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A B S T R A C T   

Neuroinflammation and oxidative stress have been implicated in the pathogenesis of Alzheimer’s disease (AD). 
Neuroinflammation and oxidative stress are associated with neuronal death in AD. Astrocytes are linked to 
neuroinflammation during AD. Astrocytes are important contributors to AD progression. Although the role of 
thioredoxin-interacting protein (TXNIP) has been identified in inflammation and oxidative stress, the mechanism 
by which TXNIP regulates inflammation and oxidative stress in astrocytes during AD remains unclear. In the 
present study, we found that TXNIP gene levels were elevated in cerebral cortex of patients with AD. The protein 
levels of TXNIP were elevated in GFAP-positive astrocytes of cerebral cortex from patients with AD and APP/PS1 
double-transgenic mouse model of AD. Our results showed that TXNIP increased expression of genes related to 
pro-inflammatory reactive astrocytes and pro-inflammatory cytokines and chemokines in human astrocytes. 
Moreover, TXNIP increased production of pro-inflammatory cytokines and chemokines in human astrocytes. 
TXNIP induced activation of NK-kB signaling and over-production of mitochondrial reactive oxygen species 
(mtROS) in human astrocytes. TXNIP also induced mitochondrial oxidative stress by reduction of mitochondrial 
respiration and ATP production in human astrocytes. Furthermore, elevated TXNIP levels are correlated with 
caspase-3 activation of GFAP-positive astrocytes in patients with AD and mouse AD. TXNIP induced 
mitochondria-dependent apoptosis via caspase-9 and caspase-3 activation in human astrocytes. These results 
suggest that TXNIP contributes to induction of pro-inflammatory phenotype and caspase-3 activation in astro-
cytes during AD.   

1. Introduction 

Alzheimer’s disease (AD) is a progressive neurodegenerative disease 
and the most common type of dementia characterized by memory loss 
and cognitive dysfunction [1]. Neuroinflammation is also linked to the 
pathogenesis of AD [2]. Neuroinflammation is implicated in the accu-
mulation of amyloid-β (Aβ) and the formation of neurofibrillary tangles 
(NFTs), an aggregation of hyperphosphorylated tau protein, during AD 
[3,4]. Oxidative stress is a critical factor in the initiation and progression 
of AD [5–7]. Oxidative stress is induced by imbalance in the redox state. 
It involves over-production of reactive oxygen species (ROS) or 
dysfunction of the antioxidant system with an imbalance of Ca2+

homeostasis [8,9]. Both neuroinflammation and oxidative stress are 
associated with neuronal cell death during AD [2,6,7]. 

Astrocytes are the most abundant cell type in the central nervous 
system (CNS) [10,11]. Astrocytes are responsible for homeostasis, 
nutrition, and protection of the CNS. Astrocytes play important roles in 
synapse formation and function, control of neurotransmitters release 
and uptake, production of trophic factors, and control of neuronal sur-
vival [12,13]. In neurodegenerative diseases, loss of normal supportive 
function in astrocytes has been implicated in neuronal death [14,15]. 
Previously, we have shown that impairment of astrocytes is elevated in 
brain of patients with AD [16]. Astrocytes are important regulators of 
innate and adaptive immune responses in injured CNS [17–19]. In 

* Corresponding author. Department of Integrated Biomedical Science, Soonchunhyang Institute of Medi-bio Science (SIMS), Soonchunhyang University, Cheonan, 
Chungcheongnam-do, South Korea. 
** Corresponding author. 

E-mail addresses: samelpark17@schmc.ac.kr (S. Park), jongseok81@sch.ac.kr (J.-S. Moon).  

Contents lists available at ScienceDirect 

Redox Biology 

journal homepage: www.elsevier.com/locate/redox 

https://doi.org/10.1016/j.redox.2023.102735 
Received 21 April 2023; Accepted 5 May 2023   

mailto:samelpark17@schmc.ac.kr
mailto:jongseok81@sch.ac.kr
www.sciencedirect.com/science/journal/22132317
https://www.elsevier.com/locate/redox
https://doi.org/10.1016/j.redox.2023.102735
https://doi.org/10.1016/j.redox.2023.102735
https://doi.org/10.1016/j.redox.2023.102735
http://crossmark.crossref.org/dialog/?doi=10.1016/j.redox.2023.102735&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Redox Biology 63 (2023) 102735

2

various pathological conditions, astrocytes can be changed to reactive 
astrocytes with morphological, molecular, and functional changes [20, 
21]. Reactive astrocytes exacerbate neuropathology and neuro-
degeneration under neurodegenerative diseases and neurotoxic condi-
tions [22]. As the concept of astrocyte polarization, reactive astrocytes 
can convert either into the pro-inflammatory, neurotoxic A1 phenotype 
or the anti-inflammatory, neuroprotective A2 phenotype [23,24]. The 
elevation of genes related to pro-inflammatory phenotype including 
serpin family G member 1 (SERPING1) and proteasome subunit beta 
type-8 (PSMB8) in reactive astrocytes was reported from the tran-
scriptome analysis from mouse models of brain injury [23,24]. The 
number of reactive astrocytes, which are expressed markers such as glial 
fibrillary acidic protein (GFAP) [23,24], is increased in neurodegener-
ative diseases including AD [25]. The mechanisms involved in the 
regulation for induction of pro-inflammatory reactive astrocytes during 
AD were incompletely understood. 

Mitochondria in astrocytes regulate brain bioenergetics, neuro-
transmission, and redox balance [25,26]. As major causes of oxidative 
stress, mitochondrial dysfunction and damage are prominent and early 
features of AD [27]. The levels of mitochondrial genes in Complex I of 
electron transport chain (ETC) are decreased in brains of human AD 
[28]. Mitochondria are the major source of oxidative stress by producing 
ROS via electron leakage in ETC including Complex I (NADH:ubiqui-
none oxidoreductase), Complex II (succinate dehydrogenase), Complex 
III (coenzyme Q:cytochrome c reductase), Complex IV (cytochrome c 
oxidase), and Complex V (ATP synthase) [29]. Inhibition of mitochon-
drial respiration and ETC activity can lead to mitochondrial oxidative 
stress via the production of mitochondrial reactive oxygen species 
(mtROS) [29,30]. mtROS can oxidize mitochondrial glutathione (GSH), 
which leads to the loss of intramitochondrial redox homeostasis and 
irreversible oxidative modifications of mitochondrial DNA [31]. In the 
immune response, mtROS can induce pro-inflammatory signaling such 
as NF-κB activation [32,33]. Excessive production of mtROS also can 
induce mitochondria-dependent apoptosis through caspase-9 and 
caspase-3 activation [34]. 

Thioredoxin-interacting protein (TXNIP), an important regulator in 
redox homeostasis, has multiple functions [35–39]. TXNIP can bind to 
thioredoxin 1 and 2 (TRX1 and TRX2) and inhibit the activity of TRX1 
and TRX2, which are antioxidant enzymes that protect against oxidative 
stress and control ROS. TXNIP can increase the production of ROS and 
oxidative stress, resulting in cellular apoptosis [35–37]. TXNIP can also 
induce destructive inflammation [38,39]. Since TXNIP has been linked 
to inflammation and apoptosis, the role of TXNIP has been identified in 
various diseases, including type 2 diabetes, atherosclerosis, and 
myocardial ischemia [38,39]. Recent studies have shown that the levels 
of TXNIP are increased in both human AD and AD transgenic mice 
models [40,41]. However, mechanisms by which TXNIP regulates 
pro-inflammatory phenotype and caspase activation of astrocytes in AD 
remain unclear. 

Here, our results showed that TXNIP levels were elevated in GFAP- 
positive astrocytes of patients with AD or mouse AD. We found that 
the elevation of TXNIP increased expression of genes related to pro- 
inflammatory phenotype, pro-inflammatory cytokines, and chemo-
kines in human astrocytes. TXNIP also increased production of pro- 
inflammatory cytokines and chemokines and decreased production of 
growth factors and neurotropic factors in human astrocytes. Moreover, 
TXNIP induced activation of NF-kB signaling and production of mtROS 
in human astrocytes. TXNIP also induced mitochondrial oxidative stress 
by reduction of mitochondrial respiration and ATP production in human 
astrocytes. Furthermore, high levels of TXNIP are correlated with 
caspase-3 activation in GFAP-positive astrocytes of patients with AD and 
mouse AD. TXNIP induced caspase-3 activation and mitochondria- 
dependent apoptosis in human astrocytes. Our results suggest that 
TXNIP contributes to induction of pro-inflammatory phenotype and 
caspase-3 activation in astrocytes during AD. 

