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Abstract: Thioredoxin-Interacting Protein (TXNIP) has been shown to have significant pathogenic
roles in many human diseases, particularly those associated with diabetes and hyperglycemia. Its
main mode of action is to sequester thioredoxins, resulting in enhanced oxidative stress. The aim of
this study was to identify if cellular expression of TXNIP in human aged and Alzheimer’s disease
(AD) brains correlated with pathological structures. This study employed fixed tissue sections and
protein extracts of temporal cortex from AD and aged control brains. Studies employed light and
fluorescent immunohistochemical techniques using the monoclonal antibody JY2 to TXNIP to identify
cellular structures. Immunoblots were used to quantify relative amounts of TXNIP in brain protein
extracts. The major finding was the identification of TXNIP immunoreactivity in selective neuronal
populations and structures, particularly in non-AD brains. In AD brains, less neuronal TXNIP but
increased numbers of TXNIP-positive plaque-associated microglia were observed. Immunoblot
analyses showed no significant increase in levels of TXNIP protein in the AD samples tested. In
conclusion, this study identified altered patterns of expression of TXNIP in human brains with
progression of AD pathology.

Keywords: oxidative stress; inflammation; inflammasome; neuropathology; immunohistochemistry;
human tissue; amyloid plaque; microglia

1. Introduction

Preventing Alzheimer’s disease (AD) is of the highest significance for the health of the
aging population. It is a neurodegenerative disease where affected patients show progres-
sive cognitive decline due to degeneration of critical areas of the brain. Amyloid plaques
and neurofibrillary tangles as well as brain atrophy with loss of synapses are the hallmarks
of AD pathology [1]. There have been a variety of hypotheses about the causes of AD, with
the amyloid cascade hypothesis being the most studied. It is believed that the accumulation
of amyloid beta (Aβ) peptide leads to neurotoxicity through oxidative stress, inflammation,
or direct toxicity. The initiating events of Aβ accumulation have not been resolved, but
oxidative stresses arising from inflammation, mitochondrial dysfunction, and vascular and
glucose metabolism dysfunction have been implicated as potential mechanisms [2].

Thioredoxin-Interacting Protein (TXNIP) (previously known as vitamin D3-upregulated
protein-1 (VDUP1)) has become recognized as a critical pathological coordinator of oxidative
stress pathways [3], glucose metabolism dysfunction [4,5], and inflammation pathways
associated with the inflammasome complex [6]. Recent studies have implicated TXNIP
in the pathogenesis of human neurodegenerative diseases, including AD and Parkinson’s
disease (PD) [7–9]. The expression of TXNIP is induced by a number of cellular stress
mechanisms, but most widely studied has been hyperglycemia and endoplasmic reticulum
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stress [10,11]. Increased levels of TXNIP have been associated with enhancement of pathol-
ogy by increasing oxidative stress and inflammation in a number of diseases [12]. TXNIP
can directly enhance oxidative stress by binding to and sequestering antioxidant proteins
thioredoxin (TRX)1 and TRX2, thus inhibiting their function [13].

TXNIP interacts with TRXs and also the (NOD)-like receptor protein-3 (NRLP3) in-
flammasome complex [6]. Activation of the NLRP3 inflammasome complex, after binding
of TXNIP, by stimuli that include virus and bacterial infections and Aβ peptide results
in enhanced expression of inflammatory cytokines [14]. NLRP3 activation can induce
cell death through caspase activation, leading to pyroptosis and increased secretion of
interleukin (IL)-1, IL-18, and IL-33 [14]. TXNIP has been studied extensively in relation
to diabetes, but few studies have focused on its expression in human AD brains or brains
of amyloid plaque-developing AD-model transgenic mice [7,15,16]. Increased levels of
TXNIP mRNA or protein have been identified in both human AD brains and AD transgenic
mice models [7,15,16]. In addition, it was demonstrated in a mutant tau mouse model of
AD that addition of verapamil, a calcium channel blocker, significantly downregulated the
levels of TXNIP, which correlated with reduction in the levels of tangle-associated phos-
phorylated tau [17]. Increased TXNIP levels have been detected in the 3xTg plaque- and
tangle-developing AD transgenic mouse model although only in 17-month-old mice [16].
In vitro, Aβ-treatment of human HT22 neurons increased TXNIP expression, while genetic
downregulation of TXNIP in this model provided significant protection from neurotoxic-
ity [15]. Previous studies of human AD and control brains showed increased TXNIP mRNA
and numbers of TXNIP expressing cells in AD brains [7,9].

Our study aimed to make a detailed characterization of TXNIP cellular expression
in human brains affected by progressively increasing amounts of Aβ and neurofibrillary
pathology using immunohistochemistry techniques. Our results showed marked localized
expression in selective neuronal populations in low- and high-pathology non-demented
cases, while in AD cases, increased expression of TXNIP was only observed in microglia-like
cells associated with Aβ plaques. Contrary to previous studies, protein level measure-
ments did not show significantly increased TXNIP or decreased TRX total protein levels
in AD cases [7,9,18]. Although this study is descriptive in nature, it can contribute to
understanding if TXNIP has a role in human AD.

2. Materials and Methods
2.1. Human Brain Tissue Samples

Human brain samples used in this study were obtained from the Banner Sun Health
Research Institute Brain and Body Donation Program (BBDP), Sun City, AR, USA. The
operations of the BBDP as part of the Arizona Study of Aging and Neurodegenerative
Diseases (AZSAND) have received continuous approval of Institutional Review Boards
(IRB) [19]. Written informed consents for collection and use of brain and other tissues for
research purposes were obtained from donors or next of kin. Tissue studies in Japan were
approved by Shiga University of Medical Science Ethical Committee (Project Certificate
no. 29-114). Demographic details of cases used in this study are summarized in Table 1
(immunohistochemistry samples) and Table 2 (immunoblot samples).

2.2. Brain Tissue Preservation and Fixation

All brains were processed at autopsy in a standardized manner [19]. The median
postmortem interval for autopsies in the BBDP was 3.8 h. After brain removal, the cerebel-
lum and brain stem were separated from the hemispheres, and then, each was sectioned
in a frame into 1 cm thick coronal slabs. The hemispheres were divided, with the left
hemisphere being frozen on dry ice for storage at −80 ◦C and the right hemisphere being
fixed for 48 h in buffered formalin solution. After fixation, the coronal pieces were rinsed
and transferred to a phosphate-buffered solution of 15% glycerol/15% ethylene glycol as
cryoprotectant. Brain regions used for subsequent studies were dissected from frozen or
fixed coronal slices by experienced neuroanatomists.
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Table 1. Demographic details of human brain middle temporal gyrus (MTG) cases employed in
immunohistochemistry studies. Series 1 (Abbreviations: LP, low-plaque non-demented; HP, high-
plaque non-demented; AD, Alzheimer’s disease; M:F, male:female numbers; SD, standard deviation;
PMI, postmortem interval; APOE4, percentage and numbers of cases with APOE4 genotype; SEM,
standard error of mean).

Gender (M:F) Mean Age ± SD/y PMI/h APOE4 Plaque Score ± SEM Tangle Score ± SEM Braak Score

LP
(n = 14) 8/6 85.7 ± 8.1 3.2 ± 1.0 3.8% (1/26) 2.1 ± 0.6 4.8 ± 0.7 I–IV

HP
(n = 11) 4/7 83.6 ± 6.9 3.0 ± 0.7 20% (4/20) 10.6 ± 0.8 4.5 ± 0.7 III–IV

AD
(n = 13) 9/4 80.2 ± 6.2 3.5 ± 0.8 38.5% (10/26) 14.3 ± 0.2 13.9 ± 0.5 V–VI

Table 2. Demographic information of cases used for immunoblot analysis. Series 2 (Abbreviations:
LP, low-plaque non-demented; HP, high-plaque non-demented; AD, Alzheimer’s disease; M:F,
male:female numbers; SD, standard deviation; PMI, postmortem interval; APOE4, percentage and
numbers of cases with APOE4 genotype; SEM, standard error of mean).

Gender (M:F) Mean Age ± SD/y PMI/h APOE4 Plaque Score ± SEM Tangle Score ± SEM Braak Score

LP
(n = 12) 7/5 86.8 ± 7.2 2.6 ± 0.6 8.3% (2/24) 1.7 ± 0.62 4.1 ± 0.6 I–IV

HP
(n = 14) 9/5 83.8 ± 5.5 3.1 ± 0.7 21.4% (6/28) 9.0 ± 0.5 3.5 ± 0.5 I–IV

AD
(n = 13) 5/8 78.0 ± 9.4 3.0 ± 0.9 38.5% (10/26) 14.3 ± 0.2 13.2 ± 0.8 IV–VI

2.3. Neuropathological Diagnosis Criteria

All donated brains received full neuropathological diagnosis, including reference
to pre-mortem clinical history of each case. Consensus clinical and neuropathological
criteria were used to diagnose AD in these cases. To assess severity of AD pathology in
each case, tissue sections from 5 brain regions (entorhinal cortex, hippocampus, frontal
cortex, temporal cortex, and parietal cortex) were stained with Thioflavin-S, Gallyas, or
Campbell–Switzer histological stains and assessed semi-quantitatively for the density of
neurofibrillary tangles and amyloid plaques, with each brain region being ranked on a
scale of 0–3. By combining the measures across these 5 brain regions, assessment of AD
pathology was ranked on an ordinal scale of 0–15 for plaques and tangles. The two sets
of cases used in this study were subdivided into low-plaque non-demented (LPND, also
designated LP) (plaque score < 6), high-plaque non-demented (HPND, also designated
HP) (plaque score 6–14), and AD with confirmed dementia (plaque score > 12) [20]. The
combined details of age, sex, PMI, apoE4 frequency, plaque, tangle, and Braak staging for
two separate series of cases used in this study are listed: series 1 for immunohistochemistry
(Table 1) and series 2 for protein analyses (Table 2).

