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Abstract  

Astrocytes and microglia play critical roles in brain inflammation, but their mutual regulation is 

not fully understood. Here we report unexpected roles for glutathione S-transferases (GSTs), 

particularly GSTM1, in astrocyte activation and astrocyte-mediated enhancement of microglia 

activation during brain inflammation. We found that astrocyte-specific silencing of GSTM1 

expression in the prefrontal cortex (PFC) attenuated microglia activation in brain inflammation 

induced by systemic injection of lipopolysaccharides (LPS). Gstm1 silencing in astrocytes also 

attenuated LPS-induced TNF-α production by microglia in co-culture. In astrocytes, GSTM1 was 

required for the activation of nuclear factor-κB (NF-κB) and c-Jun N-terminal kinases (JNK) and 

the production of pro-inflammatory mediators previously implicated in microglia activation, such 

as granulocyte-macrophage colony-stimulating factor (GM-CSF/CSF2) and chemokine (C-C 

motif) ligand 2 (CCL2). Similar results were also obtained with GSTT2 both in vitro and in vivo. 

Thus, our study identified a critical role for GSTs in priming astrocytes and enhancing microglia 

activation during brain inflammation.  
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Significant Statement  

Astrocytes and microglia play critical roles in brain inflammation, but it is not fully understood 

how astrocytes regulate microglia activation. Here we report a novel mechanism by which 

glutathione S-transferases (GSTs), the enzymes for phase II detoxification of xenobiotic 

metabolism, in astrocytes control microglia activation during brain inflammation. We found that 

GSTs, particularly GSTM1, regulate the induction of pro-inflammatory mediators via the 

activation of NF-κB and JNK in astrocytes. Our studies provide evidence that GST enzymes are 

active players in brain inflammation and can be targeted to regulate microglia activation.  
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Introduction 

Astrocytes play a critical role in maintaining normal neuronal function by modulating 

synaptic activity, supporting neuronal survival, and providing metabolic support (1-4). In brain 

inflammation, astrocytes have been suggested to regulate the activity of microglia, neurons, 

oligodendrocytes, and immune cells infiltrating from the periphery (4-6). Because both 

astrocytes and microglia sense immune stimuli and produce inflammatory mediators, it is 

important to understand the mechanisms by which astrocytes and microglia regulate each other. 

Nonetheless, it is not fully understood how astrocytes influence microglia activation in brain 

inflammation.  

Glutathione (GSH) is a thiol-containing tripeptide and a major antioxidant within cells (7). 

Decreases in GSH and increases in the oxidized form of GSH, GSSG, are associated with 

cellular susceptibility to oxidative stress. GSH also influences cellular functions through S-

glutathionylation, the reversible conjugation of a GSH molecule to reactive cysteine residues in 

proteins (8, 9). Dysregulation of glutathione metabolism is associated with brain inflammation in 

various neurological and psychiatric disorders (10-17). It is not clear, however, how the 

glutathione system influences inflammatory responses at the mechanistic level.  

Glutathione S-transferases (GSTs) are the enzymes conjugating the reduced glutathione 

(GSH) to target molecules in the phase II detoxification of drug metabolism (18). GSTs consist 

of a diverse family of cytosolic, mitochondrial, and microsomal enzymes and prevent cellular 

damage from noxious stimuli of xenobiotic metabolites (18-20). GSTs are widely expressed 

throughout the body with abundant expression in the liver, kidney, and lung (18-20). In addition, 

some of the mu, pi, and alpha classes of GSTs (GSTM1, GSTP1 and GSTA4) were detected in 

the human and rodent brains (21-23). Notably, a recent study suggested that GSTM1 is one of 

the most abundantly expressed proteins in astrocytes (24).  

