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Abstract

Neurological diseases, including acute attacks (e.g., ischemic stroke) and chronic
neurodegenerative diseases (e.g., Alzheimer’s disease), have always been one of the leading cause
of morbidity and mortality worldwide. These debilitating diseases represent an enormous disease
burden, not only in terms of health suffering but also in economic costs. Although the clinical
presentations differ for these diseases, a growing body of evidence suggests that oxidative stress
and inflammatory responses in brain tissue significantly contribute to their pathology. However,
therapies attempting to prevent oxidative damage or inhibiting inflammation have shown little
success. Identification and targeting endogenous “upstream” mediators that normalize such
processes will lead to improve therapeutic strategy of these diseases. Thioredoxin-interacting
protein (TXNIP) is an endogenous inhibitor of the thioredoxin (TRX) system, a major cellular
thiol-reducing and antioxidant system. TXNIP regulating redox/glucose-induced stress and
inflammation, now is known to get upregulated in stroke and other brain diseases, and represents a
promising therapeutic target. In particular, there is growing evidence that glucose strongly induces
TXNIP in multiple cell types, suggesting possible physiological roles of TXNIP in glucose
metabolism. Recently, a significant body of literature has supported an essential role of TXNIP in
the activation of the NOD-like receptor protein (NLRP3)-inflammasome, a well-established multi-
molecular protein complex and a pivotal mediator of sterile inflammation. Accordingly, TXNIP
has been postulated to reside centrally in detecting cellular damage and mediating inflammatory
responses to tissue injury. The majority of recent studies have shown that pharmacological
inhibition orgenetic deletion of TXNIP is neuroprotective and able to reduce detrimental aspects of
pathology following cerebrovascular and neurodegenerative diseases. Conspicuously, the
mainstream of the emerging evidences is highlighting TXNIP link to damaging signals in
endothelial cells. Thereby, here, we keep the trend to present the accumulative data on CNS
diseases dealing with vascular integrity. This review aims to summarize evidence supporting the
significant contribution of regulatory mechanisms of TXNIP with the development of brain
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diseases, explore pharmacological strategies of targeting TXNIP, and outline obstacles to be
considered for efficient clinical translation.
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Introduction

Cerebrovascular and neurological diseases including cerebral stroke, subarachnoid
hemorrhage (SAH), and Alzheimer’s disease (AD) are among the most serious health
problems faced by the modern society [1-5]. The burden of these diseases is growing
inexorably with enormous economic and human costs. Although the clinical presentations
differ for these diseases, a growing body of evidence suggests that oxidative stress [6-8],
mitochondrial dysfunction [9, 10], and altered calcium homeostasis [11, 12] as well as
inflammatory responses [8, 13] in brain tissue significantly contribute in their pathology
[14-17]. Nevertheless, many have demonstrated that the reactive oxygen species (ROS)
overproduction is a common pivotal mediator in different deteriorating cascades. Above that,
high relative oxygen consumption (20% of total body consumption), abundance of easily
oxidizable substrates [18, 19], and relatively low availability of ROS scavengers compared to
other organs [20, 21] render the brain particularly sensitive to oxidative damage. As such,
there is a strong postulation that oxidative damage is laid upstream to many of the
abovementioned perilous signals. Despite overwhelming evidence of the damaging
consequences of redox imbalance, large-scale clinical trials with classic antioxidants (e.g.,
NXY-059) failed to demonstrate benefit for stroke [22, 23] or other age-related CNS
diseases [24, 25]. However, there are not enough mature evidences to reach a definitive
conclusion on this issue. There is still a gap in understanding how early redox changes affect
the neurovascular unit to sustain neuronal injury. We believe an alternative strategy—
activation of endogenous defense mechanisms—can provide better protection in these
diseases.

