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Introduction

Around 16 million people are affected by stroke annually worldwide, which contributes to nearly 
5.7 million deaths per year. Besides, it is considered the largest cause of disability as half of the 
patients that survive require long-term health care and fail to live in an independent manner [1]. 
Ischemic stroke is the most common type of stroke and happens when blood flow to the brain is 
disrupted, leading to cell death and brain injury [2]. Age, low physical activity and individual risk 
factors such as smoking, diabetes, and high blood pressure increase stroke susceptibility. Ischemic 
stroke is more frequent in adult age and neurological outcomes are severe, where patients often suffer 
motor impairment, aphasia and inability to read after ischemic injury [3].

A wide cascade of events starts once blood flow is interrupted in the brain. Oxygen and glucose 
are decreased due to reduced blood supply, which provokes a rapid depletion of ATP. Energy failure is 
followed by cell membrane depolarization, calcium entry and extracellular glutamate accumulation. 
This leads to high excitotoxicity and release of pro-inflammatory cytokines. In the next hours 
following the injury, reactive oxygen species are increased causing oxidative stress, whereas together 
with a higher concentration of free cytosolic calcium and impaired mitochondrial function, cell death 
is triggered [4]. This pro-inflammatory environment which lasts from days to months is responsible 
for brain injury. 

Astrocyte Reactivity after Stroke 

Astrocytes are the most abundant glial cells in the Central Nervous System (CNS). Under 
physiologic conditions, astrocytes have a wide variety of functions: apart from providing nutrients 
and trophic factors to neurons, they also take part in ion and water homeostasis, pH maintenance, 
and glymphatic system function [5]. Additionally, as they form tripartite synapses, they can modulate 
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neuronal activity and regulate synapse homeostasis by the regulation 
of excitatory and inhibitory synapses. Furthermore, astrocytes are 
part of the structure of the Blood-brain barrier (BBB) together with 
endothelial cells and pericytes, where they limit the traffic of different 
molecules to the brain parenchyma [6]. Maintaining this selective 
permeability and integrity is crucial for normal brain function. 

After an ischemic insult, astrocytes undergo a rapid change of 
gene expression that leads to reactive gliosis. Reactive astrocytes 
present classical hallmarks such as overexpression of glial fibrillary 
acidic protein (GFAP) and other extracellular matrix proteins, 
cellular process increase, and cell body hypertrophy. Recently 
additional markers including lipocalin-2 (Lcn-2) and serpin3n, a 
serine protease inhibitor, have been described [7]. Indeed, astrocyte 
reactivity is coordinated by complex molecular mechanisms initiated 
through an inflammatory response that leads to the formation of a 
glial scar surrounding the injury site, which is considered a source 
of pro-inflammatory molecules, reactive oxygen species (ROS), and 
neurotoxicity, as well as axonal regeneration inhibitors [5]. This leads 
to an environment in which regeneration is inhibited and cerebral 
edema is triggered. However, the glial scar has also been described 
to have a neuroprotective role, as it demarcates the damaged tissue 
and maintains the inflammation in a localized area protecting cells 
against harmful substances released from the infarct core. 

Neuroprotective or Neuroinflammatory Population 
of Astrocytes after Stroke

Recently, experts have described different reactive astrocyte 
phenotypes depending on the insult. Neuroinflammation and 
ischemia induce A1 and A2 reactive astrocyte phenotype respectively 
(Figure 1). A1 astrocytes upregulate many classical complement 
cascade genes shown to be harmful to synapses, and trigger neuronal 
and mature oligodendrocyte death [8]. They release neurotoxic 
and inflammatory factors including interleukin 6 (IL-6), IL-1α, 

tumor necrosis factor alpha (TNF-α), and nitric oxide, and activate 
the nuclear factor kappa B (NFκB) inflammatory pathway, which 
contribute to cell death and induce less synapses and neurite 
growth than healthy astrocytes. Besides, A1 reactive astrocytes lose 
synapse and myelin debris phagocytosis function. Specific markers 
complement 3, complement factor B and MX1S are expressed in A1 
astrocytes. Activated microglia induce A1 phenotype by the release 
of IL-1α, TNF-α and C1q cytokines [9]. A1 astrocytes appear in 
several neurodegenerative diseases such as Alzheimer’s disease. 

