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ABSTRACT 

Background: Chronic treatment with corticosterone (CORT) can induce oxidative stress and 

neuroinflammation. Thioredoxin-interacting protein (Txnip) inhibits antioxidant protein 

thioredoxin, interrupting protein thiol reduction and inducing oxidative stress. Txnip can also bind 

to NLRP3, facilitating NLRP3 inflammasome forming, activating caspase-1 and releasing IL-1β. 

Previously, our laboratory found that chronic CORT treatment increased Txnip levels in cultured 

mouse neurons and microglia, suggesting that CORT may upregulate Txnip, inhibiting thioredoxin 

activity and activating NLRP3 inflammasome, which may amplify oxidative stress and 

neuroinflammation.  

Objective: Since astrocytes can release proinflammatory cytokines and reactive oxygen species, 

facilitating oxidative stress and neuroinflammatory processes. The objective of this study is to 

determine if CORT treatment can upregulate Txnip in astrocytes, further promoting oxidative 

stress and inflammation. 

Methods: Primary cultured mouse astrocytes were used in the present study. Thioredoxin and 

Txnip protein levels were measured by immunoblotting assay. Eosin-labeled insulin was used as 

a substrate for measuring thioredoxin activity. Total reduced thiol level was measured using 

Ellman’s assay. Protein sulfenylation and carbonylation were measured by dimedone conjugation 

and biotin-hydrazide conjugation methods respectively. NLRP3/Txnip binding was measured by 

co-immunoprecipitation assay. Fluorogenic Z-YVAD-AFC was used as a substrate for measuring 

caspase-1 activity, while IL-1β release was measured by enzyme-linked immunosorbent assay. 

Crispr/Cas9/Txnip sgRNA was used to knock out Txnip gene. 
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Results: We found that CORT treatment for 24 hours had no effect on thioredoxin levels, but 

increased Txnip levels. CORT-increased Txnip levels were decreased by mineralocorticoid 

receptor antagonist spironolactone and glucocorticoid receptor antagonist RU486. CORT 

treatment decreased thioredoxin activity, but had no effects on total reduced thiol levels, 

sulfenylated protein levels and carbonylated protein levels. However, CORT treatment increased 

Txnip/NLRP3 binding activity, caspase-1 activity and IL-1β release. Txnip knockout attenuated 

CORT-increased caspase-1 activity and IL-1β release. 

Conclusion: The findings suggest that CORT treatment increases Txnip level, which could 

promote NLRP3 activity, activate caspase-1 and release IL-1β to facilitate neuroinflammatory 

process in astrocytes. However, due to enriched antioxidants in astrocytes, CORT-increased Txnip 

may not be sufficient to exert oxidative stress. 
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CHAPTER 1. INTRODUCTION  

1.1 Glucocorticoid  

1.1.1 Stress and hypothalamus- pituitary- adrenal axis 

Glucocorticoid hormones are responsible for various physiological processes such as stress 

response, immunosuppression, growth, development, homeostasis, and metabolism [1].  As shown 

in Figure 1, the central regulation of glucocorticoid production is controlled by the parvocellular 

nucleus (PVN) of the hypothalamus, which secretes corticotrophin-releasing hormone (CRH) into 

the hypothalamic-pituitary portal circulation. CRH acts on CRH receptors in corticotrophin cells 

of the anterior pituitary gland to release adrenocorticotrophic hormone (ACTH) into the systemic 

circulation. Finally, ACTH stimulates the adrenal cortex to release glucocorticoids [2, 3]. This 

hypothalamus-pituitary-adrenal (HPA) axis is under the negative feedback control of circulating 

glucocorticoid. Acute physiological stress causes activation of the HPA axis, which stimulates the 

release of glucocorticoid from the adrenal cortex to regulate glucose and energy utilization, as well 

as immune function in response to stress. However, chronic stress causes overactivation of the 

HPA axis, damages neurons and impairs neuroplasticity, which is a significant risk factor for 

neuropsychiatric disorders [4]. 

1.1.2. Glucocorticoid receptors: structure and function 

Glucocorticoids can target both mineralocorticoid receptors (MR) and glucocorticoid 

receptors (GR). These receptors belong to the class of nuclear receptors [5]. The affinity of 

glucocorticoid for GR is ten-fold lower than MR. In basal physiological conditions, glucocorticoid 

activates higher affinity MR. MR plays an essential role in maintaining electrolyte and fluid 

homeostasis and blood pressure. However, under stress conditions, the high level of glucocorticoid 

activates GR. GR plays a vital role in regulating stress responses, the immune system, and lipid  
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Figure 1. Hypothalamic-pituitary-adrenal axis. Stress activates the hypothalamus to release 

corticotrophin-releasing hormone (CRH) which stimulates the anterior pituitary to secrete 

adrenocorticotrophin hormone (ACTH). ACTH stimulates the adrenal cortex to release 

glucocorticoids which regulate metabolic and immunological function. (Created using 

BioRender.com)   
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and carbohydrate metabolism [6]. In the brain, both GR and MR have been shown to play an 

important role in the regulation of stress responses as well as learning and memory [7, 8]. 

Glucocorticoid receptor (GR) is encoded by the gene with 9 exons, which is located in 

chromosome 5 [9]. GR has four domains: amino-terminal domain (NTD), DNA binding domain 

(DBD), hinge region and carboxy-terminal ligand binding domain (LBD). The NTD contains 

activating function-1 (AF-1) region from 77 to 262 amino acid sequences. AF-1 region interacts 

with various coactivators, basal transcription factors and chromatin modulators to mediate gene 

activation.  DBD contains two zinc finger motifs. The first zinc motif in DBD is responsible for 

the recognition of glucocorticoid response element (GRE), while the second zinc motif is 

responsible for the homodimerization of the receptor. The hinge region is a flexible loop between 

DBD and LBD that provides flexibility for the receptors to interact with multiple GREs. LBD 

consists of a second activating function-2 (AF-2) region from 526 to 556 AA, which is responsible 

for ligand-dependent interaction. In absence of ligand, AF-2 has inactive conformation which 

favors the interaction with co-repressors. Upon binding of ligand, the conformational change in 

the AF-2 favors binding of coactivators. [1, 3, 9-11].  

GR has three major isoforms, including GRα, GRβ, and GRγ. GRα is predominantly an 

active isoform and responsible for most of the biological effects of GC [12]. GRα and GRβ 

isoforms are nearly similar in sequence from the amino acid terminus to amino acid 727. However, 

GRα has an additional 50 amino acids, while GRβ has an additional non-homologous 15 amino 

acids. Only GRα can bind to glucocorticoids, and activation of GRα can induce GRE-driven gene 

expression. GRβ acts as an inhibitor of GRα transcriptional activity and increased expression of 

GRβ is associated with glucocorticoid-resistance. GRγ has an arginine between two zinc finger 

motifs of DBD in the receptor. It was found that GR agonist dexamethasone can bind to both GRα 
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and GRγ and activate GRα- and GRγ -regulated transcription. However, GRγ-regulated 

transcriptional activity is approximately 50% of GRα-regulated transcriptional activity [13]. 

At an inactive state, GR exists mainly in the cytoplasm in the form of multiple protein 

complexes [14]. GR heterocomplex consists of GR, heat shock protein 90 (hsp90) dimer, FK506-

binding immunophilin (either FKBP51 or FKBP52), and p23. Hsp90 is responsible for 

cytoplasmic localization of GR and masks both nuclear localization sequences (NLS) in the 

unbound state [15-17]. The immunophilins are bound to a common site in hsp90 through 

tetratricopeptide repeat (TPR) [15, 18]. As shown in Figure 2, once a ligand binds to the GR 

heterocomplex, the receptor undergoes phosphorylation at Ser211 by p38 mitogen-activated 

protein kinase and conformational changes, resulting in dissociation from chaperone proteins, 

activation or unmasking of the NLS, and translocation to the nucleus [17]. In nucleus, GR-GC 

complex can homodimerize or heterodimerize to interact with various binding sites and regulate 

expression of multiple genes through glucocorticoid response element (GRE), composite GRE 

(cGRE), negative GRE (nGRE) and tethering mechanism. 

GRE consists of inverted repeats of two hexameric half-sites separated by 3 bp (consensus 

GRE sequences: GGTACAnnnTGTTCT). One monomer GR binds first to 5’-half site and then 

another monomer GR binds at 3’-half site, resulting in formation of dimer. The 3-bp between two 

half-sites is essential for binding two GRs to the GRE. GRs bind to GRE and then increases GRE-

driven gene expression  [19, 20]. In the case of composite GRE, GR can bind to DNA along with 

other transcription factors like octamer-binding transcription factor Oct1, cAMP response element 

binding protein (CREB), activator protein-1 (AP-1), Ets1 and others, either increasing or 

decreasing the expression of the genes, which depends on the bound interacting transcription 

factor. For example, AP-1 transcription factor is formed by either c-Jun homodimer or c-Jun/c-Fos  
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Figure 2. Mechanism of glucocorticoid receptor signaling. Once glucocorticoid binds to the 

glucocorticoid receptor (GR), it phosphorylates at Ser211, dissociates from chaperone molecuels, 

and translocates to the nucleus. In the nucleus, it regulates gene expression by GRE binding (a), 

nGRE binding (b), cGRE binding (c), and tethering (d). GRE- Glucocorticoid response element, 

cGRE- composite GRE, nGRE- negative GRE, TF- Transcription Factor TRE- Transcription 

factor Response Element (Created using BioRender.com)   
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heterodimer. If GR is bound to cGRE along with c-Jun/c-Jun homodimer, cGRE increases the 

expression of downstream gene. However, if GR is bound to cGRE along with c-Jun/c-Fos 

heterodimer, cGRE decreases the expression of downstream genes [21, 22].  Furthermore, GR can 

bind to nGRE, which inhibits the expression of a gene by recruitment of a co-repressor on the 

binding of GR. The consensus sequence of nGRE is CTCC(n)0-2GGAGA [23]. For example, the 

binding of GRs to nGREs decreases the expression of pro-inflammatory genes such as C1qb and 

C3 genes [24], insulin receptor gene and bcl-2 gene [25, 26]. In the tethering mechanism, GR 

doesn’t directly bind to the DNA but interacts with DNA-bound transcription factors through 

protein-protein interaction and regulates transcription factor activity [19]. For example, GR can 

bind to the RelA subunit of transcription factor NF-κB and repress transcription of genes regulated 

by NF-κB [27]. 

1.2 Chronic stress, glucocorticoid and neuronal damage 

 Chronic stress and chronic or excessive CORT treatment can induce neuronal damage. 

Chronic restraint stress in rats for 4 weeks resulted in a decrease in hippocampal volume and 

reduced total dendritic length of dentate granule cells [28]. Chronic restraint stress was also found 

to decrease the number of apical branch points and dendritic length in rat CA3 pyramidal neurons 

[29]. These findings suggest that chronic stress can induce neuronal damage. It was also reported 

that the subcutaneous CORT pellet implantation in rats for 21 days decreased volume in the dentate 

gyrus, CA1 and CA3 subregions of the hippocampus [30]. The CORT administration (40 

mg/ml/kg, s.c.) for 21 days in rats decreased dendritic spine density and total dendritic length in 

the CA1 subregion of the hippocampus [31] and the total number of dendritic branch points and 

dendritic apical length in CA3 pyramid neurons of the hippocampus [31]. The administration of 

CORT for 21 days also showed increased number of shrunken, small and irregular shaped 
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pyramidal cells in CA1 and CA3 region of rat hippocampus  [31, 32]. This evidence suggests that 

chronic stress and chronic CORT treatment promote dendritic atrophy in the hippocampus.      

 Chronic stress or chronic CORT treatment can induce neuronal death. H&E staining 

produces deep blue color in nuclei with hematoxylin, while pink color is produced in the cytoplasm 

and extracellular matrix by eosin. This provides contrast in the nucleus and cytoplasm for 

morphological assessment. It has been found using H&E staining that rats exposed to restraint 

stress 6 hours daily for 21 days revealed an increased number of cells that showed nuclear 

chromatin fragmentation and cell consolidation in hippocampal CA1 and CA3 regions and 

amygdala basolateral region [33]. Transmission electron microscopy of the hippocampal slices 

from restraint rats also showed neuronal cells with chromatin aggregation and nuclear deformation 

[34]. Treatment with CORT at 200 µM for 4 days was found to increase the number of condensed 

nuclei in primary cultured rat cerebrocortical neurons [35]. Terminal deoxynucleotidyl 

transferase dUTP nick end labeling (TUNEL) is a marker for fragmented DNA. Treatment with 

CORT at 100 µM for 24 hrs increased TUNEL staining in primary cultured mouse hippocampal 

neurons [36]. Fluoro-Jade B (FJB) is an anionic fluorescein derivative which is used to stain 

degenerating neurons. It has been found that restraint stress 6 hours daily for 21 days increased 

FJB-positive neurons in rat hippocampus and amygdala [33, 34]. Oral administration with CORT 

(20 mg/kg) for 21 days increased the number of FJB-positive cells in the dentate gyrus of mouse 

hippocampus [37]. Treatment with CORT at 100 µM was found to reduce cell viability in primary 

mouse hippocampal neurons [38]. These findings together suggest that chronic stress or chronic 

and excessive CORT treatment can cause apoptosis and neurodegeneration, resulting in neuronal 

damage. 
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1.2.1 Chronic stress, chronic CORT treatment and oxidative stress  

Oxidative stress and neuroinflammation show an important role in chronic stress-induced 

and chronic or excessive CORT treatment-induced neuronal damage. 

