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Over the years, most of the research concerning manganese exposure was restricted to the toxicity of neuronal cells. Manganese
is an essential trace element that in high doses exerts neurotoxic effects. However, in the last two decades, efforts have shifted
toward a more comprehensive approach that takes into account the involvement of glial cells in the development of
neurotoxicity as a brain insult. Glial cells provide structural, trophic, and metabolic support to neurons. Nevertheless, these
cells play an active role in adult neurogenesis, regulation of synaptogenesis, and synaptic plasticity. Disturbances in glial cell
function can lead to neurological disorders, including neurodegenerative diseases. This review highlights the pivotal role that
glial cells have in manganese-induced neurotoxicity as well as the most sounding mechanisms involved in the development
of this phenomenon.

1. Introduction

The central nervous system (CNS) is comprised mainly of
two types of cells: neurons and glia. From a neurocentric
point of view, neurons are the cells that process and transfer
information in the brain by triggering action potentials and
propagating these electrical signals [1]. On the other hand,
glial cells, which are as numerous as neurons across the
whole brain [2], were first described as the connective struc-
ture that holds nerve cells in place. However, in the last
decades, these cells are starting to be recognized as master
regulators of synaptic plasticity [3]. Glial cells can be classi-
fied into two main categories: macroglia and microglia. Oli-
godendrocytes and astrocytes (members of the former
category) are originated in the embryonic neural tube and
forebrain from neural progenitor cells (NPC), then NPCs
are transformed into radial glia, which are precursors of neu-
rons and glia [4]. Following the production of neurons, a
“gliogenic switch” allows radial glia to give rise to astrocytes
and oligodendrocytes. Oligodendrocytes, the myelinating
glia of the CNS, are produced via the generation of interme-
diate precursor cells known as NG2 glia or oligodendrocyte
precursor cells (OPC). Astrocytes are also produced from

radial glia but in response to distinct external signals in spe-
cific regions of the brain. Interestingly, microglia are gener-
ated from primitive macrophages in the embryonic yolk
sac that migrates to the CNS and becomes microglia [4, 5].
Each of these types of glial cells has essential roles in CNS
development and is a fundamental piece for the correct
functioning of the brain.

Manganese (Mn) is the 5th and 12th more abundant
metal and element, respectively; it is ubiquitously found
across the earth’s crust. Moreover, Mn is an essential trace
element required for proper physiological development and
tight regulation of cellular and biochemical reactions [6, 7].
This element is mainly found in its Mn2+ and Mn3+ species
within mammalian tissues, although it can be found in a
great variety of oxidation states [6]. Due to their essentiality,
Mn is an important cofactor of enzymes like glutamine syn-
thetase (GS), superoxide dehydrogenase (SOD), arginase,
and pyruvate carboxylase. Some of the main functions in
which Mn has been implicated are protein, lipid, and carbo-
hydrate metabolism, detoxification of reactive oxide species
(ROS), immune response, energy metabolism, and glucose
regulation, among others [8, 9]. Nevertheless, chronic over-
exposure to this transition metal may result in a neurological
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disorder known as “manganism,” which resembles some of
the symptoms of Parkinson’s disease (PD) [10]. The toxic
effects of Mn in the brain respond to an increase in the levels
of this metal by around three times the concentration found
in “normal” conditions. The “normal” concentrations are
ranging from 1.1-2.9 ppm in the whole human brain [11].
Hence, Mn is necessary for proper brain function, yet alter-
ations in its physiological levels can cause neurotoxic effects,
either overexposure or insufficiency, although the last one is
less common [12], which points out the hormetic nature of
Mn and its nonmonotonic dose-response patterns for the
development of neurotoxicity. The main routes of exposure
are inhalation due to exposure to Mn enriched dust, fumes,
or particulate matter and by ingestion of food or water rich
in Mn. Upon Mn absorption, this metal widely distributes
to a variety of body compartments [13]. The capability of
Mn to cross several blood-tissue barriers resides in its poten-
tial to be transported by several membrane carriers. The
divalent metal transporter 1 (DMT1), transferrin receptor
(TfR), zinc transporters ZIP8 and ZIP14, citrate transporter,
choline transporter, dopamine transporter (DAT), and cal-
cium (Ca2+) channels had been described for import of this
metal, whereas ferroportin (Fpn), SLC30A10, ATPase 13A2
(ATP13A2), and secretory pathway Ca2+-ATPase 1 (SPCA1)
for the export [14]. Mn is eliminated mainly via the hepato-
biliary system; meanwhile, other excretion pathways like the
urinary and pancreatic are minimally engaged in Mn clear-
ance [15]. In humans, the whole-body half-life of Mn has
been described after oral administration and intravenous
injection, with values ranging from 6-43 days and 24-74
days, respectively [16]. However, loss of function in Mn
transporters promotes its accumulation in the CNS. Hepatic
dysfunction, such as cirrhosis and hepatic encephalopathy,
increases the risk of excessive build-up of Mn concentrations
in the brain [17].