On the other hand, the neuroprotective A2 phenotype release 
anti-inflammatory cytokines and trophic factors that promote 
tissue repair. They express S100A10, which it is essential for cell 
proliferation, cell membrane repair and inhibition of cell apoptosis 
[10]. Besides, they express the anti-inflammatory cytokine 
transforming growth factor beta (TGF-β) that participates in 
neuronal survival and axonal regeneration, and synaptogenesis. 
TGF-β together with glycoprotein gp130, signal transducer and 
activator of transcription 3 (STAT3) and interferon gamma (IFN-γ) 
pathways support the neuroprotective phenotype of astrocytes [11]. 
IL-4 and IL-10 are also anti-inflammatory mediators that secrete this 
astrocyte population. Additionally, A2 astrocytes are able to release 
other neurotrophic factors including nerve growth factor (NGF), 
basic fibroblast growth factor (bFGF), brain-derived neurotrophic 
factor (BDNF), glia-derived neurotrophic factor (GDNF), and 
vascular endothelial growth factor (VEGF) that protect neurons, 
enhance neurite growth and neuronal plasticity, and improve 
functional outcome after stroke [5,12]. 

The Effect of Aging on Astrocyte Reactivity 

Morphological and molecular changes are observed in the brain 
during aging and aging itself promotes astrocyte reactivity. This 
increase in astrocyte reactivity, however, is region-specific, and age-
dependent changes in astrocyte gene expression contribute to age-

 

 
  

Figure 1: Depending on the stimulus, astrocytes can transform into different reactive astrocyte phenotypes. Pro-inflammatory cytokines IL1-α, TNFα 
and C1q that are released by activated microglia induce the A1 Neurotoxic phenotype, where neuron survival and synaptogenesis is decreased. 
Meantime, ischemia induces the transformation into the A2 phenotype, which triggers tissue repair, axonal regeneration and neuronal plasticity, 
contributing to a neuroprotective role.
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related synapse loss, neuroinflammation, and cognitive decline [13]. 
However, homeostatic and neurotransmission function of astrocytes 
show minimal alteration during aging [14].

Clarke et al. demonstrated the upregulation of a group of 
potentially detrimental A1 reactive genes in the aging brain [13]. 
Aged astrocytes show upregulation of genes involved in inflammation 
and synapse elimination. The increased A1 neuroinflammatory 
phenotype induces the release of toxic factors and worsens 
neuron survival and excitatory neuronal function. Thus, A1 
reactive astrocytes are a remarkable source of complement cascade 
components including C4b, C3, and C1q that trigger synapse loss, 
mainly in the aging hippocampus. Other genes regulating synaptic 
function are shown to be altered, such as Sparc, which is known 
to inhibit synapse function by blocking synapse formation and 
decreasing AMPA receptors [7,15]. Boisvert and colleagues observed 
that increased expression of Sparc observed in cortical astrocytes may 
inhibit synaptic function [14]. Besides, cholesterol synthesis was 
decreased in the aging brain, affecting directly neuronal dendritic 
elaboration and presynaptic function. Therefore, the activation of 
these genes aggravates synapse function and highlights the active role 
of astrocytes in synapse homeostasis.

As mentioned before, astrocytes play an important role 
in neuroinflammation and neuroprotection by the release of 
neurotrophic factors and both pro-and anti-inflammatory 
cytokines. However, during aging astrocytes adopt a pro-
inflammatory phenotype, leading to a chronic and low-grade state of 
inflammation, named Inflammaging [16]. Aged astrocytes show less 
secretion of Wnt3, Insulin-like growth factor 1 (IGF-1), fibroblast 
growth factor receptor 2 (FGFR-2), and VEGF which have been 
associated with reduced ability for neurogenesis in the adult brain 
[12]. Aged astrocytes show impairment in their ability to promote 
neuronal differentiation and this is exacerbated after stroke, which 
worsens the recovery of the neurological injury and the restoration 
of dead cell populations [17]. In the aged ischemic brain, astrocyte 
reactivity increases exponentially and the forming glial scar is more 
exaggerated.