1.2.1.1 Oxidative stress:  

Oxidative stress occurs due to excess production of reactive oxygen species (ROS) and/or 

deficiency of cellular antioxidant defense [39]. Hydroxyl radical (•OH), superoxide radical (O2
•-), 

and hydrogen peroxide (H2O2) are major ROS in biological system. Mitochondria is the major 

source of ROS in cells. Besides mitochondria, ROS are also produced by various oxidases, such 

as NADPH oxidase and xanthine oxidase. ROS are reactive molecules that can oxidize DNA, 

lipids, and proteins and promote cell damage. ROS can cause oxidative DNA damage, which can 

introduce mutations or genetic instability. DNA oxidation promotes errors in transcription and 

translation. In addition, ROS can interact with lipids to form lipid peroxides, which affect the 

integrity of the membrane and can affect cellular functions. The end products of lipid peroxidation 

like malondialdehyde (MDA) or 4-hydroxynoneal (HNE), can interact with the protein, forming 

MDA-protein adducts or 4HNE-protein adducts and impairing protein function [40]. Protein 

oxidation is ROS-induced covalent modification of proteins and might lead to loss of protein 

biochemical function. The cysteine residue is highly polarizable and nucleophilic due to the high 

electronegativity of the sulphur atom. As shown in Figure 3, on exposure to H2O2, the thiol group 

(-SH) in cysteine is oxidized to sulfenic acid (-SOH). The conversion of -SH to -SOH is a 

reversible mode of oxidation. It is an unstable and reactive functional group. The electrophilic 

sulfur atom in the -SOH group reacts with -SH in another cysteine residue to form a stable disulfide 

bond (-S-S-). However, under excessive oxidative stress, the sulfenic acid can be further oxidized 

to irreversible sulfinic acid (-SO2H) and sulfonic acid (-SO3H) [41, 42]. Cysteine oxidative  
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Figure 3. Oxidation of various amino acid residues A) Sulfenylation, sulfinylation, 

sulfonylation and disulfidation of cysteine residue by H2O2 B) Carbonylation of arginine, lysine, 

proline and threonine by OH• radical (Marvin was used to create chemical structures, Marvin 

24.1.2,2024, ChemAxon (www.chemaxon.com)) 
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modification can alter protein activity, protein interaction and cell redox status, resulting in cell 

damage. HO• radical can react with amino acids of protein side-chain like lysine, proline, 

threonine, and arginine residues to yield carbonyl derivatives, causing protein carbonylation. 

Protein carbonylation is an irreversible post-translational modification. Reactive HO• radical is 

generated by H2O2 reacting with the oxidized form of a transition metal like Fe3+ or Cu2+ through 

the Fenton reaction. Besides this, end products of lipid peroxidation 4-HNE and MDA can form 

adducts with protein cysteine, lysine, or histidine residues and add a carbonyl group to the proteins, 

leading to carbonylation. Protein carbonylation causes changes in protein conformation, resulting 

in loss of protein function [43].   

 ROS can be neutralized by endogenous antioxidant system. Antioxidants consist of 

enzymatic antioxidants like glutathione peroxidase (GPx), superoxidase dismutase (SOD), 

peroxiredoxin (Prx), catalase (CAT), and non-enzymatic antioxidants like ubiquinol, urate, 

ascorbate, tocopherol, glutathione and carotenoids. The antioxidant acts either by preventing the 

formation of reactive species or by catalyzing the conversion of ROS into a more stable product 

and less reactive species that don’t damage cells [44]. SOD is a metal-containing antioxidant 

enzyme that catalyzes the dismutation of superoxide (O2
•-) to oxygen and H2O2. GPx and CAT are 

responsible for the neutralization of H2O2. GPx catalyzes the reduction of H2O2 to water through 

GSH as an electron donor. CAT converts H2O2 to water and O2 [45, 46]. Glutathione (GSH) is a 

tripeptide antioxidant which acts as a free radical scavenger and co-factor for antioxidant enzymes 

like GPx, glutathione reductase and glutathione transferase [47]. 

1.2.1.2 Increasing ROS production by chronic stress and chronic CORT treatment:  

Chronic stress and chronic CORT treatment can increase ROS production in neurons. 

Mitochondria is a major source of ROS production. Under physiological conditions, it is estimated 
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that around 1-2% of oxygen can be partially reduced to ROS. In mitochondria, electrons flow 

through the electron transport chain (ETC) and are finally accepted by oxygen to produce water. 

ETC consists of complex I-IV, which facilitate the transfer of electrons [48]. Complex I and III 

are considered to be major source of mitochondrial superoxide production [49]. Both chronic 

unpredictable stress (CUS) for 40 days and CORT treatment for 40 days were found to decrease 

mitochondrial membrane potential, complex I, III and IV activities, and mitochondrial NADH 

levels in rat brains [50, 51]. Furthermore, both CUS and CORT treatment were found to increase 

mitochondrial ROS levels in rat brain [50-53]. In vitro studies have also shown that CORT 

treatment at 1 µM for 24 hours decreased mitochondrial membrane potential and increased 

intracellular ROS levels in primary cultured rat hippocampal neurons [54]. GR agonist 

dexamethasone treatment at 50 µM increased ROS levels in rat hippocampal slices [55]. Treatment 

with dexamethasone was also found to decrease mRNA levels of mitochondrial NADH 

dehydrogenase 3 (complex I subunit) and mitochondrial cytochrome B (complex III subunit) in 

rat embryonic neural stem cells [56]. These findings suggest that chronic stress and chronic or 

excessive CORT treatment may impair mitochondrial function and increase ROS production.  

NADPH oxidase (NOX) is another important source of ROS. NOX catalyzes the transfer 

of electrons from NADPH to molecular oxygen, resulting in the production of ROS [57]. NOX 

enzyme complex consists of 6 subunits: 3 cytosolic subunits (p47phox, p67phox and p40phox), 

two membrane subunits (gp91phox and p22phox) and RhoGTPase. Under normal conditions, the 

p47phox, p40phox and p67phox subunits exist in the cytoplasm as complex. When activated, 

p47phox undergoes phosphorylation, and the entire complex translocate to the membrane and 

interacts with the complex of gp91phox and p22phox, resulting in the formation of the activated 

complex. The activated complex transfers electrons from NADPH to oxygen, resulting in the 
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formation of superoxide (O2
•) [58]. Mice exposed to chronic restraint stress at 2 hr daily for 14 

days had increased p67 phox and p47 phox mRNA levels in the hippocampus and frontal cortex 

[59]. Chronic administration of CORT (35 µg/ml in drinking water) for 21 days increased NOX1 

mRNA levels in the mouse ventral tegmental area [60]. In vitro studies have also shown that 1 µM 

cortisol treatment for 24 hrs increased p67phox and p47phox mRNA levels in SH-SY5Y human 

neuroblastoma cells [59]. 50 µM dexamethasone treatment increased p47phox mRNA levels in rat 

hippocampal slice culture [55]. These findings suggest that chronic stress and chronic CORT 

treatment may impair NADPH oxidase, increasing ROS production. 

Chronic stress and chronic CORT treatment-increased ROS production may further induce 

oxidative damage to DNA, lipids, and protein. DNA and RNA oxidation is detected by measuring 

8-hydroxy-2-deoxyguanosein (8-OHdG) and 8-oxo-7,8-dihydroguanosine (8-oxo-G) levels 

respectively. The study has shown that chronic unpredictable stress for 5 weeks increased the 

number of 8-OHdG/8-oxo-G positive neurons in mouse brain, indicating increased neuronal DNA 

and RNA oxidation [61]. MDA is an end product of lipid peroxidation. It has been found that CUS 

for 40 days and chronic CORT treatment for 40 days increased MDA levels in rat brain [50, 51], 

indicating chronic stress and chronic CORT treatment increase lipid peroxidation. CUS also 

increased the level of carbonylated proteins in the rat frontal cortex [52, 53]. Previously, our 

laboratory found that CUS increased protein sulfenylation in mouse prefrontal cortex and 

hippocampus [62]. We also found that CORT treatment at 1 µM in HT22 mouse hippocampal cells 

for 5 days increased protein sulfenylation [63]. These findings suggest that chronic stress or 

chronic CORT treatment, which increases the production of ROS, may further cause oxidative 

damage to nucleic acids, proteins and lipids. 

1.2.1.3 Decreasing antioxidant capacity by chronic stress and chronic CORT treatment:  
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 Chronic stress and chronic CORT treatment can inhibit antioxidant capacity. The chronic 

restraint stress for 21 days decreased the reduced glutathione levels in rat brain [64].  Chronic 

restraint stress decreased the number of GPx4 positive stained neurons in rat hippocampal CA1 

region, and decreased total antioxidant capacity, SOD, CAT and GPx activities and total GSH 

content in rat hippocampus [34, 65]. Rats exposed to social defeat stress for 28 days have shown 

decreased protein levels of copper-zinc SOD, manganese SOD and glutathione reductase 1 in the 

hippocampus and amygdala [66]. The long-term administration of CORT also alters levels of 

antioxidant enzymes in the brain. It has been found that chronic corticosterone administration 

reduced levels of glutathione, copper/zinc SOD and GPx, and decreased activities of GPx, CAT 

and SOD in rat brain [67, 68]. Chronic CORT treatment was also found to decrease manganese 

SOD levels and reduced GSH/GSSG ratio in mitochondria of rat brain [50]. These findings suggest 

that chronic stress and chronic CORT treatment may increase ROS and oxidative damage by 

inhibiting antioxidant defense. 

1.2.2 Chronic stress, chronic CORT treatment and neuroinflammation 

Neuroinflammation is the inflammatory response in the nervous system mediated by pro-

inflammatory cytokines, chemokines, ROS and others. Neuroinflammation acts as a defense 

mechanism to promote tissue repair and remove cell debris. However, sustained 

neuroinflammation can damage neurons, promote synaptic dysfunction, neuronal apoptosis and 

cognitive impairment, and inhibit neurogenesis. Microglia and astrocytes play an important role 

in neuroinflammation. Microglia and astrocytes can secrete proinflammatory cytokines and 

chemokines that can target neurons and induce neuronal damage. Neuroinflammation can be 

caused by various inducers. Sustained chronic inflammation causes neurotoxicity and promotes 

neurodegeneration.  
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 Chronic stress and chronic CORT treatment can promote neuroinflammation. NOD-like 

receptor family pyrin domain containing 1 (NLRP1) or containing 3 (NLRP3) inflammasome 

consists of NLRP1 or NLRP3 protein, apoptosis-associated speck-like protein containing a 

caspase-activating recruitment domain (ASC), and pro-caspase-1. ASC connects NLRP1 or 

NLRP3 to pro-caspase-1, causing activation of caspase-1, which cleaves pro-IL-1β to mature IL-

1β and cleaves pro-IL-18 to mature IL-18. Release of IL-1β and IL-18 promotes the amplification 

of inflammatory response and cell death signals, leading to neuronal damage [69-71]. It has been 

reported that CUS for 6 weeks increased NLRP1, ASC and caspase-1 protein as well as mRNA 

levels in mouse hippocampus [72]. CUS increased NLRP3 mRNA levels in rat hippocampus [73]. 

Treatment with GR agonist dexamethasone at 5 mg/kg s.c. for 28 days also increased NLRP1, 

caspase-1 and ASC protein and mRNA levels in rat hippocampus [71]. These findings suggest that 

chronic stress and chronic CORT treatment may activate NLRP1 and NLRP3 inflammasome. 

 Previously, it was found that CUS for 21 days increased pro-inflammatory cytokines like 

TNFα and IL-6 protein levels in rat hippocampus and frontal cortex [74]. CUS for 6 weeks was 

also reported to increase pro-inflammatory chemokines CXCL1 and CXCR2 mRNA levels in 

mouse hippocampus [72]. It has also been found that chronic social defeat stress for 10 days not 

only increased protein and mRNA levels of pro-inflammatory cytokines IL-6, IL-1β and TNFα but 

also decreased protein and mRNA levels of anti-inflammatory cytokines IL-4  and IL-10 in mouse 

hippocampus and frontal cortex [75]. Chronic treatment with CORT at 20 mg/kg/day, s.c. for 22 

days increased protein levels of proinflammatory cytokines IL-2 and TNFα in mouse frontal cortex 

[76]. These findings suggest that chronic stress and chronic CORT treatment may activate pro-

inflammatory signaling and inhibit anti-inflammatory signaling in rodent brain.  
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1.2.3 Chronic stress and psychiatric disorders: 

 Chronic stress is a major risk factor for psychiatric disorders like major depressive disorder 

(MDD), anxiety, bipolar disorder and others. In a recent cross-sectional clinical study, it was found 

that serum cortisol level was highly elevated in patients with MDD as compared to healthy controls 

[77]. It was found that long-term use of glucocorticoid medication resulted in the incidence of 

depression and anxiety in 16% and 11% of the patients respectively [78]. In another study, it was 

found that treatment with antidepressant selective serotonin reuptake inhibitors (SSRI) for 3 weeks 

decreased the level of salivary cortisol similar to the level of healthy subjects. In patients, the 

reduction of cortisol level significantly is correlated with the decrease in Hamilton Rating Scale 

for depression (HAMD) and improvement in cognitive test scores for trial making test A & B [79]. 

Similarly, long-term exposure to corticosterone can cause result in increased immobility in forced 

swim test and tail-suspension test indicating depression-like symptoms in rodents [80, 81]. The 

chronic stress can lead to HPA axis overactivation which can cause alteration in serotonin (5-HT) 

neurons and dopaminergic neurons, promote neuronal remodelling and neuroplasticity and 

neuronal damage which can lead to increased risk for depression [82]. In addition to this, a large 

cohort study revealed that patients with anxiety had higher awakening salivary cortisol levels as 

compared to healthy patients [83]. In another study with adolescents, it was found that girls with 

concurrent general and social anxiety had higher levels of serum cortisol as compared to healthy 

subjects [84]. Similarly, administration of CORT in mice for 2 weeks in drinking water resulted in 

repetitive anxiety like behavior in elevated maze test [85]. This evidence suggests that chronic 

stress is a risk factor for depression and anxiety. 
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1.3. Astrocytes: 

1.3.1 Role of astrocytes in the central nervous system 

Astrocytes are the major glial cells, which are around five times more numerous than 

neurons. They cover the entire CNS and are important in maintaining CNS function. Astrocytes 

play a critical role in neuroprotection, homeostatic maintenance, and metabolism regulation by 

releasing neurotrophic factors, removing ROS, maintaining BBB integrity, regulating ion and 

neurotransmitter concentrations, and supporting energy, respectively (Figure 4) [86].  