This contribution is aimed at emphasizing the pivotal
role that glial cells have in the neurotoxicity induced by
Mn exposure and the most supported mechanisms involved
in the development of this phenomenon.

2. The Importance of Glial Cells in
Neurotoxicity Development

The days when glial cells were considered the “glue” of syn-
apses are fortunately long past gone. Nowadays, increasing
evidence has emphasized their crucial role in proper brain
functioning and CNS development [18]. Indeed, these cells
provide structural, trophic, and metabolic support to
neurons [19] and play an active role in important brain
functions such as the uptake and synthesis of neurotransmit-
ters, buffering of ion strength, immunomodulation, and
adult neurogenesis, acting as a part of the blood-brain bar-
rier controlling the in and out of substances from the blood-
stream to the brain, intercellular communication through
the formation of a glial syncytium, regulation of synaptogen-
esis, and synaptic plasticity while associated to synapses [4,
20]. Even though glial cells are incapable of firing action
potentials, these cells can communicate with other cells
through chemical signals, such as neurotransmitters, ions,

neurotrophic, and neurotoxic factors; since these cells
express a broad repertoire of membrane transporters, neuro-
transmitters as well as neurotrophic receptors, voltage-gated
ion channels, and ion exchangers that allow them to receive
and send signals to the neurons and other glia [21, 22].
Within the glial network, calcium activity (spatial and tem-
porally coordinated) influences different states of the neuro-
nal network leading to repercussions in high-order cognitive
functions [23]. Over the last years, it has been well docu-
mented that disturbances in glia physiology can lead to neu-
rological disorders, including neurodegenerative diseases
such as PD, Alzheimer’s, and Huntington’s diseases (AD
and HD), as well as epilepsy, ischemic stroke, depression,
autism, or glioma [1]. This shifting from the neurocentric
approach has spotlighted the fact that there is more nuance
in glial cells’ crosstalk with neurons than previously thought.
Moreover, whether glia dysfunction is the cause or a conse-
quence of neurotoxicology development is a question that
remains to be determined but is undoubtedly glia is a key
player that should not be neglected.

2.1. Glia Involvement in Mn Neurotoxicity. Several studies
have focused on the effects of Mn toxicity in the CNS since
James Couper first described “manganism” as a neurological
disorder caused by overexposure to Mn dioxide in the mid-
nineteenth century [24]. Over the years, most of the research
concerning Mn exposure was centered on the disruption of
neurons, given that these cells are more sensitive to the toxic
effects of Mn. However, in the last two decades, it has shifted
to a more comprehensive approach that considers the
involvement of glia in the development of neurotoxicity
[25, 26]. Some of the major effects of Mn toxicity in glia
are listed below.

2.1.1. Astrocytes. The most abundant type of glial cells in the
CNS is astrocytes. A single human astrocyte is capable of
ensheathing more than 100,000 synapses [5]. The best-
characterized functions of these cells are the turnover of
neurotransmitters, ion homeostasis, as a constituent of the
neurovascular unit, synaptogenesis, neuronal remodeling,
and so on [18]. Astrocytes can be classified at least into
two main categories regarding their localization and mor-
phology: fibrous in the white matter with a clear star shape,
and protoplasmic in the grey matter with a more plain
appearance [27]. Furthermore, astrocytes oversee and pro-
tect neurons from neurotoxic insults elicited by heavy
metals, which makes them the primary target of heavy metal
toxicity [28]. Mn accumulates 50-200 times more in astro-
cytes than in neurons [29, 30]. Besides, astrocytes are more
resilient to the cytotoxic effects of Mn exposure [31, 32],
but even at concentrations below the cytotoxic threshold,
there are several adverse effects in glial cells that could affect
glia-neuron homeostasis. The first study that put in the lime-
light the repercussions of Mn overexposure on astrocytes
observed that Mn increases nitric oxide (NO) synthesis in
astrocytes [33]. NO is a free radical and a known signaling
messenger that may cause detrimental consequences to
neighboring neurons when it is produced persistently [34].
Several studies have demonstrated that Mn exposure
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disrupts the glutamate/glutamine cycle (GGC) [35], render-
ing a myriad of adverse consequences that are going to be
discussed in further detail below.