Accumulating evidence shows that GSTs also influence a wide range of biological 

mechanisms, such as redox homeostasis, signal transduction, cell proliferation, and cell death 
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(25-27). GSTs are known to exert these regulatory functions by activating/inhibiting their target 

molecules, such as c-Jun N-terminal kinases (JNK), apoptosis signal-regulating kinase 1 

(ASK1), and nuclear factor-κB (NF-κB) through either protein-protein interactions or S-

glutathionylation (27, 28). The current knowledge about these non-phase II detoxification roles 

of GSTs, however, is still very limited. In the brain, neuronal GSTP1 has been shown to protect 

neuronal cell death in an animal model of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-

induced degeneration of dopaminergic neurons in the substantia nigra (29). In contrast, the 

roles of specific GSTs in glial cells have not been well characterized, particularly in vivo. 

Genetic studies also suggest that variations in the genes encoding GSTs are involved in 

neurological and psychiatric disorders with immune dysregulation, such as Parkinson's disease, 

Alzheimer's disease, multiple sclerosis, schizophrenia, and autism (16, 30-34). More recently, 

altered expression of GST activity-related genes has been found to be one of the most 

drastically changed molecular signatures, together with immune and microglia-related genes, in 

postmortem brains from patients with late-onset Alzheimer’s disease (35). Nevertheless, it is not 

known whether GSTs are involved in the regulation of astrocytes and microglia during brain 

inflammation.  

Here we investigated the role of GST enzymes in astrocytes in a mouse model of brain 

inflammation. We found that GSTs in astrocytes, particularly GSTM1 and GSTT2, are required 

for the activation of microglia in brain inflammation induced by systemic LPS administration. 

Mechanistically, GSTM1 was shown to activate NF-κB and JNK and enhance the induction of 

both pro-inflammatory mediators such as granulocyte-macrophage colony-stimulating factor 

(GM-CSF/CSF2) and chemokine (C-C motif) ligand 2 (CCL2). Thus, we propose that GSTs 

prime the inflammatory responses of astrocytes and enhance the activation of microglia via 

secretion of pro-inflammatory mediators. 
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Results 

Enriched expression of GSTM1 and GSTT2 in astrocytes in the mouse brain. While 

previous studies showed that GSTM1 and GSTP1 proteins were expressed in the mouse brain 

(21, 29), region and cell-type specificity of their expression patterns was not fully addressed. In 

addition, it was not clear whether other GST enzymes, such as GST theta (GSTT), were also 

expressed as proteins in the brain. A recent study reported that GSTM1 is one of the most 

abundantly expressed proteins in astrocytes (24). Thus, we examined the expression patterns 

of GSTM1 and GSTT2 in various regions of the mouse brain. As expected, GSTM1 was 

abundantly expressed in the mouse brain, including the cortex, hippocampus, striatum, and 

cerebellum (Fig. 1A). The expression pattern of GSTT2 also showed a similar pattern although 

its expression level was much lower. Immunohistochemical analysis revealed that both GSTM1 

and GSTT2 were enriched in astrocytes compared to neurons, oligodendrocytes, and microglia 

(Fig. 1B and Fig. S1). These results suggest that GSTM1 and GSTT2 primarily regulate 

astrocyte function in the mouse brain. 

 

Requirement of GSTM1 and GSTT2 in astrocytes for microglia activation in vivo. Because 

astrocytes play a critical role in brain inflammation, we examined the impact of GSTM1 and 

GSTT2 silencing in astrocytes on inflammatory responses in the brain. Systemic administration 

of lipopolysaccharides (LPS) is a well-established model to induce brain inflammation, and is 

characterized by the activation of microglia and astrocytes (36, 37). We utilized this model to 

examine the effect of astrocyte-specific knockdown of GSTs on the activation of microglia. We 

first knocked down GSTM1 expression by using an adeno-associated virus (AAV) vector 

encoding green fluorescent protein (GFP) and mir-30-based short hairpin RNA targeting Gstm1 

(Gstm1 shRNAmir) downstream of a floxed stop codon (AAV-LSL-GFP-Gstm1-shRNAmir) (Fig. 

