons, which express this enzyme at lower levels (Herrero- 
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Mendez et al., 2009). Pfkfb3 controls both the synthesis and degradation 
of fructose-2,6-bisphosphate (F2,6BP), a regulatory molecule that con
trols glycolysis in eukaryotes (Bolaños et al., 2010). F2,6BP, in turn, 
activates glycolysis through allosteric modulation of phosphofructoki
nase. In addition, astrocytes predominantly express lactate dehydroge
nase 5 (LDH5), facilitating the conversion of pyruvate to lactate, while 
neurons express LDH1, which favors the reverse reaction (Bittar et al., 
1996). The higher nicotinamide adenine dinucleotide reduced (NADH) 
to oxidized (NAD + ) ratio in astrocytes further promotes the reduction 
of pyruvate to lactate (Mongeon et al., 2016). In response to neuronal 
activity, astrocytes uptake glutamate, which is recycled through the 
glutamate-glutamine cycle (Bak et al., 2006; McKenna, 2007). The up
take of glutamate triggers aerobic glycolysis in astrocytes, leading to the 
release of lactate. According to the astrocyte-neuron lactate shuttle 
model (Pellerin and Magistretti, 1994), neurons then utilize these 
extracellular monocarboxylates, directing them into the mitochondrial 
respiratory chain and OXPHOS to generate energy.

Astrocyte mitochondrial function, while important, does not appear 
to be essential for cell survival, even in situations of injury. Specifically, 
when astrocytes and neurons are exposed to concentrations of nitric 
oxide that inhibit mitochondrial respiration, neurons undergo apoptosis 
due to insufficient ATP production. In contrast, astrocytes maintain ATP 
production through glycolysis and survive (Almeida et al., 2001). The 
ability of the cell to switch to glycolytic metabolism is sufficient to 
provide ATP for maintaining survival, offering further evidence of the 
metabolic flexibility of astrocytes. For a complete review of mitochon
drial metabolism in astrocytes, see (Rose et al., 2020).

Microglia, the resident immune cells of the CNS, have often been 
explored from an immunological perspective. However, recent evidence 
suggests that these cells may also influence brain metabolism. In the 
adult brain, at the resting, homeostatic state, they continuously extend 
and retract their highly branched, motile processes to actively monitor 
the surrounding environment (Nimmerjahn et al., 2005). Upon identi
fying cellular damage and/or pathogen molecular patterns, microglial 
activation involves reprogramming of cell metabolism, switching from 
oxidative phosphorylation to the aerobic glycolytic pathway (Lauro and 
Limatola, 2020). These metabolic adaptations also include the triggering 
of a lipid biosynthetic program (Button et al., 2014) and upregulation in 
oxidant production accompanied by mitochondrial fragmentation (Nair 
et al., 2019). In addition, brain-resident microglia might also adapt to 
use glutamine as an alternative metabolic source in unperturbed or 
glucose-deprived conditions, allowing the maintenance of their critical 
immune surveillance functions (Bernier et al., 2020). Moreover, recent 
evidence indicates that microglial metabolic flexibility protects 
neuronal network function against alterations in local substrate avail
ability during moderate neuroinflammation (Chausse et al., 2024).

These studies indicate that astrocytes, as well as microglia, exhibit 
wide metabolic flexibility, enabling them to adapt rapidly to metabolic 
changes occurring during periods of high neuronal demand and/or 
pathology.

Reduced mitochondrial respiratory activity in reactive 
astrocytes

Glial reactivity has been regarded as a stereotyped response to injury 
in the nervous system. However, subsequent transcriptomic analysis 
from isolated astrocytes showed that reactive astrocyte phenotype 
strongly depended on the type of inducing injury (Zamanian et al., 
2012). In this study, although a core set of genes was upregulated in 
reactive astrocytes from two different injury models, ischemia and LPS 
injection, at least 50 % of the altered gene expression was specific to 
each injury type. Reactive astrocytes in ischemia exhibited a molecular 
phenotype that suggests that they may be beneficial or protective, 
whereas reactive astrocytes induced by LPS exhibited a phenotype that 
suggests that they may be detrimental. These findings demonstrate that, 
despite well-established commonalities, astrocyte reactive gliosis is a 

highly heterogeneous state in which astrocyte activities are altered to 
respond to the specific injury. Since then, research on reactive astrocytes 
has involved the assessment of multiple molecular and functional pa
rameters, including metabolic studies, plus the determination of impact 
on pathological hallmarks in relevant models to analyze more precisely 
the glial response (Escartin et al., 2021). With regard to metabolism, 
reduced mitochondrial respiration has been identified in a series of 
neurological diseases, some of which are detailed below.