2. Materials and methods 

2.1. Human subject study 

A human subject study was conducted in accordance with the Hel-
sinki Declaration. The study protocol was approved by the Institutional 
Review Board of Soonchunhyang University Hospital Cheonan (SCHCA 
2020-03-030-001). A total of 12 paraffin embedded cerebral cortex 
brain tissues including frontal cortex, occipital cortex, temporal cortex, 
and parietal cortex from three donors with AD were obtained from the 
Netherlands Brain Bank. A total of 6 paraffin embedded adult normal 
brain tissues from six donors including frontal cortex (NBP2-77761), 
occipital cortex (NBP2-77766), temporal cortex (NBP2-77774) and pa-
rietal cortex (NBP2-77769) were obtained from Novus Biologicals 
(Minneapolis, MN, USA). For immunofluorescence analysis and nano-
string nCounter gene expression analysis, cerebral cortex brain tissues 
including temporal cortex region from patients with AD (AD) and non- 
AD (normal) were analyzed (Table S1). 

2.2. APP/PS1 mouse model of AD 

APP/PS1 double-transgenic mice (Stock no. 34829-JAX, B6; C3-Tg 
(APPswe, PSEN1dE9) 85Dbo/Mmjax) were obtained from the Jackson 
Laboratory (Bar Harbor, ME USA). APP/PS1 double-transgenic mouse 
model of Alzheimer’s disease (AD) is known to overexpress mutated 
forms of the genes for human amyloid precursor protein (APP) and 
presenilin 1 (PS1). APP/PS1 double-transgenic mice (male, 12 months 
old, n = 5) and C57BL/6 mice (male, 12 months old, n = 5) were used. 
The brain sections are collected at the critical section according to the 
mouse brain atlas at bregma (− 2.46 to − 1.94 mm) for the cortex region 
at every 4 μm by coronal sections [42]. All mouse experimental pro-
tocols were approved by the Institutional Animal Care and Use Com-
mittee of Soonchunhyang University (SCH22-0113). 

2.3. Reagents and antibodies 

The following antibodies were used: monoclonal rabbit anti-TXNIP 
(#14715, Cell signaling technology, Danvers, MA, USA), monoclonal 
mouse anti-TXNIP (NBP1-54578, Novus Biologicals, Centennial, CO, 
USA), monoclonal mouse anti-OXPHOS complex antibody (ab110413, 
Abcam, Cambridge, UK), monoclonal rabbit anti-cleaved caspase 3 
(#9661, Cell signaling technology), monoclonal mouse anti-GFAP 
(#3670, Cell signaling technology), monoclonal goat anti-GFAP 
(ab302644, Abcam), polyclonal rabbit anti-Tomm20 antibody (sc- 
17764, Santa Cruz Biotechnology, Dallas, TX, USA), monoclonal rabbit 
anti–NF–κB p65 (D14E12) (#8242, Cell signaling technology), mono-
clonal rabbit anti-phospho–NF–κB p65 (Ser536) (93H1) (#3033, Cell 
signaling technology), monoclonal rabbit anti-NRF2 antibody (#12721, 
Cell signaling technology), polyclonal rabbit Histone H3 antibody 
(#9715, Cell signaling technology), and monoclonal mouse anti-β-actin 
(A5316, Sigma-Aldrich, St. Louis, MO, USA). Fluoroshield™ with DAPI 
(F6057, Sigma-Aldrich) was used for nuclear staining and mounting. 
Sections were mounted onto gelatin-coated slides with Canada Balsam 
(Wako, Tokyo, Japan) following dehydration. 

2.4. Human astrocytes 

Human astrocytes N7805100 and #1800 were obtained from 
Thermo Fisher Scientific (Waltham, MA, USA) and ScienCell Research 
Laboratories (Carlsbad, CA, USA), respectively. Human astrocytes are 
normal human cells derived from human brain tissues. Human astro-
cytes were cultured in Gibco™ Astrocyte Medium containing N-2 Sup-
plement, Dulbecco’s Modified Eagle Medium (DMEM), 10% (vol/vol) 
One Shot™ Fetal Bovine Serum (FBS), 100 units/ml penicillin, and 100 
mg/ml streptomycin (A1261301, Thermo Fisher Scientific). For over-
expression of human TXNIP, human astrocytes were seeded and 
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transduced with pCMV6-AC-GFP construct of human TXNIP 
(NM_006472) as TXNIP over-expressed astrocytes (TXNIP over- 
expressed cells) (RG210804, Origene, Rockville, MD, USA) or pCMV6- 
AC-GFP vector (PS100010, Origene) as the control astrocytes (the con-
trol cells) using lipofectamine LTX with Plus reagent (15338100, 
Thermo Fisher Scientific) according to the manufacturer’s instructions. 
Cells were cultured after transduction and incubated for 24 h or 48 h 
before analysis. Treatment of only lipofectamine LTX and Plus reagent 
did not affect to cellular morphology and condition in human astrocytes. 
The efficiency of TXNIP over-expression was 70–80% (number of GFP 
expressing cells/total number of cells) in cells using measurement by the 
inherent GFP fluorescence with pCMV6-AC-GFP construct of human 
TXNIP. Cellular morphology and GFP fluorescence were analyzed by 
EVOS M5000 Imaging System (Thermo Fisher Scientific) according to 
the manufacturer’s instructions. 

2.5. Immunofluorescence analysis 

For immunofluorescence analysis, brain tissues were sectioned from 
paraffin embedded tissue blocks at a thickness of 4 μm. Sections were 
permeabilized in 0.5% Triton-X (T8787, Sigma-Aldrich) and blocked 
with CAS-Block™ Histochemical Reagent (008120, Thermo Fisher Sci-
entific). Sections were incubated for 16 h at 4 ◦C with the following 
antibodies: monoclonal rabbit anti-TXNIP (1:100) (#14715, Cell 
signaling technology), monoclonal mouse anti-GFAP (1:100) (#3670, 
Cell Signaling Technology), monoclonal mouse anti-TXNIP (NBP1- 
54578, Novus Biologicals), monoclonal rabbit anti-cleaved caspase 3 
(1:100) (#9661, Cell signaling technology), monoclonal goat anti-GFAP 
(1:100) (ab302644, Abcam), and polyclonal rabbit anti-Tomm20 anti-
body (1:100) (sc-17764, Santa Cruz Biotechnology). Sections were then 
incubated with goat anti-rabbit IgG (H + L) Alexa Fluor 488 (1:100) 
(A11008, Thermo Fisher Scientific), goat anti-mouse IgG H&L Texas Red 
(1:100) (ab6787, Abcam), goat anti-rabbit IgG (H + L) Cross-Adsorbed, 
Texas Red (1:100) (T-2767, Thermo Fisher Scientific), goat anti-mouse 
IgG (H + L) Cross-Adsorbed, Alexa Fluor 488 (1:100) (A-11001, 
Thermo Fisher Scientific), or donkey anti-goat IgG H&L Alexa Fluor 647 
(1:100) (ab150131, Abcam) secondary antibody for 2 h at 25 ◦C. Fluo-
roshield™ with DAPI (F6057, Sigma-Aldrich) was used for nuclear 
staining. Stained brain sections were analyzed with THUNDER Imager 
Tissue (Leica Microsystems Ltd., Wetzlar, Germany). Stained brain sec-
tions were quantified with LAS X image-processing software (Leica 
Microsystems Ltd.) and ImageJ software v1.52a (Bethesda, MD, USA). 
Cells were plated onto autoclaved glass coverslips placed in 6-well cell 
culture plates, fixed with 4% paraformaldehyde (PFA), permeabilized 
with 0.5% Triton-X (T8787, Sigma-Aldrich), blocked with CAS-Block™ 
Histochemical Reagent (008120, Thermo Fisher Scientific), and then 
stained as described above. In the measurement for relative intensity of 
fluorescence, we measured mean fluorescence intensity (MFI) for indi-
vidual fluorescent channel (blue, green, purple, or red color) in a region 
of interest (ROI) from images (total n = 10) per individual subject using 
ImageJ software v1.52a (Bethesda, MD, USA). Final MFI was calculated 
by MFI values of an ROI compared to MFI values of Background. After 
we measured final MFI for each fluorescent channel separately, we 
quantitated the relative intensity of fluorescence in tissues of patients 
with AD (AD) compared to tissues of non-AD (normal) as a basal level. 
To ensure objectivity, all analyses were conducted with blinded condi-
tions by two observers who performed analyses using identical condi-
tions per experiment. 

