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A B S T R A C T   

Exposure to environmental toxicants is linked to long-term adverse outcomes in the brain and involves the 
dysfunction of glial and neuronal cells. Astrocytes, the most numerous cell type, are increasingly implicated in 
the pathogenesis of many diseases of the central nervous system, including neurodegenerative diseases. Astro-
cytes are critical for proper brain function in part due to their robust antioxidant and unique metabolic capa-
bilities. Additionally, astrocytes are positioned both at the blood-brain barrier, where they are the primary 
responders to xenobiotic penetrance of the CNS, and at synapses where they are in close contact with neurons 
and synaptic machinery. While exposure to several classes of environmental toxicants, including chlorinated and 
fluorinated compounds, and trace metals, have been implicated in neurodegenerative diseases, their impact on 
astrocytes represents an important and growing field of research. Here, we review existing literature focused on 
the impact of a range of synthetic compounds on astrocytic function. We focus specifically on perturbed meta-
bolic processes in response to these compounds and consider how perturbation of these pathways impacts disease 
pathogenesis.   

1. Introduction 

It is increasingly appreciated that astrocytes play an important role 
in the pathophysiology of central nervous system (CNS) disorders and 
diseases, ranging from developmental to neurodegenerative (Liddelow 
and Barres, 2017). Through their homeostatic, antioxidant, and meta-
bolic functions, astrocytes are critical for the maintenance of lifelong 
brain health. The etiology of many neurodegenerative diseases is un-
derstood to be multifactorial, involving a deleterious confluence of ge-
netic and environmental influences (Bossy-Wetzel et al., 2004; Fleming, 
2017). Several classes of environmental toxicants are known to have 
widespread, damaging effects on CNS health and function (Cannon and 

Greenamyre, 2011). 
Importantly, the response of astrocytes to environmental toxicants is 

crucial to understanding the impact on the whole brain, as perturbation 
of astrocytic function has far-reaching consequences. This is partly due 
to the relative abundance of astrocytes compared to other brain cells 
(Han et al., 2013) and their proximity both to synapses (Agulhon et al., 
2008; Allen and Eroglu, 2017) and the blood-brain barrier (Kacem et al., 
1998) where they comprise the first line of defense against xenobiotic 
penetrance of the CNS (Dringen and Hirrlinger, 2003). Importantly, in 
addition to their cytoarchitectural and morphological characteristics, 
the unique biochemical (reviewed in (Souza et al., 2019)), antioxidant 
(Dringen and Hirrlinger, 2003) and metabolic profile (Bélanger et al., 
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2011; Brown and Ransom, 2007) of astrocytes, some of which are out-
lined in this review, enables these cells to respond robustly and effec-
tively to xenobiotics in the CNS. Furthermore, evidence from primary 
murine cell culture suggests that the antioxidant reserves of astrocytes 
are maintained into senescence (Liddell et al., 2010). 

While the specific impacts of many toxicants on astrocytes have not 
been well-studied, as our scientific view of the CNS expands to further 
appreciate the critical role of glial cells in preserving proper functioning, 
there is growth in this area of research. In particular, research on 
environmental toxicants within the CNS is incomplete without an un-
derstanding of how astrocytic metabolic dysfunction, as a result of both 
acute and chronic exposure to toxicants, contributes to the breakdown of 
homeostasis and attendant neural degeneration. Specifically, as the 
metabolism of astrocytes is so important for brain health, disruption of 
astrocytic metabolic processes by environmental toxicants is an impor-
tant, emerging area for understanding neurologic diseases wrought, 
either in part or in totality, by exposure to these toxicants. 

There is an indissociable link between astrocyte metabolism and 
neuronal function through several pathways including the glutamate- 
glutamine cycle, glutathione synthesis, and the lactate shuttle 
(Bélanger et al., 2011). Due to several astrocyte-specific characteristics, 
including antioxidant capacity, expression and activity of xenobiotic 
and metabolism-related enzymes, and cellular location within the pa-
renchyma, these cells are uniquely situated to respond to the toxicants 
discussed herein. Furthermore, the astrocytic response to toxicants can 
trigger a secondary insult to neurons whereby converging factors, such 
as a deficit in physiologic support and/or the release of toxic factors 

(directly or through recruitment of other cell types) exacerbates the 
primary effects of toxicants. As such, our understanding of the CNS’ 
response to and recovery from environmental toxicant exposure must 
include the cellular, metabolic and functional outcomes of astrocytic 
processes. 

Humans are exposed to multifarious toxicants through our natural 
and built environments. As age is the primary risk factor for neuro-
degeneration, researchers have long queried the impact of chronic 
exposure to toxicants and the ability of these toxicants to cause or 
contribute to neurodegeneration, such as in the context of Alzheimer’s 
(AD) or Parkinson’s disease (PD). This exposure includes toxicants that 
are intentionally produced to be toxic to another species, such as her-
bicides and insecticides, compounds with unintended toxic effects, 
byproducts of synthetic reactions with toxic effects, and biologically 
relevant metals that are toxic at elevated levels. 