Amyotrophic lateral sclerosis

ALS is a human neurodegenerative disease characterized by motor 
neuron death and glial reactivity. Since the earliest identification of 
mitochondrial abnormalities in tissues of individuals with ALS, mito
chondrial dysfunction has been recognized as a key factor in the path
ogenesis of the disease (Cozzolino et al., 2013; Islam, 2017; Smith et al., 
2019; Obrador et al., 2021). A range of structural and functional mito
chondrial abnormalities has been documented in ALS patients, including 
aggregates of dysfunctional mitochondria found in skeletal muscle, 
lumbar motor neurons, and motor nerve terminals (Manfredi and Xu, 
2005). Similar findings have been reproduced in animal models. In the 
classical mutated SOD1 models (SOD1-G93A), as well as in models with 
mutated TDP-43 or FUS proteins, mitochondrial fragmentation and 
vacuolization were observed (Smith et al., 2019). In these models, 
mitochondrial defects arise even before motor symptoms appear, with 
significant reductions in respiratory activity and ATP synthesis in 
mitochondria isolated from the spinal cord (Cassina et al., 2008; Cassina 
et al., 2021).

A reduction in mitochondrial respiration observed in ALS animal 
models has been described in whole spinal cord samples, irrespective of 
cell type (Jung et al., 2002; Mattiazzi et al., 2002). However, it is clear 
that mitochondrial defects occur in both neurons (Menzies et al., 2002) 
and glial cells (Cassina et al., 2008; Miquel et al., 2012; Martínez-Palma 
et al., 2019). Astrocytes expressing mutant SOD1-G93A show impaired 
mitochondrial respiratory function, reduced ATP synthesis, and 
increased production of reactive oxygen and nitrogen species, such as 
nitric oxide (NO), superoxide, and peroxynitrite (Cassina et al., 2008; 
Miquel et al., 2012; Miquel et al., 2014). These changes result in nitro- 
oxidative damage to mitochondrial proteins, further exacerbating the 
dysfunction and energy metabolism impairments (Smith et al., 2019). 
Importantly, these mitochondrial deficits in astrocytes are associated 
with decreased motor neuron survival in a co-culture setting, high
lighting the relevance of astrocytic mitochondrial activity on their 
ability to support motor neurons, with evidence for a link between 
mitochondrial respiratory activity and a neurotrophic-neurotoxic 
phenotype balance in astrocytes (Cassina et al., 2008; Martínez-Palma 
et al., 2019; Miquel et al., 2024). This link is also present in aberrant 
glial cells isolated from the spinal cord of symptomatic SOD1-G93A- 
expressing rats, which exhibit an even greater neurotoxic activity to
ward motor neurons in culture, which is also associated with their 
mitochondrial activity (Díaz-Amarilla et al., 2011; Martínez-Palma 
et al., 2019). Furthermore, the selective inhibition of mitochondrial 
activity in non-transgenic astrocytes results in reduced trophic support 
for motor neurons in co-culture, further underscoring the importance of 
mitochondrial function in glial cells (Cassina et al., 2008).