2.4. Antibodies

Details of primary antibodies used in this study are described in Table 3 below.

Table 3. The primary antibodies used in this study.

Antigen Antibody Supplier Host Species Catalog No. Application Dilution

TXNIP TXNIP (JY2) Novus Mouse/Mono NBP1-54578 IHC/WB 1:200–500
TXNIP TXNIP Bethyl Rabbit/Poly A303-229A WB 1:10,000
TXNIP TXNIP Abcam Rabbit/Mono ab188865 IHC/WB 1:2000
TXNIP TXNIP Proteintech Rabbit/Poly 18243-1-AP WB 1:2000

TRX TRX Abcam Rabbit/Mono ab133524 IHC/WB 1:1000–5000
β-actin HRP-β-actin Abcam Mouse/Mono ab49900 WB 1:30,000
Aβ1-42 Amyloid β (mOC64) Abcam Rabbit/Mono ab201060 IHC 1:1000

P-tau P-tau (S202) Abcam Rabbit/Mono ab108387 IHC/WB 1:3000–5000
P-tau P-tau (S396) Abcam Rabbit/Mono ab109390 IHC/WB 1:3000–5000
MAP2 MAP2 Abcam Chicken/Poly ab92434 IHC 1:1000
GFAP GFAP Dako Rabbit/Poly Z0334 IHC 1:2000
IBA1 IBA1 Abcam Goat/Poly ab5076 IHC 1:1000
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2.5. Immunohistochemistry
2.5.1. Peroxidase/Diaminobenzidine Immunohistochemistry

Avidin-biotin-horseradish peroxidase enzyme complex (ABC-Vector Laboratories,
Burlingame, CA, USA) histochemistry and nickel ammonium sulfate-enhanced diaminoben-
zidine (DAB) staining was carried out using temporal cortex sections (25 µm) (MTG, middle
temporal gyrus) to identify cellular location of TXNIP in relation to pathological structures.
Antibodies used in this study are listed in Table 3. Sections were rinsed three times in
phosphate-buffered saline containing 0.3% Triton-X100 (PBSTx) (0.1 M Phosphate buffer,
pH 7.4, 0.137 M NaCl, 0.3% Triton-X100 (Nacalai-Tesque, Kyoto, Japan)). Antigen-retrieval
pretreatment did not enhance staining of TXNIP monoclonal antibody JY2. Sections were
blocked in 1% H2O2 for 30 min and after that rinsed in PBSTx three times. Sections were
incubated in primary antibody overnight on a shaker at room temperature (RT). Sections
were rinsed three times in PBSTx and incubated in secondary antibody (biotinylated rabbit
anti-goat IgG, biotinylated horse anti-mouse IgG (all from Vector Laboratories, Burlingame,
CA, USA)) for 2 h at RT. Sections were rinsed three times in PBSTx and incubated in avidin-
biotin complex (ABC) for 1 h. After rinsing in PBSTx and in 50 mM Tris-HCl (pH 7.6),
sections were developed in nickel ammonium sulfate-enhanced diaminobenzidine as sub-
strate to produce a purple reaction product (50 mM Tris-HCl, pH 7.6, 1% saturated nickel
ammonium sulfate, 40 mM imidazole, 100 µg/mL diaminobenzidine-HCl (Dojindo, Ku-
mamoto, Japan) and 0.0003% hydrogen peroxide). For two-color immunohistochemistry,
reacted sections were rinsed in PBSTx, treated with 1% hydrogen peroxide to remove
residual peroxidase activity, and then incubated for a second time in primary antibody
overnight at room temperature. The detection procedure followed the above-described
protocol except the substrate used was diaminobenzidine without nickel ammonium sul-
fate as substrate to produce a brown reaction product (50 mM Tris-HCl, pH 7.6, 20 mM
imidazole, 200 µg/mL diaminobenzidine-HCl and 0.0006% hydrogen peroxide). Reacted
sections were mounted on slides, counterstained in most cases with 0.5% neutral red,
dehydrated, cleared, and coverslipped using Permount mounting media (ThermoFisher,
Waltham, MA, USA).

2.5.2. Laser Confocal Immunofluorescent Staining

Multi-color fluorescent immunohistochemistry was carried out to examine the co-
localization of TXNIP with other antigenic markers. Using a free-floating method, sections
were incubated in optimal dilutions of primary antibodies overnight at room temperature
(RT). Sections were rinsed three times in PBSTx and then incubated in fluorescent-labeled
secondary antibodies depending on the primary antibodies used (Alexa Fluor 488-donkey
anti-mouse IgG, Alexa Fluor 488-donkey anti-rabbit IgG, Alexa Fluor 568-donkey anti-goat
IgG, Alexa Fluor 568-donkey anti-rabbit IgG, Alexa Fluor 647-donkey anti-mouse IgG,
Alexa Fluor 555-donkey anti-chicken IgG, Alexa Fluor 647-donkey anti-rabbit IgG) for 2 h
at RT. Sections were rinsed three times in PBSTx, slide mounted, and dried at RT, and then,
mounted sections were treated with Sudan black (1% solution in 70% ethanol) for 10 min to
quench endogenous tissue auto-fluorescence, dipped into 70% ethanol, incubated in DAPI
(Thermo Fisher, Waltham, MA, USA) for 2 min in order to reveal nuclei, rinsed in water,
and then coverslipped with immuno-mount fluorescent mounting media (Thermo Fisher,
Waltham, MA, USA). Images were taken using a Leica SP8 confocal microscope (Leitz,
Wetzlar, Germany). All images shown were z-stacks of multiple scans of total thickness of
approximately 5 µm.

2.6. Protein Extract Preparation

Immunoblotting was carried out to examine the specificity of TXNIP antibodies and
their cellular expression patterns and to quantify relative levels of TXNIP in brain samples.
Samples were prepared by sonicating in 5 volumes of RIPA buffer (Thermo Fisher Scientific;
20 mM Tris-HCl, pH 7.5, 150 mM, NaCl, 1% NP40, 1% sodium deoxycholate, 0.1% sodium
dodecyl sulfate) added with protease and phosphatase inhibitors (Nacalai-Tesque, Kyoto,
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Japan). Total protein concentration was determined by MicroBCA assay kit with bovine
serum albumin as standard.

2.6.1. Si RNA transfected cells for verification of antibody

Cell extracts from retinal pigment epithelial cell line ARPE-19 (RPE) and THP-1 derived
macrophages transfected with siRNA for TXNIP or non-specific control were used to
demonstrate TXNIP antibody specificity by immunoblot. These samples were used in
a recent publication [21]. The exact preparation of TXNIP siRNA transfected extracts is
described in detail in this publication [21].

2.6.2. Cell-Type Specificity

Protein extracts from human brain microglia (MG) and human brain vascular en-
dothelial cells (EC) and astrocytes, the hCMEC/D3 endothelial cell line, differentiated iCell
neurons (iPSN), and neurons differentiated from the LAN-5 neuroblastoma cell line were
analyzed by immunoblot under the same conditions with the different TXNIP antibodies.
Preparation of microglia, endothelial cells, and astrocytes from human postmortem brains
has been described in detail [22]. The hCMEC/D3 transformed brain endothelial line
was obtained from Merck-Millipore (Temecula, CA, USA) and grown as described previ-
ously [23,24]. Induced pluripotent cell-derived neurons (iPSN) were obtained from Cellular
Dynamics/FujiFilm (Madison, WI, USA) and cultured on poly-L-lysine/laminin for 7 days
according to the supplier’s protocol. LAN-5 human neuroblastoma cells were originally
obtained from Dr. R.C. Seeger (University of California, Los Angeles, CA, USA) [25] and
cultured in RPMI media with 10% fetal bovine serum (FBS). For experiments, LAN-5 cells
were differentiated to a neuronal phenotype for 5 days in RPMI+1%FBS in the presence of
10 µM retinoic acid (Sigma-Aldrich, St. Louis, MO, USA) [25].