As glial-centered toxicology research increases, focusing on astro-
cytic physiological functions, specifically metabolic processes that are 
understood to be critical for homeostasis (Weber and Barros, 2015), and 
subsequent dysfunction wrought by exposure to toxicants is critical to 
understanding the response of the CNS to xenobiotic compounds 
(Fig. 1). Here, we consider the properties of synaptic and perivascular 
astrocytes and the machinery underlying astrocytic metabolic and 
antioxidant functions. We then review the astrocyte-focused literature 
regarding a subset of toxicants united by the shared characteristic of 
association with neurodegeneration. Finally, we evaluate the impor-
tance of astrocytic metabolism in the response to xenobiotic compounds. 

Fig. 1. The multifunctional role of astrocytes in brain homeostasis. Schematic illustrating metabolic interactions between astrocytes (green), blood vessels (red) and 
neurons (blue) and the impact of certain environmental toxicants (ammonia, Mn, OCs, PFOS, PFAs, PFCs). Astrocytic endfeet ensheathing the vasculature uptake 
glucose (Glc) from blood vessels through the GLUT1 transporter. Glucose is utilized as a substrate for glycolysis, resulting in the production of pyruvate, or stored as 
glycogen (Glyc). Some of this pyruvate is converted into lactate by lactate dehydrogenase, an oxidoreductase, which is released into the extracellular matrix via 
monocarboxylate (MCT) transporters and taken up by neurons through the same transporters. Glutamate (Glu) is released from pre-synaptic neurons during 
neurotransmission into the synaptic cleft, where excess glutamate is taken up by perisynaptic astrocytic processes (PAPs) via Na+-dependent excitatory amino acid 
transporters (EAATs). In astrocytes, Glu is converted to glutamine (Gln) by glutamine synthetase (GS). Gln is utilized by phosphate-activated glutaminase (PAG) in 
neurons to synthesize Glu, which is then put into vesicles for synaptic release. Glutamate is also converted to α-ketoglutarate by glutamate dehydrogenase or 
aspartate aminotransferase for metabolism in the TCA cycle (not pictured). Finally, Glu is converted to glutathione (GSH) through two consecutive ATP-consuming 
reactions, involving the ligation of Glu and cysteine by γ-glutamylcysteine synthetase (GCS) to form γ-CysGly, which is subsequently converted to GSH by glutathione 
synthetase (GSS). Astrocytes release GSH which cleaved by ectoenzymes to form CysGly, the precursor for neuronal GSH synthesis. 
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2. Synaptic astrocytes 

Astrocytes have disparate functions and morphology both 
throughout development and in different anatomical regions of the adult 
brain. While it is clear that heterogeneity exists in astrocytic properties 
across developmental trajectory and anatomical region, evidence sug-
gests that, throughout the brain astrocytes maintain homeostasis 
through several antioxidant functions and metabolic processes 
(Bélanger et al., 2011; Chai et al., 2017). Astrocytic lineage is from the 
ectoderm and, once mature and fully branched, these complex cells can 
form connections with approximately 2 million synapses (Han et al., 
2013). In all brains, regardless of health, injury or age, astrocytes 
monitor the microenvironment and work toward homeostasis by pro-
moting neuronal health and function through several unique functions 
(Verkhratsky et al., 2019). Astrocytes in vivo are coupled in syncytia, 
enabling these cells to rapidly transmit information across large dis-
tances through gap junctions. Populations of protoplasmic astrocytes 
form functional regions with the gray matter, where astrocytes in a 
syncytium form “tiles” that serve to segregate neurons and constitute a 
functional parcellation of brain regions (Halassa et al., 2007). 

The “tripartite synapse” (Araque et al., 1999) is comprised of pre- 
and post-synaptic neurons in close contact with synaptic astrocytes, 
supporting the idea that astrocyte location facilitates these unique 
macroglial functions. The linkage of the perisynaptic astrocytic “tip” 
processes that ensheathe synapses is dynamically regulated in an 
activity-dependent manner (Bernardinelli et al., 2014), such that not all 
synapses are encapsulated by astrocytes invariably throughout devel-
opment and maturation. Perisynaptic astrocytes express several classes 
of transporters and receptors that function in the service of proper 
neurotransmission, clearance, and ionic homeostasis (Olsen et al., 
2015). These include: metabotropic and ionotropic glutamate receptors, 
potassium transporters (Djukic et al., 2007), and glutamate transporters 
(Murphy-Royal et al., 2020), which are enriched on the astrocytic pro-
cesses contacting synapses. Following neuronal firing and the release of 
neurotransmitters, perisynaptic astrocytes release stores of intracellular 
calcium as a result of metabotropic neurotransmitter receptor activa-
tion, upstream of inositol 1,4,5-triphosphate receptor activation (IP3R) 
signaling (Bazargani and Attwell, 2016; Otsu et al., 2015). This intra-
cellular calcium release is thought to trigger astrocytic glutamate release 
which can affect neighboring cells (Parpura et al., 1994), as well as the 
insertion of glucose transporters into the membrane to increase glucose 
availability in response to neuronal demand (Loaiza et al., 2003; Pellerin 
and Magistretti, 1994). Increased intracellular calcium precipitates the 
release of several glial factors (including ATP,D-serine, and glutamate); 
this bidirectional interplay positions astrocytes in a synapto-modulatory 
role (Papouin et al., 2017). 