1.3.1.1 Astrocytes and neuroprotection 

Astrocytes exert neuroprotective effects by releasing neurotrophic factors, removing ROS, 

maintaining BBB integrity (Figure 4). Astrocytes can secrete various neurotrophic factors such as 

brain-derived neurotrophic factor (BDNF), glial-derived neurotrophic factor (GDNF) [87] and 

mesencephalic astrocyte-derived neurotrophic factor (MANF) [88]. These neurotrophic factors 

promote the survival, development and differentiation of neurons and protect neurons from 

neurological insults.  BDNF has a high affinity for tyrosine kinase B (TrkB) receptor. The binding 

of BDNF to TrkB can activate MAP kinase, PI3-kinase and protein kinase C pathways, which 

phosphorylates cAMP response element binding protein (CREB) and increases expression of 

genes involved in neural plasticity, neurogenesis, stress resistance and neuronal survival [89]. 

GDNF can bind to GDNF-family receptor-α1 (GFRα1) and activate GFRα1 receptor. Activated 

GFRα1 receptor increases affinity to RET tyrosine receptor and promotes GFRα-RET binding, 

which induces phosphorylation of tyrosine residue in RET. The phosphorylated RET recruits 

various signaling proteins, including PLC-γ, PI3-kinase and MAP kinase. GDNF was found to 

promote the survival of dopaminergic neurons and motor neurons and the development and 

differentiation of parasympathetic and enteric neurons [90]. MANF is localized to the ER and is 
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Figure 4. Physiological roles of astrocytes in central nervous system: 1. Neuroprotection; 2.  

Homeostatic maintenance; and 3. Metabolism regulation 
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secreted upon ER stress. MANF can interact with the luminal domain of ER IRE1α protein and 

inhibit ER stress-activated ER unfolded protein response. MANF plays an important role in the 

survival and maintenance of neurons by attenuating ER stress [91, 92]. 

Astrocytes can protect neurons against oxidative stress. Due to the high rate of oxidative 

metabolism and neuronal activity, ROS is produced at a higher rate in neurons. In addition, neurons 

have lesser antioxidative capacity than astrocytes, which leads to ROS accumulation. Increased 

ROS levels cause lipid peroxidation and protein oxidation, which can cause neuronal degeneration 

[93, 94].  Because the brain has a much lower amount of catalase than other body organs, 

glutathione (GSH) plays a major role against ROS-induced oxidative stress [95]. GSH is a 

tripeptide composed of cysteine, glycine and glutamate. First of all, glutamate-cysteine ligase 

(GCL) catalyzes ligation between glutamate (Glu) and cysteine (Cys) to form γ-glutamylcysteine 

dipeptide. Then, glutathione synthetase (GSS) catalyzes the reaction between γ-glutamylcysteine 

dipeptide and glycine (Gly) to form GSH. In neurons, Cys is a rate-limiting substrate for GSH 

synthesis and is imported through neuronal membrane excitatory amino acid transporter [96, 97]. 

Both neurons and astrocytes can synthesize GSH, but neurons depend on astrocytes for the 

maintenance of GSH level. Astrocytes contain higher levels of GSH as compared to neurons and 

are the main source of Cys for neuronal GSH synthesis [95]. Astrocytes release GSH through 

multidrug resistance protein 1 into the extracellular matrix. The released GSH is cleaved by γ-

glutamyl transpeptidase into γ-glutamyl moiety and CysGly dipeptide. The dipeptide CysGly is 

hydrolyzed by aminopeptidase N into Cys and Gly. Neurons uptake Cys by excitatory amino acid 

transporter and utilize it for GSH synthesis [98-100]. 

Astrocytes also protect neurons by maintaining the integrity of the blood-brain barrier 

(BBB). BBB is a physical barrier formed between the neural interface and brain blood vessels. 
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BBB regulates the movement of ions, molecules, and cells between blood vessels and CNS, 

resulting in the formation of a brain microenvironment, which is essential for regulating ionic 

homeostasis, the pool of neurotransmitter and neuroactive agents, and transportation of nutrients 

in the brain [101, 102]. BBB is composed of endothelial cells, astrocytic endfeet and pericytes. 

Brain endothelial cells are connected by tight junctions that prevent the paracellular transport of 

molecules and ions between the cells. Pericytes are enwrapping cells between endothelial cells and 

astrocytic endfeet and neurons and are responsible for regeneration, angiogenesis, control of 

endothelial cell proliferation and neovascularization. Astrocytes establish close contact between 

blood vessels and neuroglials in the neurovascular unit. Astrocyte endfeet acts as an additional 

barrier to exclude blood-borne factors. Astrocytes are also responsible for the secretion of various 

growth factors like basic fibroblast growth factor (bFGF), GDNF and transforming growth factor 

β (TGFβ) to maintain endothelial cell tight junction and BBB integrity. Loss of astrocyte function 

caused by infection, neurodegenerative diseases, inflammation, and ischemia can make BBB more 

permeable [101-103].  

1.3.1.2 Astrocytes and homeostatic maintenance 

Astrocytes play a critical role in homeostatic maintenance by regulating ion and 

neurotransmitter concentrations (Figure 4). During an action potential, after Na+ influx-induced 

depolarization, K+ channels open and move K+ to extracellular space, which increases extracellular 

K+ concentration ([K+]o). In the brain, [K+]o is maintained at a resting level of 3 mM, while 

neuronal activity can increase [K+]o to 10-12 mM. The excess of K+ is uptaken by Na+/K+-ATPase. 

Both neurons and astrocytes express Na+/K+-ATPase. However, neuronal Na+/K+-ATPase has a 

higher affinity for K+ ions and is saturated at resting [K+]o, while astrocytic Na+/K+-ATPase has 

a lower affinity and is sensitive to elevated [K+]o level. Therefore, elevated [K+]o after 
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repolarization stimulates astrocytic Na+/K+-ATPase and is taken up by astrocytes. Uptaken K+ ions 

are then transported to adjoining astrocytes through gap junction and released gradually to the 

extracellular matrix through inward rectifying K+ (Kir) 4.1 channels. Astrocytes are important in 

buffering spatial K⁺ [104-106].  

Astrocytes play an important role in maintaining the level of both the excitatory 

neurotransmitter glutamate and the inhibitory neurotransmitter GABA. The perisynaptic astrocytic 

process contacts synapses through which astrocytes can interact and modulate neuronal activity 

and function. The combination of this perisynaptic astrocytic process with a presynaptic and 

postsynaptic membrane is known as a tripartite synapse [107]. Astrocytes express glutamate 

transporter-1 and glutamate aspartate transporter, which can uptake glutamate from the synaptic 

cleft. Glutamate is converted into glutamine by glutamine synthetase, and then glutamine is 

released by astrocytes to the extracellular matrix. Glutaminergic neurons can uptake glutamine and 

convert it to glutamate by phosphate-activated glutaminase. Astrocyte helps in glutamate-

glutamine cycling and regulates the level of glutamate in the synaptic cleft [108-110]. Astrocyte-

released glutamine can also be uptaken by GABAergic neuron. Uptaken glutamine can be 

converted to glutamate, which is converted to GABA by glutamate dehydrogenase. Therefore, 

astrocytes are also important in the biosynthesis of GABA in GABAergic neurons  [108, 110-112].  

1.3.1.3 Astrocytes and metabolism regulation 

Astrocytes contribute to the regulation of CNS energy metabolism through the astrocyte-

neuron lactate shuttle (Figure 4). Glucose from capillaries is transported to astrocytes by the 

Glucose transporter 1 (GLUT1). Transported glucose enters glycolysis to form pyruvate, which 

can either enter TCA cycle to produce ATP or form lactate catalyzed by lactate dehydrogenase. 

The astrocytes have high glycolytic activity, high levels of lactate dehydrogenase 5 and 
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NADH/NAD+ ratio, and a low rate of oxygen metabolism, which favours conversion of pyruvate 

to lactate over entry into the TCA cycle. When the neuronal activity increases, the release of 

glutamate from the axon terminal of glutaminergic neurons also increases. Astrocytes can uptake 

released glutamate by sodium-dependent glutamate transporters that also co-transport Na+ into 

astrocytes.  Increased astrocytal Na+ levels activate Na+/K+ ATPase, which decreases ATP levels 

in astrocytes, consequently, increases glucose uptake and triggers glycolysis, which leads to 

increased lactate production and release in extracellular matrix. The released lactate is taken up by 

neurons and converted into pyruvate catalyzed by LDH1. Pyruvate acts as an energy substrate in 

neurons and enters into the TCA cycle to generate ATP [113-115].  

1.3.2 Role of astrocyte in neuroinflammation  

Although astrocytes are neuroprotective in nature, persistent noxious stimuli can induce 

the formation of reactive astrogliosis. Reactive astrocytes can release pro-inflammatory cytokines 

and ROS production, facilitating neuroinflammation and neuronal damage [116, 117].  

Reactive astrocytes are associated with Alzheimer’s disease, traumatic brain injury, 

multiple sclerosis, and other pathological conditions  [117]. Astrocytes can recognize pathogen-

associated molecular pattern (PAMP) and danger-associated molecular pattern (DAMP) which can 

trigger activation of astrocytes. Toll-like receptor (TLR) 2/3/4/7, NOD-like receptor protein 2 

(NLRP2), NOD-like receptor protein 3 (NLRP3) and NOD-like receptor C4 (NLRC4) are 

expressed in astrocytes, and can induce activation of astrocyte in response to DAMP and PAMP 

[86, 118, 119]. TLR receptors can recognize PAMP and activate myeloid differentiation primary 

response 88-dependent signaling pathway and toll/interleukin-1 receptor-domain-containing 

adapter-inducing interferon-β dependent signaling pathway, which regulates the expression of pro-

inflammatory cytokines and interferons [120]. NLRP receptors can recognize PAMP and DAMP 
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and form inflammasomes by recruitment of ASC and procaspase-1, leading to cleavage of 

procaspase-1 to active caspase-1, which subsequently releases proinflammatory cytokines like IL-

18 and IL-1β [119, 121]. 

1.3.3 Glucocorticoid and astrocytes: 

Astrocytes express both mineralocorticoid receptor (MR) and glucocorticoid receptor 

(GR). However, astrocytes contain more GR than MR [122]. Glucocorticoids can alter the 

morphology of astrocytes. Chronic restraint stress for 21 days and CUS for 21 days was found to 

decrease the length and the number of astrocyte branches in rat and mouse hippocampus. [123]. 

CUS also decreased the total surface area occupied by astrocytes in mouse hippocampal dentate 

gyrus [124]. Treatment with CORT at 100 nM in primary rat astrocytes for 6 days was found to 

reduce the length and abundance of cultured filopodia [125]. These findings indicate that chronic 

stress and chronic CORT treatment can impair astrocytes.  

Glucocorticoids can also alter astrocyte-astrocyte communication. Gap junction coupling 

allows intercellular communication between two adjacent astrocytes to pass small molecules, ions, 

amino acids and second messenger up to 1 kDa. Connexin 43 (Cx43) is a major component of gap 

junctional protein, forms a hexamer on the plasma membrane and acts as hemichannels. Opposed 

Cx43 between two cells forms a complete gap junction channel. CUS for 21 days decreased the 

diffusion of the fluorescent dye Lucifer yellow and a number of coupled astrocytes in the rat 

prelimbic cortex. The ultrastructural examination of prelimbic cortex slices by electron 

microscopy showed the gap between two neighboring astrocytes in stressed rats was nearly 1.5 

times wider than in control rats [126]. The treatment with 50 µM CORT for 24 hrs was also found 

to decrease the diffusion of Lucifer yellow in primary cultured rat astrocytes [127]. These results 

indicate that chronic stress and CORT treatment can impair gap junction intercellular 
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communication. Furthermore, it has been found that CUS for 3 weeks decreased Cx43 mRNA and 

protein levels in rat hippocampus [128]. Cx43 phosphorylation at S368 can decrease gap junction 

channel permeability. It has been found that treatment with CORT (35 µg/ml/day; p.o.) for 3 weeks 

increased Cx43 phosphorylation in rat hippocampus [129]. Treatment with CORT at 50 µM for 24 

hrs was found to decrease total Cx43 protein levels and increase phosphorylation of Cx43 at S368 

in primary cultured rat astrocytes [127]. These findings suggest that glucocorticoid may impair 

gap junction intercellular communication by phosphorylation of Cx43. 

Glucocorticoids affect the glucose metabolism in astrocytes. It has been reported that CORT 

administration (40 mg/kg/day, sc) for 21 days decreased [18F]-fluorodeoxyglucose uptake in 

astrocytes of rat frontal cortex [130]. Treatment with CORT at 0.1 µM for 72 hours or 1 µM for 

24 hours was also found to inhibit the uptake of 2-deoxyglucose in primary cultured rat astrocytes 

[131]. Treatment with GR agonist dexamethasone 100 nM  for 24 hrs also decreased 2-

deoxyglucose uptake in primary cultured rat astrocytes [131]. It has been found that treatment with 

CORT at 0.1 µM  for 24 hrs decreased GLUT1 transporter translocation to the plasma membrane 

and glycogen level and lactate production in primary rat astrocytes [130]. Dexamethasone 

treatment for 4 hrs was also found to decrease glycogen synthetase activity [132]. These findings 

suggest that glucocorticoids can decrease glucose uptake, glucose metabolism and glycogen 

synthesis in astrocytes.  

Glucocorticoids can induce stress in the mitochondria of astrocytes. It has been found that 

treatment of 10 µM CORT for 24 hrs increased the level of MitoSOX fluorescence in primary 

cultured mouse astrocytes, indicating that CORT increased mitochondrial ROS production [133]. 

Uncoupling protein-2 (UCP-2) presents in mitochondrial inner-membrane protein, which is 

responsible for decreasing mitochondrial membrane potential, maintenance of respiration and 
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prevention of ROS accumulation in mitochondria [134]. It has been found that 100 µM CORT 

treatment for 24 hrs decreased UCP2 promoter activity and UCP-2 mRNA levels in primary 

cultured mouse astrocytes. Knockdown of the UCP2 gene using siRNA increased ROS production 

[135]. These findings suggest that glucocorticoid might induce mitochondrial damage.  