2.1.2. Radial Glia. As mentioned before, radial glia is a spe-
cialized type of astrocyte that has been identified as a primary
progenitor cell for both astrocytes and neurons. Radial glia
serves as a scaffold for the migration of nascent cortical and
cerebellar neurons, underlining their pivotal role in CNS
development [21]. Moreover, these cells have an active role
in adult neurogenesis due to their proven capacity to divide
and give rise to new neurons, in response to brain injury, act-
ing as neural stem cells in the adult CNS [5]. There is a great
diversity of radial glia in the CNS; Müller radial glia can be
found across the retina, in the cerebellum: Bergmann glia,
tanycytes are located in the third ventricle of the brain, to
mention few examples [36]. An increase in the catalytic effi-
ciency of glutamate transporters, as well as a decrease in glu-
cose transport of Bergmann glia, was found after short-term
exposure to Mn, with an absence of cell death [37]. This is
not a minor finding since glial metabolism is predominantly
glycolytic and metabolic coupling of glutamate and glucose
transport has been described [38]. Considering that Bergmann
glia outnumbers neurons in the cerebellar cortex and that the
neurotoxic effects of Mn over cerebellar granular neurons are
more pronounced than in neocortical neurons [39], the poten-
tial role of the local radial glia in the neurotoxic effects of Mn
should not be taken lightly.

2.1.3. Microglia. Widely known as the resident immune cell
of the CNS, microglia makes up about 10% of the CNS glia
[22]. The leading roles of microglia are immune surveillance,
extracellular matrix remodeling, clearance of cellular debris
and synaptic pruning, neurogenesis regulation, among other
functions [18, 22]. Under basal conditions, microglia have a
distinct ramified morphology with extended processes for
CNS surveillance. Meanwhile, upon a pathologic scenario,
these cells present enlarged somas and sprouts and an ame-
boid or hypertrophic phenotype [40]. In an activated mode,
microglia triggers and maintains an inflammatory response,
deluging neurons to inflammatory mediators leading to neu-
ronal cell death, making them an essential mediator of neuro-
toxicity phenomena. Mn exposure upregulates inducible nitric
oxide synthase (iNOS) and tumor necrosis factor-α (TNF-α),
and interleukin-1β (IL-1β) with dopaminergic dysfunction
after microglial activation [41, 42]. Moreover, microglial
TNF-α and IL-1β release induced by Mn is presumably trig-
gered by the activation of the Janus kinase 2/signal transducer
and activator of transcription 3 (JAK2-STAT3) signaling path-
way [43]. Sodium para-aminosalicylic acid (PAS-Na) prevents
Mn effects [44, 45]. Moreover, Mn treatment induces micro-
glial cell death by regulating necrosis due to lysosomal mem-
brane permeabilization and cathepsin activation [46].

3. Mechanisms of Toxicity Elicited by Mn in
Glial Cells

3.1. Glu/Gln Cycle. Glutamate (Glu) is the main excitatory
amino acid neurotransmitter in vertebrates. Once released

in the synaptic cleft exerts its actions through the activation
of specific receptors expressed in the plasma membrane of
neurons and glial cells. Glu receptors have been categorized
into two main groups: ionotropic Glu receptors, which are
ligand-gated ion channels rendering excitatory Glu-evoked
currents, and metabotropic Glu receptors, which are G-
protein coupled receptors managing cellular processes via
second messenger signaling [47]. Overactivation of Glu
receptors may end in neuronal death, a phenomenon coined
as “excitotoxicity” [48]. Since no known enzyme degrades
Glu in the extracellular space, the removal of Glu from the
synaptic cleft is needed to maintain the levels necessary for
appropriate synaptic transmission. Such work is carried
out by high-affinity Na+-dependent transporters mainly
found in astrocytes. Once inside the glial cell, the enzyme
glutamine synthetase (GS) converts Glu to glutamine (Gln)
or is taken up into the Krebs cycle after being transformed
into α-ketoglutarate [49]. The transformed Gln is imported
into the astrocyte by a series of Gln transporters allowing
the recycling of neurotransmitters and reducing the energy
expenditure of the neurons [50]. This process is termed
GGC or Glu/Gln shuttle (Figure 1(a)), and the impairment
of this cycle is a common mechanism of neurodegenerative
diseases and other disorders [51].