One example of this modulation in the form of metabolic coupling is 
the glutamate-glutamine cycle, in which astrocytes utilize glutamate 
transporters to uptake this synaptic neurotransmitter then convert 
glutamate into glutamine which is released for neuronal glutamate 
synthesis (Tani et al., 2014). The lactate shuttle is another example of 
this coupling as indispensable machinery (Pellerin et al., 1998). Briefly, 
the lactate shuttle occurs when glutamate released by neurons during 
synaptic activity is taken up by astrocytes and stimulates the production 
of lactate from glucose. Astrocytic lactate is then released and taken up 
by nearby neurons wherein it is used to produce ATP, further fueling 
synaptic activity and closing the metabolic loop between glycolytic as-
trocytes and oxidative neurons (Fig. 1). 

The coordination of astrocytic populations across synaptic bound-
aries permits rapid information transfer and concurrent processes within 
the astrocytic syncytia, which can be in contact with an estimated 600 
dendrites and 100,000 synapses (Halassa et al., 2007). The metabolic 
processes, including the glutamate-glutamine cycle and lactate shuttle, 
triggered by synaptic transmission are examples of how neuronal func-
tion is linked to astrocytic metabolism (Bélanger et al., 2011). Moreover, 
this rapid system of information transfer is hypothesized to connect 

synaptic astrocytes with those at the blood-brain barrier as astrocytic 
intracellular calcium increases form the mechanistic basis for functional 
hyperemia, wherein neural activity is accompanied by increased blood 
flow (Gordon et al., 2007; Tran et al., 2018). 

3. Perivascular astrocytes 

Partially due to their position at the blood-brain barrier (BBB) and at 
synapses, astrocytes are uniquely situated to link neuronal firing to the 
vasculature. The brain capillary endothelial cells (ECs) forming the BBB 
are comprised of tight junctions that regulate the passage of peripheral 
solutes into the CNS. Here, astrocytic endfeet abutting the vasculature 
work in concert with other cell types (including neurons and pericytes, 
in addition to ECs) to form the neurovascular unit and regulate CNS 
access as part of this homeostatic interface (Harder et al., 2002; Hawkins 
and Davis, 2005; Iadecola, 2017). This positioning allows astrocytes to 
coordinate neuronal signaling with blood flow, as the short distance 
(8− 20 μm) (Schlageter et al., 1999) between neurons and 
capillary-forming ECs is traversed by astrocytic endfeet. In this way, a 
bidirectional system is formed whereby the astrocytic response to 
neuronal activity results in vasodilation and increases in cerebral blood 
flow. The mechanism for this vasodilation is theorized to be through 
release of metabolites of arachidonic acid (including epoxyeicosa-
trienoic acids [EETs] and prostaglandin E2 [PGE2] via the cyclo-
oxygenase and cytochrome p450 pathways, respectively) (Attwell et al., 
2010; Zonta et al., 2003). Through this coupling, astrocytes play an 
important role in both the formation, maintenance and repair of the BBB 
as well as the coordination of neuronal signaling and cerebral flood flow 
(Abbott et al., 2006). 

Importantly, perivascular astrocytic endfeet express the trans-
membrane water channel, Aquaporin-4 (AQP4), which is organized into 
orthogonal array of particles (OAPs) and anchored to the endfoot in an 
agrin-dependent manner. AQP4 plays an important role in CNS water 
homeostasis and its function is critical both during normal and recovery 
processes, such as during edema (Amiry-Moghaddam and Ottersen, 
2003). Through its water transport function, AQP4 is linked to gluta-
mate reuptake as the astrocytic sodium-dependent glutamate trans-
porters (GLTs; EAATs) necessitate the coupling of glutamate to both 
sodium and water molecules (MacAulay et al., 2004). Furthermore, 
there is down-regulation of glutamate transporter-1 (GLT-1) in 
AQP4-knockout mice concurrent with decreased cellular glutamate 
toxicity (Zeng et al., 2007). 

Both glial and BBB dysfunction are associated with myriad diseases 
and disorders including: stroke, traumatic brain injury, multiple scle-
rosis, epilepsy, Parkinson’s and Alzheimer’s disease (reviewed in (Burda 
et al., 2016; Pekny et al., 2014; Rodríguez-Arellano et al., 2016)). As 
perivascular astrocytes are critical for a functioning BBB, in part due to 
their role in the neurovascular unit and their expression of AQP4, un-
derstanding the role of astrocytic dysfunction in the pathology of 
neurodegenerative diseases is essential for advancement. Importantly, 
AQP4 is a major component of the glymphatic clearance pathway which, 
like the eponymous lymphatic system, removes waste from the CNS. 
There is evidence that this clearance consists of bulk flow (a result of 
arterial pulsations) that drives CSF-ISF exchange and ultimately results 
in drainage of waste products in the perivascular space (Abbott et al., 
2018; Rasmussen et al., 2018). With respect to neurodegenerative dis-
eases that involve protein aggregates (such as Alzheimer’s and Parkin-
son’s disease), it is hypothesized that this glymphatic clearance is 
impaired with aging and that this impairment contributes to aberrant 
protein accumulation (Iliff et al., 2013, 2012; Rasmussen et al., 2018). 