2.7. Western Immunoblotting Analysis

Antibodies used in this study are listed in Table 3. Western blotting analyses were
carried out as previously described [26]. Extracted brain samples were dissolved in 4xSDS
gel sample buffer (Wako Chemicals, Osaka, Japan), heated at 80 ◦C for 5 min, and spun
at 14,000 rpm for 3 min. Samples were loaded into 4–20% gradient pre-cast gels (Nacalai-
Tesque, Kyoto, Japan). Gel electrophoresis was performed at 150 V for 55 min. Proteins were
transferred to nitrocellulose by semi-dry electroblotting. Membranes were blocked with 5%
milk in Tris-buffered saline with 0.1% Tween 20 (TBST (Takara Bio, Shiga, Japan)) (20 mM
Tris-HCl, pH 7.6, 150 mM NaCl, 0.1% Tween 20) for 1 h at RT, and after that incubated in
optimal dilution of primary antibody with 2% milk in TBST overnight at RT with shaking.
Membranes were rinsed three times in TBST and incubated in secondary antibody (HRP-
labeled anti-rabbit or mouse IgG (ThermoFisher)) at 1:10,000 for 2 h at RT. Membranes
were exposed to Chemi-Lumi One Super Chemiluminescent substrate (Nacalai-Tesque)
and images captured using FUSION SOLO S (Vilber Lourmat Sté, Collégien, France). All
membranes were re-incubated in HRP-conjugated antibody to β-actin (Abcam, Cambridge,
UK) for normalization purposes.

2.8. Statistical Analyses

Statistical analyses were carried out using Graphpad Prism version 7 (Graphpad
software, La Jolla, CA, USA). Comparison between disease groups were analyzed by one-
way analysis of variance. As no significant differences were revealed by one-way ANOVA
of immunoblots, post hoc tests were not carried out. Statistically significant differences
were assumed if p < 0.05.

3. Results
3.1. Characterization and Validation of TXNIP Antibodies Used

The main goal of this study was to characterize in detail the distribution of TXNIP-
positive cells in a staged series of human brain samples, including those affected by AD. The
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choice of antibody to demonstrate TXNIP localization was limited to commercially available
antibodies. The characterization of TXNIP/VDUP1 immunolocalization in Drosophila and
rat nervous system [2] or in AD brains [7,9] employed the TXNIP monoclonal antibody
clone JY2. The origin of this antibody is unclear, but suppliers state it was raised against
full-length TXNIP recombinant protein. The exact epitope for this antibody is not known,
namely whether it is within the N-terminal domain of TXNIP or in the C-terminal domain
that is involved in interactions with TRX. It has not been extensively characterized, but
these publications showed it could detect specific bands of 50–55 kDa. Our preliminary
studies with this antibody demonstrated a lack of sensitivity for detection of these bands,
suggesting it did not have high affinity for detection of denatured TXNIP in immunoblots.
For this reason, three other commercial antibodies were also examined: a peptide rabbit
antibody produced with a synthetic sequence between amino acids 300–350 (Bethyl Labs,
Montgomery, TX, USA); rabbit monoclonal antibody (Abcam) produced against a synthetic
sequence between amino acids 50–150; and a rabbit polyclonal prepared against full-length
bacterial-expressed TXNIP (Proteintech Group (PTG), Rosemont, IL, US). To verify the
specificity of these antibodies, we employed cell extracts from ARPE-19 retinal pigment
epithelial cells, which express high levels of TXNIP, and cell extracts from THP-1-derived
macrophages that express lower levels. These cells were transfected with control or TXNIP-
specific siRNA sequences to demonstrate knockdown of TXNIP expression as described
in our previous publication [21]. The results from probing cell extracts transfected with
TXNIP siRNA with all four antibodies showed similar large reductions of bands with the
expected molecular weights of TXNIP compared to extracts from control siRNA-treated
cells (Figure 1), indicating the specificity of each antibody. Minor non-specific bands can
also be detected.

As the goal of this study was to identify TXNIP expression in brain-derived cells in
tissue, immunoblots employing cells extracts from purified microglia, purified endothelial
cell, hCMEC/D3 endothelial cell line, human brain-derived astrocytes, and neurons derived
from neuronal progenitor cells and differentiated LAN-5 neuroblastoma cells were probed
with the four TXNIP antibodies to identify whether there were noticeable differences in
specificity for the TXNIP polypeptides expressed by these neural cells. Differences in
recognition patterns between the antibodies of detected bands in the different cell types
(Figure 2) can be clearly seen. The rabbit monoclonal antibody (Abcam) showed strongest
reactivity with the microglial extracts (lanes 1–5), and similar patterns were seen for the
PTG TXNIP antibody. The other TXNIP antibodies showed a preference for neuronal and
endothelial cells, with lower affinity for microglial-expressed TXNIP. It should be noted
that all antibodies recognized the same bands in the brain samples (Brain) as in the neural
cell samples. It was observed that Novus TXNIP antibody JY2 could recognize two bands
of 50 and 55 kDa in brain and neuronal cell extracts.

3.2. Immunoblot Measurements of TXNIP and TRX Levels in LP, HP, and AD MTG
Brain Samples

We carried out immunoblot analyses to measure the relative levels of TXNIP and
TRX in LP, HP, and AD MTG brain protein extracts. Due to the large size difference of
these proteins, these could be measured simultaneously on the same membrane using an
optimized mixture of antibodies. We employed the rabbit polyclonal antibody to TXNIP
(Bethyl) or the rabbit monoclonal antibody to TXNIP (Abcam) rather than the Novus
monoclonal, as they provided significantly stronger signals. Preliminary experiments had
demonstrated that the brain immunoblots had required detection times of 10–15 min to
identify measurable bands using the Novus antibody (1:100 dilution), while the other
TXNIP antibodies required detection times of approximately 30–60 s under the same
conditions. A representative image of TXNIP and TRX polypeptides in selected human
samples detected with rabbit polyclonal antibody (Bethyl) are shown in Figure 3A. This
was one of the three blots analyzed. Similar results were obtained using the TXNIP rabbit
monoclonal antibody (Abcam, data not shown). We did not detect significant differences
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between the LP, HP, and AD groups for TXNIP or TRX by one-way analysis of variance
(Figure 3B or Figure 3C).
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samples from AD middle temporal gyrus (MTG). 
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treated microglial extracts from different cases (1,2,3); EC, extracts from primary human brain-derived
endothelial cells; MEC, extracts from transformed brain endothelial cell line hCMEC/D3; Astrocyte,
extract from brain derived primary astrocytes; iPS-Neu, extracts from Cellular Dynamics iCell human
stem cell-derived human neurons; LAN5, extracts from differentiated human neuroblastoma cell line
LAN-5 control (Cont) or high-glucose treated (Glu); Brain, extract of human brain samples from AD
middle temporal gyrus (MTG).NeuroSci 2022, 3,  9 
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on the same membrane. Membranes were probed with rabbit anti-TXNIP (Bethyl, 1:10,000 dilution)
and rabbit anti-TRX (Abcam, 1:5000 dilution). Membranes were subsequently reacted with HRP-
labeled anti-β-actin antibody (1:15,000) for normalization of loading. (B) Relative levels of TXNIP in
LP, HP, and AD middle temporal gyrus brain protein extracts. Relative intensities were normalized
for β-actin levels. NS, non-significant differences between groups. (C) Relative levels of TRX detected
in LP, HP, and AD middle temporal gyrus brain protein extracts. Relative intensities were normalized
for β-actin levels. NS, non-significant difference between groups.

3.3. Patterns of Expression of TXNIP in Aged and AD Brains

The immunohistochemistry staining presented in this report used the mouse mon-
oclonal antibody JY2 (Novus, Centennial, CO, USA) to identify TXNIP immunoreactive
structures. This was the only one of the tested TXNIP antibodies that identified distinct
structures in the fixed human brain sections available for this study. In Figure 2, the Western
blot patterns for this antibody suggested it did not recognize microglial TXNIP as sensi-
tively as the AbCAM and PTG antibodies. This might have affected the ability to detect
immunoreactivity in these cell types. This antibody has been used in previous studies to
identify TXNIP expressing cells in human brains and experimental animals [7,9,27].

Employing tissue from donated brains with short postmortem intervals and short
fixation conditions, we observed structures that had not previously been reported to be
TXNIP immunopositive. The observed features in sections with progressively increasing
pathology are illustrated in Figure 4. We stained sections from all cases listed in Table 1 (low-
plaque non demented (LP) n = 14, high-plaque non demented (HP) n = 11, Alzheimer’s
disease (AD) n = 13). The rationale for using this series of cases was to characterize
differences between aged non-demented brains with sub-pathological levels of plaque
and tangle pathology with those from subjects diagnosed with dementia and satisfy the
neuropathological diagnosis of AD.

These initial studies employed one- or two-color horseradish peroxidase (HRP) enzyme-
based detection immunohistochemistry. Figure 4A illustrates the highly selective location
of TXNIP immunoreactive structures, with Figure 4B–M showing different features of
cellular morphology. These images represented the typical pattern in the low-plaque (LP),
high-plaque (HP) and AD cases examined. It was noticeable that there were selective
TXNIP-positive nerve cell processes projecting from cortical layers V–VI (Figure 4A) in
the LP case. Figure 4B–D illustrates the location and cellular structures of TXNIP-positive
neurons in an LP case. The sections used in Figure 4B–D were derived from a 90-year-old
person with no diagnosed cognitive deficit and limited numbers of cortical plaques or
tangles. In the sections from HP cases, there were also abundant TXNIP immunoreactive
processes (Figure 4E,F) and cells (Figure 4G). By contrast, in the AD brains examined, there
were fewer TXNIP immunopositive processes with less-intense staining (Figure 4H,I) and
also additional TXNIP-positive cells (Figure 4J).