3.1.1. Glutamate Transport. The levels of Glu in the synaptic
cleft are tightly regulated by a family of sodium-dependent
plasma membrane transporters, known as excitatory amino
acid transporters (EAATs) [51, 52]. There are five members
in this family of transporters, glutamate/aspartate trans-
porter (GLAST)/EAAT1, Glu transporter 1 (Glt-1)/EAAT2,
excitatory amino acid carrier 1 (EAAC1)/EAAT3, EAAT4,
and EAAT5. Glt-1 and GLAST are mainly expressed in
astrocytes, although Glt-1 can be expressed in hippocampal
neurons. EAAC1 and EAAT4 can be found mostly in neu-
rons, whereas EAAT5 is expressed in bipolar cells and pho-
toreceptors in the retina [53]. EAATs transport a single
molecule of Glu paired with three Na+ ions and a proton,
with the antiport of a K+ ion. The timely removal of Glu
from the synaptic cleft and its consequent recycling is funda-
mental for proper glutamatergic neurotransmission and to
avoid excitotoxicity (Figure 1(a)) [53]. The disruption of
the Glu transport has been a focal point in the study of the
critical role of glial cells in Mn neurotoxicity (Figure 1(b)).
As shown in Table 1, Mn exposure disrupts glutamate trans-
port in different models in vivo and in vitro. Glu uptake
decreased in primary cortical astrocytes exposed to Mn
[54] and in Chinese hamster ovarian cells transfected with
GLAST and Glt-1 [55]. Nonhuman primates presented a
decrease in the protein and mRNA levels of GLAST and
Glt-1 in different brain regions after Mn exposure [52, 56].
Contrastingly, short-term exposure to Mn in Bergmann glia
showed an increase in the uptake and catalytic efficiency of
GLAST [37]. While several studies have demonstrated that
Mn affects Glu transporters (Table 1), current research has
been directed to dissect the mechanisms by which Mn
downregulates GLAST and Glt-1. Previous reports revealed
that astrocytes treated with Mn had increased activity of
the protein kinase C (PKC) [57]. Besides, activation of
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PKC by Mn decreases Glu uptake and expression of GLAST
and Glt-1. PKCδ isoform interacts specifically with Glt-1
while PKCα with GLAST (Figure 1(b)). Additionally, the
lysosomal pathway appears to be responsible for the down-
regulation of Glu transporters [58]. Mn treatment decreases
the expression of transforming growth factor-alpha and beta
(TGF-α/β) [31, 59].

Recent studies demonstrate that Mn induces tumor
necrosis factor-alpha (TNF-α) release, promoting NF-κB
signaling that activates the transcription factor ying-yang 1
(YY1), which along with histone deacetylases (HDACs)
forms a repressor complex that decreases the levels of
GLAST and Glt-1. The deletion of astrocytic YY1 attenuates
the Mn-induced effect over the Glu transporter. In contrast,
the interaction of YY1/HDAC with p65 overrides the stimu-
latory effects of NF-κB over GLAST and Glt-1 promoters
downregulating their expression in the plasma membrane

of astrocytes [60–63]. Deletion of astrocytic YY1 attenuated
the Mn-induced decrease of GLAST and Glt-1 [62]. Ephrin-
A3 is known to downregulate Glu transporters; the involve-
ment of this protein in Mn-induced downregulation of
GLAST and Glt-1 seems like a plausible mechanism for
Mn-elicited neurotoxicity [64]. Moreover, a special effort
has been put into ameliorating the effects of Mn on Glu
transporters; treatments such as raloxifene [65], arundic acid
[60], valproate [66, 67], riluzole [64, 68, 69], sodium butyrate
[66], 17β-estradiol [70], tamoxifen, fluoxetine [64], and
PAS-Na [71] have proved to prevent the effects of Mn over
Glu transporters.

3.1.2. Glutamine Synthetase. In the brain, GS is an astrocyte-
enriched protein that catalyzes the conversion of glutamate
and ammonium ions into Gln, the only known source of
endogenous Gln in mammals [72]. Moreover, GS is a Mn-
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Figure 1: Effect of Mn exposure over the glutamatergic tripartite synapse. (a) Glu/Glu shuttle in normal conditions; Glu levels at the
synaptic cleft are tightly regulated by EAATs in glial cells, once inside Glu can be transformed to Gln by GS and then Gln transported
by SNATs to the neurons to replenish the Glu stores since Gln can be transformed to Glu by glutaminase. (b) Mn exposure affects the
main effector proteins of the Glu/Gln shuttle, when Mn has surpassed the physiological threshold, and Glu tends to accumulate in the
synaptic cleft due to the downregulation of EAAT1/2, mostly due to PKC activation. This promotes the overactivation of Glu receptors,
even the ones in the extra-synaptic space, triggering the activation of death signaling pathways, a phenomenon known as excitotoxic
death. Moreover, GS activity is also diminished along with the downregulation of Gln transporters, distressing all levels of the Glu/Gln
cycle rendering defective glutamatergic neurotransmission.
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activated enzyme that forms an octamer with four Mn+2 ions
[73], accounting for about 80% of Mn concentration in the
brain [74]. GS is essential in the recycling of neurotransmit-
ters such as Glu and gamma-aminobutyric acid (GABA) and
is crucial in ammonia detoxification and as a marker of ROS
production due to its susceptibility to oxidative degradation
(Figure 1(a)) [75]. Furthermore, this enzyme plays a major
role in CNS function, and its disruption is linked to Alzhei-
mer’s disease incidence, temporal lobe epilepsy, schizophre-
nia, and other neurological disorders [76]. Chronic Mn
overload has been shown to downregulate the expression
and activity of GS in different in vivo and in vitro models
(Figure 1(b)), such as nonhuman primates [52, 56, 77] and
rodents, even at in utero exposure [78, 79]. Mn-induced
alterations in the mRNA and protein levels of GS were also
observed in primary cortical astrocytes, as well as decreased
enzymatic activity (Table 2) [69, 80].