How reduced mitochondrial respiration in astrocytes could account 
for their neurotrophic-neurotoxic state in ALS needs to be further 
resolved. Mitochondrial activity profoundly affects ATP production, 
cellular redox balance, and lipid metabolism. Altered mitochondrial 
activity causes an increase in reactive oxygen and nitrogen species, 
leading to nitro-oxidative damage in SOD1-G93A astrocytes. This trig
gers downstream signaling events that promote a neurotoxic phenotype. 
In fact, targeting oxidative stress with mitochondria-targeted antioxi
dants can prevent astrocyte-mediated motor neuron death in culture and 
extend survival in vivo in SOD1-G93A mice (Cassina et al., 2008; Miquel 
et al., 2014). The reduced mitochondrial respiration characteristic of 
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proinflammatory states is often associated with elevated lactate levels in 
various neuropathological conditions (Chen et al., 2022). Excessive 
lactate transmission into neurons can lower pH levels, resulting in a 
failure of mitochondrial function and apoptosis, which ultimately im
pacts brain function (Schwartz et al., 2020). Notably, astrocytes derived 
from SOD1-G93A mice produce more extracellular lactate in culture 
compared to non-transgenic astrocytes (Valbuena et al., 2017). Then, 
while lactate is essential for maintaining neuronal energy supply under 
physiological conditions, astrocyte-mediated toxicity in ALS models 
does not depend on reduced lactate production. In fact, enhancing glial 
mitochondrial respiratory activity (and lowering lactate production) 
using dichloroacetate (DCA), an orally available drug with therapeutic 
applications, including inherited mitochondrial disorders (James et al., 
2017), reduced astrocyte-mediated motor neuron death in culture and 
extended survival in SOD1-G93A mice (Miquel et al., 2012; Martínez- 
Palma et al., 2019). DCA specifically inhibits Pyruvate Dehydrogenase 
kinases (PDK)(Knoechel et al., 2006). In turn, PDK inhibits, by phos
phorylation, the activity of the pyruvate dehydrogenase complex (PDH), 
which is responsible for the conversion of pyruvate to acetyl-CoA. As 
such, PDK inhibition keeps PDH in its active, unphosphorylated state, 
feeding the TCA cycle and mitochondrial respiratory activity. SOD1- 
G93A astrocytes treated with DCA improved their mitochondrial respi
ratory activity and restored their ability to support motor neuron sur
vival (Miquel et al., 2012). Additionally, activation of the transcription 
factor nuclear factor erythroid 2-related factor 2 (Nrf2) and subsequent 
transcription of antioxidant response element (ARE)-containing genes 
via electrophilic nitro-fatty acids reduced SOD1-G93A astrocyte-medi
ated toxicity to motor neurons in culture (Diaz-Amarilla et al., 2016), 
highlighting the importance of redox balance in astrocyte-mediated 
motor neuron death.

Mitochondrial activity and cytosolic oxidant levels can modulate the 
formation and release of exosomes, a subtype of extracellular vesicles, 
by mechanisms involving activation of neutral sphingomyelinase ac
tivity, a critical step in exosome formation (Cutler et al., 2002; Alessenko 
et al., 2005; Khodorova et al., 2013). This could establish another link 
between mitochondrial respiration and astrocyte-mediated neurotoxic 
mechanisms. There is evidence that the exosomal signaling pathway 
may contribute to modulating astrocyte-mediated toxicity in ALS (Basso 
et al., 2013; Ferrara et al., 2018; Marton et al., 2023). For example, 
astrocytes in the SOD1-G93A ALS model show an increase in exosome 
release and transport the human SOD1-G93A protein to motor neurons 
(Basso et al., 2013). Furthermore, SOD1-G93A astrocyte-derived exo
somes are sufficient to reduce neurite outgrowth and survival of motor 
neurons in the presence of glial cell line-derived neurotrophic factor 
(GDNF) to the level exhibited upon trophic factor deprivation, with a 
role for the microRNA miRNA 155-5p in exosome-mediated motor 
neuron death (Marton et al., 2023).