S2). The AAV was stereotactically injected into the medial prefrontal cortex (mPFC) of mice 

expressing Cre recombinase under the mouse Gfap gene promoter (mGfap-Cre mice). As 
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shown in Fig. 2B, the expression of GFP was specific for astrocytes (S100β+ cells) in the mPFC 

of mGfap-Cre mice at 3 weeks after the AAV injection. No GFP signals were observed in 

neurons (NeuN+ cells), oligodendrocytes (NG2+ cells), or microglia (Iba1+ cells) (data not 

shown). Under this condition, we injected LPS intraperitoneally and examined the activation 

status of microglia in the area where GFP+ astrocytes were detected. An AAV virus carrying a 

non-targeting (NS) shRNAmir was used as a control (control shRNAmir). We found that Gstm1 

silencing in astrocytes attenuated the activation of nearby microglia, judged by their 

morphological changes, at 48 h after LPS injection (Fig. 2C and Fig. S3). The expression of 

TNF-α was also diminished in these microglia (Fig. 2D). Microglia activation was similarly 

attenuated when GSTT2 expression was silenced in astrocytes by injection of AAV-LSL-GFP-

Gstt2-shRNAmir virus into mGfap-Cre mice (Fig. S4). These data showed that GSTM1 and 

GSTT2 in astrocytes are required for the activation of microglia during brain inflammation. 

 

Non-cell autonomous effect of GSTM1 and GSTT2 in astrocytes on microglia activation in 

co-culture. Microglia and astrocytes can amplify each other’s activation by secreting pro-

inflammatory mediators (Fig. 3A)(38). To understand the mechanisms underlying the effects of 

GSTM1 knockdown in astrocytes on the activation of microglia, we utilized a co-culture system 

of primary mouse astrocytes and BV2 microglia (Fig. 3B). Purified primary mouse cortical 

astrocytes (Fig. S5) were infected with a lentivirus encoding shRNA targeting Gstm1 (Gstm1 

shRNA) or control shRNA, and then mixed with BV2 microglia. In this co-culture system, TNF-α 

production is totally dependent on the presence of microglia (Fig. 3B). We then compared the 

effects of Gstm1 silencing in astrocytes on microglial TNF-α production. Consistent with our in 

vivo findings, Gstm1 silencing in astrocytes reduced the amount of TNF-α secretion and its 

mRNA induction after LPS stimulation (Fig. 3C and D). Notably, inhibition of TNF-α and IL-1β 

signaling by blocking antibodies attenuated the mRNA induction of TNF-α, GM-CSF (CSF2), 
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and CCL2 (Fig. 3E). These data support the presence of active communication between 

astrocytes and microglia, and that GSTM1 in astrocytes is required for microglial TNF-α 

production in a non-cell autonomous manner.  GSTM1 or GSTT2 overexpression in astrocytes, 

on the other hand, enhanced induction of TNF-α mRNA in co-culture (Fig. S6). 

 

Control of the production of inflammatory mediators by GSTM1 in astrocytes. To 

investigate the molecular basis on which GSTM1 regulates astrocyte function during 

inflammatory responses, we analyzed the effects of Gstm1 silencing on purified primary mouse 

astrocytes. Previous studies showed that astrocytes produce GM-CSF (CSF2) and CCL2, both 

of which are potent activators of microglia (38-41), during brain inflammation. Thus, we 

examined their secretion from astrocytes in response to pro-inflammatory cytokines TNF-α and 

IL-1β. We found that the amount of GM-CSF (CSF2) and CCL2 in the culture supernatants from 

astrocytes decreased in the absence of GSTM1 (Fig. 4A). We also performed qRT-PCR 

analysis to examine mRNA induction of pro- and anti-inflammatory mediator genes. The 

induction of Ccl2, Csf1, and Csf2 mRNA, but not Nos2 mRNA, was impaired by Gstm1 silencing 

in astrocytes (Fig. 4B). Gstm1 silencing also reduced the level of Tgfb1 mRNA irrespective of 

the presence of TNF-α and IL-1β. In contrast, mRNA induction of Il33, another 

immunoregulatory cytokine, was enhanced in the absence of GSTM1 (Fig. 4B). These findings 

showed that GSTM1 regulates the transcription of both pro- and anti-inflammatory genes in 

astrocytes. 