These cells had the morphology of microglia. Double staining for TXNIP and Aβ
(brown) identified additional features of TXNIP expression that were restricted to the AD
cases. In Figure 4K–M, TXNIP immunoreactive cells with morphology of microglia can be
observed in the vicinity of plaques. In the severe AD case shown, TXNIP immunoreactive
microglia were only those that were plaque-associated. These structures were only observed
in distinct areas of AD sections and not throughout the section (Figure 4L,M).
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observed in the vicinity of plaques. In the severe AD case shown, TXNIP immunoreactive 
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Further features of TXNIP immunoreactivity in human brains are presented in Figure 
5. Strongly immunoreactive neurons and processes can be observed in certain brain re-
gions, and there was stronger staining in the HP non-demented cases with significant 

Figure 4. Distribution of TXNIP immunoreactive structures in middle temporal gyrus of LP,
HP, and AD cases and in relation to Aβ plaques. (A) Low-magnification image of LP case
showing selective distribution of TXNIP immunoreactive structures (purple) primarily in layer
V and VI (black outline). High magnification inset showing layer VI cell structure (blue outline).
(B–D) Progressively increasing magnification of TXNIP immunoreactive structures (purple) in a
low-plaque (LP) case. (E–G) Different structures showing TXNIP immunoreactivity in high-plaque
(HP) cases. (H–M) TXNIP immunoreactive structures in AD cases. (H,I). Weaker TXNIP staining
of neuronal structures in AD cases. (J) Identification of microglia-like TXNIP immunoreactive cells
(purple arrow). (K–M) Identification of microglia-like TXNIP immunoreactive cells (purple arrow)
associated with Aβ plaques (brown arrow) in AD cases. TXNIP immunoreactivity is shown in purple
color. Aβ immunoreactivity is shown in brown. Abbreviations: LP, low plaque; HP, high plaque; AD,
Alzheimer’s disease. Bars represent 50 µm.

Further features of TXNIP immunoreactivity in human brains are presented in Figure 5.
Strongly immunoreactive neurons and processes can be observed in certain brain regions,
and there was stronger staining in the HP non-demented cases with significant plaque and
tangle pathology. Figure 5A–C shows TXNIP staining in a 93-year-old LP case, including
the presence of a TXNIP immunoreactive plaque-like structure (Figure 5B). Some TXNIP
immunopositive processes were noticeable in areas of brain sections of HP (Figure 5D)
and AD cases (Figure 5E) in close association with Aβ immunoreactive plaques. This
suggested that increased TXNIP might be a response to localized cellular stress induced
by Aβ (Figure 5D,E). There were also noticeable interactions of microglia with TXNIP
immunoreactive neuronal processes and cell bodies (Figure 5F–H). It was possible to
observe some IBA-1-positive microglia with TXNIP immunoreactivity (Figure 5I), but these
were a rare feature (Figure 5I).
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Figure 5. Additional features of TXNIP immunoreactivity in brain samples from middle temporal gyrus. (A–C) Strongly 
TXNIP-stained nerve cell (grey arrows) structures present in MTG samples of LP case. Panel B also shows strongly stained Figure 5. Additional features of TXNIP immunoreactivity in brain samples from middle temporal

gyrus. (A–C) Strongly TXNIP-stained nerve cell (grey arrows) structures present in MTG samples
of LP case. Panel B also shows strongly stained extracellular deposits immunoreactive for TXNIP
(grey arrow). (D,E) TXNIP immunoreactive processes (grey arrows) are closely localized in regions
with Aβ plaques (brown arrows). (F–I) Interactions of TXNIP and microglia. (F) IBA-1-positive
microglia (brown) associated with TXNIP-positive neuronal processes (grey arrow). (G) IBA-1-
positive microglia (indicated by brown arrow) associated with TXNIP-positive cells (indicated by
grey arrow). (H) IBA-1-positive microglia (brown) associated with TXNIP-positive neuron processes
(grey arrow). TXNIP immunoreactivity (purple). (I) Colocalization of TXNIP-positive structures
(grey arrow) in IBA-1-positive microglia (brown) in AD case. This feature was rarely observed. Aβ or
IBA1 immunoreactivity (brown). Bars represent 50 µm.

3.4. Patterns of Expression of TXNIP (Confocal Microscopy)

To confirm the identity of the TXNIP positive structures identified using peroxidase
immunohistochemistry staining, which mainly appeared to be in neurons, we carried out
fluorescent staining for TXNIP with a range of different markers, including microtubule-
associated protein-2 (MAP2), a marker for neuronal dendrites. The results showed that
many of the TXNIP-positive structures were co-stained with MAP2, which are indicated by
yellow arrows in LP and HP cases (shown in Figure 6A–C (LP) and Figure 6D–F (HP)), but
less so in AD cases, where other cells were TXNIP-positive (Figure 6G–I). The AD sections
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showed noticeably reduced MAP2 staining. We co-stained sections with antibodies to
TXNIP and IBA-1 (marker for microglia). However, we did not observe extensive TXNIP
co-localization with IBA-1 in most of the images captured (Figure 7) with the exception of
AD cases (Figure 7I) (yellow arrows).
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Figure 6. Confocal microscopy showing extensive colocalization of TXNIP with MAP2 immunoreactivity. All sections 
shown were from middle temporal gyrus. (A–C) LP case showing (A) TXNIP immunoreactivity (green), (B) MAP2 immu-
noreactivity (red), and (C) merged image (yellow arrows) with DAPI staining (blue). (D–E) HP case showing (D) TXNIP 
immunoreactivity (green), (E) MAP2 immunoreactivity (red), and (F) merged image, indicated by yellow arrows with 

Figure 6. Confocal microscopy showing extensive colocalization of TXNIP with MAP2 immunore-
activity. All sections shown were from middle temporal gyrus. (A–C) LP case showing (A) TXNIP
immunoreactivity (green), (B) MAP2 immunoreactivity (red), and (C) merged image (yellow arrows)
with DAPI staining (blue). (D–F) HP case showing (D) TXNIP immunoreactivity (green), (E) MAP2
immunoreactivity (red), and (F) merged image, indicated by yellow arrows with DAPI staining (blue).
(G–I). AD case showing (G) TXNIP immunoreactivity (green), (H) MAP2 immunoreactivity (red),
and (I) merged image showing TXNIP-positive cells with limited colocalization with MAP2 with
DAPI staining (blue). Bars represents 30 µm.
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DAPI staining (blue). (G–I). AD case showing (G) TXNIP immunoreactivity (green), (H) MAP2 immunoreactivity (red), 
and (I) merged image showing TXNIP-positive cells with limited colocalization with MAP2 with DAPI staining (blue). 
Bars represents 30 μm. 

 
Figure 7. Confocal microscopy showing limited colocalization of TXNIP with microglia marker IBA-1 immunoreactivity. 
All sections shown were from middle temporal gyrus. (A–C) LP case showing (A) TXNIP immunoreactivity (green), (B) 
IBA-1 immunoreactivity (red), and (C) merged image with DAPI staining (blue). (D–E) HP case showing (D) TXNIP im-
munoreactivity (green), (E) IBA-1 immunoreactivity (red), and (F) merged image with DAPI staining (blue). (G–I) AD case 
showing (G) TXNIP immunoreactivity (green), (H) IBA-1 immunoreactivity (red), and (I) merged image showing TXNIP-
positive cells (green) with limited punctate intracellular colocalization (yellow arrow) with IBA-1 (red arrow) with DAPI 
staining (blue). Bars represents 30 μm. 

Immunohistochemical staining of LP, HP, and AD tissue sections was also carried 
out using antibodies to glial fibrillary acidic protein (GFAP) and TXNIP to verify if colo-
calization of TXNIP could be observed in astrocytes. Figure 8 demonstrates that TXNIP 
immunoreactivity did not colocalize with GFAP-positive astrocytes though staining was 
closely opposed to these different types of astrocytes. This was observed in LP cases (Fig-
ure 8A–C), HP cases (Figure 8D–F), and AD cases (Figure 8G–I). 

Figure 7. Confocal microscopy showing limited colocalization of TXNIP with microglia marker
IBA-1 immunoreactivity. All sections shown were from middle temporal gyrus. (A–C) LP case
showing (A) TXNIP immunoreactivity (green), (B) IBA-1 immunoreactivity (red), and (C) merged
image with DAPI staining (blue). (D–F) HP case showing (D) TXNIP immunoreactivity (green),
(E) IBA-1 immunoreactivity (red), and (F) merged image with DAPI staining (blue). (G–I) AD case
showing (G) TXNIP immunoreactivity (green), (H) IBA-1 immunoreactivity (red), and (I) merged
image showing TXNIP-positive cells (green) with limited punctate intracellular colocalization (yellow
arrow) with IBA-1 (red arrow) with DAPI staining (blue). Bars represents 30 µm.