Several antioxidant systems including the two major thiol-reductase systems, glutathione
and thioredoxin (TRX), can protect cells from oxidative damage. The TRX system
detoxifies ROS by thiol-reducing mechanism [26]. In addition to its antioxidant properties,
thiol-disulfide exchange reactions serve as control mechanisms for signal transduction. This
system consists of TRX, TRX reductase (TRX-R), TXNIP, and nicotinamide adenine
dinucleotide phosphate reduced form (NADPH). TRX activity and function are regulated by
an intracellular endogenous inhibitor, thioredoxin-interacting protein (TXNIP) [27], or
vitamin D3 upregulated protein 1 (VDUP1) which was first discovered to overexpress in
HL-60 cells treated with 1,25-dihydroxyvitamin D [28]. Forced overexpression of TXNIP
decreases TRX activity, increases oxidative stress, and inhibits cell growth [29, 30]. In
addition, glucose strongly induces TXNIP in multiple cell types including retinal
neurovascular tissue [31], endothelial cells [29], and pancreatic beta cells [32], highlighting
the physiological roles of TXNIP in glucose metabolism [33]. TXNIP also acts as a redox-
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sensitive signaling protein by interacting with apoptosis signal [34], which in turn is
involved in a variety of biological [35] and pathological events [36]. TXNIP is a central
signaling hub that links oxidative/glucose stress and inflammation to cellular injury, making
it a “multiple pathway” target and thus a promising new approach for brain therapy [37, 38].
In this connection, there is growing body of evidences suggesting TRX system modulation
may provide promising therapeutic approaches in acute and chronic brain injuries. The
primary aim of the current review is to provide the existing evidences supporting a role of
TXNIP in pathology of neurological diseases like Alzheimer’s disease and stroke. As there
are much more available findings, TXNIP involvement in ischemic stroke and associated
endothelial dysfunction would be of specific interest to explore the potential efficacy of
TXNIP modulation as a promising therapeutic target in pathology of CNS diseases. We also
outline obstacles that need to be overcome for successful translation of these therapies to
effective clinical practice.

Thioredoxin System

As a highly conserved protein from prokaryotes to mammals, TRX was initially identified as
a hydrogen donor to ribonucleotide reductase, the essential enzyme for DNA synthesis in
Escherichia coli [39]. Then, recognized as a part of cellular disulfide oxidoreductase
complex, TRX was known to be regenerated by TRX-R at the expense of reducing
equivalents (NADPH), playing a critical role in maintaining the cellular redox homeostasis.

That is, the oxidized thioredoxin (Trx-S2) is reduced by NADPH through a reaction
catalyzed by TRX-R activity. The reduced Trx-(SH)2 may then directly reduce the disulfide
in the substrate proteins [40]. Encoded by two different genes, cytosolic (TRX1) and
mitochondrial (TRX2) isoforms have few distinctions [41]. While TRX1 and TRX2 are
widely expressed in rat brain, TXR1 specifically shows a high expression level in regions of
high metabolic activity and oxidative burden (e.g., substantia nigra and subthalamic nucleus)
[42, 43].

Often known as the main TRX isoform, TRX1 is localized in the cytosol, plasma membrane
(PM), and nucleus as well as the extra-cellular space, in contrast to TRX2 which is only
specific to mitochondria. For its redox regulation function, TRX system and, in particular,
TXR1 have been empirically shown to provide enormous protective effects [44]. Mice with
TRX overexpression are more resistant to oxidative stress with longer life span, suggesting
its role in cellular survival. Conspicuously, either overexpression [45] or intravenous
administration of TRX [46] has been reported to provide neuro-protection against ischemic
stroke insult and improve life span [47]. TRX2 as the mitochondrial isoform may also
directly block cytochrome-c release and protects cells from ROS-induced apoptosis [48-50].
Besides its primary role in ROS scavenging system, TRX reduces cystine moieties in the
DNA-binding sites of several transcription factors [51, 52] and has established
transcriptional and post-transcriptional roles to adjust biological functions, e.g., through
HIF-a and VEGF modulation [53, 54].
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Thioredoxin-Interacting Protein

TRX-interacting protein (TXNIP) is the endogenous negative regulator in TRX system
belonging to a-arrestin protein family. TXNIP is widely expressed almost in all normal
tissue cells [55]. In subcellular fractions, TXNIP has reserved a conserved expression
patterns in Drosophila and rat nervous systems demonstrating cytoplasmic enrichment in
neurons and nuclear expression in glial cells [56]. The redox-related protein complex TRX/
TXNIP, named as “Redoxisome,” is a critical regulator for ROS signaling and is involved in
the pathogenesis of various diseases autoimmune disease and degenerative diseases [44].
Genetic silencing of TXNIP in human aortic endothelial cells under high glucose condition
produced less reactive oxygen species than wild-type control cells, supporting the inhibitory
effect of TXNIP on redox activity of TRX [29]. Beside its governing role in ROS signaling,
TXNIP is central to glucose hemostasis [33] and regulates the transcription of several genes
[51, 52, 57] each of which is opening new venues to explain TXNIP implication in several
disorders.