 

Mechanisms of GSTM1-mediated activation of TNF-α and IL-1β signaling in astrocytes. To 

address the mechanisms underlying altered gene transcription downstream of TNF-α and IL-1β 

in astrocytes, we analyzed the activation of NF-κB, ERK, and JNK cascades in primary mouse 

astrocytes. As shown in Fig. 5A, Gstm1 silencing in astrocytes reduced phosphorylation levels 
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of NF-κB p65 and JNK in response to either TNF-α or IL-1β. ERK phosphorylation was reduced 

by Gstm1 silencing, but not induced by either TNF-α or IL-1β stimulation. We further found that 

Gstm1 silencing attenuated the phosphorylation of IκBα (Fig. 5B). IκBα phosphorylation is a 

rate limiting step for the translocation of NF-κB p65/p50 components from the cytoplasm into the 

nucleus to activate their target genes (42, 43). Thus, GSTM1 controls NF-κB signaling upstream 

of IκBα phosphorylation, possibly at the level of the activation of IκB kinases (IKKα, IKKβ, and 

IKKγ). Because previous studies reported that pharmacological depletions of GSH dampened 

TNF-α-induced activation of the NF-κB pathway in primary mouse hepatocytes (44), we next 

examined the effects of GSH depletion by diethylmaleate (DEM) on TNF-α-induced 

phosphorylation of p65 in mouse astrocytes. Notably, similar to Gstm1 silencing, GSH depletion 

caused reduced levels of phosphorylation of p65 in response to TNF-α (Fig. 5C). Thus, these 

findings indicate that GSTM1 activates NF-κB and JNK signaling and induces the expression of 

pro-inflammatory mediators such as GM-CSF (CSF2) and CCL2, which enhance the activation 

of microglia (Fig. 5D).   

 

Discussion  

In this study, we discovered that two GST enzymes, GSTM1 and GSTT2, in astrocytes 

are required for the activation of microglia during brain inflammation induced by systemic LPS 

administration. In addition, GSTM1 was shown to regulate the induction of pro- and anti-

inflammatory mediators in astrocytes such as GM-CSF (CSF2) and CCL2. We demonstrated 

that GSTM1 in astrocytes modified NF-κB and JNK signaling pathways, possibly via protein S-

glutathionylation. These data have revealed a critical role of GST enzymes in astrocytes by 

enhancing the activation of microglia in brain inflammation.  

 Astrocytes are widely involved in brain inflammatory responses related to infection, 

autoimmunity, neurodegeneration, injury, and other pathological conditions (1-3, 5, 6). While 
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astrocyte-neuron interactions have been extensively studied, less is known about the 

interactions between astrocytes and microglia in brain inflammation. Because both of these glial 

cells sense immune stimuli and produce inflammatory mediators, it is important to understand 

their mutual regulation. Our data suggest that astrocytes control the activation of microglia, at 

least in LPS-induced brain inflammation. Recent studies have highlighted the role of microglia in 

the functional polarization of reactive astrocytes, such as A1/A2 astrocytes, in the same model 

of brain inflammation (4, 36, 37). Thus, it is speculated that the interaction of microglia and 

astrocytes forms a feed-forward loop to facilitate inflammatory responses in the brain. Further 

studies will reveal whether this GST-mediated regulatory mechanism is common to other brain 

inflammation models, such as infections, autoimmune diseases, and neurodegeneration. In 

addition, the impact of GSTs on the functions of astrocytes themselves needs to be determined.  