Besides, heterogeneity was found in different brain regions 
in mice. Regions that are more vulnerable to neurodegeneration, 
including the hippocampus and the striatum, showed an increase in 
astrocyte reactivity-related genes. These regions are more sensitive to 
oxidative stress, protein aggregation, and metabolic alterations [13]. 
In the human brain, increased GFAP expression has been observed 
in the hippocampus, frontal cortex, and temporal cortex [18]. 

Apparently, in the aging brain the increase of A1 reactive genes is 
mediated by the increase in microglial activation. In mice lacking A1 
phenotype inducers IL1-α, TNF-α, and C1q, a significant reduction 
of aging-induced upregulation of reactive astrocytes was observed 
[13]. Thereby, Clark et al. demonstrated that microglia are the main 
responsible for the increase of A1 reactive astrocytes in the aging 
brain. However, it has been remarked that changes in aging-induced 
astrocyte reactivity are region-specific, while microglial reactivity is 
increased in a global way [19]. 

In age-related neurodegenerative diseases including Alzheimer’s 
disease (AD), Parkinson’s disease (PD), Amyotrophic Lateral 
Sclerosis (ALS), and Huntington’s disease (HS), the increase of A1 
reactive astrocytes has been noticeable, providing conditions that 
allow disease progression. The alteration of inflammatory- and 

synapse-related genes will trigger a neurodegenerative environment. 
Complement component C3 was upregulated in regions associated 
with each disease in patient samples [8]. In AD, C3 has been 
described to be implicated in beta amyloid synthesis and clearance. 
In human AD samples, 60% of astrocytes in the prefrontal cortex 
expressed C3, showing that a big part of astrocytes may trigger 
neuroinflammatory pathways [8]. Besides, A1 astrocytes in ALS 
patients may gain toxicity by the secretion of extracellular vesicles 
containing SOD1, phospho-TDP-43, and FUS, which are crucial 
proteins that are altered in ALS and trigger motor neuron death 
[20]. In models of PD, blockage of A1 astrocyte conversion by a 
Glucagon-like peptide-1 receptor (GLP1R) agonist reduces the 
loss of dopaminergic neurons and behavioral deficits found in PD 
mouse models [21]. Therefore, as astrocytes have been demonstrated 
to be major contributors for the development of the mentioned 
neurodegenerative diseases, targeting their function would be an 
interesting way to improve synapse protection.

Astrocytes as Therapeutic Targets

Astrocytes have been considered an important target for stroke 
therapy as apart from interacting and supporting neurons, they also 
modulate synaptogenesis, and trophic factor and cytokine release. 
Thereby, different strategies based on astrocyte modulation have been 
proposed in order to promote neuroprotection after ischemic injury. 
Downregulating the neurotoxic astrocyte population by cottonseed 
oil seems a promising strategy, as it has been demonstrated that 
reduces astrocyte activation and inflammation by the inhibition 
of TLR4/NFκB pathway [22]. Other TLR4 and NFκB inhibitors 
including polyphenols have also shown beneficial results by the 
reduction of inflammatory mediators and neuronal death [23,24]. 
On the other side, other strategies that increase the neuroprotective 
A2 astrocyte population and induce neurotrophic factor release have 
been proposed to improve neurological outcome after stroke. For 
example, neurotrophic factor administration including BDNF, IGF-
1, and TGF-β has shown positive functional recovery with decreased 
infarct volume and less neuroinflammation [25-27]. Unfortunately, 
the delivery of these factors is still challenging as they are rapidly 
degraded and subsequently have a poor half-life. Thereby, promoting 
neuroprotection in ischemic tissue is a promising strategy that should 
be further investigated.