TXNIP Structure and Intracellular Localization

Human TXNIP is a 46-kDa ubiquitously expressed protein that contains 391 amino acid
residues [28] and is encoded on chromosome 1g21.1 [58, 59]. Initially thought to be a
cytoplasmic protein [60, 61], TXNIP was later found by Saxena et al., to primarily reside in
the nucleus under normal condition. However, TXNIP translocates to the mitochondria in
response to oxidative stress, where it oxidizes the TRX2 and induces the activation of ASK1
resulting in induction of apoptotic signal cascade, cytochrome-c release, and caspase-3
cleavage [62]. Following rigorous investigations by Wu et al. on rat primary hepatocytes,
they conclude shuttling of TXNIP to plasma membrane is of significance in acute
suppression of glucose transport. This was supposed to take place via a model in which
TXNIP augments GLUT-1 endocytosis through recruiting it into clathrin-coated pits in the
plasma membrane. Furthermore, TXNIP shRNA was also found to reduce GLUT-1 protein
level and re-localization of TXNIP to nucleus was suggested to mediate a lasting
suppression of glucose uptake [63]. Through inhibiting the activity of signal transducer and
activator of transcription 3 (STAT3), TXNIP has been also described to regulate expression
of microRNA-204 at nuclear level and thereby controlling insulin expression [57].
Additionally, TXNIP shuttling to the plasma membrane contributes to TRX1 shuttling to
VEGFR?2 receptor where it mediates VEGF signaling [64]. TXNIP is expressed in many
organs; however, the expression in the healthy brain is prominently rather lower in others
[56]. In vitro TXNIP is induced by a variety of stress stimuli, including heat shock and
H202 in human embryonic kidney cells [60], UV light and ROS in cultured Bosc cells [65],
and high glucose in human aortic smooth muscle cells [66]. Interestingly, some of these
instigating stimuli may regulate TRX independent of TXNIP. Instantly, hydrogen peroxide
in cardiomyocytes [67] or SAH in rat brains [67] has been shown to directly reduce TRX
reductase activity, suggesting its role in redox regulation.

TXNIP Downstream Effectors

In addition to cellular redox regulation, TXNIP has been documented to modulate several
effectors either laid downstream to TRX or the TXNIP molecule itself. Given that almost all
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damaging stimuli may improve ROS generation and instigate on TXNIP, this molecule
provides an exceptional link between the cells’ metabolic and redox status to the
pathological inflammation and programmed cell death or dysfunction. Being extensively
interconnected particularly through ROS signaling, several detrimental signals have been
shown to get induced by TXNIP for which the available data is briefed as follows.

a) TXNIP and apoptotic pathways—TXNIP, well characterized for mediating
glucocorticoid-induced apoptosis in stress conditions [34], may provoke apoptotic signals
mainly via antagonizing TRX anti-apoptotic effect. TRX has been long discovered to
provide anti-apoptotic effects by binding and inhibiting the pro-apoptotic protein and
apoptosis signal-regulating kinase 1 (ASK-1). In response to various stress types, TXNIP
translocates to mitochondria where it prevents the inhibitory association of TRX2 on
ASK-1, leading to activation of ASK-1 and apoptotic kinase pathway. ASK1 is usually
bound to TRX2 under basal conditions. Unbound ASK1 is phosphorylated and instigates
cytochrome C release and caspase-3 cleavage [68]. Progressive beta cell apoptosis is a
hallmark in pathophysiology of types 1 and 2 diabetes. TXNIP overexpressing beta cells are
more susceptible to apoptosis suggesting that TXNIP as a therapeutic target to protect
against apoptosis [32]. Genetic deletion of TXNIP protects beta cell from glucotoxicity-
induced apoptosis by modulating mitochondrial death pathway [69]. It has been reported
that TXNIP has a pro-apoptotic role in some acute brain injuries. In our recent study, we
detected a remarkable attenuation in apoptotic effectors caspase-1, caspase-3, and PARP
following embolic stroke in TXNIP —/— mice [70]. The more recent findings by Zhau et al.
demonstrated that enhanced TXNIP expression is associated with escalated brain cell
apoptosis in early brain injury (EBI) following subarachnoid hemorrhage (SAH) in rats and
resveratrol (60 mg/kg) or TXNIP small interfering RNA (siRNA) improve apoptotic cell
death leading to better prognosis for SAH [71]. In fact, TXNIP contribution to apoptosis has
been also shown in various in vitro models including thrombin exposed to microglia [72],
endothelial cells stressed with palmitate [73], and retinal pericytes exposed to high glucose
[74]. While counting for detrimental effects in diabetes and thromboembolic disease, the
TXNIP-associated apoptosis is still regarded as a promising target in oncology medicine. In
this line, several in vitro examinations have demonstrated TXNIP pro-apoptotic role in
prostate cancer [75], hepatocellular carcinoma [76], and in vitro acute myeloid leukemia
[77].