Although GSTP was previously studied in an animal model of 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP)-induced degeneration of dopaminergic neurons in the substantia 

nigra (29), it was not clear whether GST enzymes are involved in more physiological 

inflammatory conditions beyond xenobiotics-induced neurodegeneration. Our study 

demonstrated that GSTM1 and GSTT2 are required for LPS-induced brain inflammation 

unrelated to xenobiotics such as MPTP, adding to the increasing body of work that support the 

role of GSTs as endogenous regulators of physiological processes distinct from phase II 

detoxification of drug metabolism (25-27). It is speculated that many proteins are S-

glutathionylated by GSTs in various mouse and human cells (25-27). The identification of those 

target proteins will further facilitate our understanding of immunoregulatory mechanisms by 

diverse GSTs in different tissues and cell types.   

 Based on our findings, we propose that GST variations in human populations may 

dictate individual variations in inflammatory responses or susceptibility to immune pathology 

associated with various acute and chronic diseases. Despite numerous genome-wide 

association studies and exome sequencing studies published so far, there has been no clear 
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strong genetic evidence supporting the role of GST variations in specific diseases. This 

indicates that GST variations are not associated with specific disease(s) but rather modify 

individual responses to homeostatic imbalance, such as inflammation, in a wide range of 

disorders. As GST enzymes belonging to different classes are distinct in protein structures (18-

20), small molecule inhibitors/activators for GST enzymes may be useful as add-on therapeutic 

agents to modify the outcome of inflammation caused by various diseases.  
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Materials and Methods 

Mice. mGfapCre mice (lines 73.12 and 77.6) and C57BL/6J mice were purchased from the 

Jackson Laboratory. C57BL/6 timed pregnant female mice for in vitro cell cultures were 

purchased from Charles River Laboratories. Mice were housed in specific pathogen free 

facilities at the Johns Hopkins University. All the procedures were approved by the Institutional 

Animal Care and Use Committee of the Johns Hopkins University. 

Virus preparation. Lentiviruses (pLKO.1 and pGIPZ viruses) and adeno-associated viruses 

(AAVs) were prepared following our established protocols (45-47) and their titers were 

estimated by quantitative PCR (qPCR)-based methods (45, 46, 48). For lentiviruses, pLKO.1-

Gstm1 shRNA lentiviral vectors (#1, TRCN0000103241; #2, TRCN0000103243; #3, 

TRCN0000103244; #4, TRCN0000103240) were obtained from the RNA consortium (TRC) 

library via the Hit center at the Johns Hopkins University School of Medicine; control pLKO.1-

Gstm1 shRNA lentiviral vector (#30323) was obtained from Addgene; and pGIPZ-Gstt2 

shRNAmir lentiviral vectors (#1, V2LMM_67055; #2, V2LMM_218573; #3, V3LMM_449685; #4, 

V3LMM_449688) and control non-silencing (NS) shRNAmir lentiviral vector (RHS4346) were 

obtained from the Open Biosystems. pHAGE-Gstm1 and pHAGE-Gstt2 were generated by 

subcloning mouse Gstm1 and Gstt2 cDNAs into pHAGE vectors. For AAVs, AAV-loxP-Stop-

loxP (LSL)-GFP-Gstm1 shRNAmir was generated based on the most efficient shRNA construct 

(#4) (Fig. S2) following the established protocol (49); and AAV-LSL-GFP-Gstt2 shRNAmir and 

AAV-LSL-GFP-NS shRNAmir were generated by shuttling Gstt2-shRNAmir (#2) and NS-

shRNAmir from pGIPZ lentiviral vectors into AAV-LSL-GFP vectors. 

Cell culture. Primary mouse glial cell cultures were prepared from the cortices of postnatal day 

3 (P3) pups of C57BL/6 mice as described previously (50-52). After careful removal of 

meninges, single cell suspensions were obtained by serial trituration of cerebral cortices with 

20G and 26G needles with a 10-ml syringe, followed by the removal of cell debris with a 40-µm 

cell strainer (Fisher Scientific). Cells were suspended in DMEM/F12 supplemented with 15% 
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FBS and penicillin/streptomycin (all from Thermo Fisher Scientific), and seeded onto T-75 flasks 

(Corning) pre-coated with poly-D-lysine (PDL, 25 µg/ml) at approximately two brains per flask.  