2.6. Mitochondrial respiration activity assay 

Human astrocytes (5 × 104 cells/well) were plated into XF96 cell 
culture microplates (101085-004, Agilent Technologies, Inc., Santa 
Clara, CA, USA) and treated with indicated compound. Oxygen con-
sumption rate (OCR), a parameter of mitochondrial oxygen consump-
tion and respiration, was measured with Seahorse XF96e bioanalyzer 

using XF Mito Stress Test Kit (103015-100, Agilent Technologies, Inc.) 
according to the manufacturer’s instructions. OCR levels in cells treated 
with oligomycin (2 μM), FCCP (5 μM), rotenone (10 μM), and antimycin 
(10 μM) were monitored and measured. 

2.7. Mitochondrial ATP production rate assay 

Human astrocytes (5 × 104 cells/well) were plated into XF96 cell 
culture microplates (101085-004, Agilent Technologies) and treated 
with indicated compound. Real-Time ATP production rate was 
measured with Seahorse XF96e bioanalyzer using XF Real-Time ATP 
Rate Assay Kit (103592-100, Agilent Technologies, Inc.) according to 
the manufacturer’s instructions. OCR levels in cells that were treated 
with oligomycin (2 μM), rotenone (10 μM), and antimycin (10 μM) were 
monitored and measured. 

2.8. Analysis of fragmented mitochondria by mitochondrial morphology 

Human astrocytes (1 × 105 cells) were plated into autoclaved glass 
coverslips placed in 6-well cell culture plates. Cells were transduced 
with pCMV6-AC-GFP construct of human TXNIP (NM_006472) (500 ng, 
RG210804, Origene) or of pCMV6-AC-GFP vector (500 ng, PS100010, 
Origene). Cells were cultured after transduction and incubated for 48 h 
before analysis. Cells were fixed with 4% paraformaldehyde (PFA), 
permeabilized with 0.5% Triton-X (T8787, Sigma-Aldrich), and blocked 
with CAS-Block™ Histochemical Reagent (008120, Thermo Fisher Sci-
entific). Cells were then incubated with polyclonal rabbit anti-Tomm20 
antibody (1:100) (sc-17764, Santa Cruz Biotechnology) for 16 h at 4 ◦C. 
Cells were then incubated with goat anti-rabbit IgG (H + L) Alexa Fluor 
488 (1:100) (A11008, Thermo Fisher Scientific) secondary antibody for 
2 h at 25 ◦C. Fluoroshield™ with DAPI (F6057, Sigma-Aldrich) was used 
for nuclear staining. Cells were analyzed with THUNDER Imager Tissue 
(Leica Microsystems Ltd.). Fragmented mitochondria (shortened, 
punctate, and rounded shape) were determined by mitochondria 
morphological analysis. Normal mitochondria were determined based 
on filamentous shape and thread-like tubular structure. Cells with the 
majority (>70%) showing fragmented mitochondria were determined as 
cells with mitochondrial fragmentation. 

2.9. 2D and 3D imaging analysis 

Human astrocytes (1 × 105 cells) were seeded into FluoroDishTM 
(FD35-100, World Precision Instruments, Sarasota, FL, USA). Cells were 
transduced with pCMV6-AC-GFP construct of human TXNIP 
(NM_006472) (500 ng, RG210804, Origene) or of pCMV6-AC-GFP vec-
tor (500 ng, PS100010, Origene). Cells were cultured after transduction 
and incubated for 24 h before analysis. 2D and 3D images were analyzed 
with 3D Cell Explorer (NANOLIVE, Ecublens, Switzerland). Images were 
representative images from a total of 100 cells in 10 individual images 
per group. The percent of morphological dead cells in a total of 100 cells 
from 10 individual images per group was calculated. 

2.10. Immunoblot analysis 

Cells were harvested and lysed with Cell Lysis Buffer II (200 μl) 
(FNN0021, Thermo Fisher Scientific). Lysates were centrifuged at 
15,300×g for 10 min at 4 ◦C and supernatants were obtained. Protein 
concentrations of supernatants were determined with Bio-Rad Protein 
Assay Dye Reagent Concentrate (500-0006, Bio-Rad Laboratories, Her-
cules, CA, USA). Proteins (20 or 30 μg) were electrophoresed on 
NuPAGE 4%–12% Bis-Tris gels (Thermo Fisher Scientific) and trans-
ferred to Protran nitrocellulose membranes (10600001, GE Healthcare 
Life science, Pittsburgh, PA, USA). Membranes were blocked with 5% 
(w/v) bovine serum albumin (BSA) (9048-46-8, Santa Cruz Biotech-
nology) in TBS-T (TBS (170–6435, Bio-Rad Laboratories) and 1% (v/v) 
Tween-20 (170–6531, Bio-Rad Laboratories)) for 30 min at 25 ◦C. 
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Membranes were incubated with primary antibody (1:1000) diluted 
with 1% (w/v) BSA in TBS-T for 16 h at 4 ◦C and then incubated with 
horseradish peroxidase (HRP)-conjugated secondary antibody (goat 
anti–rabbit IgG–HRP (sc-2004) (1:2500), goat anti–mouse IgG–HRP (sc- 
2005) (1:2500) or mouse anti-goat IgG-HRP (sc-2354) from Santa Cruz 
Biotechnology) diluted in TBS-T for 2 h at room temperature. Immu-
noreactive bands were detected with a SuperSignal West Pico Chemi-
luminescent Substrate (34078, Thermo Fisher Scientific) using the 
Kwikquant Imager (Kindle Biosciences, LLC, USA) or X-ray film. 

2.11. Mitochondrial ROS production analysis 

Mitochondrial ROS levels were measured by MitoSOX™ Mitochon-
drial Superoxide Indicators (M36008, Thermo Fisher Scientific) stain-
ing. Human astrocytes (2 × 105 cells) were plated into 6-well cell culture 
plates. Cells were transduced with pCMV6-AC-GFP construct of human 
TXNIP (NM_006472) (500 ng, RG210804, Origene) or pCMV6-AC-GFP 
vector (500 ng, PS100010, Origene). Cells were cultured after trans-
duction and incubated for 24 h before analysis. Cells were washed with 
PBS, treated with trypsin, and resuspended in OPTI-MEM (31985070, 
Thermo Fisher Scientific). Data were acquired with Guava® Muse® Cell 
Analyzer (Luminex Corporation, Austin, TX, USA) according to the 
manufacturer’s instructions. 

2.12. Measurement of GSH, ratio of GSH/GSSG, and GSSG 

Human astrocytes (2 × 105 cells) were transduced with pCMV6-AC- 
GFP construct of human TXNIP (NM_006472) (500 ng, RG210804, 
Origene) or pCMV6-AC-GFP vector (500 ng, PS100010, Origene). Cells 
were cultured after transduction and incubated for 48 h before analysis. 
Glutathione (GSH) in protein lysate (100 μg) of human astrocytes was 
measured using GSH Assay Kit (Colorimetric) (ab239727, Abcam) 
following the manufacturer’s instructions. The ratio of GSH/oxidized 
glutathione (GSSG) and GSSG in protein lysates (100 μg) of human as-
trocytes were measured using GSH + GSSG/GSH Assay Kit (Colori-
metric) (ab239709, Abcam) following the manufacturer’s instructions. 
The ratio of GSH/GSSG was determined as the ratio of GSH squared over 
GSSG and presented as GSH2/GSSG. 