b) TXNIP and oxidative phosphorylation—Mitochondrial biogenesis and respiration
may be disrupted in a variety of CNS disorders. Supported by concrete evidences, TXNIP
reduces uptake of glucose working as the main energy source in many organs. Instantly,
TXNIP over-expression in cultured adipocytes has been shown to reduce glucose uptake and
TXNIP silencing with siRNA enhances glucose uptake in adipocytes and in skeletal muscle
[33]. Importantly, thioredoxin-protein that is induced in response to glucose rise, e.g., in
diabetes, provides a negative feedback loop to regulate glucose uptake. In the meticulous
study by Wu and colleagues on primary rat hepatocytes, the reduced glucose uptake was
found to rely on two distinct mechanisms by TXNIP. Firstly, in a direct approach, TXNIP
may bind to the glucose transporter GLUT1 and induce GLUT1 internalization. Secondly,
through an indirect influence on transcription, TXNIP abolishes the level of GLUT1
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messenger RNA. Furthermore, they showed that energy stress in hepatocytes results the
phosphorylation of TXNIP by AMP-dependent protein kinase (AMPK) and subsequent
rapid degradation of TXNIP [63].

On the other side, TXNIP may hypothetically elevate mitochondrial oxygen consumption. In
fact, there are empirical evidences indicating TXNIP may enhance mitochondrial respiration
through blocking hypoxia-inducible transcription factors (HIFs) or inducing peroxisome
proliferators-activated receptor (PPAR)a. HIF-1a is long known to repress mitochondrial
oxygen consumption by inhibiting pyruvate dehydrogenase (PDH) complex and interfering
with tricarboxylic acid (TCA) cycle [78, 79] which ends with reduced ROS in mitochondria
[80]. In both in vivo and in vitro models of gastric cancer, Shin et al. showed TXNIP may
assemble with the beta-domain of byprolyl-hydroxylases and von Hippel-Lindau protein
(pVHL) and improve its interaction with HIF-1a to augment the ubiquitin-induced
degradation of HIF-1a concluding TXNIP mediates nuclear export of HIF-1a, resulting in
HIF-1a degradation [81]. PPARa is a transcription factor required for activation of the
mitochondrial biogenic response [82] and might be inhibited by TRX interaction. Nuclear
translocation of TRX has been shown to directly attenuate PPARa transcriptional activity in
Hela cancer cell lines [83]. Through an alternative indirect and less documented pathway,
cytosolic TRX may bind to ASK1 and inhibits its downstream p38MAP kinase [84] which
has been shown may activate PPARa in cardiomyocytes [85]. Therefore, cytosolic and
nuclear TXNIP both work to improve PPARa transcriptional activity, thus enhancing
mitochondrial biogenesis, oxygen consumption, and ROS generation.

c) TXNIP and NLRP3 inflammasomes—Formation of large multi-protein complexes
“inflammasomes” is an early event in the primary immune responses. TXNIP regulates
inflammatory responses by modulating different switch points along inflammatory cascades
in different cell populations. Retinal endothelial cells exposed to high glucose (HG) or
agonist of advanced glycation end-products (RAGE) found remarkable overexpression of
TXNIP in parallel with some inflammatory genes like VEGF-A and ICAML. Interestingly,
they found that TXNIP silencing by siRNA blocks RAGE and HG inflammatory effects.
According to their findings, TXNIP is supposed to produce its anti-inflammatory effects
through p38 MAPK-NF-kappaB signaling pathway and modifications in histone H3 lysine
(K) nine regions [86]. The intriguing study by Wang et al. further revealed that TXNIP
inhibits the expression of Kruppel-like factor 2 (KLF2), a key anti-inflammatory
transcription factor in endothelial cells, a finding which well describes TXNIP-induced
inflammation in endothelial cells exposed to ex vivo disturbed blood flow modeling [87].
Above all, however, there is accumulating evidence suggesting that the all-inclusive
mechanism describing TXNIP pro-inflammatory role is the direct activation of NOD-like
receptor protein 3 (NLRP3) inflammasomes in several cell types (Fig. 1).