1.4 Thioredoxin protein  

Thioredoxin (Trx) is a 12 kDa oxidoreductase protein which is responsible for maintaining 

redox status in cells by catalyzing disulfide/dithiol protein conversion. It is ubiquitously expressed 

in all life forms, from bacteria to mammals. As shown in Figure 5, the Trx protein consists of a 

highly conserved protein motif -Cys-Gly-Pro-Cys- in its active site. The nucleophilic N-terminal 

cysteine in the active site can donate electrons to the disulfide of the oxidized protein, resulting in 

the formation of an intermediate with a disulfide bond between Trx and the target protein. This 

reaction forms one free thiol in the target protein. In the next step, Trx C-terminal thiol is converted 

to thiolate, which donates electrons to the disulfide bond in the mixed disulfide complex. Thus, it 

releases a reduced target protein with a dithiol group and oxidizes Trx with a disulfide bond. Trx 

can be reduced back to its active form by thioredoxin reductase (TrxR) with the help of NADPH. 

Trx protein, along with NADPH and TrxR, form a thioredoxin antioxidant system.  In mammals, 

there are three Trx isoforms: cytosolic Trx1, mitochondrial Trx2 and spermatozoid specific Trx3. 

Mammalian Trx1 consists of additional cysteine residues, Cys62, Cys69 and Cys73, which are 

responsible for redox signaling regulation. The oxidation at Cys73 can lead to the formation of 

Trx1 dimer and loss of its catalytic activity [136, 137].  

1.4.1 Thioredoxin function    

Trx can reduce H2O2-induced protein cysteine oxidation, facilitating Prx-mediated 

scavenging of H2O2 and other peroxides and inhibiting the ASK1-activated apoptotic process.  
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Figure 5. Thioredoxin antioxidant system: Under normal conditions, reduced thioredoxin (Trx) 

transfers the electron to oxidized disulfide protein by disulfide/dithiol exchange to form reduced 

dithiol protein and oxidized disulfide Trx. Trx reductase (TrxR) transfers the electron from 

NADPH to oxidized Trx to form reduced Trx. Trx-interacting protein (Txnip) forms covalent bond 

with Cys32 of Trx resulting in the inhibition of Trx activity. (Created using BioRender.com)   
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Figure 6. Antioxidative and Antiapoptotic role of Trx: Antioxidative and Antiapoptotic role 

of Trx: Trx reduces protein cysteine oxidation and peroxiredoxin (Prx) to its active reduced form. 

Reduced Prx can scavenge H2O2 and inhibit protein carbonylation. Trx binds to apoptosis signal-

regulating kinase 1 (ASK1), which can inhibit phosphorylation of ASK1, JNK kinase and P38 

kinase, ─│       inhibit, → activate  
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Trx acts as an antioxidant directly by reducing protein cysteine oxidation, such as cysteine 

sulfenylation and disulfidation (figure 6). Cysteine residues is one of the conserved residues in 

protein and plays an important role in the structure of protein, metal binding, catalytic activity, 

redox reaction, regulation and post-translational modification of protein [138].  The cysteine 

residue is highly polarizable and nucleophilic due to the high electronegativity of the sulphur atom. 

As reviewed above, cysteine oxidation includes reversible sulfenylation and disulfidation, as well 

as irreversible sulfinylation and sulfonylation. Sulfenylation and disulfidation can alter protein 

activity, protein interaction and redox status of cells. These reversible cysteine oxidation can be 

reduced back to its thiol form by Trx [137]. Sulfinylation and sulfonylation can lead to protein 

degradation and permanent loss of protein activity.   

Trx can also maintain peroxiredoxin (Prx), reducing activity (figure 6). Prx is a ubiquitous 

peroxidase enzyme responsible for neutralizing H2O2 and other peroxides. Prx consists of both 

perioxidatic Cys (Cp) and resolving Cys (CR). Under physiological pH, Cp is present as thiolate 

due to the low pKa value of Cp. When the thiolate Cp donates electrons to H2O2 and reduces H2O2 

to water, Cp is oxidized to Cp-sulfenic acid (Cp-SOH). Then Cp-SOH reacts with CR of another Prx 

to form a dimer with an intermolecular disulfide bond between two Prxs, which makes Prx inactive 

[139-141]. Prx can be reduced by Trx with disulfide/dithiol mechanism to its active reduced Prx 

form [137]. Trx can maintain Prx reducing activity to facilitate Prx-mediated H2O2 scavenge. 

Because H2O2 can react with the oxidized form of transition metals like Fe3+ or Cu2+ to generate 

reactive HO• radical through the Fenton reaction, while produced HO• radicals can further attack 

protein threonine, lysine, proline and arginine residues to yield protein carbonylation [43, 142]. 

Therefore, Trx can maintain Prx reducing activity to indirectly prevent protein carbonylation by 

scavenging H2O2. 
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 Trx can bind to apoptosis signal-regulating kinase 1 (ASK1) and inhibit ASK1 activity 

(figure 6). ASK1 belongs to the mitogen-activated protein kinase kinase kinase (MAP3K) family. 

ASK1 is activated by various stress conditions like ROS, ER stress and TNFα. Under the stress 

condition, ASK1 dissociates from Trx and recruits tumor necrosis factor receptor-associated factor 

2 (TRAF2) and TRAF6, resulting in ASK1 oligomerization and autophosphorylation at Thr838. 

The ASK1 phosphorylation further induces activation of p38 MAPK and c-Jun N-terminal kinase 

(JNK) [143-145]. Activated JNK can translocate to the nucleus, where it can transactivate c-Jun 

and other transcription factors to increase the expression of pro-apoptotic genes. Besides this, JNK 

can promote apoptosis by releasing cytochrome C and activating caspases [146, 147]. Under 

physiological conditions, Trx binds to the N-terminal region of ASK1 and thus negatively 

regulates its kinase activity [144, 148].  

1.4.2 Regulation of thioredoxin by thioredoxin reductase:  

 Thioredoxin reductase (TrxR) is a homodimeric selenoprotein which helps to maintain 

the activity of Trx. It is a flavoprotein and consists of one tightly bound flavin adenine dinucleotide 

(FAD) per subunit. TrxR has 3 isoforms: TrxR1 (cytosol), TrxR2 (mitochondria) and TrxR3 

(cytosol and mitochondria). The N-terminal consists of one active-site motif with sequence -Cys59-

Val-Asn-Val-Gly-Cys64. C-terminal consists of another active site with sequence -Glyc-Cys497-

SeCys498-Gly. The SeCys residue is important catalytic activity of TrxR, as removal of SeCys can 

cause inactivation. The Cys497-SeCys498 residue of one subunit is in proximity of Cys59-XXXX-

Cys64 of another subunit. This allows electrons to be transferred from the disulfide/dithol of one 

subunit to the Cys-SeCys of another subunit.  Under the physiological pH, active TrxR selenothiol 

(-SeH) exists as selenolate (-Se-) because of its low pKa. The reduction of Trx begins with the 

binding of -Se- anion with the disulfide of Trx to form Trx-TrxR selenenylsulfide (Trx-S-Se-TrxR) 
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intermediate. This intermediate is reduced by Cys497 to release reduced Trx and oxidized 

selenenylsulfide TrxR. Selenenylsulfide TrxR is reduced by N-terminal dithiol from another 

subunit. As a result, N-terminal dithiol maintains reduced selenothiol form in the C-terminal. 

Finally, NADPH transfers the electron to N-terminal disulfide via FAD to form reduced N-

terminal dithiol [149, 150]. 

1.4.3 Regulation of thioredoxin by Thioredoxin interacting protein  

 Txnip (Txnip), also known as thioredoxin binding protein (TBP) or Vitamin-D3 

upregulated protein 1(VDUP 1), belongs to the α-arrestin family. It has two arrestin-like domains: 

PxxP sequence (binding motif for SH3 domains) and PPxY (binding domain for WW domain) 

sequence. The human Txnip gene is present in chromosome 1q21.1 with a length of 4174 bp [142, 

151-153]. Under normal conditions, Txnip is found to be localized predominantly in the nucleus. 

It is found to interact with arrestin-α1 under basal conditions, which is responsible for its nuclear 

localization and exerts its transcriptional co-repressor activity [154, 155].  However, under 

stressful conditions, it can translocate to various intracellular structures like cytoplasm, 

mitochondria, cell surface and plasma membrane to exert diverse biological functions [142, 154]. 

Txnip is an endogenous inhibitor of Trx. Txnip binds at the active site of reduced Trx by the 

formation of disulfide linkage between Cys-32 of Trx and Cys-247 of Txnip, resulting in inhibiting 

of Trx activity (Figure 5) [142, 156]. Txnip promotes oxidative stress in cells by inhibiting Trx 

activity.  

1.4.4 Chronic stress and thioredoxin 

 The effect of chronic stress on Trx is not very clear. It has been reported that CUS for 21 

days decreased Trx immunostaining in CA1 region of rat hippocampus [157]. Chronic restraint 

stress (3 hrs daily) for 14 days was also reported to decrease Trx protein levels in mouse 
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hippocampus [158]. In contrast to this, chronic intermittent cold (6 hrs daily) for 14 days was 

reported to increase Trx protein levels in rat cortex, hippocampus and cerebellum [159].  

Previously, our laboratory has found that chronic unpredictable stress for 28 days didn’t 

produce any effect on Trx and TrxR protein levels but increased Txnip protein levels in mouse 

hippocampus and cortex [62]. Furthermore, our laboratory also found that although treatment with 

CORT for 5 days had no effect on Trx and TrxR protein levels, this treatment increased Txnip 

protein levels in primary cultured mouse cerebrocortical neurons and HT22 mouse hippocampal 

neurons. Knocking down Txnip prevented chronic CORT treatment-induced protein sulfenylation 

in cultured HT22 cells [160]. Since Txnip is an endogenous inhibitor, our findings suggest that 

CORT may upregulate Txnip, inhibiting Trx activity and subsequently causing oxidative damage. 

1.5 Summary 

Stress is an organism's response to environmental challenges. Acute stress is beneficial, 

but chronic stress has a harmful effect on health. Chronic stress is found to be a major risk factor 

for depression. Studies have shown that chronic stress and chronic treatment with stress hormone 

CORT can increase ROS production, decrease antioxidant levels, and promote protein oxidation 

in rodent brain. Chronic stress and chronic CORT treatment were also found to activate 

inflammatory signaling and release pro-inflammatory cytokines. These findings suggest that 

chronic stress and chronic CORT treatment can promote oxidative stress and neuroinflammation. 

Antioxidant Trx is an oxidoreductase that maintains redox balance and inhibits oxidative stress 

and inflammation in cells. The activity of Trx is negatively controlled by Txnip. Previous studies 

from our laboratory has revealed that chronic stress and chronic CORT treatment increased Txnip 

protein levels in mouse brain in vivo and in cultured mouse neurons in vitro. Our finding suggests 

that chronic stress and chronic CORT treatment may promote oxidative stress and inflammation 
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through the upregulation of Txnip. Astrocytes as an immune-competent cells, participate in 

immunological reactions and release cytokines, chemokines and ROS that promote 

neuroinflammation and facilitate oxidative damage. Our results may also indicate that astrocytes 

may play a role in chronic stress and chronic CORT treatment-induced oxidative damage and 

inflammation. 

 

1.6 Hypothesis and Objectives 

We hypothesize that chronic CORT treatment can increase Txnip expression in astrocytes. CORT-

induced Txnip: 

• may inhibit Trx activity and increase protein oxidation  

• may also activate NLRP3 inflammasome and release pro-inflammatory cytokines 

The objective of this project is: 

1. To determine if CORT treatment upregulates Txnip and further causes protein oxidation in 

primary cultured mouse astrocytes. 

2. To determine if CORT treatment activates NLRP3 inflammatory signaling and if Txnip 

mediates CORT-induced activation in primary cultured mouse astrocytes. 
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CHAPTER 2. MATERIALS AND METHODS 

2.1 Cell culture: 

Primary astrocytes were obtained from postnatal P1 to P3 CD1 mice pups. The brain was 

isolated, the cerebral cortex was dissected, and the meninges were peeled off. The cortex was 

minced and then 1 ml of 0.25% trypsin with 4 ml of phosphate buffer saline (PBS) was added. The 

tissue was incubated with trypsin for 10 min at 37 ⁰C with occasional stirring. Then, cortices were 

washed twice with Dulbecco’s Modified Eagle’s Medium (DMEM) (Life Technologies Inc, 

Burlington, ON, Canada) supplemented with 10% fetal bovine serum (FBS) and 1% streptomycin 

and penicillin. The cells were dissociated by pipetting up and down in 10 ml of DMEM with 10% 

FBS and 1% streptomycin and penicillin. The medium with cells was transferred to T-75 flask 

coated with collagen (100 µg/ml). The medium was changed every two days for seven days. When 

the mixed glial culture in T-75 gets confluent, microglia and oligodendrocytes were removed by 

shaking at 240 rpm overnight. Then, the T-75 flask was shaken vigorously the next day to remove 

any remaining microglia and oligodendrocytes. The astrocytes remaining in the T-75 flask were 

seeded in 6-well plates coated with collagen at a density of 3 × 105 cells/well, incubated at 37 ⁰C 

with 5% CO2 for two days and then treated with CORT.  

2.13 Protein extraction 

Primary astrocytes were washed twice with PBS, and 75 µl of lysis buffer (containing 20 

mM HEPES, 250 mM NaCl, 20% glycerol, 30 mM MgCl2, 0.5 mM EDTA, 0.1 mM EGTA, 0.3 

mM DTT, 1% NP40 and 1× protease inhibitor cocktail) was added to every wells. Then, the cells 

were scrapped off and kept on ice for 1 hour with occasional vortexing. After cells were 

centrifuged at 13,500 ×g at 4 ⁰C for 15 min, the supernatant was collected to obtain protein extract 

[160]. The concentration of protein was determined using Bradford assay [161]. 