Another possibility is that mitochondrial respiration contributes to 
astrocyte-mediated toxicity by affecting lipid metabolism in astrocytes. 
Lipid metabolism has been linked to astrocyte-mediated motor neuron 
death (Agrawal et al., 2022). Astrocytes are the main site for lipid 
oxidation and storage in CNS (Liu et al., 2017), and dysregulation of 
astrocytic lipid metabolism has been described in ALS (Chaves-Filho 
et al., 2019; Velebit et al., 2020). Elevated oxidative stress and mito
chondrial dysfunction in neurons induce the transfer of lipids to 
neighboring astrocytes and the accumulation of lipid droplets in glial 
cells (Liu et al., 2017). Lipid droplets are dynamic organelles that can 
serve as storage sites for lipids and are regulated in response to different 
cellular and physiological conditions, including mitochondrial 
dysfunction (Renne and Hariri, 2021). Lipid droplet content increases in 
astrocytes under hypoxia conditions (Smolič et al., 2021) or upon 
oxidative stress (Islam et al., 2019). A recent study demonstrated that 
astrocytes become reactive in response to oxidative stress, secreting 
long-chain saturated fatty acids which are neurotoxic (Guttenplan et al., 
2021). In addition, lipid droplets were reduced when mitochondrial 
OXPHOS activity was stimulated in SOD1-G93A astrocytes, suggesting a 

link between mitochondria, lipid storage, and astrocyte-mediated 
toxicity (Miquel et al., 2024).

Chronic pain

Chronic pain is another condition linked to central nervous system 
damage and glial activation. Typically defined as pain persisting for 
three months or longer (Treede et al., 2019), it is the leading cause of 
disability worldwide when considering all pain-related conditions, 
including low back pain, headaches, and neck pain (James et al., 2018). 
In particular, neuropathic pain is an especially severe type of chronic 
pain resulting from damage or disease affecting the somatosensory 
nervous system, caused by conditions like diabetes, human immuno
deficiency virus (HIV) infection, and chemotherapy, among others 
(Cavalli et al., 2019).

The role of mitochondrial dysfunction in sensory processing and the 
establishment of chronic pain is relatively unexplored. Some reviews 
have approached a comprehensive understanding of how mitochondrial 
dysfunction connects inflammation and damage-associated pathways to 
neuronal sensitization and persistent pain (Silva Santos Ribeiro et al., 
2022; Willemen et al., 2023). Moreover, morphological and functional 
alterations in mitochondria have been reported in patients and animal 
models of pathological pain (Flatters, 2015). However, very few reports 
analyzed the mitochondrial respiratory function at the central nervous 
system level. For example, reduced oxygen consumption by mitochon
dria has been described in paclitaxel-induced painful neuropathy, 
measured at isolated dorsal ganglia cells (Duggett et al., 2017) and at the 
sciatic nerve (Zheng et al., 2011), but an increase in oxygen consump
tion was measured in peripheral nerves after partial nerve ligation (Lim 
et al., 2015).

When analyzing high-resolution respirometry in spinal cord tissue, a 
decrease in mitochondrial respiratory activity was detected at the lesion 
site in mice with chronic constriction of the sciatic nerve. Additionally, 
in rats injected with Freund’s adjuvant in the posterior paw, a decrease 
in mitochondrial respiration in the spinal cord was observed on the 
ipsilateral side of the lesion but not on the contralateral side (Lagos- 
Rodríguez et al., 2020). These findings clearly associate a decrease in 
mitochondrial oxygen consumption with the site of the first synapse in 
the pain pathways in animals with chronic pain.