NLRP3 inflammasome is a key component in sterile inflammation and is involved in several
diseases. Typically classified as cytosolic receptors sensing damage associated molecules
(i.e., cell debris, urate crystals, ATP), NLRPs are of critical damage sensing molecules
which form NLRP inflammasome upon priming, activation, and oligomerization. NLRP3
biology is described elsewhere in full details [88]. In brief, NLRP3 inflammasome is the
assembly of NLRP3 oligomers and apoptosis-associated speck-like (ASC) adapter protein.
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In the priming step, the transcripts of all NLRP3 inflammasome constituents including ASC,
NLRP3, and pro-caspase-1 are produced to sufficient levels to contribute to inflammasome
assembly. Upon activation, NLRP3 triggers caspase-1 activation and subsequent maturation
of IL-1p and IL-18, a critical step in inflammatory responses. NLRP3 is activated by a
variety “danger” signals including whole RNA, RNA/DNA hybrids [89], and proteins from
gram-positive [90] and gram-negative bacteria [91], viruses [92], and protozoa [93] as well
as monosodium urate crystals [94] and calcium pyrophosphate dihydrate crystals [95] which
might be classified as disease-associated molecular patterns (DAMPS). This posits NLRP3
inflammasome in an almost all-existing place in any pathological process dealing with
inflammation independent of the initiating source.

Noteworthy, much of NLRP3-activating stimuli converge on TXNIP followed by TXNIP
dissociation from TRX and its direct association with NLRP3 inflammasome. The
phenomena were first identified by Zhou et al. in cultured macrophages [96]. According to
their observations, a variety of NLRP3-inflammasome activators including ATP,
monosodium urate crystals, and silica was shown to result in TXNIP dissociation from TRX
and binding to the NLRP3 inflammasome. In fact, they showed TXNIP binding is an
essential step for NLRP3 inflammasome activation. Pursued by other scientists, it was
further understood that TXNIP/NLRP3 activation is centrally involved in several disease
models. Instantly, inhibition of TXNIP produces profound amelioration as it has been
documented in high fat-exposed human retinal endothelial cells (subjected to TXNIP
silencing) [97], non-alcoholic fatty liver disease (treated with quercetin) (NAFLD) [98], and
diabetic cardiomyopathy (treated with rosuvastatin) [99] as well as in high glucose-exposed
human retinal microvasculature (subjected to TXNIP silencing) [100] and thrombin-exposed
BV?2 cells (treated with N-acetyl-I-cysteine) [72].

There are extensive investigations suggesting TXNIP may work as a main mediator to link a
vast variety of deteriorating stimuli, e.g., oxidative stress [101], inflammation [102], and
even senescence [103] to reach to NLRP3 inflammasome. Direct TXNIP/NLRP3
interaction, yet not fully characterized though, has been established based on the empirical
evidences produced ever. As is detailed later in this review, ROS-induced activation of
NLRP3-inflammasome in macrophages is reported to be associated with increased
localization of TXNIP into the mitochondria [104] resulting in oxidation of TRX, liberation
of TXNIP, and increased interaction with NLRP3 [105]. As predicted based on molecular
modeling, the enhanced TXNIP/NLRP3 association appears to bring a conformational
change in the NLRP3 protein pyrin domain [106]. On the contrary side, in macrophages of
TXNIP knockout mice, it has been shown that NLRP3 carry more S-nitrosylated sites
compared to wild-type controls. This modification might be responsible for less IL-1p
maturation in response to LPS stimulation in TXNIP knockout cells [107].

d) TXNIP and oxidative stress—Conspicuously, activation of NLRP3 inflammasome
through distinct upstream signals is associated with increased ROS levels [96, 108].
Noteworthy, ROS-generating stimuli may potentiate TXNIP/NLRP3 pathway through
enhancing TXNIP transcription and expression. Instantly, the typical hepatic inflammation
following high fructose diet has been shown to mediate both ROS and TXNIP
overexpression either in vivo or in vitro which is followed by NLRP3 inflammasome

Mol Neurobiol. Author manuscript; available in PMC 2019 February 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nasoohi et al.

Page 8

activation [109]. Paclitaxel and lentinan as anticancer medications have been also shown to
increase TXNIP expression as well as TXNIP-NLRP3 interaction, in parallel with ROS
generation [110]. Such transcriptional augmentation may efficiently explain how ROS
enhances TXNIP protein levels which in turn may bind to NLRP3 inflammasome to
instigate inflammatory responses.