33 
 

2.3. Immunoblotting analysis 

The protein sample was mixed with equal volume of 2× SDS gel-loading buffer (containing 

100 mM Tris. HCl (pH 6.8), 20% glycerol, 4% SDS, 0.2% bromophenol blue, 200 mM DTT). The 

mixture was heated for 5 min at 95 ⁰C, and the sample was spin-down. The sample was loaded in 

12% SDS- polyacrylamide gel and electrophoresis was performed at 120 V for 90 min. The 

proteins were transferred to a polyvinylidene fluoride (PVDF) (Millipore, Billerica, MA) 

membrane for 2 hours at 220 mA on ice. The membrane was blocked with 5% milk in Tris-buffered 

saline-tween (TBST) containing 10 mM Tris-HCl, pH 7.4 and 0.1% Tween-20. The membranes 

were incubated overnight at 4⁰C including with a primary antibody like rabbit monoclonal Trx1 

(1:1000 dilution, Cell Signaling Technology, Danvers, MA, USA), rabbit polyclonal anti-cysteine 

sulfenic acid antibody (1:3000 dilution, Millipore Canada Ltd, Etobicoke, ON, Canada), mouse 

monoclonal NLRP3 (1:1000 dilution, Adipogen, CA, USA) or rabbit monoclonal Txnip (1:2000 

dilution, Abcam Inc., Toronto, ON, Canada).  It was followed by 4 washes with TBST for 10 min 

each and then incubated with horseradish peroxidase (HRP)-conjugated secondary antibody for 1 

hour at room temperature. The membrane was washed again 4 times with the same TBST for 10 

min each. The enhanced chemiluminescence reagent was added to the membrane. The 

chemiluminescence detected immunoreactive bands and bands were imaged using ChemiDoc MP 

system (Bio-Rad). The band intensity was determined using image Lab software. 

2.4 Determination of Trx activity 

Thioredoxin activity was measured using eosin-labeled insulin kit (Cayman Chemical, 

Canada). The cells were lysed using Tris buffer (100 mM Tris-HCl pH 7.5, 1 mM EDTA and 1× 

protease inhibitor). Then the sonification was performed to increase protein extraction. 20 µl of 

sample, including 10g protein, 40 µl of 1× Assay buffer and 10 µl of 0.16 U TrxR was added to 
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the sample well while 20 µl of sample and 50 µl of 1×Assay buffer were added to the sample 

background well. 10 µl of 0.25 mM NADPH was added in each well and incubated at 37 ⁰C for 

half hour. Then, 20 µl of eosin-labeled insulin was added to all wells in the dark and incubated for 

1 hr. The fluorescence intensity was measured at Excitation/Emission of 520/560 nm.  

2.5 Reduced thiol level determination:  

Ellman’s assay was used to determine reduced thiol levels [162]. The free thiol group (-

SH) reacts with 5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB) to give mixed disulfide and yellow-

colored product, 2-nitro-5-thiobenzoic acid (TNB). The TNB2- anion concentration anion can be 

measured by detecting absorbance at 412 nm. 5 µl of Ellman’s reagent (4 mg of DTNB in 1 ml of 

Reaction buffer (0.1 M sodium phosphate, pH 8.0 and 1 mM EDTA)), 150 µl of Reaction buffer 

and 50 µl of sample were added in every well and incubated for 15 min at room temperature. The 

absorbance intensity was measured at 412 nm.  

2.6 Dimedone conjugation method for detection of protein sulfenylation 

Protein sulfenylation was measured using dimedone conjugation [160]. Dimedone is a cell 

permeable nucleophile which can label cysteine sulfenic acid to form a stable thioether product. 

This modified protein can be analyzed using an immunoblotting assay with an anti-sulfenic acid 

antibody. The cells were washed with PBS and incubated with 0.25% trypsin for 3 min at 37 ⁰C. 

Then, the trypsinization was terminated with DMEM containing 10% FBS. Then, the cells were 

centrifuged at 800 ×g for 5 min, and the supernatant was removed. The cells were resuspended in 

DMEM and 5 mM dimedone (Sigma Aldrich, Canada) for 2 hours. In every 20-30 minutes, cells 

were suspended by pipetting up and down gently. After the incubation, the cells were centrifuged 

at 800 ×g for 5 min. The supernatant was removed, and cells were washed with PBS once. They 

were centrifuged again at 500 ×g for 5 min and lysed with 75 µl of lysis buffer (containing 2 mM 
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dimedone, 0.1% Triton-X, 12 mM sodium phosphate dibasic, 0.01% SDS, 10 mM N-

ethylmaleimide (NEM), 10 mM EDTA, 3mM citric acid, 10 mM iodoacetamide (IAM) and 200 

units/ml catalase. Dimedone, NEM and IAM were added just before the experiment.). The cells 

were incubated on ice for an hour and vortexed occasionally. Then, cells were centrifuged at 

13,500 ×g for 15 min at 4 ⁰C. 15 µg of protein was mixed with 2× SDS-gel loading buffer and 

loaded in 12% SDS/PAGE gel and analyzed by immunoblotting assay using rabbit polyclonal anti-

cysteine sulfenic acid antibody.  

2.7 Biotin hydrazide conjugation method for detection of protein carbonylation: 

Protein carbonylation was measured by biotin hydrazide conjugation method [163]. Protein 

carbonylation is a marker for protein oxidation. The protein carbonyl group reacts with biotin 

hydrazide to form a stable biotin-tagged derivative. The biotin-tagged carbonyl derivative can be 

analyzed using an immunoblotting assay using HRP-streptavidin. The cells were lysed using 20 

mM N-Morpholino-ethane sulfonate (MES) buffer at pH 5.5. The cells were incubated in ice for 

1 hour and centrifuged at 13,500 ×g for 15 min at 4 ⁰C. To 50 µl of the sample, 10% additional 

volume of 50 mM biotin hydrazide was added. The solution was incubated at 37⁰C for 2 hrs with 

gentle agitation periodically. Then, the sample was mixed with an equal volume of 2 ×SDS loading 

buffer, heated for 5 min at 95⁰C and loaded in 12% SDS/PAGE gel. Samples were transferred to 

a PVDF membrane as described above. The membrane was blocked at room temperature using 

4% bovine serum albumin (BSA) in TBST. The membrane was incubated with HRP-streptavidin 

for 1 hour at room temperature followed by washed 3 times with TBST for 10 min each. Blots 

were developed using Enhanced Chemiluminescence reagent, and bands were analyzed using the 

ChemiDoc MP system (Biorad). 
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2.8 Co-immunoprecipitation: 

Co-immunoprecipitation was used to study the interaction between Txnip and NLRP3. 80 

µg of cell lysate was precleared first by mixing with 10 µl of protein A/G beads. The mixture was 

incubated at 4 ⁰C for an hour with rotation. The mixture was spin-down, and the supernatant was 

transferred to another tube. The protein in the supernatant was incubated with mouse monoclonal 

anti-NLRP3 overnight at 4 ⁰C with rotation. Then, 10 µl of protein A/G beads were added on and 

incubated for 4 hrs at 4 ⁰C with rotation. The mixture was spin-down, and the supernatant was 

removed. The bead was washed 3 times with cold lysis buffer. 15 µl of 2×SDS buffer was added 

to the sample. The sample was loaded into 12% SDS-PAGE gel and transferred to PVDF 

membrane as described above. The membrane was incubated with primary Txnip antibody 

overnight at 4⁰C followed by incubation with HRP-conjugated secondary antibody for 1 hr at room 

temperature. The chemiluminescence was used to detect immunoreactive bands and imaged using 

ChemiDoc. The membrane was reprobed again with NLRP3 antibody as a loading control.  

2.9 Caspase-1 activity assay: 

Caspase-1 activity was measured by using fluorogenic substrate Z-YVAD-AFC [164, 165]. 

The caspase-1 in the sample cleaves the substrate to release 7-amino-4-trifluoromethylcoumarin 

(AFC). The fluorescence from released AFC can be used to quantify caspase-1 activity. The cells 

were lysed using caspase-1 lysis buffer (50 mM HEPES pH 7.4, 1 mM EDTA, 0.1% CHAPS, 10 

mM DTT), incubated on ice for 1 hour and centrifuged at 13,500 ×g to obtain the protein. 50 µg 

of protein (1 µg/µl) was added to each well in 96 well plates containing 50 µl of 2× Reaction buffer 

(200 mM HEPES pH 7.4, 20% sucrose, 100 mM NaCl, 10 mM DTT 0.2% CHAPS, 1 mM EDTA). 

Then 5µl of 1 mM Z-YVAD-AFC (Cayman Chemical, CA) was added to every well and incubated 
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at 37 ⁰C for 2 hours. The fluorescence intensity of released AFC was detected at 

Excitation/Emission of 400nm/505 nm.  

2.10 Enzyme-Linked Immunosorbent assay (ELISA) 

The medium from cultured cells was taken and concentrated to around 180 µl using 

Amicon Ultra Centrifugal Filter (Sigma Aldrich, Canada) with molecular weight cut off of 3 kDa. 

The ELISA (Thermo Scientific, Canada) was performed to determine the IL-1β level in 

concentrated medium. First, all of the wells were washed with 1× wash buffer 4 times. 50 µl of the 

medium was added, and then 50 µl of sample diluent was also added in each well. Then, 50 µl of 

Biotin-conjugate was added to all wells. Wells were covered properly with a film and incubated 

for 2 hours at room temperature on a microplate shaker. Then all of the wells were emptied and 

washed 4 times with 1× wash buffer. After washing, 100 µl of Streptavidin-HRP was added in all 

wells and incubated at room temperature for 1 hr on microplate shaker. The wells were washed 4 

times with 1× wash buffer. Then, 100 µl of Substrate solution was added to each well. The plate 

was incubated in the dark for 10 min at room temperature on a microplate shaker. After incubation, 

100 µl of Stop Solution was added to each well. The absorbance was detected at 450 nm. 

2.11 Knocking out Txnip using CRISPR/Cas9 

Txnip was knocked out using CRISPR/Cas9 as described previously [165]. CRISPR/Cas9 

All-in-One lentivector (pLenti-U6-sgRNA-SFFV-Cas9-2A-Puro) used in our experiment contains 

Txnip single guide RNA (sgRNA) and CRISPR/Cas9 (ABM Inc Richmond, BC, Canada). 

CRISPR/Cas9 lentivector containing scrambled sgRNA was used as a control. Lentivector was 

packaged with lentivirus by the Canadian Neurophotonics Platform Viral Vector Core Facility in 

Quebec. Primary cultured mouse astrocytes are grown in collagen-coated 6-well plates till 50% 

confluency. Then, lentivirus was added to each well containing 1 ml DMEM medium with 10% 
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FBS and 1% penicillin/streptomycin and incubated overnight at 37 ⁰C. 1 ml fresh DMEM was 

added to each well and incubated for an additional 24 hours. Then, a medium containing viral 

particles was removed and cultured with DMEM containing 1 µg/ml puromycin for 6 days. The 

Txnip knockout primary mouse astrocyte was used for further experiments. 

2.12 Statistical analysis 

We performed statistical analysis using IBM SPSS (IBM, Armonk, New York, USA). 

Results are presented as mean ± standard error of the mean (SEM). To evaluate the significant 

differences in means, we used one-way analysis of variance (ANOVA) with Tukey post hoc tests. 

Student’s t-test was employed for comparison between two groups. Statistical significance was 

defined when a p-value was below 0.05. 
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CHAPTER 3. RESULTS 

3.1 To determine if CORT treatment upregulates Txnip and further causes protein oxidation 

in primary cultured mouse astrocytes. 

3.1.1 Effect of CORT on Txnip and Trx protein levels in primary cultured mouse astrocytes 

Glial fibrillary acidic protein (GFAP) is a marker for astrocytes, while ionized calcium-

binding adaptor molecule 1 (Iba1) is a marker for microglia. The purity of astrocytes in primary 

cultured mouse cerebrocortical astrocytes was determined by using immunocytochemistry with 

GFAP antibody and Iba1 antibody. Nucleus was stained by Hoechst33342. 84% of the cells were 

found to be GFAP-positive, while 2% of the cells were found to be Iba1 positive. Our findings 

suggest that our cell culture was enriched with astrocytes (figure 7).  

 To study the effect of CORT on Trx and Txnip protein levels, primary astrocytes were 

treated with CORT at 0.01, 0.1, 1 and 10 µM for 24 hrs. Immunoblotting showed that Trx band 

was obtained approximately at 12 kDa while Txnip band was obtained approximately at 50 kDa. 

We found that CORT treatment did not have any significant effect on Trx protein levels (N = 4, 

p>0.05) (figure 8A). We also found that although CORT treatment at 0.01 µM had no effect on 

Txnip protein levels, CORT treatment at 0.1, 1 and 10 µM significantly increased Txnip protein 

levels by 93.98± 5.5%, 128.84± 2.7% and 102.76± 5.86% respectively when compared to the 

control (CTL) (N=4, p<0.05) (figure 8B). The highest increase in Txnip level was obtained at 1 

µM CORT treatment. 1 µM of CORT treatment was decided to be used for the following 

experiments.  

 To study if CORT treatment has a time-dependent effect on Txnip protein levels, cultured 

astrocytes were treated with CORT at 1µM for 1, 4, 8 and 24 hours. We found that CORT treatment 

for 1 and 4 hours significantly decreased Txnip protein levels, but CORT treatment for 8 and 24  
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Figure 7. Primary mouse astrocytes were stained by GFAP, Iba1, and Hoechst33342. The images 

were used to count cells using the Cell Counter plugin in ImageJ. About 84% of cells were GFAP-

positive cells and 2% of cells were Iba1-positive. 
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Figure 8. Effect of CORT on Trx (A) and Txnip (B) protein levels: Astrocytes were treated 

with corticosterone (CORT) at 0.01-10 μM for 24 hours. Protein levels of Trx and Txnip were 

measured using western blot. Stain free blot was used as loading control. Data are displayed as 

mean ± SEM (N = 4). * indicates p<0.05 when compared to controls (CTL) determined by one-

way ANOVA followed by Tukey's post-hoc analysis. 

12 kDa 

50 kDa 
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Figure 9. Effect of CORT on Txnip level at different time course: Astrocytes were treated with 

corticosterone (CORT) at 1 μM for 1, 4, 8 and 24 hrs. Protein levels of Txnip were measured using 

western blot. Stain free blot was used as loading control. Data are displayed as mean ± SEM (N = 

4). * indicates p<0.05 when compared to controls (CTL) determined by one-way ANOVA 

followed by Tukey's post-hoc analysis. 
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hours significantly increased Txnip protein levels when compared to the CTL (N=4, p<0.05) 

(figure 9). This result suggests that only longer period of treatment, but not a shorter period of  

treatment can upregulate Txnip.  