Discussion 

In the last decade, there have been incredible advances in 
understanding the molecular mechanisms that occur after stroke 
and the role of astrocyte reactivity underlying this process. Indeed, 
the global understanding of the pathogenic and neuroprotective 
networks in the astrocyte has become a primary need for the 
development of new therapeutic approaches. We have observed 
that astrocyte heterogeneity separates reactive astrocyte populations 
in neurotoxic and neuroprotective astrocytes, in which different 
pathways are activated and cytokines are released. However, both 
phenotypes should not be considered as separated populations, but 
a spectrum of populations that will depend on the stage and severity 
of the disease. However, we have seen that astrocyte reactivity is 
essential to both delimit the injury site and release anti-inflammatory 
mediators. Besides, it must be taken into consideration that astrocyte 
responses are the result of complex activation cascades and other cell 
activation states including microglia. Thereby, strategies focusing 
on specific key targets for neuroprotection will be fundamental to 
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stroke and neurodegenerative disease therapy. The balance between 
the pro-inflammatory and neuroprotective states will be critical 
in the progression of the disease. Thus, further studies are needed 
to determine the potential of astrocyte modulation and develop 
clinically successful neuroprotective strategies.

Acknowledgements

This work has been supported by Deutsche 
Forschungsgemeinschaft (SCHE 2078/2-1). Förderverein für 
frühgeborene Kinder an der Charité e.V. 

Author Contributions Statement

AE has been the responsible for writing the manuscript. MR has 
been involved in drafting the manuscript and revising it critically for 
important intellectual content. TS contributed to the final approval 
of the version to be published and acquisition of funding.

References
1.	 Chen RL, Balami JS, Esiri MM, Chen LK, Buchan AM. Ischemic stroke 

in the elderly: an overview of evidence. Nature Reviews Neurology. 
2010 May;6(5):256-65.

2.	 Barfejani AH, Jafarvand M, Seyedsaadat SM, Rasekhi RT. Donepezil 
in the treatment of ischemic stroke: Review and future perspective. 
Life Sciences. 2020 Oct 12:118575.

3.	 Katan M, Luft A. Global burden of stroke. In: Seminars in Neurology. 
Georg Thieme Verlag. 2018; 38: 208-211.

4.	 Arteaga O, Álvarez A, Revuelta M, Santaolalla F, Urtasun A, Hilario 
E. Role of antioxidants in neonatal hypoxic–ischemic brain injury: 
new therapeutic approaches. International Journal of Molecular 
Sciences. 2017 Feb;18(2):265.

5.	 Liu Z, Chopp M. Astrocytes, therapeutic targets for neuroprotection 
and neurorestoration in ischemic stroke. Progress in Neurobiology. 
2016 Sep 1;144:103-20.

6.	 Daneman R, Prat A. The blood brain barrier. Neuroimmune 
Pharmacol. 2015; 2015: 21-38.

7.	 Matias I, Morgado J, Gomes FC. Astrocyte heterogeneity: impact to 
brain aging and disease. Frontiers in Aging Neuroscience. 2019 Mar 
19;11:59.

8.	 Liddelow SA, Guttenplan KA, Clarke LE, Bennett FC, Bohlen CJ, 
Schirmer L, et al. Neurotoxic reactive astrocytes are induced by 
activated microglia. Nature. 2017 Jan;541(7638):481-7.

9.	 Liddelow SA, Barres BA. Reactive astrocytes: production, function, 
and therapeutic potential. Immunity. 2017 Jun 20;46(6):957-67.

10.	 Baldwin KT, Eroglu C. Molecular mechanisms of astrocyte-induced 
synaptogenesis. Curr Opin Neurobiol. 2017; 45:113–120.

11.	 Colombo E, Farina C. Astrocytes: key regulators of 
neuroinflammation. Trends in Immunology. 2016 Sep 1;37(9):608-
20.

12.	 Revuelta M, Elicegui A, Moreno-Cugnon L, Bührer C, Matheu 
A, Schmitz T. Ischemic stroke in neonatal and adult astrocytes. 
Mechanisms of Ageing and Development. 2019 Oct 1;183:111147.

13.	 Clarke LE, Liddelow SA, Chakraborty C, Münch AE, Heiman M, Barres 
BA. Normal aging induces A1-like astrocyte reactivity. Proceedings 
of the National Academy of Sciences. 2018 Feb 20;115(8):E1896-
905.