Medium was changed on day 3, and every other day thereafter. If necessary, lentiviral infection 

was performed on day 10 as described below. To enrich astrocytes, oligodendrocyte lineage 

cells and microglia on the surface of mixed glial cell culture were vigorously shaken off and 

astrocytes were then collected as negative fractions after MACS sorting with CD11b Microbeads 

(Miltenyi Biotec). Collected astrocytes were >98% GFAP+ CD11b+ cells. BV2 microglia were 

maintained in DMEM/F12 supplemented with 15% FBS and penicillin/streptomycin (all from 

Thermo Fisher Scientific). Astrocyte-microglia co-cultures were prepared by seeding 5 x 105 

astrocytes onto PDL-coated 6-well plates and adding 5 x 104 BV2 cells 2 days later. 

Lentiviral infection.  Lentiviruses were added to primary glial cell cultures on day 10 at 1:1 MOI 

(multiplicity of infection). For pLKO.1 lentiviruses, the virus-infected cells were enriched by 

antibiotics-based selection (puromycin, 2.5 µg/ml) for 72 h beginning at 72 h post-infection. For 

pHAGE lentiviruses, infection efficiency was monitored by GFP signals under a fluorescence 

microscope.  

In vitro cell stimulation.  Astrocyte-microglia co-cultures and purified astrocytes were 

stimulated with 1 µg/ml of LPS (O55B5, Sigma) or cytokines [TNF-α (50 ng/ml) and IL-1β (10 

ng/ml)] for 6 h, respectively. For GSH depletion experiments using diethylmaleate (DEM, Santa 

Cruz Biotechnology), purified astrocytes were seeded with a density of 5 x 105 cells per well 

onto PDL-coated 6-well plates. DEM was diluted to corresponding molar dilution in DMEM/F12 

supplemented with 15% FBS and penicillin/streptomycin (all from Thermo Fisher Scientific). 

Stereotactic surgery and LPS treatment.  Mice at P21-28 were anesthetized and placed in 

the mouse stereotaxic frame (WPI) to secure the cranium. Then, the mice were injected with 

250-500 nl of AAV (2.0 × 1010 GC/µl) at the rate of 100-200 nl/min into the medial prefrontal 

cortex (mPFC) by using a NanoFil syringe (WPI) and the following stereotactic coordinate; AP: 
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+1.5 mm; ML: -0.2 mm; and DV: -1.8 mm from the bregma. Three to four weeks later, LPS (5 

mg/kg) was injected intraperitoneally and the brains were harvested 48 h later.  

Immunohistochemistry. Mice were anesthetized and transcardially perfused with ice-cold PBS 

followed by 4% paraformaldehyde (PFA). Free floating sections (40 µm in thickness) were 

prepared by a Leica cryostat and then incubated in a blocking solution (PBS supplemented with 

2% Normal Goat Serum, 1% BSA, 0.1% TritonX, 0.05% Tween-20, and 0.05% sodium azide) 

for 1 h at room temperature and then incubated at 4°C overnight with the following primary 

antibodies; rabbit anti-Iba-1 (019-19741, Wako), chicken anti-GFP (ab13970, Abcam), mouse 

anti-NeuN (MAB377, EMD Millipore), rabbit anti-S100β (ab4066, Abcam), goat anti-Iba1 

(NB100-1028, Novus Biologicals), mouse anti-Oligo2 (MABN50, EMD Millipore), rabbit anti-

GSTM1 (12412-1-AP, Protein Tech), and rabbit anti-GSTT2 (17622-1-AP, Protein Tech). After 

washing with PBS, the sections were further incubated with fluorophore-conjugated secondary 

antibodies for 2�h at room temperature, followed by DAPI staining for 10 min at room 

temperature. The sections were mounted on glass slides with Permafluor™ mounting medium 

(Thermo Fisher Scientific). Images were acquired with a Zeiss LSM510 confocal microscope 

and Zen software.  