3.1.3. Glutamine Transport. Gln, the most abundant amino
acid in the CNS, has a pivotal role in brain metabolism
and as a precursor of neurotransmitters. The transport of
Gln involves the efflux from astrocytes and the consequent
influx into neurons (Figure 1(a)); such a process requires a
variety of transport systems [81]. Briefly, the release of Gln
is mainly done by system N: sodium-coupled neutral amino
acid transporter (SNAT) 3/5, although the system ASC:
Alanine-Serine-Cysteine transporter (ASCT) 1/2 can also
take on this duty to a lesser extent. On the other hand, the
uptake can also be achieved by the systems mentioned above
in addition to system A: SNAT1/2 and L: L-type amino acid
transporter (LAT) 1/2; the latter pair is mostly expressed in
neurons, although all transporters are expressed in glia
[82]. Exposure to high Mn concentrations inhibited the

uptake of Gln by cortical astrocytes in a concentration-
dependent fashion and decreased the mRNA levels of
SNAT1 and SNAT3 [83]. Moreover, the involvement of sys-
tems N, ASC, and L in the diminished uptake of Gln after
Mn overexposure was suggested, concomitant with a drop
in the mRNA and protein levels of Gln transport systems
(Table 3). The decline in SNAT3 levels was associated with
the transporter’s degradation via the ubiquitin-mediated
proteolytic system through the interaction of SNAT3 with
the ubiquitin ligase Nedd4-2 (neural precursor cells
expressed developmentally downregulated 4-2) [84]. In the
same vein, Mn-induced PKC signaling has been involved
in the downregulation of Gln transport (Figure 1(b)). The
inhibition of PKC activation reverses the Mn-induced
decrease in SNAT3-dependent Gln transport [57]. PKCδ
isoforms bind to SNAT3 or ASCT2, possibly inducing their
phosphorylation and internalization (Figure 1(b)), as
previously suggested [85].

3.2. Mitochondrial Impairment and Energy Metabolism. Mn
accumulates preferentially in the mitochondria through the
mitochondrial Ca2+ uniport (MCU) [86]. Once inside, Mn
exerts its toxic traits by inhibiting the oxidative phosphory-
lation process, sequestering Ca2+ in the matrix, and promot-
ing ROS production [86, 87]. Mn treatment disrupts the
energy metabolism in glial cells [29]. The treatment of corti-
cal astrocytes with Mn induces the mitochondrial perme-
ability transition pore (PTP), a Ca2+ dependant process
that promotes membrane permeability (Figure 2). This leads
to the disruption of the inner membrane potential, resulting
in mitochondrial failure [88]. Besides, the activation of the
mitogen-activated kinase (MAPK) an extracellular signal-
regulated kinase (ERK) pathway induced by Mn exposure

Table 2: Effect of Mn exposure on glutamine synthetase expression and enzymatic activity in vivo and in vitro.

Model
Treatments

mRNA Protein Activity Ref.
[Mn] Time

Sprague-Dawley rats 6mg/kg MnCl2 30 d ↑ − − [136]

Sprague-Dawley rats 25 and 50mg/kg MnCl2 PN: 21 d − n.s. n.s. [137]

Rat cortical astrocytes MnCl2 100 and 200μM 24h − ↑ − [80]

Sprague-Dawley rats 0.03, 0.3, and 3mg MnSO4/m
3 14 d ↑ (Cb)

↑ (OB,Ht)
↓ (Cb)

− [138]

Sprague-Dawley rats 0.05, 0.5, or 1mg MnSO4/m
3 13w

↑ (HtF)
↓ (CbM,OBM,HpM)

↑ (OBF,HpM)
↓ (HpF,HtM)