4. Astrocytic metabolism 

4.1. Glucose 

The CNS primarily relies on glucose for energy and consumes 
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approximately 20% of the body’s glucose, despite being merely 2% of 
the body’s mass. The reliance of the CNS on oxidizing glucose for energy 
contributes to the brain’s comparatively high vulnerability to oxidative 
stress. Glucose in the CNS is metabolized through the same pathways as 
other organ systems including tricarboxylic acid cycle (TCA) activity, 
glycolysis, and the pentose phosphate pathway, as well as glycogenesis, 
which is specific to astrocytes in the CNS (Fig. 1). The many metabolic 
intermediates (including lactate and glutamate) formed by these pro-
cesses serve as energy reserves too. Importantly, CNS glucose functions 
as the biosynthetic precursor for several neurotransmitters, like gluta-
mate and γ-aminobutyric acid (GABA), as well as molecules like aspar-
tate and glutathione that are involved in many cellular processes 
(Bélanger et al., 2011). When glutamate, the main excitatory neuro-
transmitter, is released from neurons glycolysis is triggered in nearby 
astrocytes (Pellerin and Magistretti, 1994), providing further evidence 
for the bidirectional metabolic coupling between neural activity and 
astrocytic glucose utilization. 

The disparity between the concentration of CNS capillary blood 
glucose, approximately 3− 6 mM, and the concentration of glucose in the 
parenchyma, 0.5− 1 mM (Dienel, 2019) suggests that the astrocytic 
processes wrapping around the vasculature are important for glucose 
uptake and entry into the parenchyma, specifically through the glucose 
transporter-1 (GLUT1) (Loaiza et al., 2003). This finding supports the 
idea that the cytoarchitectural proximity of astrocytes to neurons is 
critical for neuronal support as, even though astrocytes require much 
less glucose than neurons to support their physiological function, they 
are positioned to be the first receivers of this energetic substrate 
(Bélanger et al., 2011). The GLUT1 transporter represents a mechanism 
by which astrocytes respond to metabolic stress and meet the demands 
of glutamate clearance in the astrocyte-neuron metabolic interface 
(Loaiza et al., 2003). 

Importantly, metabolic diseases like diabetes mellitus and metabolic 
syndrome that involve dysregulation of glucose systems are increasingly 
associated with environmental toxicant exposure (Sargis, 2014). In as-
trocytes, glucose utilization is closely linked to neuronal signaling 
(Bélanger et al., 2011). GLUT1 is the only isoform expressed by cortical 
astrocytes; the activation of astrocytic glycolysis by the release of 
neuronal glutamate necessitates GLUT1-transported glucose (Loaiza 
et al., 2003). Stimulation of GLUT1 can be modulated by metabolic 
stress in some cells (Barnes et al., 2002), as well as cytosolic calcium 
concentrations (Quintanilla et al., 2000), suggesting this pathway as a 
mechanism for toxicant-induced astrocytic dysfunction. 

4.2. Glycogen 

While neurons express the enzymes necessary to metabolize 
glycogen, neuronal glycogen storage is only seen under pathological 
conditions. Glycogen in the brain is predominantly found in astrocytes 
and approximately 40% of CNS glucose is metabolized into glycogen by 
these cells (Brown and Ransom, 2007). The inability of neurons to store 
glycogen leaves astrocytes as the primary supplier of glycogen-derived 
lactate and pyruvate during periods of exceptionally high metabolic 
demand (Brown and Ransom, 2014), such as memory formation (Gibbs 
et al., 2006). 

The metabolism of glycogen, a short-term reserve for glucose pro-
duction, is also important for astrocytic potassium and glutamate up-
take. Astrocytes increase their glycolytic capacity in response to certain 
forms of injury, like hypoxia (Marrif and Juurlink, 1999) and hypogly-
cemia (Bakken et al., 1998), and during periods of higher brain activa-
tion (Kasischke et al., 2004). The latter occurs when neurons have 
depleted their metabolic energy reserves and astrocytes compensate 
using their glycolytic capacity (Brown and Ransom, 2014). 

5. Astrocytic antioxidant responses 

It is well-understood that the health and function of neurons is 

tightly linked to that of astrocytes. This is manifest in the robust meta-
bolic exchange between neurons and astrocytes mentioned previously; 
further examples of which include: glutathione redox (Dringen and 
Hirrlinger, 2003), glucose uptake (Bélanger et al., 2011), ion recycling 
(reviewed in (Verkhratsky et al., 2019)), and lipid transport (Ioannou 
et al., 2019). When environmental toxicants penetrate the blood-brain 
barrier, astrocytic endfeet abutting the vasculature place these cells as 
the primary defense against xenobiotic penetrance into the CNS. 

5.1. Nrf2-mediated responses 

Referred to as the “master regulator” of antioxidant genes, the 
transcription factor nuclear factor erythroid 2-related factor 2 (Nrf2) is 
an important component of cellular responses to oxidative stress. Under 
basal conditions, Nrf2 levels are low because this protein is bound in the 
cytoplasm both by its negative regulator, Kelch-like erythroid cell- 
derived protein (Keap 1) and by Cullin 3 which ubiquitinates Nrf2 
leading to rapid degradation. When cells experience oxidative stress, the 
Keap1-Cullin 3 interactions are disrupted leading to an increase in 
cytosolic Nrf2, which is subsequently translocated to the nucleus where 
it binds to the cognate antioxidant response element (ARE) in the up-
stream promoter region of antioxidant genes. Transcription of these 
cytoprotective genes initiated by Nrf2 has significant positive conse-
quences in protecting cells, including astrocytes, from highly reactive 
peroxides, quinones, heme, and xenobiotic electrophiles (reviewed in 
(Vargas and Johnson, 2009)). 