 To determine if GR and MR mediate CORT-increased Txnip protein levels, cultured 

astrocytes were treated with GR antagonist RU486 at 1µM or MR antagonist spironolactone at 1 

µM along with CORT treatment for 24 hrs. We found that treatment with RU486 had no effect on 

Txnip levels while treatment with spironolactone significantly decreased Txnip levels (N = 4, 

p<0.05). We further found that treatment with CORT alone significantly increased the Txnip 

protein levels (N = 4, p<0.05) as compared with CTL, but treatment with RU486 or spironolactone 

significantly reduced CORT-increased Txnip protein levels (N = 4, p<0.05) (figure 10). This result 

suggests that both GR antagonist and MR antagonist can inhibit CORT-upregulated Txnip. 

3.1.2 Effect of CORT on Trx activity 

 Txnip can bind to Trx protein and inhibits Trx activity. Since CORT treatment upregulates 

Txnip, we determined the effect of CORT on Trx activity in primary cultured mouse astrocytes.  

PX12 is a Trx pharmacological inhibitor and was utilized as a positive control. Cultured astrocytes 

were treated with vehicle, 1 µM CORT or 15 µM PX12 for 24 hrs. We found that treatment with 

PX12 significantly decreased Trx activity by 18.24 ± 1.82% (N=5, p<0.05) and treatment with 

CORT significantly decreased Trx activity by 8.86 ± 1.86% (N=5, p<0.05) as compared to control 

(figure 11). This result suggests that CORT treatment modestly inhibit Trx activity in primary 

cultured mouse astrocytes. 

3.1.3 Effect of CORT on reduced thiol levels 

 Trx can reduce thiol oxidation. So, we studied the effect of CORT treatment on total 

reduced thiol levels in primary cultured mouse astrocytes. H2O2 is an oxidizing agent and can  
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Figure 10. Effect of GR and MR antagonist on CORT-increased Txnip protein levels: 

Astrocytes were treated with corticosterone (CORT), MR antagonist Spironolactone (SPR), and 

GR antagonist RU486 for 24 hours. Protein levels of Txnip were measured using a western blot. 

Stain-free blot was used as a loading control. Data are displayed as mean ± SEM (N = 4). * 

indicates p<0.05 when compared to controls (CTL) determined by one-way ANOVA followed 

by Tukey's post-hoc analysis. 
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Figure 11. Effect of CORT on Trx activity: Astrocytes were treated with corticosterone 

(CORT) at 1µM, and PX12 at 15µM for 24 hours. The Trx activity was measured using a 

Cayman Trx activity kit. Data are displayed as mean ± SEM (N = 5). * indicates p<0.05 when 

compared to controls (CTL) determined by one-way ANOVA followed by Tukey's post-hoc 

analysis.  
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induce thiol oxidation, resulting in decrease of total reduced thiol levels. H2O2 was utilized as a 

positive control. Initially, to determine the H2O2 concentration that would decrease the level of 

reduced thiol levels, we treated C6 glioma with 1, 2 and 4 mM H2O2 for 1.5 hours. We found that  

H2O2 treatment significantly decreased total reduced thiol levels in C6 glioma as compared to CTL 

(N=4, p<0.05) (figure 12A). Next, we treated primary cultured astrocytes with 1 µM CORT for 24 

hrs and with 2 mM H2O2 for 1.5 hrs. We found that H2O2 treatment significantly decreased total 

reduced thiol level as compared to CTL (N=4, p<0.05), CORT treatment didn’t have any effect on 

total reduced thiol levels (N=4) (figure 12B). 

3.1.4 Effect of CORT on protein sulfenylation and carbonylation 

 Inhibition of Trx activity may promote protein sulfenylation. Next, we determined whether 

CORT treatment induces protein-sulfenylation. H2O2 can oxidize protein cysteine thiols and form 

sulfenylated proteins. H2O2 was utilized as a positive control. First, C6 glioma was treated with 

H2O2 to determine the concentration that would cause sulfenylation. C6 glioma cells were treated 

with H2O2 at the concentration of 0.5, 1 and 2 mM for 2 hours. Although 0.5 mM H2O2 treatment 

didn’t increase sulfenylated protein levels, 1 mM and 2 mM H2O2 treatment significantly increased 

sulfenylated protein levels as compared to CTL (N = 4, p<0.05) (figure 13A). Then, we treated 

primary cultured mouse astrocytes with 1 µM CORT for 24 hrs or 2 mM H2O2 for 2 hrs. We found 

that H2O2 treatment significantly increased sulfenylated protein levels (N=4, p< 0.05), but CORT 

treatment didn’t have any significant effect on sulfenylated protein levels (N=4, p> 0.05) (figure 

13B). This result suggests that CORT treatment cannot cause protein cysteine sulfenylation in 

primary cultured mouse astrocytes.  

 Inhibition of Trx activity may also promote protein carbonylation. Next, we determined 

whether CORT treatment induces protein carbonylation. H2O2 was utilized as a positive control.  
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Figure 12. Effect of H2O2 and CORT on reduced thiol levels: (A) C6 glioma cells were treated 

with H2O2 at 1 mM, 2 mM, and 4 mM for 1.5 hours. Reduced thiol level was determined by using 

Ellman’s assay. (B) Primary astrocytes were treated with 2 mM H2O2 for 1.5 hours as positive 

control and 1 uM CORT for 24 hours. Data are displayed as mean ± SEM (N = 4). * indicates 

p<0.05 when compared to controls (CTL) determined by one-way ANOVA followed by Tukey's 

post-hoc analysis. 
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Figure 13. Effect of H2O2 and CORT on sulfenylated protein levels: (A) C6 glioma cells 

were treated with H2O2 at 0.5, 1 and 2 mM for 2 hours (B) Primary mice astrocytes were treated 

with H2O2 at 2 mM for 2 hours or CORT at 1 µM for 24 hours. Sulfenylated protein levels were 

measured using dimedone conjugation followed by western blot. Coomassie brilliant blue (CBB) 

was used as a loading control. Data are displayed as mean ± SEM (N = 4). * indicates p<0.05 

when compared to controls (CTL) determined by one-way ANOVA followed by Tukey's post-

hoc analysis. 
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First, C6 glioma was treated with H2O2 to determine the concentration that would cause protein 

carbonylation. C6 glioma cells were treated with H2O2 at of 0.5, 1 and 2 mM for 2 hrs. We found 

that H2O2 treatment at 0.5 and 1 mM didn’t have any significant effect on carbonylated protein 

level but H2O2 treatment at 2 mM significantly increased carbonylated protein levels as compared 

to CTL (N = 4, p<0.05) (figure 14A). Next, we treated primary cultured astrocytes with CORT at 

1 µM for 24 hrs or H2O2 at 2 mM for 2 hours. We found that H2O2 treatment significantly increased 

carbonylated protein levels as compared to CTL (N = 4, p<0.05), but CORT treatment didn’t have 

any significant effect on carbonylated protein levels (N = 4, p>0.05) (figure 14B). This result 

suggests that CORT treatment cannot cause protein carbonylation in primary cultured mouse 

astrocytes.  

3.2 To determine if CORT treatment activates NLRP3 inflammatory signaling and if Txnip 

mediate CORT-induced activation in primary cultured mouse astrocytes. 

3.2.1 Effect of CORT on NLRP3 protein levels and Txnip/NLRP3 binding activity 

 Txnip can interact with NLRP3 protein and promote the formation of NLRP3 

inflammasome. Next, we studied whether the CORT treatment have any effect on NLRP3 protein 

levels and Txnip/NLRP3 binding activity. LPS is a major endotoxin that can activate innate 

immune system and can prime NLRP3 inflammasome by increasing the expression of NLRP3 

protein. ATP can directly activate NLRP3 inflammasome. LPS and ATP were used as positive 

control. First, primary cultured mouse astrocytes were treated with 1 µM CORT for 24 hrs or 500 

ng/ml of LPS for 4 hrs followed by 5 mM of ATP for half hour. We found that LPS+ATP 

significantly increased NLRP3 protein levels (N = 3, p<0.05), but CORT treatment didn’t show 

any significant effect on NLRP3 protein levels as compared to CTL (N = 3, p>0.05) (figure 15). 

Second, we determined if CORT treatment increased the interaction between Txnip and NLRP3.  
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Figure 14. Effect of H2O2 and CORT on carbonylated protein levels: (A) C6 glioma cells 

were treated with H2O2 at 0.5, 1 and 2 mM for 2 hours. followed by western blot. (B) Primary 

mice astrocytes were treated with H2O2 at 2 mM for 2 hours or CORT at 1 µM for 24 hours. 

Carbonylated protein levels were measured using biotin-hydrazide conjugation. Coomassie 

brilliant blue (CBB) was used as a loading control. Data are displayed as mean ± SEM (N = 4). * 

indicates p<0.05 when compared to controls (CTL) determined by one-way ANOVA followed 

by Tukey's post-hoc analysis. 
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Figure 15. Effect of CORT on NLRP3 protein levels in primary astrocytes: Astrocytes were 

treated with corticosterone (CORT) at 1 μM for 24 hours or 500 ng/ml LPS for 4 hours followed 

by 5 mM ATP for 30 min. Protein levels of NLRP3 were measured by western blot. The stain-

free blot was used as a loading control. Data are displayed as mean ± SEM (N = 3). * indicates 

p<0.05 when compared to controls (CTL) determined by one-way ANOVA followed by Tukey's 

post-hoc analysis. 
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Figure 16. Effect of CORT on Txnip/NLRP3 binding activity in primary astrocytes: 

Astrocytes were treated with corticosterone (CORT) at 1 μM for 24 hours. Cell lysate was 

immunoprecipitated (IP) by NLRP3 antibody overnight. Protein levels of Txnip and NLRP3 in 

immunoprecipitated proteins were measured using immunoblotting (IB) analysis. The ratio of 

Txnip band intensity/NLRP3 band intensity was used to determine Txnip/NLRP3 binding 

activity. Data are displayed as mean ± SEM (N = 4). * indicates p<0.05 when compared to 

controls (CTL) determined by t-test. 
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We treated primary cultured astrocytes with CORT at 1 µM for 24 hrs. As shown in Figure 16, the 

protein sample was immunoprecipitated using a mouse monoclonal NLRP3 antibody. Then, it was 

analyzed with Txnip antibody by immunoblotting analysis, and then the same blot was re-probed 

with NLRP3 antibody for measuring loading control. The ratio of Txnip band intensity/NLRP3 

band intensity was used to determine Txnip/NLRP3 binding activity. We found that CORT 

treatment significantly increased Txnip/NLRP3 binding activity as compared to the CTL (N = 4, 

p<0.05).  

3.2.2 Effect of CORT on caspase-1 activity 

 The NLRP3 inflammasome can promote cleavage of pro-caspase-1 to active caspase-1. 

Next, we determined if CORT treatment increased caspase-1 activity. Treatment with LPS and 

ATP was used as a positive control. Primary cultured mouse astrocytes were treated with 500 

ng/ml LPS for 4 hrs and then followed by treatment with 5 mM ATP for a half-hour or treated with 

1 µM CORT for 24 hrs. The protein extract was incubated with Z-YVAD-AFC for 2 hrs at 37 ⁰C 

and fluorescence intensity was measured. As expected, LPS/ATP treatment significantly increased 

caspase-1 activity by 57.91 ± 3.02% as compared to CTL (N = 4, p<0.05). We also found that 

CORT treatment significantly increased caspase-1 activity by 34.27 ± 2.5 % as compared to the 

CTL (N = 4, p<0.05) (figure 17).  

3.2.3 Effect of CORT on IL-1β release  

 Active caspase-1 can convert inactive pro-IL-1β to active IL-1β which is then released by 

the cells. Next, we determined whether CORT treatment increases IL-1β release. We treated 

primary cultured mouse astrocytes with 1 µM CORT for 24 hrs.  LPS/ATP was used as a positive 

control. After the treatment, medium was collected and concentrated using Amicon ultracentrifuge 

filter with molecular weight cut off of 3 kDa. Then, ELISA was performed to determine IL-1β  
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Figure 17. Effect of CORT and LPS+ATP on caspase-1 activity: Astrocytes were treated with 

corticosterone (CORT) at 1 μM for 24 hours or 500 ng/ml LPS for 4 hours followed by 5 mM ATP 

for 30 min. Caspase-1 activity was measured using Z-YVAD-AFC. Data are displayed as mean ± 

SEM (N = 4). * indicates p<0.05 when compared to controls (CTL) determined by one-way 

ANOVA followed by Tukey's post-hoc analysis. 
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Figure 18. Effect of CORT and LPS+ATP on IL-1β release: A. Standard curve for IL-1β B. 

Astrocytes were treated with corticosterone (CORT) at 1 μM for 24 hours or 500 ng/ml LPS for 

4 hours followed by 5 mM ATP for 30 min. Released IL-1β was determined by using ELISA. 

Data are displayed as mean ± SEM (N = 4). * indicates p<0.05 when compared to controls 

(CTL) determined by one-way ANOVA followed by Tukey's post-hoc analysis. 
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release from astrocytes. Figure 18A is a standard curve for IL-1β, showing that IL-1β concentration 

is positively proportional to absorbance OD value. As shown in figure 18B, LPS/ATP treatment 

released 27.59 ± 1.02 pg/ml of IL-1β from astrocytes, CORT treatment released 10.32 ± 1.3 pg/ml 

of IL-1β from astrocytes, and vehicle treatment released only 2.6 ± 1.07 pg/ml of IL-1β (N = 4). 

Statistical analysis indicated that both LPS/ATP treatment and CORT treatment significantly 

increased IL-1β release (N=4, p < 0.05).  