2.13. Isolation of nuclear and cytosolic proteins 

Nuclear and cytosolic proteins were isolated from human astrocytes 
using Nuclear/Cytosol Fractionation Kit (ab289882, Abcam) following 
the manufacturer’s instructions. Briefly, human astrocytes (1 × 106 cells 
in 100 mm cell culture plate) were seeded and transduced with pCMV6- 
AC-GFP construct of human TXNIP (NM_006472) (3 μg, RG210804, 
Origene) or pCMV6-AC-GFP vector (3 μg, PS100010, Origene). Cells 
were cultured after transduction and incubated for 48 h before analysis. 

2.14. Measurement of HO-1 levels and activity 

Human astrocytes (2 × 105 cells) were transduced with pCMV6-AC- 
GFP construct of human TXNIP (NM_006472) (500 ng, RG210804, 
Origene) or pCMV6-AC-GFP vector (500 ng, PS100010, Origene). Cells 
were cultured after transduction and incubated for 48 h before analysis. 
Levels of HO-1 in human astrocytes were measured using Heme Oxy-
genase 1 (HO1) (Human) ELISA Kit (#E4507-100, BioVision, Milpitas, 
CA, USA) following the manufacturer’s instructions. The activity of HO- 
1 was analyzed by quantifying bilirubin production in human astrocytes 
using Bilirubin Assay Kit (Total and Direct, Colorimetric) (ab235627, 
Abcam) following the manufacturer’s instructions. 

2.15. Measurement of GCLC levels and GCL activity 

Human astrocytes (2 × 105 cells) were transduced with pCMV6-AC- 
GFP construct of human TXNIP (NM_006472) (500 ng, RG210804, 

Origene) or pCMV6-AC-GFP vector (500 ng, PS100010, Origene). Cells 
were cultured after transduction and incubated for 48 h before analysis. 
The levels of glutamate cysteine ligase catalytic subunit (GCLC) in 
human astrocytes were measured using Human GCLC ELISA Kit 
(ab233632, Abcam) following the manufacturer’s instructions. The ac-
tivity of GCL in human astrocytes was measured using glutamate 
cysteine ligase (GCL) Assay Kit (MBS9719033, MyBioSource, Inc., San 
Diego, CA, USA) following the manufacturer’s instructions. 

2.16. Measurement of caspase-3 and caspase-9 activities 

Activities of caspase-3 and caspase-9 in human astrocytes were 
measured using Caspase-3 Assay Kit (Colorimetric) (ab39401, Abcam) 
and Caspase-9 Assay Kit (Colorimetric) (ab65608, Abcam) following the 
manufacturer’s instructions. Briefly, human astrocytes (2 × 105 cells in 
6-well cell culture plate) were seeded and transduced with pCMV6-AC- 
GFP construct of human TXNIP (NM_006472) (500 ng, RG210804, 
Origene) or pCMV6-AC-GFP vector (500 ng, PS100010, Origene). Cells 
were cultured after transduction and incubated for 48 h before analysis. 

2.17. Cell cytotoxicity assay 

Cell cytotoxicity was measured using culture medium of human as-
trocytes with lactate dehydrogenase (LDH) Assay Kit (Cytotoxicity) 
(ab65393, Abcam) following the manufacturer’s instructions. Briefly, 
human astrocytes (2 × 105 cells in 6-well cell culture plate) were seeded 
and transduced with pCMV6-AC-GFP construct of human TXNIP 
(NM_006472) (500 ng, RG210804, Origene) or pCMV6-AC-GFP vector 
(500 ng, PS100010, Origene). Cells were cultured after transduction and 
incubated for 48 h before analysis. 

2.18. Cytokine and chemokine analysis 

Human astrocytes (2 × 105 cells in 6-well cell culture plate) were 
seeded and transduced with pCMV6-AC-GFP construct of human TXNIP 
(NM_006472) (500 ng, RG210804, Origene) or pCMV6-AC-GFP vector 
(500 ng, PS100010, Origene). Cells were cultured after transduction and 
incubated for 48 h before analysis. Culture media supernatants (800 μl) 
were used to determine levels of CD147, IL-6, CXCL10, CXCL11, LCN2, 
MIF, CCL5, and 104 soluble proteins including cytokines, chemokines, 
and growth factors with Human XL Cytokine Array Kit (ARY022B, R&D 
systems, Minneapolis, MN, USA) according to the manufacturer’s in-
structions. Culture media supernatants were incubated with four nitro-
cellulose membranes containing 111 different captured antibodies 
printed in duplicate for 16 h at 4 ◦C. Nitrocellulose membranes were 
incubated with a detection antibody diluted in an assay buffer for 2 h at 
room temperature and then incubated with streptavidin-horseradish 
peroxidase (HRP) in an assay buffer for 0.5 h at room temperature. 
Immunoreactive spots on nitrocellulose membranes were detected with 
a chemical reagent mix and then exposed to X-ray film. Multiple expo-
sure time were used. Pixel densities from positive signals on developed 
X-ray films were collected and analyzed using transmission mode 
scanner and image analysis software (HLImage++ Version 25.0.0r, 
https://www.wvision.com/QuickSpots.html, Western Vision Software, 
Salt Lake City, UT, USA). 

2.19. RNA extraction and nanostring nCounter gene expression analysis 

Total RNA was extracted with Maxwell® RSC RNA FFPE Kit 
(AS1440, Promega, Madison, WI, USA), Maxwell® RSC simplyRNA tis-
sue kit (AS1340, Promega), or Maxwell® RSC simplyRNA cells kit 
(AS1390, Promega) with Maxwell® RSC Instrument (AS4500, Prom-
ega). Amounts of RNA were measured with QuantiFluor® RNA System 
(E3310, Promega) using Quantus™ Fluorometer (E6150, Promega). For 
each sample, 50 ng of total RNA was hybridized for 20 h at 65 ◦C with 
probes from the nCounter Human Autoimmune Profiling Panel 

J. Kim et al.                                                                                                                                                                                                                                      

https://www.wvision.com/QuickSpots.html


Redox Biology 63 (2023) 102735

5

containing 750 target genes and 20 reference genes (NanoString Tech-
nologies Inc., Seattle, WA, USA). Samples were analyzed using nCounter 
SPRINT profiler (NanoString Technologies Inc.) according to the man-
ufacturer’s instructions. Before differential expression analysis, raw data 
were normalized using nSOLVER 4.0 (NanoString Technologies Inc.) by 
performing background subtraction, positive control normalization, and 
normalization to housekeeping genes. Raw gene expression values were 
normalized using GeNorm algorithm nCounter Advanced Analysis 
(Version 2.0.115). Normalized values were transformed to log2 values. 

2.20. Cytosolic/mitochondrial fraction and cytochrome c quantification 
analysis 

Cytosolic and mitochondrial faction were isolated from human as-
trocytes using Mitochondria/Cytosol Fractionation Kit (ab65320, 
Abcam) following the manufacturer’s instructions. Cytochrome c levels 
were measured with Human Cytochrome C ELISA Kit (ab221832, 
Abcam) following the manufacturer’s instructions. Briefly, human as-
trocytes (1 × 106 cells in 100 mm cell culture plate) were seeded and 
transduced with pCMV6-AC-GFP construct of human TXNIP 
(NM_006472) (3 μg, RG210804, Origene) or pCMV6-AC-GFP vector (3 
μg, PS100010, Origene). Cells were cultured after transduction and 
incubated for 48 h before analysis. 

2.21. Statistical analysis 

Assumptions of normality and homogeneity of variance were 
assessed. A Shapiro-Wilk test was conducted for normal distribution. 
Levene’s test was conducted for homogeneity of variance. Data are 
random, independent, and normally distributed with a common vari-
ance. All data are presented as mean ± standard deviation (SD) or 
standard error of the mean (SEM). All statistical analyses were per-
formed using a two-tailed Student’s t-test for comparison of two groups 
and analysis of variance (ANOVA) (with post hoc comparisons using 
Dunnett’s test) using a statistical software package (GraphPad Prism 
version 8.0, GraphPad Software Inc., San Diego, CA, USA) for compar-
ison of multiple groups. P-values of less than 0.05 (*, p < 0.05; **, p <
0.01; and ***, p < 0.001) were considered statistically significant. 