Immunohistochemical staining of LP, HP, and AD tissue sections was also carried
out using antibodies to glial fibrillary acidic protein (GFAP) and TXNIP to verify if colo-
calization of TXNIP could be observed in astrocytes. Figure 8 demonstrates that TXNIP
immunoreactivity did not colocalize with GFAP-positive astrocytes though staining was
closely opposed to these different types of astrocytes. This was observed in LP cases
(Figure 8A–C), HP cases (Figure 8D–F), and AD cases (Figure 8G–I).
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Figure 8. Confocal microscopy showing limited colocalization of TXNIP with astrocyte marker GFAP. All sections shown 
were from middle temporal gyrus. (A–C) LP case showing (A) TXNIP immunoreactivity (green), (B) GFAP immunoreac-
tivity (red), and (C) merged image with DAPI staining (blue). (D–F) HP case showing (D) TXNIP immunoreactivity 
(green), (E) GFAP immunoreactivity (red), and (F) merged image with DAPI staining (blue). (G–I) AD case showing (G) 
TXNIP immunoreactivity (green), (H) GFAP immunoreactivity (red), and (I) merged image with DAPI staining (blue). 
Bars represents 30 μm. 

3.5. Additional Features of TXNIP Immunoreactive Structures (Confocal Microscopy) 
This section will consider additional features of TXNIP immunoreactive structures in 

relation to pathological features. Figure 9 illustrates types of TXNIP immunoreactive 
plaque-like structures. 

Figure 9A–C shows that plaque-like accumulations of TXNIP were present in sec-
tions from all disease groups. These structures referred to in Figure 5B are distinct from 
Aβ immunoreactive plaques (red in panels B and C). In Figure 9D–E of an AD case, the 
TXNIP-positive structure (red) colocalized with a plaque-like structure. This was revealed 
using DAPI staining that not only recognized accumulations of nuclei as expected (white 
arrows) but also appeared to bind to highly aggregated amyloid plaque (white arrow-
heads) [28]. The TXNIP-positive structures did not colocalize with GFAP-positive astro-
cytes around the plaques. 

Figure 8. Confocal microscopy showing limited colocalization of TXNIP with astrocyte marker GFAP.
All sections shown were from middle temporal gyrus. (A–C) LP case showing (A) TXNIP immunore-
activity (green), (B) GFAP immunoreactivity (red), and (C) merged image with DAPI staining (blue).
(D–F) HP case showing (D) TXNIP immunoreactivity (green), (E) GFAP immunoreactivity (red), and
(F) merged image with DAPI staining (blue). (G–I) AD case showing (G) TXNIP immunoreactivity
(green), (H) GFAP immunoreactivity (red), and (I) merged image with DAPI staining (blue). Bars
represents 30 µm.

3.5. Additional Features of TXNIP Immunoreactive Structures (Confocal Microscopy)

This section will consider additional features of TXNIP immunoreactive structures
in relation to pathological features. Figure 9 illustrates types of TXNIP immunoreactive
plaque-like structures.

Figure 9A–C shows that plaque-like accumulations of TXNIP were present in sections
from all disease groups. These structures referred to in Figure 5B are distinct from Aβ
immunoreactive plaques (red in panels B and C). In Figure 9D,E of an AD case, the TXNIP-
positive structure (red) colocalized with a plaque-like structure. This was revealed using
DAPI staining that not only recognized accumulations of nuclei as expected (white arrows)
but also appeared to bind to highly aggregated amyloid plaque (white arrowheads) [28].
The TXNIP-positive structures did not colocalize with GFAP-positive astrocytes around
the plaques.

Further characterizations of TXNIP immunoreactive structures were made using triple
immunohistochemistry staining. Figure 10A shows no overlap between Aβ plaque (purple)
and TXNIP plaque-like deposits (green). These results confirm that these TXNIP plaque-
like structures do not colocalize with Aβ, but in Figure 10B, microglia (red) can be seen
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interacting with these TXNIP structures. In contrast, Figure 10C,D demonstrate TXNIP did
not colocalize with p-Tau-positive structures.
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Figure 9. TXNIP immunoreactive plaque structures. (A–C). TXNIP immunoreactive plaque-like structures (green) present 
in LP (A), HP (B), and AD cases (C) do not colocalize with Aβ (red). Bars represent 20 μm. (D–F). Some mature plaques 
have TXNIP immunoreactivity (red) (D). Plaque revealed by accumulations of DAPI staining of nuclei (white arrow) but 
also amyloid-like material (white arrowhead) structures (E). Plaque-associated GFAP-positive astrocytes (green) accumu-
lated around plaque-like structures and did not show TXNIP immunoreactivity (F). Bars represent 30 μm. 

Further characterizations of TXNIP immunoreactive structures were made using tri-
ple immunohistochemistry staining. Figure 10A shows no overlap between Aβ plaque 
(purple) and TXNIP plaque-like deposits (green). These results confirm that these TXNIP 
plaque-like structures do not colocalize with Aβ, but in Figure 10B, microglia (red) can be 
seen interacting with these TXNIP structures. In contrast, Figure 10C,D demonstrate 
TXNIP did not colocalize with p-Tau-positive structures.  

 
Figure 10. Interactions of TXNIP with pathological features in middle temporal gyrus (A–C). Triple staining demonstrat-
ing TXNIP (green), IBA-1 (red), and Aβ (A, purple) or p-Tau (B–C, purple). (D) Absence of colocalization of p-Tau (green) 
and TXNIP (red). Bars represent 30 μm. 

Figure 9. TXNIP immunoreactive plaque structures. (A–C). TXNIP immunoreactive plaque-like
structures (green) present in LP (A), HP (B), and AD cases (C) do not colocalize with Aβ (red). Bars
represent 20 µm. (D–F). Some mature plaques have TXNIP immunoreactivity (red) (D). Plaque
revealed by accumulations of DAPI staining of nuclei (white arrow) but also amyloid-like material
(white arrowhead) structures (E). Plaque-associated GFAP-positive astrocytes (green) accumulated
around plaque-like structures and did not show TXNIP immunoreactivity (F). Bars represent 30 µm.
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Figure 10. Interactions of TXNIP with pathological features in middle temporal gyrus (A–C). Triple
staining demonstrating TXNIP (green), IBA-1 (red), and Aβ (A, purple) or p-Tau (B,C, purple).
(D) Absence of colocalization of p-Tau (green) and TXNIP (red). Bars represent 30 µm.
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4. Discussion

The aims of this study were to identify the cellular expression and distribution of
TXNIP in human temporal cortex in tissue samples with different degrees of plaque and
tangle pathology. We had hypothesized that TXNIP would be mainly localized to microglia
but observed immunolocalization in neuronal dendrites in cases defined as non-demented
but with low or high amounts of plaque and tangle pathology. The neuronal immunore-
activity for TXNIP was reduced in the AD cases, but these did show limited numbers of
TXNIP-expressing, microglia-like cells around plaques. In addition, we measured the levels
of TXNIP protein in these samples by Western blot analyses to determine if this protein
was increased with disease but found no significant difference between the disease groups.

A number of studies have shown how increased expression of TXNIP makes significant
contribution to disease processes, particularly those related to diabetes, but few have related
TXNIP to human brain diseases (reviews: [29,30]). The major property of TXNIP is to bind
and sequester the antioxidant thioredoxin (TRX), which results in increase in damaging
oxidative stress with pathological consequences. A second function of TXNIP, which can
be related to or independent from its TRX binding, is to activate the NLRP3 inflammasome
complex, resulting in enhanced inflammation.

Previous immunohistochemistry studies of normal animal brains have shown that
TXNIP was expressed by neurons, astrocytes, and microglia, with overall expression levels
in the brain appearing low compared to other tissues [27]. Under pathological conditions,
an animal model of cerebral ventral sinus thrombosis demonstrated significant induction
of TXNIP in neurons and in some astrocytes and microglia but restricted to sites of acute
neuronal cell death. Of note from this study was that the increase in TXNIP was time-
limited, peaking at 3 days after lesioning, and then resolving to baseline levels [31]. These
data imply that increased TXNIP could be restricted to sites of active pathology. Two
other studies that employed the animal model of subarachnoid hemorrhage showed that
increased TXNIP expression correlated with enhanced tissue damage, while blocking
TXNIP expression with resveratrol or specific siRNAs reduced tissue damage [11,32].

Two recent studies examined the expression of TXNIP in human AD brains. These
studies employed different brain regions (frontal cortex and hippocampus) from the brain
region used to produce results in this report (temporal cortex). These other studies showed
increased expression of TXNIP mRNA in AD brains and increased numbers of TXNIP
immunoreactive cells but no increase in protein levels [7,9]. Our results demonstrated
that TXNIP protein levels in MTG were not markedly different between AD and aging
non-AD patients but did not measure mRNA levels. In this study, compared to the above-
mentioned papers, we categorize the non-AD cases into low-plaque and high-plaque
features. The study reported here focused on fully characterizing cellular expression of
TXNIP in relation to pathological structures in human brains. Using the same JY2 TXNIP
antibody as previously reported, we identified differential expression of TXNIP in neuronal
dendrites and some neuronal cell bodies, particularly in cortical layers V–VI of the low- and
high-pathology, non-demented cases. TXNIP immunoreactive structures did not colocalize
with p-Tau immunoreactive tangles but in the high-plaque cases appeared to be in areas
where plaques develop. These neuronal structures colocalized with MAP2, a marker for
neuronal dendrites. The expression of neuronal TXNIP appeared to decrease in AD cases,
while TXNIP expression in subsets of microglia, particularly those associated with plaques,
could be seen in AD cases. It was noticeable that only a limited number of microglia-like
cells showed TXNIP immunoreactivity. It has previously been observed using an AD
plaque-developing mouse model (APP/PS1) that TXNIP protein levels were increased
in frontal cortex and hippocampus of 9- and 12-month-old mice compared to wild-type
non-transgenic mice, while TRX levels were unchanged [15]. This study did not examine
the cellular distribution of TXNIP in these animals. However, using a neuronal cell line, Aβ
treatment of cells resulted in increased levels of TXNIP, confirming Aβ as a TXNIP-inducing
stress factor [15]. The expectation of significant microglial expression of TXNIP came from
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recent single-cell RNA profiling studies of microglia that defined TXNIP as a microglial
activation marker [33,34].