Image analysis. For microglial analysis, Z-stack images were analyzed with Image J (NIH). 

Three images were taken from the mPFC of each mouse (n=3 mice per group). Microglia 

activation status was categorized as either "activated" or "resting" based on the morphology as 

previously described (53). Then, the percentage of "activated" microglia per total microglia was 

calculated per each image and averaged to represent the activation status of the corresponding 

mouse.  Percentage of TNF-α expressing microglia per total microglia was also calculated in the 

mPFC in the same manner (n=3 mice per group).  

Enzyme linked immunosorbent assay (ELISA). ELISA was performed using Ready-SET-

Go!® Kits (eBioscience) for TNF-α, CCL2, and GM-CSF following the manufacturer’s protocol.  
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Statistical analysis. Student’s t-test, one-way analysis of variance (ANOVA), and two-way 

ANOVA were used and p <0.05 was considered statistically significant. For multiple testing 

corrections, Tukey’s post-hoc test (for one-way ANOVA) and Sidak’s post-hoc test (for two-way 

ANOVA) were utilized. 

 

Additional information can be found in SI Materials and Methods. 
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Figure Legends 

Fig. 1. Enriched expression of GSTM1 in astrocytes in the mouse brain. A. Expression of 

GSTM1 and GSTT2 in the cerebral cortex, hippocampus, striatum, and cerebellum of C57BL/6 

wild-type mice (8 weeks of age) by Western blot.  B. Co-localization of GSTM1 in astrocytes in 

the medial prefrontal cortex (mPFC), specifically prelimbic area (PrL). Immunofluorescent 

staining of GSTM1 protein in the cerebral cortex of 8 weeks old C57BL/6J mice was performed 

using GSTM1 antibody together with cell-type specific markers (NeuN for neurons, S100β for 

astrocytes, Olig2 for oligodendrocytes, and Iba1 for microglia). Scale bar, 25 µm. 

 

Fig. 2. Reduced activation of microglia in the mice with GSTM1 knockdown in astrocytes under 

brain inflammation induced by systemic injection of LPS. A. Experimental design. Mouse Gfap 

gene promoter-driven Cre transgenic (mGfap-Cre) mice were stereotactically injected with 

floxed-AAV vector encoding shRNAmir against Gstm1 (AAV-LSL-GFP-Gstm1 shRNAmir) into 

the medial prefrontal cortex (mPFC) and challenged with intraperitoneal injection of LPS (5 

mg/kg) 3-4 weeks later. After 48 h, the brains were harvested and stained for the presence of 

virally encoded GFP together with cell-type specific markers (NeuN for neurons and S100β for 

astrocytes).  B. Reduced activation of microglia in the vicinity of astrocytes with GSTM1 

knockdown (GFP+). Microglia were stained with a marker, Iba1, and their activation status was 

estimated by their morphological changes. To characterize microglial activation, we 

distinguished each Iba1+ microglia based on their morphology either ramified, intermediate, 

amoeboid, or round (53). Only microglia that show ramified morphology was counted as resting 

and those that showed intermediate, amoeboid, or round morphology was counted as activated 

(Fig. S3). Graph shows the percentage of activated Iba1+ microglia per total Iba1+ microglia 

from the mice injected with control shRNA (9 slices; 3 mice) and Gstm1 shRNA (9 slices; 3 

mice). C.  Decreased levels of TNF-α expression in microglia in the vicinity of astrocytes with 
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GSTM1 knockdown. Graph shows percentage of TNF-α expressing Iba1+ microglia per total 

Iba1+ microglia. Scale bars, 100 µm (B) and 25 µm (C). Each bar represents mean ± s.e.m. 