Pertinent to this review, astrocytes exhibit a robust Nrf2-mediated 
response to oxidative stressors (reviewed in (Liddell, 2017)). Since as-
trocytes are the most abundant glial cell and are in intimate contact with 
other glial cells, endothelial cells, and neurons, this quick antioxidant 
response to both endogenous and exogenous oxidative stressors is crit-
ical for brain health. It is interesting to consider that during normal 
aging, transcriptomic and epigenetic studies report that glial cells are in 
a more inflammatory state (Lu et al., 2004). 

While in humans this is merely a correlation, rodent studies show 
that the antioxidant ARE-mediated response is impaired with age 
(Boisvert et al., 2018; Kubben et al., 2016). Furthermore, Nrf2 knockout 
mice exhibit widespread astrogliosis and transcriptomes that mirror 
aging mice (Rojo et al., 2017). The specific changes ascribed to astro-
cytes suggest that these cells adopt a more robust A1-reactive pheno-
type, for example aged astrocytes express more complement C3, a 
protein important for complement-mediated synaptic loss (Clarke et al., 
2018). Taken together and reviewed in detail elsewhere (Palmer and 
Ousman, 2018), aged astrocytes display aberrant responses to signals (i. 
e., cytokines and chemokines) from other CNS cells (i.e., neurons, 
microglia and endothelial cells) and have a diminished capacity to 
maintain CNS homeostasis. 

Early evidence for this pathway’s involvement in neurodegenerative 
disease was found in post-mortem PD brain tissue, where increases in 
ARE-genes are apparent (Schipper et al., 1998). For example, NAD(P)H 
quinone dehydrogenase-1 (NQO1), heme oxygenase-1 (HO1), and 
glutathione peroxidase are elevated in PD post-mortem brains and are 
highest in regions particularly affected in this disorder (Power et al., 
2002; Schipper et al., 1998; Van Muiswinkel et al., 2004). Furthermore, 
nuclear accumulation of Nrf2 is more apparent in the substantia nigra of 
PD brains when compared with brains from normal, Alzheimer’s dis-
ease, and Lewy body variant of AD subjects (Ramsey et al., 2007). 
However, the post-mortem story is not clear-cut as other studies 
demonstrate that some ARE genes like glutathione peroxidase-1 show 
increased expression in microglia but not in neurons or astrocytes 
(Power and Blumbergs, 2009) while nonselenium glutathione peroxi-
dase is increased in PD and dementia with Lewy body disease astrocytes 
(Power et al., 2002). 

Nearly all neurodegenerative disorders have an inflammatory 
component and this type of microenvironment is known to promote an 
A1-astrocyte phenotype, which is perpetuated by surrounding glia. A 
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normal homeostatic astrocyte response to an inflammatory stimulus 
includes increased GSH release but Oksanen et al. using presenilin 1 
(PSEN1) mutant AD patient iPSC-derived astrocytes demonstrated that 
diseased astrocytes do not increase GSH release (Oksanen et al., 2020). 
This group also showed that increasing the Nrf2 pathway by lenti-viral 
overexpression of Nrf2 or the use of a naturally occurring isothiocya-
nate incited an anti-inflammatory and anti-oxidative response in the AD 
astrocytes (Oksanen et al., 2020). Together this work supports that 
augmentation of the antioxidant response is a potential therapeutic 
target for neurodegenerative disorders. In fact, the Nrf2 pathway is a 
druggable target with a number of activators under clinical and pre-
clinical investigation including dimethyl fumarate and sulforaphane 
(reviewed in (Cuadrado et al., 2019)) for disorders like multiple scle-
rosis, Friedreich’s ataxia, ALS, and PD. 

5.2. Glutathione 

Glutathione, the most abundant non-protein thiol in mammalian 
cells, is a soluble tripeptide (synthesized from glutamate, cysteine and 
glycine) antioxidant molecule, the reduced nucleophilic form (GSH) of 
which is typically kept in large cytosolic reserves to be readily oxidized 
in the presence of reactive oxygen species (ROS) to form glutathione 
disulfide (GSSG). Glutathione synthesis is dependent on the consecutive 
action of two ATP-consuming reactions: in the first, rate-limiting step, 
glutamate-cysteine ligase (GCL) conjugates glutamate and cysteine to 
form γ-glutamylcysteine (γGluCys); in the second step, GSH synthase 
(GSS) ligates γGluCys to glycine to form GSH (Fig. 1). 

Intracellular GSH acts as an ROS scavenger and, in the process of 
deactivating oxidants and radicals, generates GSSG. As such, the ratio of 
GSSG:GSH is a metric of oxidative stress and cellular health. The 
detoxification actions of GSH act through several mechanisms, including 
reduction of hydrogen peroxide (H2O2) to water (H2O) and direct 
conjugation of certain xenobiotic compounds for detoxification. The 
major antioxidant function of the glutathione system consists of the 
reduction of peroxides, which is catalyzed by glutathione peroxidases 
(GPx), during which GSH is oxidized to form GSSG. To complete the 
redox cycle, GSSG is reduced back to form GSH using an electron from 
nicotinamide adenine dinucleotide phosphate (NADPH). The gluta-
thione system utilizes glutathione S-transferases to form glutathione S- 
conjugates to detoxify xenobiotics, which are then exported from the 
cell through multidrug resistance proteins (MRPs). The astrocytic 
glutathione systems have been extensively studied and reviewed by Ralf 
Dringen and Johannes Hirrlinger (Dringen and Hirrlinger, 2003). 