One limitation of this study, common with other immunohistochemistry studies,
might be the specificity of the antibodies used to demonstrate cellular localization. Using
siRNA, we demonstrated that four different commercial TXNIP antibodies identified the
same TXNIP polypeptides of 50–55 kDa, whose detection was inhibited with TXNIP
siRNA transfection. The molecular weight of TXNIP can vary depending on degree of
post-translational modifications [35]. This demonstrated specificity of all antibodies, but
only the mouse monoclonal JY2 antibody showed the staining patterns demonstrated in
the figures. The JY2 antibody has been used in previous reports to demonstrate cellular
localization of TXNIP [7,9,27]. This antibody, however, was significantly less sensitive
in detecting TXNIP by Western blot in brain samples. We did not identify significantly
increased levels of TXNIP in AD brain samples. This result was similar to the other recent
publications. These authors detected significantly increased TXNIP mRNA in AD cases but
non-significant increases in proteins levels [7,9]. It can be seen in Figure 3 that there was
considerable variability in TXNIP levels between samples in all disease groups.

The validity of the immunostaining is seen by its selective patterns of expression
brain. Non-specific staining would not be expected to be so localized or show the changing
patterns between disease groups. Ideally, pre-absorption of antibody with purified protein,
resulting in abolishment of staining, is needed; however, purified TXNIP was not available
for this study. Due to the different properties of the N-terminal domain compared to
C-terminal domain of TXNIP in terms of binding to TRX [36], it might be expected that
differences in recognition of the native proteins in fixed tissue sections is more selective
than in immunoblots, where the secondary structure of proteins is not a feature due to
sample denaturation.

Overall, there can be different interpretations for the altered staining patterns of
TXNIP, but it should be considered that increased TXNIP staining in neurons in human
brains might be a response to increased cellular stress prior to the development of AD
pathological hallmarks. Increased expression of TXNIP in microglia at the later stage of the
disease rather than at stages before significant AD pathology has developed suggest that
TXNIP-mediated activation of inflammasome-induced inflammation might be occurring at
late stages of the disease. Increased NLRP3 expression was detected in AD cases in other
studies, where there were no staging of the control cases into low- and high-pathology,
non-demented classification [7,9,14]. Due to the significant role of TXNIP in diabetes-
related pathologies and on the possible interactions of diabetes and/or insulin resistance in
AD pathologies [37–39], further studies using brain tissues from cases with and without
history of diabetes or insulin resistance would be informative. It was thus a reasonable
hypothesis to believe that TXNIP could be involved in AD. There are now significant
data that insulin dysregulation due to obesity, aging, or metabolic syndrome exacerbates
cognitive decline, possibly due to interfering with Aβ degradative processes. However,
the direct enhancement of diabetes on neuropathology has been better demonstrated in
AD mice models [40–42] than in human AD brains [43–45], where findings suggest that
diabetes has a significant risk factor for cerebrovascular disease [46]. One significant feature
was the identification of apoE4 genotype as a significant risk factor in conjunction with
diabetes in enhancing AD-type neuropathology [37,47].

In summary, the findings in this study suggest that TXNIP expression in neurons
could identify vulnerable neurons where increased oxidative stress is present. The decline
in neuronal staining in AD cases coincides with loss of MAP2 immunoreactivity due to
neuronal damage. The results also indicate that TXNIP could not be considered a marker
of activated microglia, as numbers of microglia showing TXNIP staining were limited.



NeuroSci 2022, 3 183

Author Contributions: Conceptualization, H.T. and D.G.W.; methodology, H.T., A.M., U.B. and
D.G.W.; validation, H.T. and D.G.W.; formal analysis, H.T., A.M., U.B. and D.G.W.; resources, D.G.W.
and I.T.; data curation, H.T. and D.G.W.; writing—original draft preparation, H.T. and D.G.W.;
writing—review and editing, D.G.W.; supervision, D.G.W.; project administration, D.G.W.; funding
acquisition, I.T. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by grant funds from Japan Society for the Promotion of Science
(JSPS) to I.T. (20K20588) and from JSPS to D.G.W. (19K0784300).

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki, and approved the Ethics Committee of Shiga University of Medical
Science (protocol code 29-114) with approval date May 2017. Human brain samples used in this study
were obtained from the Banner Sun Health Research Institute Brain and Body Donation Program
(BBDP), Sun City, AR, USA. The operations of the BBDP as part of the Arizona Study of Aging and
Neurodegenerative Diseases (AZSAND) have received continuous approval of Institutional Review
Boards (IRB) [19]. The transfer of human brain samples to Japan was approved by an authorized
Material Transfer agreement. Tissue studies in Japan were approved by Shiga University of Medical
Science Ethical Committee (Project Certificate no. 29-114).

Informed Consent Statement: Written informed consents for collection and use of brain and other
tissues for research purposes were obtained from donors or next of kin before death by staff of the
Banner Sun Health Research Institute Brain and Body Donation Program.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. DeTure, M.A.; Dickson, D.W. The neuropathological diagnosis of Alzheimer’s disease. Mol. Neurodegener. 2019, 14, 32. [CrossRef]

[PubMed]
2. Saleem, U.; Sabir, S.; Niazi, S.G.; Naeem, M.; Ahmad, B. Role of Oxidative Stress and Antioxidant Defense Biomarkers in

Neurodegenerative Diseases. Crit. Rev. Eukaryot. Gene Expr. 2020, 30, 311–322. [CrossRef] [PubMed]
3. Junn, E.; Han, S.H.; Im, J.Y.; Yang, Y.; Cho, E.W.; Um, H.D.; Kim, D.K.; Lee, K.W.; Han, P.L.; Rhee, S.G.; et al. Vitamin D3

up-regulated protein 1 mediates oxidative stress via suppressing the thioredoxin function. J. Immunol. 2000, 164, 6287–6295.
[CrossRef] [PubMed]

4. Schulze, P.C.; De Keulenaer, G.W.; Yoshioka, J.; Kassik, K.A.; Lee, R.T. Vitamin D3-upregulated protein-1 (VDUP-1) regulates
redox-dependent vascular smooth muscle cell proliferation through interaction with thioredoxin. Circ. Res. 2002, 91, 689–695.
[CrossRef] [PubMed]

5. Wondafrash, D.Z.; Nire’a, A.T.; Tafere, G.G.; Desta, D.M.; Berhe, D.A.; Zewdie, K.A. Thioredoxin-Interacting Protein as a Novel
Potential Therapeutic Target in Diabetes Mellitus and Its Underlying Complications. Diabetes Metab. Syndr. Obes. Targets Ther.
2020, 13, 43–51. [CrossRef]

6. Zhou, R.; Tardivel, A.; Thorens, B.; Choi, I.; Tschopp, J. Thioredoxin-interacting protein links oxidative stress to inflammasome
activation. Nat. Immunol. 2010, 11, 136–140. [CrossRef] [PubMed]

7. Li, L.; Ismael, S.; Nasoohi, S.; Sakata, K.; Liao, F.-F.; McDonald, M.P.; Ishrat, T. Thioredoxin-Interacting Protein (TXNIP) Associated
NLRP3 Inflammasome Activation in Human Alzheimer’s Disease Brain. J. Alzheimers. Dis. 2019, 68, 255–265. [CrossRef]

8. Su, C.-J.; Feng, Y.; Liu, T.-T.; Liu, X.; Bao, J.-J.; Shi, A.-M.; Hu, D.-M.; Liu, T.; Yu, Y.-L. Thioredoxin-interacting protein induced
alpha-synuclein accumulation via inhibition of autophagic flux: Implications for Parkinson’s disease. CNS Neurosci. Ther. 2017,
23, 717–723. [CrossRef]

9. Ismael, S.; Wajidunnisa; Sakata, K.; McDonald, M.P.; Liao, F.-F.; Ishrat, T. ER stress associated TXNIP-NLRP3 inflammasome
activation in hippocampus of human Alzheimer’s disease. Neurochem. Int. 2021, 148, 105104. [CrossRef]

10. Schulze, P.C.; Yoshioka, J.; Takahashi, T.; He, Z.; King, G.L.; Lee, R.T. Hyperglycemia promotes oxidative stress through inhibition
of thioredoxin function by thioredoxin-interacting protein. J. Biol. Chem. 2004, 279, 30369–30374. [CrossRef]