3.2.4 Effect of Txnip knockout on CORT-induced caspase-1 activation and IL-1β release: 

 To evaluate whether Txnip contributes to CORT-induced caspase-1 activation and IL-1β 

release, Txnip was knocked out in primary astrocytes using CRISPR/Cas9, and then we measured 

the effect of CORT on caspase-1 activity and IL-1β release in primary cultured mouse astrocytes. 

Lentivirus containing CRISPR/Cas9/Txnip sgRNA and CRISPR/Cas9/scrambled sgRNA vectors 

were transduced to cultured astrocytes. As shown in Figure 19, scrambled sgRNA transduced 

astrocytes didn’t have any significant change in Txnip protein levels as compared to wild-type 

astrocytes (N=4, p<0.05). Txnip sgRNAs transduced astrocytes had significantly lower Txnip 

protein levels than scrambled sgRNAs transduced astrocytes (p<0.05, N=4). After cultured 

astrocytes were treated with CORT at 1 µM CORT for 24 hrs, we found that CORT treatment 

significantly increased caspase-1 activity in scrambled sgRNAs transduced astrocytes (N=3, 

p<0.05), but had no effect on caspase-1 activity in Txnip sgRNAs transduced astrocytes (N=3, 

p>0.05) (figure 20A). Although CORT treatment significantly increased IL-1β release in 

scrambled sgRNAs transduced astrocytes (N=3, p<0.05), CORT-treatment had no effect on IL-1β 

release in Txnip sgRNAs transduced astrocytes (N=3, p>0.05) (figure 20B). This result suggests 

that knocking out Txnip gene can inhibit CORT-treatment-increased caspase 1 activity and IL-1β 

release in primary cultured mouse astrocytes. 
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Figure 19 Knocking out Txnip gene expression by CRISPR/Cas9/Txnip sgRNA: Lentivirus 

containing CRISPR/Cas9/Txnip sgRNA (KO) and CRISPR/Cas9/scrambled sgRNA (SCM) 

vectors were transduced to cultured astrocytes. Protein levels of Txnip was measured using 

western blot. Stain free blot was used as loading control. Data are displayed as mean ± SEM (N 

= 4). * indicates p<0.05 when compared to controls (CTL) determined by one-way ANOVA 

followed by Tukey's post-hoc analysis 
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Figure 20. Effect of CRISPR/cas9 knockout on CORT-induced caspase-1 activation and 

IL-1β release. Lentivirus containing CRISPR/Cas9/Txnip sgRNA (KO) and 

CRISPR/Cas9/scrambled sgRNA (SCM) vectors were transduced to cultured astrocytes. 

Astrocytes were treated with vehicle (CTL) or 1 µM CORT for 24 hrs. A) Caspase-1 activity was 

measured using Z-YVAD-AFC substrate B) Released IL-1β was measured using ELISA. Data 

are displayed as mean ± SEM (N = 3). * indicates p<0.05 when compared to controls (CTL) 

determined by one-way ANOVA followed by Tukey's post-hoc analysis. 
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CHAPTER 4. DISCUSSION 

4.1 CORT treatment upregulates Txnip in astrocytes 

Astrocytes contribute a significant role to the regulation of neuroinflammation. Once 

astrocytes are activated, astrocytes release pro-inflammatory cytokines and increase ROS 

production, which facilitates neuroinflammation and causes neuronal damage. In this present 

study, although treatment with corticosterone (CORT) for 24 hours had no effect on Trx protein 

levels, this treatment increased Txnip protein levels in primary cultured mouse astrocytes. We also 

found that Txnip protein levels were increased by treatment with CORT for 24 hours, but not for 

1 and 4 hours, suggesting that longer time treatment is required for CORT to upregulate Txnip. 

Previously, our laboratory found that CORT treatment increased Txnip protein levels in primary 

cultured mouse cerebrocortical neurons and primary cultured mouse microglia [160, 165]. Our 

results together suggest that Txnip protein levels can be increased by CORT treatment not 

only in neurons and microglia, but also in astrocytes. Our laboratory has also found that CUS 

for 28 days in mice not only induced depressive-like behaviours, but also increased Txnip protein 

levels in the frontal cortex and hippocampus [62]. Since chronic unpredictable stress can increase 

serum CORT levels in mice, our findings also suggest that chronic stress may increase CORT 

levels, upregulating Txnip and causing depressive-like behaviours.    

CORT can bind to both MR and GR. When CORT binds to either MR or GR, 

CORT/receptor complexes translocate to the nucleus. Then MR and GR can form homodimer or 

heterodimer and bind to glucocorticoid response elements (GRE) in the promoter region of target 

genes and increase transcription of these genes [166]. In our study, CORT-increased Txnip protein 

levels were reversed by both GR antagonist RU486 and MR antagonist spironolactone in cultured 

mouse astrocytes. This result suggests that CORT treatment can activate both MR and GR, causing 
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MR and GR homodimer or heterodimer and further regulating Txnip expression.  

It is interesting that Txnip gene contains a putative GRE site from -940 to -764 in its 

promoter region. When WEHI7.2 murine T-cells were transfected by pGL3B vector containing a 

luciferase report under control of Txnip promoter region from -1081 to the transcription start site, 

it has been found that treatment with 1µM dexamethasone increased luciferase activity by 6-fold. 

Deletion and mutation of this putative GRE sequence was found to suppress dexamethasone-

increased luciferase activity [167]. Furthermore, it was also found in WEHI7.2 murine T-cells 

using Northern blotting analysis that treatment with dexamethasone for 24 hours increased Txnip 

mRNA levels, and GR antagonist RU486 can reverse dexamethasone-increased Txnip mRNA 

levels [167]. It has also been found in mouse erythroid progenitor cells that treated with 

dexamethasone increased Txnip mRNA levels, while GR mutation in the dimerization domain 

reduced dexamethasone-increased Txnip mRNA levels [168]. This evidence suggest that the Txnip 

promoter region contains a functional GRE site and that ligand-activated GR can translocate into 

the nucleus, bind to the GRE in the Txnip promoter region, and induce Txnip gene expression.  

CORT may also regulate Txnip expression through antioxidant response element (ARE). 

Txnip promoter region contains a putative ARE from -1286 to -1276. It has been found that 

deletion of ARE sequence increased Txnip promoter-luciferase reporter activity [169]. Nuclear 

factor erythroid 2-related factor (Nrf2) is a transcription factor that interacts with ARE. ChIP 

analysis revealed that Nrf2 can interact with ARE site in Txnip promoter region. Overexpression 

of Nrf2 in H9C2 cells was found to decrease Txnip mRNA levels, while knocking down Nrf2 

using siRNA increased Txnip mRNA levels [169]. This evidence suggests that Nrf2 can act on 

ARE in Txnip promoter region and negatively regulate Txnip expression. Previously, it has been 

found that CUS for 4 weeks decreased Nrf2 protein levels in rat brain [170]. CORT administration 
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(20 mg/kg/day, s.c.) for 3 weeks decreased Nrf2 protein levels in mouse frontal cortex and 

hippocampus [171]. Treatment of human SK-N-SH neuroblastoma cells with CORT (200 µM) for 

24 hrs also decreased Nrf2 protein levels [172]. These findings suggest that CORT treatment can 

down-regulate Nrf2/ARE transcription activity, increasing Txnip gene expression. 

CORT may also regulate Txnip expression through Forkhead box class O (FOXO) binding 

sites. It has been found that Txnip promoter region has a FOXO binding site [173-175]. ChIP assay 

indicated that FOXO was associated with Txnip promoter [173]. Overexpression of FOXO was 

found to increase Txnip protein levels, while knockdown of FOXO3a using shRNA decreased 

Txnip protein levels in SH-SY5Y cells [176]. The phosphorylation of FOXO promotes its 

translocation from nucleus to cytoplasm, inhibiting FOXO activity [177]. It has been found that 

CUS for 3 weeks decreased phosphorylated- FOXO levels in rat brain [177]. The treatment of 

PC12 with 400 µM CORT for 24 hrs increased nuclear FOXO protein levels [178]. These findings 

suggest that CORT treatment may upregulate FOXO transcription activity, increasing Txnip gene 

expression. 

 In summary, we found that CORT treatment for 24 hrs increased Txnip protein levels in 

primary cultured mouse astrocytes. We also found that inhibition of MR and GR by spironolactone 

and RU486 respectively decreased CORT-increased Txnip protein levels. Since the Txnip 

promoter region contains a GRE site, CORT treatment may activate MR and GR and increase 

GRE-driven Txnip gene expression. Because Txnip promoter region also contains Nrf2/ARE 

binding site and FOXO binding site, CORT treatment may also regulate Txnip expression by these 

DNA binding sites.  
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4.2 CORT-upregulated Txnip does not cause oxidative damage in astrocytes 

Txnip plays an important role in maintaining redox status, mitochondrial function, 

induction of apoptosis, regulation of glucose metabolism and inflammatory signaling. Txnip is an 

endogenous inhibitor of Trx [142, 151]. Trx can reduce cysteine thiol oxidation such as 

sulfenylation. Binding Txnip to Trx can inhibit Trx-reducing capability, resulting in a decrease of 

total free thiol levels and an increase of protein cysteine sulfenylation. Trx can reduce oxidized 

peroxiredoxin, which facilitates peroxiredoxin-mediated neutralization of peroxides including 

H2O2 [137]. H2O2 can react with the oxidized form of transition metals to produce hydroxyl radicals 

that induce protein carbonylation [43, 179]. The binding of Txnip to Trx can cause H2O2 

accumulation and promotes protein carbonylation. In this study, we found that although CORT 

treatment didn’t have any effect on Trx protein levels, this treatment not only increased Txnip 

protein levels but also modestly inhibited Trx reducing activity in primary cultured mouse 

astrocytes. Our finding suggests that CORT-upregulated Txnip can further inhibit Trx activity in 

astrocytes. However, in the present study, we also found that CORT treatment had no effects on 

total free thiol levels, protein sulfenylation and protein carbonylation in cultured astrocytes.  This 

result suggests that CORT-decreased Trx activity was not sufficient to reduce thiol levels and not 

sufficient to promote protein sulfenylation and carbonylation in cultured astrocytes. 

Astrocytes have more resistance to oxidative damage when compared to neurons. For 

example, the incubation of primary cultured mouse neurons with 100 µM of H2O2 for 30 min was 

found to result in the death of more than 50% of neurons in the culture. However, treatment of 

primary cultured mouse astrocytes with H2O2 up to 1 mM for 1 hr didn’t have any effect on cell 

viability [180]. It was also found that when the same number of primary astrocytes and neurons 

were incubated with 100 µM H2O2, the concentration of H2O2 was found to be nearly 7 times lower 

in astrocytes as compared to neurons after 15 minutes of incubation  [180, 181]. This suggests that 
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astrocytes may be more protective against ROS-induced oxidative damage when compared to 

neurons.  

Astrocytes have high level of antioxidants as compared to neurons. Enriched levels of 

antioxidants may help astrocytes to resist oxidative damage. GSH plays an important role in the 

brain against oxidative damage. Astrocytes contain high amounts of GSH levels. Previously, total 

glutathione levels was found to be 35.4% higher in primary cultured rat cortical astrocytes than in 

primary cultured rat cortical neurons [45, 181]. Tert-butylhydroquinone (tBHQ) is a major 

metabolic product of butylated hydroxyanisole and can activate Nrf2 which upregulates expression 

of various antioxidant proteins like GSH, GST, quinone oxidoreductase and GCL [182, 183]. It 

has been found that  treatment with tert-butylhydroquinone for 24 hrs increased GSH levels higher 

in primary cultured mouse astrocytes than in primary cultured mouse cortical neurons [184]. GCL 

catalyzes the binding of cysteine to glutamate, resulting in the formation of γ-glutamyl cysteine, 

which then reacts with glycine in the presence of glutathione synthetase to form glutathione (GSH). 

It has been reported that GCL catalytic subunit mRNA levels were 8 times higher in primary 

cultured mouse astrocytes than in primary cultured mouse cortical neurons [185]. The activity of 

GCL was also found to be 7 times higher in primary cultured chick astrocytes than in primary 

cultured chick forebrain neurons [186].   

GSH is a prominent low-molecular-weight thiol antioxidant in cells. First, GSH can 

convert H2O2 to water catalyzed by glutathione peroxidase, which prevents H2O2-induced protein 

cysteine sulfenylation. High levels of GSH in astrocytes may prevent CORT-increased Txnip from 

further increasing oxidized thiol levels and protein cysteine sulfenylation. Because protein 

carbonylation is caused by hydroxyl radicals that is generated by reaction of H2O2 with oxidized 

transition metals, GSH-induced H2O2 scavenging may also prevent CORT from inducing protein 
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carbonylation. Second, under oxidative stress, GSH can react with protein sulfenic acid (PS-OH) 

to form protein-mixed disulfide with GSH (PS-SG) and induce protein cysteine glutathionylation. 

Glutathionylation makes the protein unavailable for further oxidation by ROS and protects it from 

irreversible loss of protein activity. Glutathionylation is reversible process and important in 

maintaining redox status [187-189].  

 In addition to the glutathione system, the activity of both catalase and glutathione 

peroxidase in primary striatal mouse astrocytes was found to be nearly 4.5 times higher than in 

primary cultured mouse striatal neurons [180]. Glutathione peroxidase (GPx) and catalase play 

important roles in maintaining the redox status of cells. They are responsible for the neutralization 

of H2O2. GPx catalyzes the reduction of H2O2 to water in presence of GSH as an electron donor. 

It also catalyzes the reduction of organic hydroperoxides to their corresponding alcohols. Catalase 

converts H2O2 to water and O2 [45]. These findings suggest that higher expression of antioxidants 

like GSH, GPx and catalase could make astrocytes more resistant to oxidative stress than neurons.  

In summary, we found that although CORT treatment inhibited Trx activity, this treatment 

didn’t affect total reduced thiol levels, protein sulfenylation, and protein carbonylation in primary 

cultured mouse astrocytes. Since astrocytes enrich with antioxidants such as glutathione, catalase, 

glutathione peroxidase, and others, CORT-increased Txnip may not be sufficient to cause further 

oxidative damage in astrocytes.   