3. Results 

3.1. The levels of TXNIP are elevated in GFAP-positive astrocytes of 
cortex from patients with AD 

To investigate the role of TXNIP in astrocytes of cerebral cortex re-
gions from patients with AD, we first analyzed TXNIP gene expression 
levels in cerebral cortex tissues of patients with AD using nanostring 
nCounter gene expression profiling system (Fig. 1A and Table S1). 
TXNIP mRNA levels were significantly elevated in cerebral cortex tissues 
of patients with AD (AD) relative to those in non-AD donor (Normal) 
(Fig. 1B). Next, we analyzed whether TXNIP protein levels were elevated 
in astrocytes of cerebral cortex region in brain tissues from patients with 
AD. TXNIP protein levels in GFAP-positive astrocytes of cerebral cortex 
tissues from patients with AD or non-AD donor (Normal) were measured 
using immunofluorescence staining (Fig. 1C and S1). Immunofluores-
cence staining revealed that the intensity of TXNIP-positive staining in 
GFAP-positive astrocytes was increased in molecular layer (ML) of the 
cerebral cortex region of patients with AD (AD) relative to non-AD donor 
(Normal) (Fig. 1C and D). The number of astrocytes with positive sub-
cellular co-localization between TXNIP and GFAP was significantly 
increased in patients with AD (AD) (Fig. 1C and E). The number of 
TXNIP and GFAP-double positive astrocytes was generally higher in 
each patient with AD (AD) compared to non-AD donor (Normal) 
(Fig. 1E). These results suggest that TXNIP levels are elevated in GFAP- 
positive astrocytes of cortex from patients with AD. 

3.2. The levels of TXNIP are elevated in GFAP-positive astrocytes of 
cortex from APP/PS1 mice 

Next, we investigated the role of TXNIP in astrocytes of APP/PS1 
double-transgenic mouse model of AD. We analyzed whether TXNIP 
protein levels were elevated in astrocytes of cortex from APP/PS1 mice 
brains. We measured protein levels of TXNIP in GFAP-positive astrocytes 
of cortex from APP/PS1 mice or wild-type (WT) mice using immuno-
fluorescence staining (Fig. 2A and S2). The intensity of TXNIP-positive 
staining in GFAP-positive astrocytes was increased in the cortex region 
of APP/PS1 mice compared to that in WT mice (Fig. 2A and B). The 
number of astrocytes with positive subcellular co-localization between 
TXNIP and GFAP was significantly increased in APP/PS1 mice relative to 
that in WT mice (Fig. 2A and C). These results suggest that TXNIP levels 
are elevated in GFAP-positive astrocytes of cortex in APP/PS1 mice. 

3.3. TXNIP increases pro-inflammatory phenotype in human astrocytes 

To investigate the role of TXNIP in the induction of pro-inflammatory 
phenotype in astrocytes, we first examined whether the elevation of 
TXNIP could increase expression of genes related to pro-inflammatory 
phenotype, pro-inflammatory cytokines, and chemokines in human as-
trocytes. We analyzed the levels of genes using nCounter gene expres-
sion profiling system in TXNIP-over expressed human astrocytes 
(Fig. 3A). Notably, the mRNA levels of genes related to pro- 
inflammatory phenotype including SERPING1, PSMB8, human leuko-
cyte antigens (HLA)-A, and HLA-E were significantly increased in TXNIP 
over-expressed human astrocytes relative to those in the control astro-
cytes (Fig. 3B). Also, the mRNA levels of C-X-C motif chemokine ligand 
10 (CXCL10) gene related to reactive astrocytes were increased by 
TXNIP over-expression compared to the control. Moreover, the mRNA 
levels of genes for pro-inflammatory cytokines and chemokines such as 
interleukin (IL)-1α, IL-1β, IL-6, chemokine (C–C motif) ligand 5 (CCL5), 
CCL20, CXCL2, and CXCL8 were significantly increased in TXNIP over- 
expressed human astrocytes compared to those in the control astrocytes 
(Fig. 3B). 

Next, we analyzed whether TXNIP could increase production and 
secretion of inflammatory cytokines and chemokines in human astro-
cytes. We measured levels of IL-6, CXCL10, CXCL11, CCL5, lipocalin 2 
(LCN2), CD147, macrophage migration inhibitory factor (MIF) and 104 
soluble proteins including cytokines, chemokines, growth factors and 
neurotrophic factors in supernatant from TXNIP-over expressed human 
astrocytes (Fig. 3C and Table S2). Consistent with expression of genes, 
the levels of pro-inflammatory cytokines and chemokines such as IL-6, 
CXCL10, CXCL11, and CCL5 were significantly increased by TXNIP 
over-expression relative to those in the control (Fig. 3C and D). Addi-
tionally, the levels of secretory factors related to reactive astrocytes 
including LCN2, CD147, and MIF were significantly increased by TXNIP 
over-expression compared to those in the control (Fig. 3C and D). In 
contrast, growth factors and neurotrophic factors related to blood vessel 
formation (angiogenin and vascular endothelial growth factor (VEGF)), 
and proliferation and differentiation (dickkopf-related protein-1 (Dkk- 
1), growth/differentiation factor-15 (GDF-15), insulin-like growth fac-
tor binding protein (IGFBP)-2, IGFBP-3, osteopontin (OPN), platelet- 
derived growth factor-AA (PDGF-AA), thrombospondin-1 (TSP-1), and 
urokinase plasminogen-activator receptor (uPAR)), and other chemo-
kines (CCL2, Pentraxin 3 (PTX3), and CXCL1) levels were significantly 
decreased by TXNIP over-expression compared to those in the control 
(Fig. 3C and D). We next investigated the upstream signaling pathway 
for production of pro-inflammatory cytokines and chemokines by TXNIP 
over-expression in human astrocytes. Since NF-kB signaling plays a 
critical role in regulation of pro-inflammatory cytokines and chemo-
kines such as IL-6 and CXCL10, we analyzed whether TXNIP could 
induce the activation of NF-kB signaling in human astrocytes. Notably, 
NF-kB phosphorylation levels were significantly increased by TXNIP 
over-expression relative to the control (Fig. 3E). These results suggest 
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Fig. 1. The levels of TXNIP are elevated in GFAP-positive reactive astrocytes of cortex from patients with AD. (A) Volcano plots from the cerebral cortex region of 
brain tissues from patients with AD (AD) (n = 3) or non-AD (normal) (n = 3) in nanostring nCounter gene expression analysis. Volcano plots showing log2 fold 
change (x-axis) and -log10 p-values (y-axis) comparing patients with AD (AD) and non-AD (normal). Red dot represents TXNIP gene. Blue dots represent differentially 
expressed genes with p-value <0.05. Gray dots represent differentially expressed genes with p-value higher than 0.05. (B) The mRNA levels of TXNIP (log2 counts) in 
patients with AD (AD) and non-AD (normal). Data are presented as mean ± SD. **, p < 0.01 by Student’s two-tailed t-test. (C) Representative immunofluorescence 
images of TXNIP protein expression in GFAP-positive astrocytes of the cerebral cortex region from patients with AD (AD #1, AD #2, AD #3) or non-AD (normal) (n =
3 per group) showing TXNIP (green) and GFAP (red) around molecular layer (ML). DAPI-stained nuclei are shown in blue. OS, Outer surface; ML, Molecular layer; 
EGL, External granular layer. Scale bars, 20 μm. White arrows indicate TXNIP and GFAP-double positive cells. Symbols, which are expressed by white dotted line, 
indicate distinct area among OS, ML, and EGL. (D) Quantification of intensity for TXNIP-positive staining in GFAP-positive astrocytes from immunofluorescence 
images in the cerebral cortex region from patients with AD (AD #1, AD #2, AD #3) or non-AD (normal) (n = 10 images per individual subject). Data are presented as 
mean ± SD. **, p < 0.01 by Student’s two-tailed t-test and analysis of variance (ANOVA). (E) Quantification of TXNIP and GFAP-double positive astrocytes from 
immunofluorescence images in the cerebral cortex region from patients with AD (AD #1, AD #2, AD #3) or non-AD (normal) (n = 10 images per individual subject). 
Data are presented as mean ± SD. ***, p < 0.001 by Student’s two-tailed t-test and analysis of variance (ANOVA). (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 
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that TXNIP increases pro-inflammatory phenotype in human astrocytes. 