11. Zhao, Q.; Che, X.; Zhang, H.; Fan, P.; Tan, G.; Liu, L.; Jiang, D.; Zhao, J.; Xiang, X.; Liang, Y.; et al. Thioredoxin-interacting protein
links endoplasmic reticulum stress to inflammatory brain injury and apoptosis after subarachnoid haemorrhage. J. Neuroinflamm.
2017, 14, 104. [CrossRef] [PubMed]

12. Su, H.; Ji, L.; Xing, W.; Zhang, W.; Zhou, H.; Qian, X.; Wang, X.; Gao, F.; Sun, X.; Zhang, H. Acute hyperglycaemia enhances
oxidative stress and aggravates myocardial ischaemia/reperfusion injury: Role of thioredoxin-interacting protein. J. Cell. Mol.
Med. 2013, 17, 181–191. [CrossRef] [PubMed]

13. Nishiyama, A.; Matsui, M.; Iwata, S.; Hirota, K.; Masutani, H.; Nakamura, H.; Takagi, Y.; Sono, H.; Gon, Y.; Yodoi, J. Identification
of thioredoxin-binding protein-2/vitamin D(3) up-regulated protein 1 as a negative regulator of thioredoxin function and
expression. J. Biol. Chem. 1999, 274, 21645–21650. [CrossRef] [PubMed]

http://doi.org/10.1186/s13024-019-0333-5
http://www.ncbi.nlm.nih.gov/pubmed/31375134
http://doi.org/10.1615/CritRevEukaryotGeneExpr.2020029202
http://www.ncbi.nlm.nih.gov/pubmed/32894661
http://doi.org/10.4049/jimmunol.164.12.6287
http://www.ncbi.nlm.nih.gov/pubmed/10843682
http://doi.org/10.1161/01.RES.0000037982.55074.F6
http://www.ncbi.nlm.nih.gov/pubmed/12386145
http://doi.org/10.2147/DMSO.S232221
http://doi.org/10.1038/ni.1831
http://www.ncbi.nlm.nih.gov/pubmed/20023662
http://doi.org/10.3233/JAD-180814
http://doi.org/10.1111/cns.12721
http://doi.org/10.1016/j.neuint.2021.105104
http://doi.org/10.1074/jbc.M400549200
http://doi.org/10.1186/s12974-017-0878-6
http://www.ncbi.nlm.nih.gov/pubmed/28490373
http://doi.org/10.1111/j.1582-4934.2012.01661.x
http://www.ncbi.nlm.nih.gov/pubmed/23305039
http://doi.org/10.1074/jbc.274.31.21645
http://www.ncbi.nlm.nih.gov/pubmed/10419473


NeuroSci 2022, 3 184

14. Heneka, M.T.; Kummer, M.P.; Stutz, A.; Delekate, A.; Schwartz, S.; Vieira-Saecker, A.; Griep, A.; Axt, D.; Remus, A.; Tzeng, T.-C.;
et al. NLRP3 is activated in Alzheimer’s disease and contributes to pathology in APP/PS1 mice. Nature 2013, 493, 674–678.
[CrossRef]

15. Wang, Y.; Wang, Y.; Bharti, V.; Zhou, H.; Hoi, V.; Tan, H.; Wu, Z.; Nagakannan, P.; Eftekharpour, E.; Wang, J.-F. Upregulation of
Thioredoxin-Interacting Protein in Brain of Amyloid-β Protein Precursor/Presenilin 1 Transgenic Mice and Amyloid-β Treated
Neuronal Cells. J. Alzheimer’s Dis. 2019, 72, 139–150. [CrossRef]

16. Fertan, E.; Rodrigues, G.J.; Wheeler, R.V.; Goguen, D.; Wong, A.A.; James, H.; Stadnyk, A.; Brown, R.E.; Weaver, I.C.G. Cognitive
Decline, Cerebral-Spleen Tryptophan Metabolism, Oxidative Stress, Cytokine Production, and Regulation of the Txnip Gene in a
Triple Transgenic Mouse Model of Alzheimer Disease. Am. J. Pathol. 2019, 189, 1435–1450. [CrossRef]

17. Melone, M.A.B.; Dato, C.; Paladino, S.; Coppola, C.; Trebini, C.; Giordana, M.T.; Perrone, L. Verapamil Inhibits Ser202/Thr205
Phosphorylation of Tau by Blocking TXNIP/ROS/p38 MAPK Pathway. Pharm. Res. 2018, 35, 44. [CrossRef]

18. Lovell, M.A.; Xie, C.; Gabbita, S.P.; Markesbery, W.R. Decreased thioredoxin and increased thioredoxin reductase levels in
Alzheimer’s disease brain. Free Radic. Biol. Med. 2000, 28, 418–427. [CrossRef]

19. Beach, T.G.; Adler, C.H.; Sue, L.I.; Serrano, G.; Shill, H.A.; Walker, D.G.; Lue, L.; Roher, A.E.; Dugger, B.N.; Maarouf, C.; et al.
Arizona Study of Aging and Neurodegenerative Disorders and Brain and Body Donation Program. Neuropathology 2015, 35,
354–389. [CrossRef]

20. Beach, T.G.; Sue, L.I.; Walker, D.G.; Sabbagh, M.N.; Serrano, G.; Dugger, B.N.; Mariner, M.; Yantos, K.; Henry-Watson, J.;
Chiarolanza, G.; et al. Striatal amyloid plaque density predicts Braak neurofibrillary stage and clinicopathological Alzheimer’s
disease: Implications for amyloid imaging. J. Alzheimers. Dis. 2012, 28, 869–876. [CrossRef]

21. Buyandelger, U.; Walker, D.G.; Taguchi, H.; Yanagisawa, D.; Tooyama, I. Novel fluorinated derivative of curcumin negatively
regulates thioredoxin-interacting protein expression in retinal pigment epithelial and macrophage cells. Biochem. Biophys. Res.
Commun. 2020, 532, 668–674. [CrossRef] [PubMed]

22. Walker, D.G.; Tang, T.M.; Lue, L.-F. Increased expression of toll-like receptor 3, an anti-viral signaling molecule, and related genes
in Alzheimer’s disease brains. Exp. Neurol. 2018, 309, 91–106. [CrossRef] [PubMed]

23. Walker, D.G.; Lue, L.-F.; Beach, T.G.; Tooyama, I. Microglial Phenotyping in Neurodegenerative Disease Brains: Identification of
Reactive Microglia with an Antibody to Variant of CD105/Endoglin. Cells 2019, 8, 766. [CrossRef] [PubMed]

24. Weksler, B.B.; Subileau, E.A.; Perrière, N.; Charneau, P.; Holloway, K.; Leveque, M.; Tricoire-Leignel, H.; Nicotra, A.; Bourdoulous,
S.; Turowski, P.; et al. Blood-brain barrier-specific properties of a human adult brain endothelial cell line. FASEB J. Off. Publ. Fed.
Am. Soc. Exp. Biol. 2005, 19, 1872–1874. [CrossRef]

25. Lanciotti, M.; Montaldo, P.G.; Folghera, S.; Lucarelli, E.; Cornaglia-Ferraris, P.; Ponzoni, M. A combined evaluation of biochemical
and morphological changes during human neuroblastoma cell differentiation. Cell. Mol. Neurobiol. 1992, 12, 225–240. [CrossRef]

26. Mendsaikhan, A.; Tooyama, I.; Bellier, J.-P.; Serrano, G.E.; Sue, L.I.; Lue, L.-F.; Beach, T.G.; Walker, D.G. Characterization of
lysosomal proteins Progranulin and Prosaposin and their interactions in Alzheimer’s disease and aged brains: Increased levels
correlate with neuropathology. Acta Neuropathol. Commun. 2019, 7, 215. [CrossRef]

27. Levendusky, M.C.; Basle, J.; Chang, S.; Mandalaywala, N.V.; Voigt, J.M.; Dearborn, R.E.J. Expression and regulation of vitamin D3
upregulated protein 1 (VDUP1) is conserved in mammalian and insect brain. J. Comp. Neurol. 2009, 517, 581–600. [CrossRef]

28. Matsuura, M.; Abe, H.; Tominaga, T.; Sakurai, A.; Murakami, T.; Kishi, S.; Bando, Y.; Minakuchi, J.; Nagai, K.; Doi, T. A Novel
Method of DAPI Staining for Differential Diagnosis of Renal Amyloidosis. J. Med. Investig. 2017, 64, 217–221. [CrossRef]

29. Tsubaki, H.; Tooyama, I.; Walker, D.G. Thioredoxin-Interacting Protein (TXNIP) with Focus on Brain and Neurodegenerative
Diseases. Int. J. Mol. Sci. 2020, 21, 9357. [CrossRef]

30. Nasoohi, S.; Ismael, S.; Ishrat, T. Thioredoxin-Interacting Protein (TXNIP) in Cerebrovascular and Neurodegenerative Diseases:
Regulation and Implication. Mol. Neurobiol. 2018, 55, 7900–7920. [CrossRef]