4.3 CORT-upregulated Txnip activates NLRP3 inflammatory signaling in astrocytes. 

NLPR3 inflammasome consists of sensor NLRP3 protein, apoptosis-associated speck-like 

protein containing a caspase recruitment domain (ASC) and procaspase-1. The activation of 

NLRP3 inflammasome has two steps: priming and activation. First of all, priming is stimulated by 

PAMPs, or DAMPs, which increases the expression of NLRP3, pro-IL-1β and pro-IL-18 protein 
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levels. The second activation step induces the forming of NLRP3 inflammasome complex among 

NLRP3, ASC and pro-caspase 1. The activation of NLRP3 inflammasome results in cleavage of 

pro-caspase-1 into the active caspase 1, which subsequently converts pro-interleukin (IL)-1β and 

pro-IL 18 into active IL-1β and IL-18. Then cell can secrete IL-1β and IL-18 [151, 190].  

Txnip can bind with NLRP3 protein and promote NLRP3 inflammasome formation, which 

accelerates proinflammatory responses. NLRP3 protein has three major domains from N-terminal 

to C-terminal including pyrin domain (PYD), ATPase-containing nucleotide binding and 

oligomerization domain (NACHT) and leucine-rich repeat domain (LRR). PYD can bind to ASC, 

which recruits procaspase 1; NACHT assists in the formation of NLRP3 inflammasome, while 

LRR can interact with other proteins. In order to determine the specific NLRP3 domain that 

interacts with Txnip, individual PYD, NACHT or LRR flagged construct of NLRP3 was prepared 

and transfected to human embryonic kidney HEK293 cells. When the extracts were 

immunoprecipitated with anti-flag agarose beads and analyzed by immunoblotting analysis using 

Txnip antibody, it was found that the Txnip band signal was strong in the LRR construct,  weak in 

the NACHT construct but not observed in the PYD construct [191]. This result suggests that LRR 

domain of NLRP3 is the major binding site for Txnip. Studies using co-ip have shown that Txnip 

and NLRP3 can directly interact with each other. When flagged NLRP3 was immunoprecipitated 

using an anti-flag agarose bead and analyzed by immunoblotting analysis using Txnip antibody, 

the Txnip signal was obtained, indicating Txnip directly binds to NLRP3 [191].  It has also been 

found that Txnip co-localized with NLRP3 in immortalized mouse podocyte cell line and human 

promonocytic leukemia cell line [192]. Co-localization between ASC and NLRP3 was also 

observed in the podocyte cell line. After Txnip was knockdown using Txnip siRNA, the 

colocalization between NLRP3 and ASC was significantly attenuated, indicating the role of Txnip 
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in formation of NLRP3 inflammasome assembly [192]. These findings suggest that the interaction 

of Txnip with NLRP3 could be essential for NLRP3 inflammasome assembly.   

Chronic stress and CORT treatment can regulate NLRP3 inflammasome. In CNS, NLPR3 

protein is highly expressed in astrocytes and microglia [193]. In this study, we found that although 

CORT treatment didn’t have any effects on NLRP3 protein level, this treatment increased 

Txnip/NLRP3 binding activity in primary cultured mouse cerebrocortical astrocytes. Previously, 

our laboratory had reported that CORT treatment in cultured N9 mouse microglia cells increased 

Txnip/NLRP3 binding [165]. These studies suggest that CORT-treatment may increase Txnip 

expression, resulting in increased Txnip/NLRP3 binding in glial cells. Previously, it has been 

found that CUS for 4 weeks increased NLRP3 and ASC protein levels in rat hippocampus [194]. 

Oral administration of CORT at 20 mg/kg daily for 35 days increased NLRP3 and ASC protein 

levels in mouse hippocampus and frontal cortex [195]. It has also been found that rats exposed to 

CUS showed increased NLRP3/ASC binding activity and ASC/pro-caspase-1 binding activity in 

the hippocampus and frontal cortex [196]. These findings suggest that chronic stress or CORT 

treatment may increase the binding of Txnip to NLRP3 and promote the assembly of the NLRP3 

inflammasome. 

Activation of NLRP3 inflammasome cleaves pro-caspase-1 into active caspase-1. Pro-

caspase-1 consists of N-terminal caspase activation and recruitment domain (CARD), p20 

subunits, interdomain linker and p10 subunits. Pro-caspase-1 can be cleaved by NLRP3 

inflammasome and release p10 and p20 subunits. The large p20 subunit has a catalytic site, while 

the smaller p10 subunit has a dimer interface. These subunits interact with each other to form an 

active caspase-1 enzyme. Active caspase-1 promotes maturation of pro-IL-1β and pro-IL-18 to 

active IL-1β and IL-18 [197, 198]. Previously, it has been found that the high glucose treatment 



67 
 

not only increased Txnip protein levels but also increased ASC and IL-1β protein levels in the 

HLEC cell line, while the knockdown of Txnip using Txnip siRNA attenuated high glucose-

induced increased IL-1β protein levels [199]. Similarly, high glucose treatment was also found to 

increase Txnip protein levels, cleaved caspase-1 p20 levels and IL-1β protein levels in U937 

monocytes, while the knockdown of Txnip decreased glucose-increased caspase-1 p20 subunit and 

IL-1β levels [200]. This evidence suggests that binding of Txnip to NLRP3 can stimulate NLRP3 

inflammasome, further activating caspase-1 and cleaving pro-IL-1β to active IL-1β.   

Chronic stress and CORT treatment regulate NLRP3 inflammasome, caspase-1 and IL-1β. 

CUS for 4 weeks increased cleaved caspase-1 p10 subunit protein levels and caspase-1 catalytic 

activity, decreased pro-IL-1β protein levels, and increased mature IL-1β protein levels in mouse 

hippocampus and frontal cortex [201]. Chronic restraint stress (4 hrs/day) for 9 days was also 

found to increase caspase-1 p20 subunit protein levels and IL-1β protein levels in mouse 

hippocampus [202]. Mice subjected to repeated forced swim stress (10 min twice daily) for 14 

days showed an increase in mature IL-1β protein levels. Repeated forced swim stress was also 

found to increase co-localization of NLRP3 and IL-1β in frontal cortex. Repeated forced swim 

stress-induced IL-1β protein levels were inhibited in NLRP3 knockout mice [203]. CORT 

administration (20 mg/kg/day, s.c.) for 21 days was increased IL-1β levels and caspase-1 levels in 

mouse hippocampus [204]. These results suggest that chronic stress/CORT treatment can activate 

NLRP3, increasing caspase-1 activity and IL-1β production. 

 In the present study, we found that CORT treatment in primary cultured mouse astrocytes 

increased caspase-1 activity. CORT treatment increased the release of IL-1β from astrocytes. Our 

result suggests that CORT-increased Txnip in astrocytes may activate NLRP3 inflammasome, 

which subsequently increases caspase-1 activity and promotes the release of IL-1β.  Previous 
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studies from our laboratory also showed that the CORT treatment increased caspase-1 activity and 

IL-1β release from mouse N9 microglia cells [165]. The treatment of HAPI rat microglial cells 

with 0.5 µM dexamethasone for 24 hrs  was also found to increase cleaved caspase-1 p20 protein 

level and IL-1β levels [205].  This evidence suggests that CORT treatment may facilitate NLRP3 

inflammasome-activated pro-inflammatory process through both astrocytes and microglia.   

To understand the function of Txnip in CORT treatment-activated NLRP3 inflammasome, 

in the present study, we determined whether knocking out Txnip inhibits CORT treatment-induced 

caspase-1 activation and IL-1β release.  Txnip gene was knocked out using CRISPR/Cas9/Txnip 

sgRNA in primary cultured mouse cerebrocortical astrocytes. We found that Txnip sgRNA can 

knock out Txnip gene expression in cultured astrocytes. We further found that although CORT 

treatment for 24 hours increased caspase-1 activity and IL-1β release in CRISPR/Cas9/ scrambled 

sgRNA transduced astrocytes, there was no effect of CORT treatment on caspase-1 activity and 

IL-1β release in CRISPR/Cas9/ Txnip sgRNA transduced astrocytes. This evidence suggests that 

Txnip gene knockout can prevent CORT treatment- increased caspase-1 activation and IL-1β 

release. Our findings together suggest that CORT-upregulated Txnip in astrocytes may bind to 

NLRP3 protein, inducing NLRP3 inflammasome formation and activation, which activates 

caspase-1 activation and releases IL-1β. These findings also suggest that Txnip mediates CORT-

induced NLRP3 inflammasome activation and might play an important role in the CORT 

treatment-activated inflammatory process. 

In summary, we found that although treatment with CORT for 24 hours had no effect on 

NLRP3 protein levels, this treatment increased NLRP3/Txnip binding activity, caspase-1 activity 

and IL-1β release in primary cultured mouse astrocytes. The knockout of Txnip using 

CRISPR/Cas9/Txnip sgRNA attenuated CORT-induced caspase-1 activity and IL-1β release. Our 
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finding suggests that CORT treatment upregulates Txnip, subsequently activating NLRP3 

inflammasome, which can activate caspase-1 and release IL-1β in astrocytes.  
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CHAPTER 5. CONCLUSION, LIMITATION AND FUTURE STUDIES  

5.1 Conclusion 

 We found that CORT treatment for 24 hrs had no effect on Trx protein levels but increased 

Txnip protein levels in primary cultured mouse astrocytes. Treatment with either GR antagonist 

RU486 or MR antagonist spironolactone decreased CORT treatment-induced Txnip protein levels. 

Since Txnip can inhibit Trx activity, promoting oxidative stress and Txnip can also bind to NLRP3 

and activate NLRP3 inflammasome, facilitating NLRP3-mediated pro-inflammatory pathway, we 

determined whether CORT-upregulated Txnip further cause oxidative stress and inflammation. 

First, we found that although CORT-treatment decreased Trx activity, this treatment had no effects 

on total reduced thiol levels, sulfenylated protein levels and carbonylated protein levels in primary 

cultured mouse astrocytes. Because astrocytes are enriched with high levels of antioxidants, 

CORT-increased Txnip may further inhibit Trx activity, but not be sufficient to exert thiol 

oxidation, protein sulfenylation and protein carbonylation in these cells. Second, we found that 

CORT treatment had no effect on NLRP3 protein levels, but this treatment increased Txnip-

NLRP3 binding activity, caspase-1 enzyme activity and IL-1β release in primary cultured mouse 

astrocytes. Knocking out Txnip using CRISPR/Cas9/Txnip sgRNA attenuated CORT treatment-

increased caspase-1 activity and IL-1β release in cultured astrocytes. As shown in Figure 21, our 

results suggest that CORT upregulates Txnip by MR and GR receptors in astrocytes. Upregulated 

Txnip may bind to NLRP3 and stimulate NLRP3 inflammasome forming, which activates caspase-

1 activity and releases IL-1β, facilitating the neuroinflammatory process. Since chronic stress is a 

risk factor for depression and other psychiatric disorders, our findings also suggest that Txnip has 

a therapeutic potential for the treatment of depression. 
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Figure 21. Possible role of CORT Txnip in CORT-induced inflammation in astrocytes: 

CORT may bind to GR, which can increase Txnip levels. Txnip can bind to NLRP3, which 

activates NLRP3 inflammasome formation. This results in increased caspase-1 activity and 

release of IL-1β from astrocytes which promotes inflammation. CORT- Corticosterone, GR- 

Glucocorticoid Receptor, NLRP3- NOD-like receptor protein 3, IL-1β- Interleukin 1-β, Txnip- 

Thioredoxin interacting protein 
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5.2 Limitations and future studies 

 There are some limitations in this study. First, we found that CORT treatment increased 

Txnip/NLRP3 binding activity, caspase-1 activity and IL-1β release in cultured astrocytes. Our 

results suggest that CORT treatment may upregulate Txnip and stimulate NLRP3 inflammasome 

forming. However, we do not have any direct evidence showing that CORT treatment stimulates 

NLRP3 inflammasome forming. In future, we will measure the effect of CORT treatment 

NLRP3/ASC/procaspase-1 binding activity by co-immunoprecipitation and determine whether 

knocking out Txnip has any effect on NLRP3/ASC/procaspase-1 binding in cultured astrocytes.  

Second, in this study, we only determined the role of Txnip in the CORT-activated NLRP3 

inflammatory pathway in cultured astrocytes in vitro. In vitro cultured astrocytes do not have any 

communication between astrocytes and neurons and are physiologically limited. In future, we will 

analyze the effect of CORT on astrocytal Txnip and NLRP3 inflammatory signaling in animal in 

vivo.  We can analyze the effect of CORT on astrocytal Txnip, NLRP3, caspase-1 and IL-1β in 

animals using immunohistochemistry. To further understand the role of Txnip in CORT-activated 

NLRP3 inflammatory signaling, we can knockdown Txnip in astrocytes using Cre-Lox mice and 

determine whether Txnip-knockdown in astrocytes has any effect on CORT-induced 

inflammation, oxidative stress and depression-like behaviours.  

Third, in this study, our results suggest that CORT treatment may upregulate Txnip and 

stimulate NLRP inflammatory signaling, which causes neuroinflammation. However, we do not 

have any direct evidence showing that CORT treatment can cause neuronal damage by targeting 

astrocytal Txnip and NLRP3 inflammasome. To determine if CORT treatment in astrocytes release 

cytokines can further damage neurons, in future we can analyze the effect of CORT-treated 
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astrocyte-conditioned medium on cultured neurons and determine whether this medium has any 

effects on neuronal toxicity. 

Fourth, in this study, CRISPR/Cas9 was used to knockout Txnip in primary astrocytes. 

CRISPR/Cas9 may cleave other DNA targets, which results in undesired effects. In this study, we 

didn’t determine whether CRISPR/Cas9/Txnip sgRNA had any off targets. CRISPR/Cas9/Txnip 

sgRNA lentivector was purchased from ABM Inc. ABM Inc. has stated that CRISPResso Software 

was used to ensure that the Txnip sgRNA has no predicted off-target binding sites.  However, we 

think that it may still have some off-targets. In the future, we will use GUIDE-seq, CIRCLE-seq, 

DISCOVER-seq, ChIP-seq or other methods to identify off-target sites, and determine if these 

deletions contribute to CORT-stimulated NLRP3 inflammatory signaling in astrocytes.   
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