3.4. TXNIP increases mtROS production and decreases cellular 
antioxidant process in human astrocytes 

Next, we investigated the underlying molecular mechanism by which 
TXNIP induces pro-inflammatory response in human astrocytes. Since 
mtROS play an important role in the inflammatory signaling, we 
investigated whether TXNIP could induce mtROS production in human 
astrocytes. We analyzed levels of mtROS production by TXNIP over- 
expression in human astrocytes (Fig. 4A). Over-expression of TXNIP 
significantly increased the production of mtROS relative to the control 
(Fig. 4A). We also investigated whether TXNIP could decrease cellular 
antioxidant process in human astrocytes. We measured the status of 
glutathione (GSH) and the ratio of reduced GSH to oxidized glutathione 
(GSSG) as an indicator of oxidative stress. Elevation of TXNIP signifi-
cantly decreased levels of GSH and the ratio of GSH/oxidized gluta-
thione (GSSG) compared to the control (Fig. 4B and C). Elevation of 

TXNIP also increased levels of GSSG relative to the control (Fig. 4D). 
Since TXNIP induced the reduction of GSH and the ratio GSH/GSSG, we 
analyzed whether TXNIP could regulate levels of nuclear factor 
erythroid 2–related factor 2 (NRF2) signaling pathway, a key regulator 
of the cellular antioxidant response, in human astrocytes. Elevation of 
TXNIP decreased levels of nuclear translocation of NRF2 relative to the 
control (Fig. 4E). Moreover, levels and activity of heme oxygenase-1 
(HO-1) (Fig. 4F and G) and glutamate cysteine ligase (GCL) (Fig. 4H 
and I) as the target of NRF2 were significantly decreased by TXNIP over- 
expression in human astrocytes. These results suggest that TXNIP in-
creases mtROS production and decreases cellular antioxidant process in 
human astrocytes. 

3.5. TXNIP induces mitochondrial oxidative stress by reducing 
mitochondrial respiration and ATP production in human astrocytes 

We investigated the underlying molecular mechanism by which 
TXNIP increases mitochondrial oxidative stress by mtROS production in 

Fig. 2. The levels of TXNIP are elevated in GFAP-positive astrocytes of cortex from APP/PS1 mice. (A) Representative immunofluorescence images of TXNIP protein 
expression in GFAP- positive astrocytes of cerebral cortex region from brains of APP/PS1 mice (APP/PS1) or wild-type mice (WT) (n = 5 per group) showing TXNIP 
(green) and GFAP (red). DAPI-stained nuclei are shown in blue. Scale bar, 20 μm. White arrows indicate TXNIP and GFAP-double positive cells. OS, Outer surface. (B) 
Quantification of intensity for TXNIP-positive staining in GFAP-positive astrocytes from immunofluorescence images in the cerebral cortex region from brains of 
APP/PS1 mice (APP/PS1) or wild-type mice (WT) (total 10 images from n = 5 per group). Data are presented as mean ± SD. *, p < 0.05 by Student’s two-tailed t-test. 
(C) Quantification of TXNIP and GFAP-double positive astrocytes from immunofluorescence images in the cerebral cortex region from brains of APP/PS1 mice (APP/ 
PS1) or wild-type mice (WT) (total 10 images from n = 5 per group). Data are presented as mean ± SD. **, p < 0.01 by Student’s two-tailed t-test. (For interpretation 
of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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human astrocytes. We examined whether TXNIP could increase mito-
chondrial oxidative stress by reducing mitochondrial respiration and 
ATP production in human astrocytes. We analyzed oxygen consumption 
rate (OCR) as a parameter of mitochondrial respiration activity based on 
the quantification of oxygen consumption (Fig. 5A). The activity of 
mitochondrial respiration was measured by sequential addition of oli-
gomycin (a selective inhibitor for mitochondrial respiration), FCCP (a 
potent uncoupler of mitochondrial oxidative phosphorylation), rote-
none, and antimycin (specific inhibitors of mitochondrial Complex I and 
Complex III). Over-expression of TXNIP significantly decreased basal 
OCR levels compared to the control (Fig. 5A and B). Moreover, the levels 
of OCR in response to oligomycin and FCCP were significantly reduced 
by TXNIP over-expression relative to the control (Fig. 5A and B). 
Consistent with OCR levels, the production of mitochondrial ATP was 
significantly reduced by TXNIP over-expression compared to that in the 
control (Fig. 5C). Next, we investigated the molecular target in the 
regulation of mitochondrial respiration and ATP production by TXNIP 
elevation in human astrocytes. We analyzed levels of five protein com-
plexes in mitochondrial ETC, including NADH:Ubiquinone Oxidore-
ductase Subunit B8 (NDUFB8) for Complex I, succinate dehydrogenase 
complex iron sulfur subunit B (SDHB) for Complex II, ubiquinol- 
cytochrome c reductase core protein 2 (UQCRC2) for Complex III, 
mitochondrially encoded cytochrome c oxidase I (MTCO1) for Complex 
IV, and ATP synthase F1 subunit alpha (ATP5F1A) for Complex V known 
to be critical enzymes for mitochondrial respiration and ATP production 
in human astrocytes (Fig. 5D). The elevation of TXNIP significantly 
decreased protein levels of Complex I (NDUFB8), Complex II (SDHB), 
Complex III (UQCRC2), Complex IV (MTCO1), and Complex V 
(ATP5F1A) enzyme relative to the control (Fig. 5D). These results sug-
gest that TXNIP induces mitochondrial oxidative stress by reducing 
mitochondrial respiration and ATP production in human astrocytes. 

3.6. Elevated TXNIP levels are correlated with caspase-3 activation in 
GFAP-positive astrocytes of cortex from patients with AD and APP/PS1 
mice 

Since mitochondrial oxidative stress is linked to caspase activation 
and apoptosis, we investigated whether elevated TXNIP levels could be 
correlated with caspase-3 activation of astrocytes during AD. We 
analyzed the protein levels of TXNIP and cleaved-caspase-3, an active 
form of caspase-3, in GFAP-positive astrocytes of cerebral cortex tissues 
from patients with AD (AD) or non-AD donor (Normal) (Fig. 6A and S3). 
The intensity of cleaved-caspase-3-positive staining was elevated in 
GFAP-positive astrocytes of cerebral cortex from patients with AD 
relative to that in non-AD donor (normal) (Fig. 6A and B and S3). 
Notably, the number of GFAP-positive astrocytes with positive subcel-
lular co-localization between TXNIP and cleaved-caspase-3 was signifi-
cantly increased in patients with AD (AD) compared to that in non-AD 
donor (normal) (Fig. 6A and C). Consistently, the intensity of cleaved- 
caspase-3-positive staining was elevated in GFAP-positive astrocytes of 

the cortex region of APP/PS1 mice compared to that in WT mice (Fig. 6D 
and E and S4). Moreover, the number of GFAP-positive astrocytes with 
positive subcellular co-localization between TXNIP and cleaved- 
caspase-3 was significantly increased in APP/PS1 mice compared to 
that in WT mice (Fig. 6D and F). These results suggest that elevated 
TXNIP levels are correlated with caspase-3 activation in GFAP-positive 
astrocytes of cortex from patients with AD and APP/PS1 mice. 

3.7. TXNIP induces caspase-3 activation and mitochondria-dependent 
apoptosis in human astrocytes 

We investigated whether elevation of TXNIP could induce caspase-3 
activation and mitochondria-dependent apoptosis in human astrocytes. 
Since TXNIP induced mitochondrial oxidative stress in human astro-
cytes, we analyzed morphological impairment of mitochondria caused 
by TXNIP over-expression through immunofluorescence staining with 
Tomm20, an outer mitochondrial membrane protein (Fig. 7A). The 
elevation of TXNIP increased fragmentation of mitochondria relative to 
the control (Fig. 7A). The number of cells showing fragmentation of 
mitochondria was also significantly increased by TXNIP elevation 
compared to that in the control (Fig. 7B). Next, we analyzed morpho-
logical changes of cytotoxicity caused by TXNIP elevation in human 
astrocytes using a 3D analyzer (Fig. 7C). The elevation of TXNIP induced 
morphological features of cytotoxicity including shrinkage of cytosolic 
area and blebbing compared to the control (Fig. 7C). Moreover, the 
number of morphological dead cells caused by TXNIP elevation was 
significantly increased relative to the control (Fig. 7D). Consistent with 
results of morphological analysis, the elevation of TXNIP significantly 
increased levels of cytotoxicity compared to the control (Fig. 7E). 
Notably, the levels of cytochrome c in the cytosolic faction were 
significantly increased by TXNIP elevation compared to the control 
(Fig. 7F). Cytochrome c release from mitochondria were increased by 
TXNIP elevation relative to the control (Fig. 7F). Moreover, the activity 
of caspase-9 as an initiator caspase for mitochondria-dependent 
apoptosis was significantly increased by the elevation of TXNIP 
compared to the control (Fig. 7G). Consistently, the activity of caspase- 
3, an effector caspase for apoptosis, was significantly increased by the 
elevation of TXNIP relative to the control (Fig. 7H). These results suggest 
that TXNIP induces caspase-3 activation and mitochondria-dependent 
apoptosis in human astrocytes. 