31. Ding, R.; Ou, W.; Chen, C.; Liu, Y.; Li, H.; Zhang, X.; Chai, H.; Ding, X.; Wang, Q. Endoplasmic reticulum stress and oxidative
stress contribute to neuronal pyroptosis caused by cerebral venous sinus thrombosis in rats: Involvement of TXNIP/peroxynitrite-
NLRP3 inflammasome activation. Neurochem. Int. 2020, 141, 104856. [CrossRef] [PubMed]

32. Zhao, Q.; Che, X.; Zhang, H.; Tan, G.; Liu, L.; Jiang, D.; Zhao, J.; Xiang, X.; Sun, X.; He, Z. Thioredoxin-Interacting Protein
Mediates Apoptosis in Early Brain Injury after Subarachnoid Haemorrhage. Int. J. Mol. Sci. 2017, 18, 854. [CrossRef] [PubMed]

33. Deczkowska, A.; Keren-Shaul, H.; Weiner, A.; Colonna, M.; Schwartz, M.; Amit, I. Disease-Associated Microglia: A Universal
Immune Sensor of Neurodegeneration. Cell 2018, 173, 1073–1081. [CrossRef] [PubMed]

34. Keren-Shaul, H.; Spinrad, A.; Weiner, A.; Matcovitch-Natan, O.; Dvir-Szternfeld, R.; Ulland, T.K.; David, E.; Baruch, K.; Lara-
Astaiso, D.; Toth, B.; et al. A Unique Microglia Type Associated with Restricting Development of Alzheimer’s Disease. Cell 2017,
169, 1276–1290.e17. [CrossRef]

35. Robinson, K.A.; Brock, J.W.; Buse, M.G. Posttranslational regulation of thioredoxin-interacting protein. J. Mol. Endocrinol. 2013,
50, 59–71. [CrossRef]

36. Patwari, P.; Higgins, L.J.; Chutkow, W.A.; Yoshioka, J.; Lee, R.T. The interaction of thioredoxin with Txnip. Evidence for formation
of a mixed disulfide by disulfide exchange. J. Biol. Chem. 2006, 281, 21884–21891. [CrossRef]

37. Malek-Ahmadi, M.; Beach, T.; Obradov, A.; Sue, L.; Belden, C.; Davis, K.; Walker, D.G.; Lue, L.; Adem, A.; Sabbagh, M.N.
Increased Alzheimer’s disease neuropathology is associated with type 2 diabetes and ApoE ε.4 carrier status. Curr. Alzheimer Res.
2013, 10, 654–659. [CrossRef]

http://doi.org/10.1038/nature11729
http://doi.org/10.3233/JAD-190223
http://doi.org/10.1016/j.ajpath.2019.03.006
http://doi.org/10.1007/s11095-017-2276-2
http://doi.org/10.1016/S0891-5849(99)00258-0
http://doi.org/10.1111/neup.12189
http://doi.org/10.3233/JAD-2011-111340
http://doi.org/10.1016/j.bbrc.2020.08.114
http://www.ncbi.nlm.nih.gov/pubmed/32912630
http://doi.org/10.1016/j.expneurol.2018.07.016
http://www.ncbi.nlm.nih.gov/pubmed/30076830
http://doi.org/10.3390/cells8070766
http://www.ncbi.nlm.nih.gov/pubmed/31340569
http://doi.org/10.1096/fj.04-3458fje
http://doi.org/10.1007/BF00712928
http://doi.org/10.1186/s40478-019-0862-8
http://doi.org/10.1002/cne.22195
http://doi.org/10.2152/jmi.64.217
http://doi.org/10.3390/ijms21249357
http://doi.org/10.1007/s12035-018-0917-z
http://doi.org/10.1016/j.neuint.2020.104856
http://www.ncbi.nlm.nih.gov/pubmed/32980492
http://doi.org/10.3390/ijms18040854
http://www.ncbi.nlm.nih.gov/pubmed/28420192
http://doi.org/10.1016/j.cell.2018.05.003
http://www.ncbi.nlm.nih.gov/pubmed/29775591
http://doi.org/10.1016/j.cell.2017.05.018
http://doi.org/10.1530/JME-12-0091
http://doi.org/10.1074/jbc.M600427200
http://doi.org/10.2174/15672050113109990006


NeuroSci 2022, 3 185

38. Bendlin, B.B. Antidiabetic therapies and Alzheimer disease. Dialogues Clin. Neurosci. 2019, 21, 83–91.
39. de la Monte, S.M. The Full Spectrum of Alzheimer’s Disease Is Rooted in Metabolic Derangements That Drive Type 3 Diabetes.

Adv. Exp. Med. Biol. 2019, 1128, 45–83. [CrossRef]
40. Kimura, N. Diabetes Mellitus Induces Alzheimer’s Disease Pathology: Histopathological Evidence from Animal Models. Int. J.

Mol. Sci. 2016, 17, 503. [CrossRef]
41. Lanzillotta, C.; Tramutola, A.; Di Giacomo, G.; Marini, F.; Butterfield, D.A.; Di Domenico, F.; Perluigi, M.; Barone, E. Insulin

resistance, oxidative stress and mitochondrial defects in Ts65dn mice brain: A harmful synergistic path in down syndrome. Free
Radic. Biol. Med. 2021, 165, 152–170. [CrossRef] [PubMed]

42. Wakabayashi, T.; Yamaguchi, K.; Matsui, K.; Sano, T.; Kubota, T.; Hashimoto, T.; Mano, A.; Yamada, K.; Matsuo, Y.; Kubota, N.;
et al. Differential effects of diet- and genetically-induced brain insulin resistance on amyloid pathology in a mouse model of
Alzheimer’s disease. Mol. Neurodegener. 2019, 14, 15. [CrossRef] [PubMed]

43. Chornenkyy, Y.; Wang, W.-X.; Wei, A.; Nelson, P.T. Alzheimer’s disease and type 2 diabetes mellitus are distinct diseases with
potential overlapping metabolic dysfunction upstream of observed cognitive decline. Brain Pathol. 2019, 29, 3–17. [CrossRef]
[PubMed]

44. Nelson, P.T.; Smith, C.D.; Abner, E.A.; Schmitt, F.A.; Scheff, S.W.; Davis, G.J.; Keller, J.N.; Jicha, G.A.; Davis, D.; Wang-Xia, W.; et al.
Human cerebral neuropathology of Type 2 diabetes mellitus. Biochim. Biophys. Acta 2009, 1792, 454–469. [CrossRef]

45. Dos Santos Matioli, M.N.P.; Suemoto, C.K.; Rodriguez, R.D.; Farias, D.S.; da Silva, M.M.; Leite, R.E.P.; Ferretti-Rebustini, R.E.L.;
Farfel, J.M.; Pasqualucci, C.A.; Jacob Filho, W.; et al. Diabetes is Not Associated with Alzheimer’s Disease Neuropathology. J.
Alzheimer’s Dis. 2017, 60, 1035–1043. [CrossRef]

46. Abner, E.L.; Nelson, P.T.; Kryscio, R.J.; Schmitt, F.A.; Fardo, D.W.; Woltjer, R.L.; Cairns, N.J.; Yu, L.; Dodge, H.H.; Xiong, C.; et al.
Diabetes is associated with cerebrovascular but not Alzheimer’s disease neuropathology. Alzheimer’s Dement. 2016, 12, 882–889.
[CrossRef]

47. Shinohara, M.; Tashiro, Y.; Suzuki, K.; Fukumori, A.; Bu, G.; Sato, N. Interaction between APOE genotype and diabetes in
cognitive decline. Alzheimer’s Dement. 2020, 12, e12006. [CrossRef]

http://doi.org/10.1007/978-981-13-3540-2_4
http://doi.org/10.3390/ijms17040503
http://doi.org/10.1016/j.freeradbiomed.2021.01.042
http://www.ncbi.nlm.nih.gov/pubmed/33516914
http://doi.org/10.1186/s13024-019-0315-7
http://www.ncbi.nlm.nih.gov/pubmed/30975165
http://doi.org/10.1111/bpa.12655
http://www.ncbi.nlm.nih.gov/pubmed/30106209
http://doi.org/10.1016/j.bbadis.2008.08.005
http://doi.org/10.3233/JAD-170179
http://doi.org/10.1016/j.jalz.2015.12.006
http://doi.org/10.1002/dad2.12006

	Introduction 
	Materials and Methods 
	Human Brain Tissue Samples 
	Brain Tissue Preservation and Fixation 
	Neuropathological Diagnosis Criteria 
	Antibodies 
	Immunohistochemistry 
	Peroxidase/Diaminobenzidine Immunohistochemistry 
	Laser Confocal Immunofluorescent Staining 

	Protein Extract Preparation 
	Si RNA transfected cells for verification of antibody 
	Cell-Type Specificity 

	Western Immunoblotting Analysis 
	Statistical Analyses 

	Results 
	Characterization and Validation of TXNIP Antibodies Used 
	Immunoblot Measurements of TXNIP and TRX Levels in LP, HP, and AD MTG Brain Samples 
	Patterns of Expression of TXNIP in Aged and AD Brains 
	Patterns of Expression of TXNIP (Confocal Microscopy) 
	Additional Features of TXNIP Immunoreactive Structures (Confocal Microscopy) 

	Discussion 
	References