− [139]

Sprague-Dawley rats 0.05, 0.5, or 1mg MnSO4/m
3 IU: 19 d

PN:18 d
↓ ↓ − [78, 79]

Rhesus monkey 0.18, 0.92, and 4.62mg MnSO4/m
3 65 d ↓ (FC,OC,C) ↓ (GP,Cb,FC,P) − [52]

Wistar rats (St, GP) 100mM MnCl2 13 d − ↓ ↓ [140]

Rhesus monkeys 1.5mg MnSO4/m
3 15-65 d ↓ (C) ↓ (Cb,GP,P) − [56]

Sprague-Dawley rats (St) 8-200μM/kg MnCl2 4 w ↓ ↓ ↓ [68]

Cynomolgus macaques 3-10mg/kg MnCl2 7-59w − ↓(GP) − [77]

Wistar rats 200μM/kg MnCl2 4 w − − ↓ [141]

Rat cortical astrocytes MnCl2 125-500 μM 24h ↓ ↓ ↓ [69]

Sprague-Dawley rats (St,GP,Th) 15mg/kg MnCl2 4 w − − ↓ [71]

↑: increase; ↓: decrease; −: not analyzed; n.s.: no significative; Cb: cerebellum; St: striatum; GP: globus pallidus; C: caudate; P: putamen; FC: frontal cortex; OC:
olfactory cortex; Hp: hippocampus; Th: thalamus; Ht: hypothalamus; IU: in utero; PN: postnatal; F: female; M: male.
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in astrocytes and the collapse of the mitochondrial mem-
brane potential triggers apoptosis through caspase-3 activa-
tion [89]. Mn-induced apoptosis in astrocytes activates in
response to depolarization of the mitochondrial membrane,
which releases cytochrome C, induces caspases 3/7, and
modulates the expression of B-cell lymphome 2 (Bcl-2) pro-
teins [90]. Complex II of the respiratory chain is altered by
Mn exposure, producing ROS in microglia (Figure 2) [91].
Noteworthy, mitochondria dysfunction has been associated
with inhibition of alternative activation of microglia, conse-
quently exacerbating neuroinflammation [93]. Mn exposure
produces lysosomal membrane permeabilization and
cathepsin release, which activates BH3-interacting domain
death agonist (Bid) promoting mitochondrial damage in
glial cells [93]; similar outcomes were found in microglia
[46]. Human astrocytes treated with Mn presented activa-
tion of the caspase-dependent mitochondrial apoptotic
pathway coupled with dysregulation of the expression levels
of mitochondria-shaped proteins like mitochondrial
dynamin-like GTPase (Opa-1), mitofusin 2 (Mfn-2), and
dynamin-related protein 1 (Drp-1) [94].

3.3. Oxidative Stress. The main production site of ROS in the
cell is the electron transport chain in the mitochondria, and
as was briefly discussed before, mitochondria are a primary

target of Mn toxicity, promoting ROS production [95]. In
comparison to neurons, glial cells are more equipped to
endure oxidative damage [96]. Once inside the cell, divalent
Mn can be oxidized by ceruloplasmin to its trivalent state,
known to be more toxic [97]. Proof of this is that trivalent
Mn oxidizes catecholamines via oxidative stress [98]. More-
over, in primary cultures of astrocytes, Mn exposure
increases the levels of ROS [80]. Mn-induced ROS produc-
tion in the mitochondria augments nitric oxide synthase
expression and activation of NF-κB [99]. In addition, the
nuclear factor erythroid 2-related factor (Nrf2), a known
regulator of the antioxidant response (Figure 3(a)), is signif-
icantly increased in astrocytes after Mn exposure. However,
at the same time, Mn reduces protein deglycase 1 (DJ-
1)/PARK7 expression, a multifunctional protein that acts
as a redox sensor (Figure 3(b)) [100]. This protein impairs
the binding of Kelch-like ECH-associated protein 1 (Keap1)
to Nrf2, avoiding its degradation by the ubiquitin proteo-
some and promoting Nrf2 activation allowing the transcrip-
tion of several antioxidant genes (Figure 3(a)). DJ-1/PARK7
downregulation, as with Mn exposure, makes astrocytes
more susceptible to oxidative stress (Figure 3(b)) [101,
102]. Another protein involved in the regulation of antioxi-
dant genes and that also has been tied to Mn toxicity in glial
cells is the forkhead box transcription factor class O (FoxO)

Table 3: Effect of Mn exposure on glutamine transporter expression and activity in vitro.