Primary astrocytes have intracellular GSH concentrations of 8− 10 
mM, which places them amongst the highest concentration for 
mammalian cells (Dringen and Hirrlinger, 2003; Raps et al., 1989) and 
the highest for brain cells. Importantly, in vitroevidence suggests that 
astrocytes are the only brain cell known to release GSH (Dringen and 
Hirrlinger, 2003). Glutathione dysregulation has been implicated in the 
context of several neurodegenerative diseases. In PD, glutathione 
depletion in the substantia nigra is one post-mortem pathological sign 
(Sofic et al., 1992); in AD, where oxidative stress is one of the causative 
factors implicated in disease pathogenesis, peripheral lymphocytes have 
decreased GSH and increased GSSG levels (Calabrese et al., 2007). 
Furthermore, dysfunction in the glutathione system is linked to 
disruption of many cellular pathways implicated in neurodegenerative 
disease pathogenesis, including protein aggregation and mitochondrial 
dysfunction. 

6. Environmental toxicants and astrocytes 

The combination of the localization of astrocytic endfeet to the BBB 
and their robust detoxification machinery places astrocytes in the first 
line of defense against xenobiotic penetrance of the CNS. Another 
example of the robust antioxidant and xenobiotic detoxification capacity 
of these cells is evident in their expression of multiple cytochrome P450 

(CYP) isoforms. This suggests that the astrocytic CYP system is engaged 
at the BBB as compounds in systemic circulation gain access to the CNS. 
While there is limited data on the specific response of astrocytes to many 
toxicants, here we review a subset of the existing literature investigating 
the impact of a range of synthetic compounds on astrocytic and function. 

6.1. Trace metals and ammonia 

Exposure to manganese, a heavy metal, has long been linked to 
neurotoxicity and a Parkinson’s-like syndrome including motor, cogni-
tive and affective dysfunction, that mechanistically involves mitochon-
drial dysfunction leading to bioenergetic deficit (Olanow, 2004). While 
manganese is an essential trace metal and is necessary for many vital 
biochemical reactions in all tissues and cells, astrocytes specifically 
contain high-capacity manganese transporters (Marta and Aschner, 
2013) and therefore have preferential efflux of this element, as well as 
the ability to sequester manganese (Aschner et al., 1992). Manganese 
exposure results in cell swelling in cultured astrocytes, a morphological 
change also found in Alzheimer’s disease and hepatocerebral diseases 
(Hazell, 2002; Rama Rao et al., 2007). 

Intracellularly, excess manganese interferes with a host of cellular 
processes including the glutamate-glutamine cycle and glutathione 
synthesis, leading to a reduction in glutamate uptake and a down- 
regulation of the excitatory amino acid transporter-1 (EAAT1; also 
referred to as the glutamate aspartate transporter [GLAST]) and GLT-1 
(Mutkus et al., 2005) and glutamine transporters (Sidor-
yk-W̧egrzynowicz et al., 2009). Importantly, manganese interacts with 
the astrocyte-abundant enzyme pyruvate carboxylase which, through its 
catalysis of the carboxylation of pyruvate to oxaloacetate, has a critical 
role in anaplerosis for the TCA cycle (Mildvan et al., 1966). The astro-
cytic metabolic processes impaired by manganese toxicity affect both 
primary glial function as well as neuronal functions that are dependent 
on functioning astrocyte metabolism. As such, impairment of astrocytic 
metabolic processes by manganese toxicity results in both direct 
neuronal dysfunctional as well as secondary dysfunction derived from 
compounding effects. 

Similarly, ammonia (a compound of nitrogen and hydrogen) which 
can enter the brain via portal vein circulation following liver failure, 
leads to neurological sequelae including edema (Felipo and Butterworth, 
2002). Astrocytic swelling is characteristic of liver-failure induced brain 
ammonia levels; astrocytes are the only brain cells capable of detoxi-
fying ammonia through the glutamate-glutamine cycle, specifically with 
glutamine synthetase as a catalyst (Norenberg et al., 2005). Data from in 
vitro studies suggests that ammonia-induced astrocytic swelling is driven 
by the oxidative stress and mechanistically involves mitogen-activated 
protein kinase (MAPK) phosphorylation (Jayakumar et al., 2006a). 
This swelling (also observed in manganese toxicity) implicates AQP4 in 
addition to the glutamate-glutamine cycle and is thought to ultimately 
disrupt homeostasis and result in dysfunctional glutamatergic neuro-
transmission (Jayakumar et al., 2006b; Rama Rao et al., 2007). 

Inorganic arsenic (As), from both anthropogenic and naturally 
occurring sources, exists as a potent environmental toxin in soil, air, and 
notably water, where it is a global contaminant (Amini et al., 2008). 
Exposure to arsenate (pentavalent arsenic [iAsV]) and arsenite (trivalent 
arsenic [iAsIII]), the toxic inorganic arsenic species, are linked to severe 
health effects including CNS dysfunction (Prakash et al., 2016; Thomas 
et al., 2001). This includes cognitive impairments, developmental 
neurotoxicity (Tyler and Allan, 2014; Vahidnia et al., 2007) and 
neurodegenerative diseases including Alzheimer’s (Gong and OʼBryant, 
2010) and Parkinson’s disease (Felix et al., 2005). Mechanistically, it is 
hypothesized that arsenate is structurally similar and able to substitute 
for phosphate in its biological actions and structures (Tawfik and Viola, 
2011). 