14.	 Boisvert MM, Erikson GA, Shokhirev MN, Allen NJ. The aging 

astrocyte transcriptome from multiple regions of the mouse brain. 
Cell Reports. 2018 Jan 2;22(1):269-85.

15.	 Allen NJ. Astrocyte regulation of synaptic behavior. Annual Review 
of Cell and Developmental Biology. 2014 Oct 6;30:439-63.

16.	 Franceschi C, Bonafè M, Valensin S, Olivieri F, De Luca M, 
Ottaviani E, et al. Inflamm‐aging: an evolutionary perspective on 
immunosenescence. Annals of the New York Academy of Sciences. 
2000 Jun;908(1):244-54.

17.	 Moraga A, Pradillo JM, García-Culebras A, Palma-Tortosa S, 
Ballesteros I, Hernández-Jiménez M, et al. Aging increases 
microglial proliferation, delays cell migration, and decreases 
cortical neurogenesis after focal cerebral ischemia. Journal of 
Neuroinflammation. 2015 Dec;12(1):1-2.

18.	 Nichols NR, Day JR, Laping NJ, Johnson SA, Finch CE. GFAP mRNA 
increases with age in rat and human brain. Neurobiology of Aging. 
1993 Sep 1;14(5):421-9.

19.	 Soreq L, Rose J, Soreq E, Hardy J, Trabzuni D, Cookson MR, et al. UK 
Brain Expression Consortium. Major shifts in glial regional identity 
are a transcriptional hallmark of human brain aging. Cell reports. 
2017 Jan 10;18(2):557-70.

20.	 Izrael M, Slutsky SG, Revel M. Rising Stars: Astrocytes as a Therapeutic 
Target for ALS Disease. Frontiers in Neuroscience. 2020;14.

21.	 Yun SP, Kam TI, Panicker N, Kim S, Oh Y, Park JS, et al. Block of A1 
astrocyte conversion by microglia is neuroprotective in models of 
Parkinson’s disease. Nature Medicine. 2018 Jul;24(7):931-8.

22.	 Liu M, Xu Z, Wang L, Zhang L, Liu Y, Cao J, et al. Cottonseed oil 
alleviates ischemic stroke injury by inhibiting the inflammatory 
activation of microglia and astrocyte. Journal of Neuroinflammation. 
2020 Dec;17(1):1-5.

23.	 Rahimifard M, Maqbool F, Moeini-Nodeh S, Niaz K, Abdollahi 
M, Braidy N, et al. Targeting the TLR4 signaling pathway by 
polyphenols: a novel therapeutic strategy for neuroinflammation. 
Ageing Research Reviews. 2017 Jul 1;36:11-9.

24.	 Zhao H, Chen Z, Xie LJ, Liu GF. Suppression of TLR4/NF-κB signaling 
pathway improves cerebral ischemia–reperfusion injury in rats. 
Molecular Neurobiology. 2018 May;55(5):4311-9.

25.	 Sharif A, Legendre P, Prevot V, Allet C, Romao L, Studler JM, et al. 
Transforming growth factor α promotes sequential conversion 
of mature astrocytes into neural progenitors and stem cells. 
Oncogene. 2007 Apr;26(19):2695-706.

26.	 Serhan A, Aerts JL, Boddeke EW, Kooijman R. Neuroprotection by 
insulin-like growth factor-1 in rats with ischemic stroke is associated 
with microglial changes and a reduction in neuroinflammation. 
Neuroscience. 2020 Feb 1;426:101-14.

27.	 Sun Z, Wu K, Gu L, Huang L, Zhuge Q, Yang S, et al. IGF-1R stimulation 
alters microglial polarization via TLR4/NF-κB pathway after cerebral 
hemorrhage in mice. Brain Research Bulletin. 2020 Nov 1;164:221-
34.

Citation: Elicegui A, Schmitz T, Revuelta M. Astrogliosis after ischemic stroke: Neuroprotection or neuroinflammation? Am J Aging Sci Res 2021; 2(1):9-
12.