Model
Treatments

Transporters mRNA Protein Activity Ref.
[Mn] Time

Rat cortical astrocytes MnCl2 100 and 500 μM 30’ and 24 h

System A − ↓∗

[83]

SNAT1 ↓

System N

SNAT3 ↓

System ASC

ASCT2 n.s.

Rat cortical astrocytes MnCl2 0.1, 0.5, and 1mM 1-24 h

System A

[142]

SNAT2 ↓ ↓ n.s.

System N

SNAT3 ↓ ↓ ↓

System L

LAT2 ↓ ↓ ↓

System ASC

ASCT2 − ↓ ↓

Rat cortical astrocytes MnCl2 0.1, 0.5, and 1mM 4h
System N − ↓ −

[84]
SNAT3

Rat cortical astrocytes MnCl2 0.5 and 1mM 4-24 h

System A −

[57]

SNAT2 n.s. n.s.

System N

SNAT3 ↓ ↓

System L

LAT2 n.s. n.s.

System ASC

ASCT2 ↓ ↓

↑: increase; ↓: decrease; −: not analyzed; n.s.: no significative; ∗: all systems Gln uptake.
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along with the PPAR gamma coactivator-1 (PGC-1) [103].
The Mn-induced induction of oxidative stress proved to
impair the ability of astrocytes to promote axonal and
neurite outgrowth [104]. Recently, it has been shown that
Mn alters glutathione (GSH) synthesis by inhibiting the glu-
tamate/cystine antiporter (xCT) due to the induction of
oxidative stress in striatum astrocytes [105].

3.4. Calcium Homeostasis. An accumulating body of evi-
dence indicates that dysregulation of calcium (Ca2+) homeo-
stasis is closely related to several neurodegenerative diseases,
psychiatric disorders, and neurotoxic insults [106]. Even
though glial cells do not fire action potentials, they are excit-
able in terms of intracellular signaling. Ca2+ is an important
second messenger that has a great variety of cellular func-
tions. Notably, in astrocytes, neurotransmitters activate
Ca2+ signaling regulating glial processes such as energy
expenditure and synaptic plasticity [107]. Divalent metal
cations tend to mimic some of the activities of Ca2+, and
Mn is one of these metals capable of competing for certain
binding sites of Ca2+ as well for transport systems, which
makes it plausible that Mn interferes in Ca2+ regulation
[108]. The exposure of astrocytes to Mn results in the
sequestering of Ca2+ within the mitochondria decreasing
the available pool of releasable Ca2+ from the endoplasmic
reticulum (ER), ending with the inhibition of intercellular
Ca2+ waves, which are essential for purinergic signaling in

astrocytes [109]. In the same line of study, the inhibition of
ATP-induced Ca2+ waves and transients by Mn was medi-
ated by the Ca2+ entry via the transient receptor potential
channel (TRPC3) in striatal astrocytes [110]. Recently, it
has been demonstrated that astrocytes transfer functional
mitochondria to the neurons in a Ca2+-dependent manner
during neuronal damage [111]. Moreover, several studies
have described how Glu transport is coupled to Ca2+ influx
through the Na+/Ca2+ exchanger (NCX) [112]. These stud-
ies, in conjunction with the ones concerning Mn toxicity
[108], demonstrate the crucial role of Ca2+ dysregulation in
glial cells after Mn exposure.

3.5. Autophagy. In recent years, the role of autophagy in the
context of Mn toxicity has attracted some attention [113].
Autophagy, which means self-eating in the Greek language,
is an essential mechanism for the degradation of damaged
subcellular components or protein aggregates. It is a highly
regulated process consisting of several steps that could be
summarized as the engulfment of bulk cytoplasm forming
a double-membrane vacuole, namely, “autophagosome.”
Then, it is transported and fused to the lysosomes compris-
ing the autolysosome, where finally, the degradation process
takes place [114]. Either overactivation or suppression of
autophagy can be involved in the pathogenesis of several
neurodegenerative diseases [115]. Regarding the effects of
Mn exposure in the process of autophagy, it has been
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through the MCU, where exerts its toxic actions by producing free radicals and damaging the complex II of the electron transport chain,
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reported, in in vitro as well as in vivo models, that upon
short-term Mn overexposure, there is an increase in the
expression of proteins such as Beclin1, microtubule-
associated protein 1 light chain 3 (LC3-II), and p62 which
lead to the activation of autophagy as a mechanism of coping
with the Mn insult. However, as the exposure to Mn pro-
gresses, the damage produced by this metal intensifies, sup-
pressing the autophagic process triggering neuronal death
[113]. Although most of these effects have been described
in neuronal models, few studies have focused on the glia
component concerning the role of autophagy in Mn neuro-
degeneration. The first study made in glia revealed that after
Mn exposure, autophagy was activated to alleviate the toxic
effects of this metal (Figure 4(a)) [116]. Moreover, this effect
could be mediated, at least in part by heme oxygenase-1
(HO-1) [117]. In contrast, in a primary astrocyte culture,
exposure to Mn decreased the autophagic influx by inhibit-
ing transcription factor EB (TFEB) activity [118], since
active TFEB leads to a global enhancement of lysosomal cat-
abolic efficiency [119]. In microglia, it has also been
described that Mn disrupts autophagy. It was demonstrated
that through the Mn-induced upregulation of leucine-rich
repeat kinase 2 (LRRK2), autophagy-related proteins were
dysregulated and inflammation increased [120]. Further-
more, the disruption of the autophagic process by Mn leads
to NLR family, pyrin domain containing 3- (NLRP3-) cas-