TXNIP shuttling to the mitochondria is the other well-known event following ROS creating
stimuli. Soon after their first investigations [96], using T helper cells and NLRP3 —/— mice,
Zhou et al. described more details on NLRP3 and its adaptor ASC re-localization in different
states of activity. Accordingly, resting NLRP3 localizes to endoplasmic reticulum structures
and upon sensing activating stimuli, both NLRP3 and ASC redistribute to the perinuclear
space and co-localize with endoplasmic reticulum and mitochondria. Then, they showed
nigericin as an established NLRP3 stimulator causes TXNIP to redistribute to mitochondria
in a ROS-dependent manner [104]. This was in consistent with similar findings reported by
others on pancreatic beta cells [62]. By blocking mitochondrial voltage-dependent anion
channel, Zhou and colleagues showed the inhibition of all the pertinent changes in NLRP3
and TXNIP, indicating the prominent role of NLRP3 inflammasome in sensing
mitochondrial dysfunction and explaining association of mitochondrial damage with
inflammatory diseases [104]. Mitochondrial shuttling of TXNIP initiates downstream
apoptotic signaling through ASK1 release from mitochondrial TRX2. The subsequent
cleavage of caspase-3 leads to apoptosis which besides the cytosolic activation of caspase-1-
induced pyroptosis ends with substantial DAMP release serving as a secondary signal for
NLRP3 activation. A schematic diagram of TXNIP role in different subcellular
compartments is represented in Fig. 2.

TXNIP Regulation

Various endogenous and exogenous stimuli control TXNIP expression. Metabolic status of
the cells is closely reflected at TXNIP transcription instantly depending on glucose and
oxygen availability. TXNIP also relies downstream to many deteriorating signals triggering
inflammation, oxidative stress, and excitotoxicity which are common grounds in a variety of
CNS diseases. However, such stimuli intricately interact with each other; each may
independently instigate TXNIP expression as follows.

A) Glucose—The expression of TXNIP is inducible by high glucose concentration through
the carbohydrate response element-binding protein (ChREBP) located in the upstream
region of the TXNIP prompter [111]. Glucose stress is a well-known feature following acute
brain injury contributing to TXNIP activation [61]. Human pancreatic islet gene expression
microarray study demonstrated that TXNIP is the most strongly upregulated gene in
response to glucose [112]. Cardiac TXNIP and cleaved caspase-3 are overexpressed in
streptozotocin- and obesity-induced diabetic mice [113]. Furthermore, poor prognosis in
diabetic patients is associated with hypomethylation of TXNIP gene addressing still less
investigated aspects of TXNIP-diabetes connection [114]. Elevated expression of TXNIP has
been observed in the muscle of pre-diabetic and diabetic patients [33]. Consistently, TXNIP
is strongly induced in human and mice pancreatic beta cells by glucocorticoids in a p38
mitogen-activated protein kinase (MAPK) manner [115]. While high glucose inhibits
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TXNIP, palmitate, a 16 carbon fatty acid, was shown to reserve TXNIP expression in rat islet
cells [116].

B) AMP-activated protein kinase—AMP-activated protein kinase (AMPK) is of
cellular energy sensing molecules to control metabolic homeostasis which is involved in
glucose-mediated TXNIP overexpression. The accurate inspection of TXNIP biochemistry
by Wu et al. described AMPK-dependent phosphorylation of TXNIP following energy
stress, e.g., low glucose levels in various cancerous cell lines, i.e., HepG2, MCF7, and
T47D. This TXNIP phosphorylation leads to its rapid degradation and explains how high
glucose may reserve TXNIP lasting activity [63]. In addition to TXNIP post-translational
modifications, AMPK may also affect TXNIP transcription. In rats’ beta cell line and islets,
high glucose-induced ChREBP nuclear entry and recruitment to the TXNIP promoter were
inhibited by pharmacologic activation of AMPK but reversed in AMPK —/- cells.
Accordingly, AMPK is an important regulator of TXNIP through modulation of ChREBP
activity [116]. Either of these ways, TXNIP suppression increase in GLUT1 function and
expression may compensate for long-term adaptation.