While little is known about the effect of arsenic species on astrocytes 
in vivo, from primary culture experiments it appears that arsenic species 
are taken up by astrocytes through an unknown mechanism. 
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Interestingly, GLUT1 catalyzes uptake of arsenite in Saccharomyces cer-
evisiae and Xenopus laevis oocytes (Liu et al., 2006) but inhibits glucose 
uptake and GLUT1 trafficking in human lymphocytes (Pánico et al., 
2019). Arsenate and arsenite have been shown to stimulate glycolysis in 
astrocytes (Dringen et al., 2016) as well as increase GSH export through 
an MRP1-mediated pathway (Meyer et al., 2013). This evidence suggests 
that, as astrocytic metabolic pathways are engaged by arsenic species, 
astrocytic metabolic dysfunction is implicated in the mechanism by 
which exposure to arsenic species results in CNS deficits (reviewed in 
(Dringen et al., 2016)). 

6.2. Chlorinated compounds 

Organochlorines are a class of chlorinated hydrocarbons with wide- 
ranging applications and levels of toxicity. Organochlorine applications 
include: pesticides, insecticides, and myriad industrial purposes (for 
example: plasticizers and coolant). Importantly, chlorination of a hy-
drocarbon increases its lipophilicity and thereby its BBB penetrance, 
making these compounds powerful infiltrators of the CNS. Despite the 
well-documented toxicity of several members of this class, their effect on 
astrocytes is comparatively not well-studied. 

Chlorpyrifos is a neurotoxic chlorinated organophosphate insecticide 
still widely used at the time of this publication. Several studies have 
found associations between chlorpyrifos exposure and decreases in full- 
scale IQ and working memory (Bouchard et al., 2011; Rauh et al., 2011), 
autism spectrum disorder (Shelton et al., 2014), and structural changes 
(Rauh et al., 2012). Chlorpyrifos performs its insecticide function 
through contact, inhalation, or ingestion and causes neurotoxicity by 
inhibiting acetylcholinesterase. This inhibition in turn increases the 
half-life of the neurotransmitter, acetylcholine, leading to 
hyperactivity/overstimulation-induced cell death. Additionally, chlor-
pyrifos exposure causes disruption of the BBB, impairment of molecular 
pathways (Wu et al., 2017), neural proliferation and differentiation. 
Importantly, astrocytes have been shown to be neuroprotective against 
chlorpyrifos exposure using a human pluripotent stem cell-derived 
astrocyte population. Specifically, this neuroprotection (in the form of 
neurite outgrowth) appears to be conferred through engagement of the 
astrocytic P450 system (Wu et al., 2017). 

TCDD (2,3,7,8-tetrachlorodibenzo-p-dioxin) is the most potent of the 
dibenzodioxins (or “dioxins”) and as a contaminant in Agent Orange it 
contributed significantly to the biological toxicity and carcinogenicity 
associated with this chemical agent. Like many chlorinated organic 
compounds, TCDD is lipid-soluble and preferentially accumulates in 
fatty tissues, including the brain. Dioxin canonically signals through the 
aryl hydrocarbon receptor (AHR), which is thought to mediate TCDD’s 
toxicity. Engagement of AHRs promotes xenobiotic response element 
activity in a number of genes including CYP1A1 (Swanson, 2002). TCDD 
also induces astrogliosis and promotes the secretion of TNFα as well as 
nuclear factor-κB (NFκB) activation (Zhang et al., 2014). 

Polychlorinated biphenyls (PCBs) represent a large class of organo-
chlorines, with variant mechanisms of action depending on the degree 
and location of the chlorine atoms on the biphenyl rings. PCBs were 
produced internationally from approximately 1930 until restricted by 
the Stockholm Convention on Persistent Organic Pollutants (POPs) in 
2001, although several entities including the United States Environ-
mental Protection Agency and the European Commission enacted earlier 
bans. Despite these bans, PCBs are still prevalent in the environment due 
to several of their biochemical properties, including lipophilicity and 
long half-lives. PCBs accumulate in lipid-rich tissues, such as the brain, 
where their detection post-mortem is linked to several diseases and 
symptoms, including Parkinson’s disease (Hatcher-Martin et al., 2012) 
and cognitive decline (Bouchard et al., 2014). While PCBs have been 
associated with oxidative stress and cellular dysfunction in several an-
imal models (Hennig et al., 1999; Lyng et al., 2007; Seegal et al., 1994) 
as well as neuronal and glial-like cell lines (Lee et al., 2006; Lee and 
Opanashuk, 2004), at the time of this publication there is no research 

investigating the impact of these ubiquitous compounds on astrocytes. 

6.3. Fluorinated compounds 

Fluorinated organic substances (identified as a group as per- and 
polyfluoroalkyl substances [PFAs] or perfluorinated compounds [PFCs]) 
are another category of man-made compounds found extensively 
throughout the environment. In addition to reproductive and develop-
mental effects, cancer, and thyroid disruption, PFAs are linked to ADHD 
and spatial memory deficits (Hoffman et al., 2010; Long et al., 2013). 