4. Discussion 

Here we demonstrated that TXNIP contributes to induction of pro- 
inflammatory phenotype and caspase-3 activation in astrocytes during 
AD. We found that TXNIP levels are elevated in GFAP-positive astrocytes 
of cortex from human and mouse AD. We showed that TXNIP increased 
expression of genes related to pro-inflammatory phenotype, pro- 
inflammatory cytokines, and chemokines in human astrocytes. TXNIP 
also increased production of pro-inflammatory cytokines and 

Fig. 3. TXNIP increases pro-inflammatory phenotype in human astrocytes. (A) Volcano plots from control (Control) (n = 3) and TXNIP overexpressing (TXNIP) (n =
3) human astrocytes in nanostring nCounter gene expression analysis. Volcano plots showing log2 fold change (x-axis) and -log10 p-values (y-axis) comparing control 
(Control) and TXNIP overexpressing (TXNIP) human astrocytes in nanostring nCounter gene expression analysis. Red dots represent TXNIP, SERPING1, PSMB8, HLA- 
A, HLA-E, CXCL10, IL-1α, IL-1β, IL-6, CCL5, CCL20, CXCL2 and CXCL8 gene. Blue dots represent differentially expressed genes with p-value <0.05. Gray dots 
represent differentially expressed genes with p-value higher than 0.05. (B) The mRNA levels of TXNIP, SERPING1, PSMB8, HLA-A, HLA-E, CXCL10, IL-1α, IL-1β, IL-6, 
CCL5, CCL20, CXCL2 and CXCL8 (log2 counts) in control (Control) and TXNIP overexpressing (TXNIP) human astrocytes. Data are presented as mean ± SD. **, p <
0.01; ***, p < 0.001 by Student’s two-tailed t-test. (C) Representative images of multiple cytokines, chemokine, growth factors, and other soluble proteins in su-
pernatants from control (Control) and TXNIP overexpressing (TXNIP) human astrocytes. The location of targets was indicated by the number of x-axis and the capital 
character of y-axis. The name of targets was indicated by a to t in right. (D) Quantification of pixel density for up-regulated targets (CD147, IL-6, CXCL10, CXCL11, 
LCN2, MIF, and CCL5) or down-regulated targets (Angiogenin, Dkk-1, GDF-15, CXCL1, IGFBP-2, IFGBP-3, CCL2, OPN, PDGF-AA, PTX3, TSP-1, uPAR, and VEGF) 
from D. Data are presented as mean ± SD. **, p < 0.01; *, p < 0.05 by Student’s two-tailed t-test. (E) Representative immunoblot analysis for TXNIP and phos-
phorylated NF-kB in control (Control) and TXNIP overexpressing (TXNIP) human astrocytes. Quantification for protein levels of TXNIP and phosphorylated NF-kB in 
control (Control) and TXNIP overexpressing (TXNIP) human astrocytes. For immunoblots, β-actin and NF-kB were used as a loading control. Data are presented as 
mean ± SD. *, p < 0.05 using Student’s two-tailed t-test. Data are representative of three independent experiments. (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.) 
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chemokines in human astrocytes. We showed that TXNIP induced acti-
vation of NK-kB signaling and production of mtROS in human astro-
cytes. We found that elevated TXNIP levels are associated with caspase-3 
activation in GFAP-positive astrocytes of cortex from human and mouse 
AD. We showed that TXNIP induced caspase-3 activation and 
mitochondria-dependent apoptosis in human astrocytes. Our findings 
suggest that TXNIP can be an upstream regulator for induction of pro- 
inflammatory phenotype and caspase-3 activation in astrocytes during 
AD. 

Recent studies reported that the diverse heterogeneity and distinct 
molecular states of astrocytes by transcriptomic profiling in different 
disease models [25,43,44]. Astrocytes can be polarized into the 
pro-inflammatory, neurotoxic A1 reactive astrocytes after exposure to 

specific cytokines including tumor necrosis factor (TNF)-α, IL-1α, and 
complement component 1q (C1q) secreted by microglia exposed to 
lipopolysaccharide (LPS), whereas astrocytes can acquire a neuro-
protective phenotype in the middle cerebral arterial occlusion (MCAO) 
model of ischemic stroke [25,43,44]. Our results found that elevation of 
TXNIP increased expression of genes related to pro-inflammatory 
phenotype such as SERPING1 and PSMB8 and production of 
pro-inflammatory cytokines and chemokines including IL-6, CXCL10, 
CXCL11, and CCL5 in human astrocytes. Our results also found that 
TXNIP increased production of LCN2, a potent neurotoxic factor 
secreted from reactive astrocytes [45], in human astrocytes. As an up-
stream signaling of the regulation of inflammatory cytokines and che-
mokines by TXNIP over-expression, our results found that TXNIP 

Fig. 4. TXNIP increases mtROS production and decreases cellular antioxidant process in human astrocytes. (A) Quantification of mtROS levels using MitoSOX 
staining in control (Control) and TXNIP overexpressing (TXNIP) human astrocytes. Data are presented as mean ± SD. *, p < 0.05 using two-tailed Student’s t-test. 
(B–D) Quantification of (B) reduced GSH levels, (C) ratio of GSH2/GSSG, and (D) GSSG levels in control (Control) and TXNIP overexpressing (TXNIP) human as-
trocytes. Data are presented as mean ± SD. **, p < 0.01 by Student’s two-tailed t-test. (E) Representative immunoblot analysis for nuclear NRF2 in control (Control) 
and TXNIP overexpressing (TXNIP) human astrocytes. For immunoblots, histone H3 was used as a loading control. Data are presented as mean ± SD. *, p < 0.05 
using two-tailed Student’s t-test. (F–I) Quantification of (F) HO-1 protein levels, (G) HO-1 activity, (H) GCLC protein levels, and (I) GCL activity in control (Control) 
and TXNIP overexpressing (TXNIP) human astrocytes (n = 3 replicates per group). Data are presented as mean ± SD. *, p < 0.05 by Student’s two-tailed t-test. Data 
are representative of three independent experiments. 

Fig. 5. TXNIP induces mitochondrial oxidative stress by reducing mitochondrial respiration and ATP production in human astrocytes. (A–B) Levels of oxygen 
consumption rate (OCR) (A) and quantification of OCR levels (B) in control (Control) and TXNIP overexpressing (TXNIP) human astrocytes (n = 3 replicates per 
group). Data are presented as mean ± SEM. **, p < 0.01 using two-tailed Student’s t-test. (C) Quantification of mitochondrial ATP production rate in control 
(Control) and TXNIP overexpressing (TXNIP) human astrocytes (n = 3 replicates per group). Data are presented as mean ± SD. **, p < 0.01 using a two-tailed 
Student’s t-test. (D) Representative immunoblot analysis for five mitochondrial ETC protein levels (left) including NDUFB8 for Complex I (C I (NDUFB8)), SDHB 
for Complex II (C II (SDHB)), UQCRC2 for Complex III (C III (UQCRC2)), MTCO1 for Complex IV (C IV (MTCO1)), and ATP5F1A for Complex V (C V (ATP5F1A)) in 
control (Control) and TXNIP overexpressing (TXNIP) human astrocytes. Quantification for protein levels of C I (NDUFB8), C II (SDHB), C III (UQCRC2), C IV 
(MTCO1), and C V (ATP5F1A) (right) in control (Control) and TXNIP overexpressing (TXNIP) human astrocytes. For immunoblots, Tomm20 was used as a loading 
control for mitochondrial protein. Data are presented as mean ± SD. *, p < 0.05 using two-tailed Student’s t-test. Data are representative of three independent 
experiments. 
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induced the activation of NF-kB signaling in human astrocytes. 
Abnormal NF-κB activation has been implicated in AD [46]. NF-κB 
activation can induce expression and secretion of complement protein 
C3 in reactive astrocytes which can lead to the impairment of synaptic 
density and dendritic morphology [47]. Our results suggested that 
TXNIP may have a role in inducing pro-inflammatory astrocyte reac-
tivity in astrocytes. Beside gain of inflammatory and toxic function in 
reactive astrocytes, reactive astrocytes lose their supportive role in the 
progression of neurodegenerative diseases [22,48]. Consistent with 
previous studies, our results showed that production of growth factors 
and neurotrophic factors such as GDF-15, OPN, PDGF-AA, TSP-1, uPAR, 
and VEGF was reduced by TXNIP over-expression in human astrocytes. 
Since the changes of MIF, PDGF-AA, uPAR, and VEGF by TXNIP 
over-expression are potentially relevant to TNF-α signaling pathway 
[49–52], further studies are needed to investigate the interaction be-
tween TXNIP and TNF-α signaling in the regulation of growth factors 
and neurotrophic factors in human astrocytes. 