Significance was determined by Student’s t-test.  *p<0.05.  

 

Fig. 3. Impaired production of microglial TNF-α by GSTM1 silencing in co-cultured astrocytes. 

A. Amplification of inflammatory responses between astrocytes and microglia via soluble 

mediators. Previous studies suggest that microglia produce pro-inflammatory cytokines such as 

TNF-α and IL-1β, which in turn stimulate astrocytes to produce pro-inflammatory mediators such 

as GM-CSF (CSF2) and CCL2. B. Experimental design. Primary mouse cortical astrocytes were 

infected with lentivirus encoding shRNA, and then co-cultured with BV2 microglia. Co-cultures 

were stimulated with LPS (1 µg/ml) for 6 h. Cells and culture supernatants were harvested for 

qRT-PCR analysis and ELISA, respectively. As shown in the graph, microglia, but not 

astrocytes, produce TNF-α in response to LPS stimulation in this co-culture. C. Reduced TNF-α 

production in the co-culture of BV2 microglia and astrocytes with GSTM1 silencing by ELISA. D. 

Reduced Tnf mRNA expression in the co-culture of BV2 microglia and astrocytes with GSTM1 

knockdown by qRT-PCR analysis. E. Reduced mRNA expression for Tnf, Csf2, and Ccl2 genes 

in co-culture of wild-type astrocytes and BV2 microglia after blocking TNF-α and IL-1β signaling. 

Each bar represents mean ± s.e.m.; n.d., not detected. For B, representative data from two 

independent experiments were shown, and for C-E, representative data from three independent 

experiments were shown. Significance was determined by two-way ANOVA with Sidak’s post-

hoc test.  *p<0.05, **p<0.01  

 

Fig. 4. Altered induction of inflammatory mediators in astrocytes with GSTM1 knockdown. A. 

Reduced secretion of GM-CSF (CSF2) and CCL2 by astrocytes with GSTM1 knockdown in 

response to TNF-α and IL-1β. Culture supernatants from mouse cortical astrocytes stimulated 
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with TNF-α (50 ng/ml) and IL-1β (10 ng/ml) for 6 h were analyzed by ELISA. B. Expression of 

Ccl2, Csf1, Csf2, Tgfb1, Nos2, and Il33 mRNAs in primary mouse cortical astrocytes with 

GSTM1 and control knockdown. Primary mouse cortical astrocytes were stimulated with TNF-α 

(50 ng/ml) and IL-1β (10 ng/ml) for 6 h and their mRNA expression was examined by qRT-PCR 

analysis. Each bar represents mean ± s.e.m. Representative data from at least two independent 

experiments were shown. Significance was determined by two-way ANOVA with Sidak’s post-

hoc test. ** p<0.01.  

 

Fig. 5. Activation of NF-κB and JNK cascades by GSTM1 in purified astrocytes. A. Astrocytes 

with GSTM1 and control knockdown were stimulated with TNF-α (50 ng/ml) and IL-1β (10 

ng/ml) for 6 h and the phosphorylation and expression levels of NF-κB p65 subunit, JNK, and 

ERK, together with the expression of β-actin, were examined by Western blot. B. Decreased 

phosphorylation of IκB-α in astrocytes with GSTM1 knockdown. C. Decreased activation of NF-

κB p65 in astrocytes by DEM treatment (DEM 0.1 mM and 1 mM) for 6 h during TNF-α (50 

ng/ml) stimulation. D. A schematic model on the role of GSTM1 in astrocytes and astrocyte-

microglia interaction. Our findings support the role of GSTM1 in activating NF-κB and JNK and 

inducing the expression of Ccl2 and Csf2 genes in astrocytes. Thus, in the absence of GSTM1, 

microglia activation is attenuated by insufficient amount of astrocyte-derived GM-CSF (CSF2) 

and CCL2. For A-C, representative data from at least two independent experiments were 

shown.  
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