As in the ALS model, stimulation of mitochondrial respiration by 
DCA administration reduced the levels of phosphorylated PDH and 
increased the mitochondrial oxygen consumption at the spinal cord level 
(Lagos-Rodríguez et al., 2020). Importantly, this treatment attenuated 
the hyperalgesia and mechanical allodynia, indicating that PDK inhibi
tion affects the synaptic plasticity associated with central sensitization 
in chronic pain. Therefore, PDK modulation can be proposed as a new 
target to reduce pain. In agreement with these results, the genetic 
ablation of PDK2/4 (the astrocyte isoforms of PDK) reduced the pain- 
associated behavior in mice with formalin paw injection. Thermal hy
persensitivities and glial reactivity in the spinal cord were significantly 
reduced in Pdk2/4-deficient mice (Jha et al., 2016). DCA treatment led 
to decreased astrocyte and microglia reactivity, so a potential effect of 
DCA on microglial cells cannot be ruled out. Additionally, DCA has been 
shown to shift glucose metabolism toward the TCA cycle and oxidative 
phosphorylation in astrocytes (Miquel et al., 2012) and in T cells in mice 
affected by experimental autoimmune encephalomyelitis (Gerriets et al., 
2015). Recently, DCA treatment has been shown to improve cognitive 
dysfunction and neuronal loss in a sepsis mouse model by reducing 
proinflammatory phenotype in microglia and blood macrophages, and 
also prevented the decrease in mitochondrial membrane potential trig
gered by LPS and ATP in BV2 cells (Huang et al., 2024). Astrocytes and 
also microglia are involved in synapsis structure and physiology (Ball 
et al., 2022; Oliveira and Araque, 2022). In particular, perisynaptic 
astrocytic processes are key elements in regulating synaptic trans
mission as components of tripartite synapses (Ko et al., 2023). In fact, 
recent data show that astrocytes modified GLT1 expression during 
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chronic pain conditions (Benson et al., 2023). To date, several astrocyte- 
secreted mediators that induce synaptic plasticity have been identified 
(Sancho et al., 2021). However, further studies are needed to fully un
derstand the impact of modulating metabolism on the synapsis plasticity 
linked to chronic pain.

Metabolic reprogramming of astrocytes: A target to modify 
disease

As described above, astrocytes have the ability to undergo significant 
metabolic changes in pathological states. This metabolic reprogramming 
lets them meet increased energy demands and support their reactive 
functions associated with those states (Calì et al., 2024). We have pro
posed that this metabolic reprogramming, characterized by reduced 
mitochondrial respiratory activity with a decreased capacity to respond 
to energetic demands, is particularly relevant in ALS. We have demon
strated that it occurs in SOD1-G93A-expressing astrocytes and that it is 
critically associated with their phenotype shift towards a motor neuron- 
degeneration-inducing astrocyte (Cassina et al., 2021). This was previ
ously described as mitochondrial dysfunction in SOD1-G93A-expressing 
astrocytes but can now be considered an adaptive metabolic reprog
ramming associated with a new functional state, a concept not exclusive 
to ALS. In fact, metabolic reprogramming was shown in animal models 
of Huntington and Duchenne muscular dystrophy (Polyzos et al., 2019; 
Bellissimo et al., 2022).

It is important to highlight that the reduction in mitochondrial 
respiration is not irreversible; in fact, it can be reversed with 
mitochondria-targeted therapies (Cassina et al., 2008; Miquel et al., 
2012; Miquel et al., 2014; Miquel et al., 2024). As such, the signaling 
and phenotypical consequences of that metabolic reprogramming can 
also be modulated, with evidence for a reduction in SOD1-G93A astro
cyte-mediated motor neuron death in culture after stimulation of 
mitochondrial respiratory activity or mitochondria-targeted 
antioxidants.

A key point in building our hypothesis was the finding that specific 
silencing of isoform 2 of pyruvate dehydrogenase kinase (PDK2), which 
is highly expressed in astrocytes but shows low expression in neurons 
and microglia, caused a switch in mitochondrial metabolism in SOD1- 
G93A astrocytes. This change was associated with a recovery in the 
ability of astrocytes to support neuronal survival (Miquel et al., 2024). 
Silencing PDK2, as well as previous work involving DCA treatment in 
SOD1-G93A-expressing astrocytes, induced a significant transformation 
in the mitochondrial network of the astrocytes. The network shifted 
from clustered, fragmented organelles with decreased OXPHOS to a 
branched, connected, respiratory-active elongated network resembling 
that of non-transgenic astrocytes (Miquel et al., 2024). These results 
underscore the flexibility and adaptability of astrocyte metabolism and 
mitochondrial activity.

Although astrocyte OXPHOS is not required for survival, its activity 
has been reported as a source of reactive oxygen species due to ineffi
cient complex activity and electron transfer (Lopez-Fabuel et al., 2016). 
Following glycolysis, pyruvate is typically diverted to anaplerotic re
actions to synthesize TCA cycle intermediates instead of being converted 
into acetyl-CoA. This process is constrained by reduced PDH activity due 
to phosphorylation via PDK (Halim et al., 2010; Jakoby et al., 2014). 
This scenario suggests that in vivo therapies targeting the prevention of 
PDH phosphorylation could have a greater impact on astrocytes, as their 
pool of PDH remains phosphorylated, compared to microglia or neurons, 
where PDH is generally dephosphorylated.