PFA/PFCs, including compounds like perfluorooctane sulfonate 
(PFOS) and perfluorooctanoate (PFOA), are used for industrial and 
commercial purposes ranging from non-stick coatings on cookware, 
paints, food packaging, and some sources of drinking water. They are 
resistant to degradation, in part due to the high bond-strength of the 
carbon-fluorine bond and their ability to bioaccumulate, which is 
determined by the length of carbon chain (Conder et al., 2008). 
Importantly, PFC bioaccumulation is distinct from most other haloge-
nated toxicants as they principally accumulate in protein rich tissues as 
opposed to lipid rich tissues where chlorinated and brominated com-
pounds accumulate (Butt et al., 2010; Weschler, 2009). This partitioning 
is an important factor in determining overall as well as specific organ 
toxicity. 

With respect to astrocyte health, PFOS increases astrocytic apoptosis, 
and the expression of the gap junction protein, connexin-43, while 
reducing mitochondrial membrane potential (Dong et al., 2015). PFOS 
also elicits apoptosis of rat primary hippocampal neurons, with astro-
cyte-derivedD-serine involvement (Yu et al., 2020), increased GFAP 
reactivity, and augmented NFκB-dependent interleukin-1β (IL-1β) 
secretion (Chen et al., 2018). PFOS-derived BBB disruption is due to 
decreases in tight-junction related protein expression, and ultimately 
leads to increased AQP4 and S100 calcium binding protein (S100B) 
expression in BBB-associated astrocytes (Yu et al., 2020). Rats exposed 
to PFOS prenatally showed increased expression of astrocyte activation 
markers (glial fibrillary acidic protein [GFAP] and S100BB) in the hip-
pocampus and cortex (Zeng et al., 2011). 

7. Conclusions 

Importantly, as the focus of understanding the processes underlying 
CNS function continues to expand to encompass glial cells, glial- 
neuronal connections, and micro-environments shaped by the coordi-
nation of cells and their interactions, it is important to consider external 
factors that can disrupt this delicate homeostatic machinery. These 
external factors can present as a range of synthetic and natural, bio-
logical and chemical compounds. Synthetic chemical compounds are 
prevalent in our environment as a result of production in mass quanti-
ties, ubiquitous use, and often poor disposal practices. The history of 
industrialization is inextricable from the repeated failure of society to 
anticipate and account for the ways in which the mass manufacturing 
and eventual destruction of toxicants catalyzes an internecine cycle of 
environmental and human devastation. 

Most neurodegenerative diseases have a far greater number of spo-
radic cases compared to familial/genetic cases, suggesting an impact of 
environmental factors on the pathogenesis of disease. As age is the 
strongest risk factor for many of these diseases, researchers have studied 
(at levels ranging from molecular to epidemiological) the ability of long- 
term exposure to toxicants to result in neurodegeneration later in life. As 
our understanding of neurodegenerative diseases, and the underlying 
mechanisms, evolves to include glial-specific processes more focused 
research on astrocytic metabolism is required. 

Here, we reviewed the astrocyte-specific toxicant studies, with a 
focus on metabolic processes. While toxicant exposure results in com-
plex and multi-faceted dysfunction, focusing on astrocytic metabolism, 
the function of which is critical for CNS homeostasis, enables us to study 
the engagement of specific pathways involved in a more global response. 
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Ammonia and manganese promote the reduction of the EAAT1 gluta-
mate transporter as well as ensuing dysfunction of the glutamate- 
glutamine cycle linking astrocytes and neurons. As the organochlo-
rines reviewed (PCBs and TCDD) have the propensity to accumulate in 
lipid membranes, it is possible that disruption of the membrane-bound 
glutamate transporters is involved in their toxicity. 

Since the metabolism of astrocytes is indissociably connected to 
neuronal health and synaptic function, it is critical that our under-
standing of the impact of environmental toxicants on human health 
include this heretofore understudied aspect. From other metabolically 
linked disorders, such as diabetes, it is clear that environmental toxicant 
exposure can result in glucose dysfunction, including involvement of the 
GLUT1 transporter. Within the CNS, this transporter is astrocyte- 
specific, suggesting an overlap of peripheral and astrocytic mecha-
nisms. Furthermore, engagement of the CYP detoxification system, 
which is robustly expressed in astrocytes as part of their role as the 
primary defense against xenobiotic penetrance into the CNS, suggests 
that astrocytes in particular are crucial for a system-wide response to 
toxicants. Importantly, systems that rely on astrocytes, such as glym-
phatic system clearance (Jiang et al., 2017; Zhang et al., 2019) and 
blood-brain barrier function (Acharya et al., 2013) are disrupted in 
diabetes, which is known to cause cognitive deficits. When viewed in 
conjunction with the perturbation of metabolic processes (such as 
glucose uptake) in diabetes as a result of environmental toxicant expo-
sure, these pathological commonalities suggest astrocytic dysfunction as 
a possible nexus of CNS and peripheral disease. Overall, evidence is 
mounting that astrocytic metabolism is important for the response to 
and neutralization of environmental toxicants within the CNS. Further 
research into the specific pathways involved and the overlap of mech-
anisms with peripheral diseases will expand our understanding in an 
important direction. 
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