Among pro-inflammatory cytokines and chemokines which are 
elevated by TXNIP-overexpression in our results, IL-6, LCN2, CXCL10, 
and CXCL11 are implicated in the pathogenesis of AD. IL-6 contributes 
to early-stage amyloid plaque formation in human AD [53,54]. IL-6 
signaling is linked to cognitive impairments and peripheral metabolic 
alterations in AD [55]. Chronic exposure of IL-6 to neurons can lead to 
neuronal death [56]. Plasma levels of LCN2 are elevated in mild 
cognitive impairment [57]. Levels of CXCL10 in cerebrospinal fluid 
(CSF) are positively correlated with cognitive impairment [58]. Expo-
sure of CXCL10 can induce cell death in neurons [59]. CXCL11 can bind 
to CXCR3 receptor that induces Aβ plaque formation and behavioral 
deficits in APP/PS1 mouse model of AD [60]. Our results suggest that 
TXNIP can contribute to neuroinflammation by production of IL-6, 
LCN2, CXCL10, and CXCL11 in astrocytes during AD. 

TXNIP contributes to mitochondrial dysfunction including mito-
chondrial membrane depolarization, fragmentation, and mitophagy 
[61,62]. Consistent with the previous studies, our results showed that 
TXNIP induced mitochondrial oxidative stress by over-production of 
mtROS and suppression of mitochondrial respiration and ATP produc-
tion in human astrocytes. As a potential downstream event of 
TXNIP-induced mitochondrial oxidative stress, our results showed that 
TXNIP increased caspase-3 activation in human astrocytes. Our results 
also showed that elevated TXNIP levels are associated with caspsase-3 
activation in human and mouse AD. We have previously reported that 
the elevation of NADPH oxidase 4 (NOX4) induced mitochondrial 
oxidative stress-mediated ferroptosis of astrocytes [16]. Since both 
TXNIP and NOX4 play a role in mitochondrial oxidative stress of as-
trocytes in our current or previous study, the interaction between TXNIP 
and NOX4 might be associated with caspase-3 activation of astrocytes. 
Further studies are needed to determine the role of interaction between 

TXNIP and NOX4 in caspase-3 activation of astrocytes during AD. In 
previous studies, caspase-3 has been implicated in the processing of 
amyloid precursor protein (APP) into amyloidogenic fragments and the 
accumulation of APP [63–65]. Caspase-3 has also been implicated in a 
mechanism for Aβ peptides promote neuronal pathological tau filament 
assembly by triggering caspase activation [66,67]. Our results suggest 
that TXNIP can contribute to caspase-3 activation in tau-mediated 
neurodegeneration as an upstream regulator during AD. Pathological 
modifications of tau including hyperphosphorylation and glycosylation 
are also crucial to the pathogenesis of neurofibrillary degeneration in AD 
[68]. The formation of NFTs is significantly correlated with the degree of 
cognitive impairment in AD [69]. NFTs can contribute to the inhibition 
of Complex I activity in mitochondrial ETC which suppresses mito-
chondrial respiration and ATP production [70]. However, the precise 
mechanism of NFTs formation is not completely understood yet. Our 
results showed that TNXIP suppressed mitochondrial respiration and 
ATP production via reduction of Complex I expression in human astro-
cytes. Regarding the upstream regulator of NFTs formation, our findings 
suggest that TNXIP may be involved in the formation or function of NFTs 
in astrocytes. Further study is needed to determine the role of TXNIP in 
the regulation of NFTs formation and function. 

In our study, there is a potential limitation to this conclusion. It was 
difficult to obtain sex and age-matched post-mortem tissues from pa-
tients with AD or non-AD through the Netherlands Brain Bank in this 
study. Since both sex and age are different in post-mortem tissues from 
patients with AD or non-AD in this study, our study has a limitation to 
prove the role of TXNIP in the difference of sex and age during AD in 
human study. Further studies are needed to investigate the role of TXNIP 
using sex and age-matched post-mortem tissues in human study. 

In summary, our study demonstrates that TXNIP contributes to in-
duction of pro-inflammatory phenotype and caspase-3 activation in as-
trocytes as a molecular mechanism for the role of TXNIP in astrocytes 
during AD. 
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Fig. 6. High levels of TXNIP are correlated with caspase-3 activation in GFAP-positive astrocytes of cortex from patients with AD and APP/PS1 mice. (A) Repre-
sentative immunofluorescence images of TXNIP and cleaved-caspase-3 protein expression in the cerebral cortex tissues from patients with AD (AD #1, AD #2, AD 
#3) or non-AD (normal) (n = 3 per group) showing TXNIP (green) and cleaved-caspase-3 (purple) in GFAP (red)-positive astrocytes around molecular layer (ML). 
DAPI-stained nuclei are shown in blue. OS, Outer surface; ML, Molecular layer. Scale bars, 10 μm. White arrows indicate TXNIP and cleaved-caspase-3-double 
positive cells in GFAP-positive astrocytes. Symbols, which are expressed by white dotted line, indicate distinct area among OS and ML. (B) Quantification of in-
tensity for cleaved-caspase-3-positive staining in GFAP-positive astrocytes from immunofluorescence images in the cerebral cortex region from patients with AD (AD) 
or non-AD (normal) (n = 10 images per individual subject). Data are presented as mean ± SD. *, p < 0.05 by Student’s two-tailed t-test and analysis of variance 
(ANOVA). (C) Quantification of TXNIP and cleaved-caspase-3-double positive cells in GFAP-positive astrocytes from immunofluorescence images in the cerebral 
cortex region from patients with AD (AD) or non-AD (normal) (n = 10 images per individual subject). Data are presented as mean ± SD. **, p < 0.01 by Student’s 
two-tailed t-test and analysis of variance (ANOVA). (D) Representative immunofluorescence images of TXNIP and cleaved-caspase-3 protein expression in the ce-
rebral cortex region of brain from APP/PS1 mice (APP/PS1) or wild-type mice (WT) showing TXNIP (green) and cleaved-caspase-3 (purple) in GFAP (red)-positive 
astrocytes (n = 5 per group). DAPI-stained nuclei are shown in blue. Scale bar, 10 μm. White arrows indicate TXNIP and cleaved-caspase-3-double positive cells in 
GFAP-positive astrocytes. OS, Outer surface. Symbols, which are expressed by white dotted line indicates OS. (E) Quantification of intensity for cleaved-caspase-3- 
positive staining in GFAP-positive astrocytes from immunofluorescence images in the cerebral cortex region of APP/PS1 mice (APP/PS1) or wild-type mice (WT) 
(total n = 10 images from n = 5 per group). Data are presented as mean ± SD. **, p < 0.01 by Student’s two-tailed t-test. (F) Quantification of TXNIP and cleaved- 
caspase-3-double positive cells in GFAP-positive astrocytes from immunofluorescence images in the cerebral cortex region of APP/PS1 mice (APP/PS1) or wild-type 
mice (WT) (total n = 10 images from n = 5 per group). Data are presented as mean ± SD. **, p < 0.01 by Student’s two-tailed t-test. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 
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