pase 1 inflammasome activation and the release of interleu-
kin-1β (IL-1β) [121], which is associated with declined
autophagic capacity. Taken together, dysregulation of
autophagy seems to ameliorate Mn cytotoxic effects by
increasing the autophagic flux, as shown in BV-2 cells
exposed to Mn, where a time-dependent increase in the
expression of LC3-II and p62, delaying Mn cytotoxicity,
however, prolonged exposure to Mn increases the amount
of ROS inducing lysosomal alterations (Figure 4(b)), such
as lysosomal membrane permeabilization (LMP) due to the
presence of the proteolytic cleavage products of poly
(ADP-ribose) polymerase 1 (PARP1) [46], promoting the
release of cathepsins, leading to autophagosome accumula-
tion and ultimately cell death (Figure 4(b)) [122].

3.6. Neuroinflammation. The first reports regarding Mn
toxic effects in glial cells were related to the release of inflam-
matory mediators due to glia activation [33, 123] and remain
one of the principal mechanisms of Mn-mediated toxicity.
Glial cell activation is known as the hallmark of neuroin-
flammation in addition to peripheral immune cells and the
release of proinflammatory mediators [124]. Mn-induced
glial activation promotes gliosis in the basal ganglia [26],
which increases neuronal damage, promoting the progres-
sion of the neurotoxicological disorder. Furthermore,
exposure to Mn releases inflammatory intermediaries that
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activate reactive astrocytes [99, 125]. In this regard, nuclear
factor kappa B (NF-κB) signaling in astrocytes has been
implicated in the neuroinflammatory effects of Mn exposure.
LRRK2 has also been implicated in Mn-induced microglia
activation and consequent neuroinflammation [120, 126].
Mn exposure stimulates microglia to release hydrogen per-
oxide with the downstream activation of MAPK [127] and
activation of NF-κB signaling, promoting inflammatory
responses by regulating cytokines and chemokines that
amplify astrocytes’ activation [128]. In addition, Mn also
increases JAK2/STAT3 signaling in microglia increasing
neuronal death due to the release of TNF-α and IL-1β
[43]. The NLRP3 inflammasome pathway has been sug-
gested to play a critical role in Mn-induced neuroinflamma-
tion [121, 129, 130]. Moreover, Mn exposure induces
aggregation of α-synuclein-induced inflammation in astro-
cytes, impairing mitochondrial bioenergetics [131]. Further
studies that take into consideration glial cells crosstalk dur-
ing neuroinflammation are needed since it has been reported
that activated microglia induce neurotic reactive astrocytes
after acute CNS injury [132, 133].

4. Conclusion

A significant effort has been directed to dissect the func-
tional and molecular events that Mn triggers in neurotoxic-
ity development, but always taking the neuronal component

as the main actor. Meanwhile, glia has always been relegated
to a mere supporting role for neurons. In this contribution,
we focused on the glial component as an important target
of Mn deleterious effects. We provide herein an overview
of the role of glial cells in Mn neurotoxicity, including the
consequences on energy metabolism, redox homeostasis,
Ca2+ signaling, inflammation, and autophagia. Moreover,
we detail the key findings in the Mn-induced disruption of
the Glu/Gln shuttle.

Still, many questions remain to be answered regarding
the role of glia in Mn neurotoxicity; the evidence so far dem-
onstrates that these cells have a pivotal role in the manage-
ment of the Mn insult and its relevance to the neuronal
counterpart. It is time to reevaluate Mn neurotoxicity as a
whole and consider both neurons and glia as targets. Further
investigations are needed to take into consideration the close
relationship that neurons and glia maintain. Cocultures of
glial cells in physical contact with neurons or separated by
a semipermeable membrane barrier would allow us to link
the individual effects that had already been described in each
cellular model and shed light on this health problem.
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