Recent studies further support this hypothesis. For example, 
analyzing the proteomic profile and secreted metabolome of primary 
spinal cord astrocytes derived from SOD1-G93A mice, compared to mice 
overexpressing wild-type human SOD1 (hSOD1-WT), revealed that 
certain metabolic pathways were predominantly altered. These include 
fatty acid biosynthesis, regulated by the availability of acetyl-CoA, and 
amino acid and glutathione (GSH) metabolism, many of which are 

mitochondrial processes (Stella et al., 2021).
Additionally, a study investigating the tissue metabolome in the 

lumbar spinal cord of two ALS mouse models with differing disease 
progression rates—SOD1-G93A C57BL/6JOlaHsd (C57-G93A, slow 
progression) and SOD1-G93A-129SvHsd (129S-G93A, fast pro
gression)—revealed differences in metabolites involved in energy and 
lipid metabolism (Valbuena et al., 2019). Notably, more significant 
metabolic trajectory differences were observed after symptom onset 
than those attributed to mouse genetic background, indicating that 
shifts in energy metabolism correlate with increased glial reactivity.

Recent studies show that the detrimental effects of reactive astro
gliosis are not only due to pro-inflammatory and neurotoxic gain of 
function but also a loss of their homeostatic functions. This pathological 
remodeling could be linked to epigenetic remodeling of chromatin. LPS- 
induced and traumatic brain injury-induced reactive astrocytes exhibit 
not only increased expression of pro-inflammatory factors, but also 
persistent DNA hypermethylation, leading to a decreased expression of 
homeostatic genes, including those involved in the lactate shuttle to 
neurons (Cuautle et al., 2024). ALS astrocytes are known to exist in a 
pro-inflammatory state, suggesting a possible link between inflamma
tion and epigenetic reprogramming in ALS, a valuable mechanistic 
insight that would need to be explored.

Moreover, recent findings identified tissue-specific changes in the 
relative expression and daily expression patterns of metabolic enzymes, 
including Pfkfb3, in SOD1-G93A mice (Killoy et al., 2021). As 
mentioned earlier, Pfkfb3 controls the synthesis and degradation of 
F2,6BP, the allosteric activator of phosphofructokinase that regulates 
glycolysis. Thus, altered Pfkfb3 expression may contribute to disrupted 
glycolysis and gluconeogenesis seen in the spinal cord of hSOD1-G93A 
mice. This data supports the idea that in the neurodegenerative in
flammatory environment, there is a metabolic remodeling of energy 
metabolism pathways, including not only OXPHOS but also glycolysis, 
glycogenolysis, and others.

All these metabolic alterations across different pathways, observed 
in ALS models or other conditions involving glial reactivity, demonstrate 
that metabolic remodeling occurs in response to injury. Consequently, 
the activation of a specific pathway—in this case, the Krebs cycle and 
OXPHOS—suggests a metabolic modulation that restores astrocytic 
function to its pre-injury or resting state. However, how this modulation 
influences other homeostatic activities of astrocytes requires further 
research.

Final remarks

Metabolic studies in astrocytes allow us to conclude that, unlike 
neurons, these cells exhibit metabolic flexibility that enables them to 
survive damage and contribute to repair. However, this flexibility entails 
phenotypic modifications that may influence the course of the pathol
ogy. Mitochondria are, therefore, key organelles in determining the glial 
phenotype in ALS, chronic pain, and potentially other CNS diseases. 
Treatments that modify mitochondrial metabolism produce phenotypic 
changes in glial cells that alter the course of the pathology, as repre
sented in the graphical abstract of this review. Gaining a better under
standing of the metabolic reprogramming that glial cells undergo during 
pathology could help identify targets for designing alternative therapies 
for these diseases, which currently lack effective pharmacological 
treatments.
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