C) Oxidative stress—As described earlier in this review, ROS is a common pathway for
many deteriorating signals to stimulate TXNIP. However, there is not enough information to
conclude an established mechanism by which ROS may govern TXNIP. In 2011, Fang et al.
reported that high glucose exposure in rat mesangial cells modulates TXNIP expression at
mMRNA and protein levels. Using a p38 MAPK, inhibitor abolished TXNIP expression,
suggesting MAPK signaling involvement in ROS-TXNIP pathway [117]. Soon after, Kim et
al. showed oxidative stress without glucose can induce TXNIP expression, as they detected
remarkable TXNIP in both in vivo and in vitro models of ischemic reperfusion injury.
Inhibition Ca2* channels by verapamil partially prevented expression of TXNIP in vivo [61].
In this connection, the transcription factor Forkhead box, class O (FOXO) may link ROS to
TXNIP expression. FOXO1 and FOXO3 are the predominant forms of the four existing
FOXOs in neural cells. Active FOXO is a direct enhancer of TXNIP transcription in neural
cells in which the high synaptic activity has been shown to suppress FOXO1 expression
[118]. Insulin signaling through Akt activation works as a significant regulator of FOXO so
that Akt-induced FOXO phosphorylation ends with its dissociation from the TXNIP
promoter and redistribution to the cytosol [119]. Nevertheless, for the existing controversies,
it seems FOXO-TXNIP pathway is rather complex and context sensitive to define a single
FOXO-TXNIP connection. Interestingly, in liver cells, FOXO1 works as a repressor and
downregulates TXNIP [120]. In pancreatic beta cells, FOXO1 still works as a TXNIP
suppressor with more known mechanisms. Kibbe et al. showed FOXO1 and ChREBP bind
to the same region in the TXNIP promoter and FOXOL1 inhibit ChREBP-induced TXNIP
expression [121].

D) Calcium and ER Stress—Elevated calcium influx is a common feature in a variety of
brain diseases ranging from acute ischemic stroke to Alzheimer’s associated degeneration.
Shalev team started to discover calcium role in TXNIP biology when in their in vivo and in
vitro experiments, they indicated calcium channel blockers dose dependently reduce TXNIP
transcription and protein levels in cardiomyocytes even in face to severe diabetes [113].
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They also found calcium channel blockers may efficiently inhibit TXNIP expression in
INS-1 cells and oral verapamil reduces TXNIP expression and p-cell apoptosis and
eventually enhances endogenous insulin levels [122]. In continuation of their investigations
in cardiomyocytes and in vivo in diabetic mice, they proposed a mechanism suggesting
verapamil inhibits the calcineurin signaling which in turn increases the binding and
repression activity of the transcription nuclear factor Y (NFY) on its target genes including
TXNIP [123]. In a parallel study by Kim et al., it was suggested that the elevated
intracellular calcium ions may also contribute to TXNIP expression during ischemic injury
as calcium channel blockers, diltiazem, and verapamil could inhibit induction of TXNIP
after OGD and re-oxygenation [61]. Intracellular calcium overload may take place
downstream to excitotoxicity, mitochondrial dysfunction, and endoplasmic reticulum (ER)
stress. The accumulation of unfolded proteins during ER stress leading to the induction of
progressive cascade termed as unfolded protein response (UPR) may induce TXNIP
expression in beta cells in a Ca2*-independent manner. According to the existing data, UPR
leads to TXNIP expression via two of its apoptotic effectors PERK and IRE1a in beta cells
[124, 125]. IREla has been shown to increase TXNIP mRNA stability through its kinase/
RNase function that reduces the levels of miR-17, a TXNIP-destabilizing microRNA [124].
Alternatively, PERK signaling may boost TXNIP transcription through enhanced expression
and nuclear translocation of ChREBP. In the transcription factor ATF5, a ATF/CAMP
response element may also mediate this ER stress effect [125].

TXNIP in Central Nervous System Diseases

Decades of extensive research have established the role of TRX/TXNIP signaling in
pathogenesis of several disorders associated with oxidative stress, including diabetes [126]
and endothelial dysfunction [127]. Numerous emerging reports are also pointing to increased
TXNIP expression in neurodegenerative and cerebrovascular diseases including AD [128]
and stroke [70]. Reportedly, TXNIP molecule is overexpressed in the hippocampus of
5xFAD mice at the first appearance of cognitive decline [128]. This is associated with
augmented hippocampus expression of glial fibrillary acidic protein (GFAP). The
contributory function of beta amyloid to upregulate TXNIP was demonstrated in RBE4
cells, rat cerebral capillary endothelial cells lines exposed to beta amyloid (Ag) which was
suggested to enhance TXNIP expression through “receptor for glycation end-products”
(RAGE) [86]. Augmented expression of TXNIP and downregulation of TRX have been also
reported in D-galactose-induced rat model of Alzheimer’s disease. In this study, treatment
with salidroside, a herbal phenylpropanoid glycoside, enhanced the cognitive performances
by regulating the expressions of TRX, TXNIP, and NF-AB proteins [129].

According to several reports, increased mRNA expression of TXNIP has been also detected
in brains affected with sub-arachnoid hemorrhage (SAH) [130, 131]. In a rabbit model of
SAH, the brain stem levels of TRX1 and TRX reductase (TRXR) decreased in parallel with
arise in the expression of TXNIP [130]. Telmisartan treatment was then shown to ameliorate
morphological changes of cerebral vasospasm in parallel with restoring the reduced levels of
Trx1 and TRXR and decreasing TXNIP expression [131]. Recently, Zhao et al. showed that
TXNIP is highly expressed in neurons of the SAH rat brain and inhibition of TXNIP by
pharmacological or siRNA attenuated apoptosis and early brain injury after SAH. Given
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pharmacological inhibition of PERK was associated with decreased expression of TXNIP,
they concluded the increased SAH-induced TXNIP expression mediated RNA-like
endoplasmic reticulum (ER) kinase (PERK) a trans-membrane protein in the ER [71].
TXNIP also acts as mediator of inflammation and apoptosis in intravitreal NMDA injection.
TXNIP knockout mice demonstrated less glial activation and NLRP3 inflammasome-
induced inflammation | parallel with ameliorated microvascular degeneration compared to
wild-type animals [132]. This was in consistent with earlier reports indicating genetic
deletion or pharmacological inhibition of TXNIP prevented neuronal cell death and
inflammation and preserved retinal NMDA-induced retinal neurotoxicity [133]. Similarly,
increased expression of TXNIP associated with high-fructose diet has been shown to induce
hypothalamic inflammation and insulin signaling dysfunction in rats. In this study,
pharmacological treatment with quercetin, a natural flavonoid prevented fructose reduced
hypothalamic inflammatory lesion by modulating AMPK/TXNIP signaling [134]. Thrombin
exposure is an established notorious feature in SAH. In a study on thrombin-exposed
microglia, ROS mediated TXNIP expression leading to NLRP3 inflammasome activation
and microglial apoptosis [72]. Looking for solid evidences in TXNIP implication in CNS
disease, recent investigations are increasingly addressing TXNIP modulation approaches to
provide protection against CNS diseases. A concise view on the published reports in this
field is provided in Table 1.

TXNIP in Endothelial Dysfunction

Microvascular complications have a critical causative role in several organ system diseases
including diabetes [37] and migraine attacks [144]. Figure 3 represents the putative
molecular pathways may explain the involvement of TXNIP in signals affecting vascular
dysfunction. In fact, cerebrovascular dysfunction may play a causative role or work as a
predictor for poor prognosis in some CNS disorders like dementia or Alzheimer’s disease
which are not typically classified in cerebrovascular diseases [145, 146]. According to the
existing strong evidence, many of TXNIP abrogating roles in the CNS diseases might
hypothetically root from the associated vascular pathology. This might be supported by
evidences indicating TXNIP modulation may confer protection in experimental models of
endothelial dysfunction (Table 2). In fact, TXVIP may play a central role in endothelial
oxidative stress and inflammation [158], alignment [159], and proliferation [160] all of
which contribute to atherosclerotic and angiopathies. Interestingly, as confirmed by
modulating TXNIP by siRNA in vascular endothelia cells [161] or HUVECs [103], there are
empirical evidences indicating that endothelial senescence as a major contributing factor to
vascular complications depends on sufficient TXNIP/NLRP3 activation and pro-atherogenic
ECs” inflammation. TXNIP involvement in endothelial dysfunction is not confined but
grossly might be classified to three categories as follows.

TXNIP and Endothelial Inflammation and Oxidative Stress

TXNIP-associated vasculopathy can be best exemplified by diabetes-induced EC
dysfunction leading to the very irreversible nephropathy and retinopathy. As supporting
evidence for this role, TXNIP shows significantly higher levels in kidneys from patients with
diabetic nephropathy as well as HG-exposed mesangial cells [162]. Rat retinal EC treated
with S100B (RAGE ligand) or HG represent high expression of TXNIP and inflammatory
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markers Cox2, VEGF-A, and ICAML1 [86]. TXNIP ablation in vitro has been also shown to
prevent ROS generation and inflammation in HG-exposed rat Muller cell lines [158].
Interestingly, there are emerging evidences indicating diabetes induced pro-atherosclerotic
events might be ascribed to TXNIP. Recent comprehensive investigation by Byon et al.
showed in vitro ablation of TXNIP provides protection against oxidative stress and
dramatically reduces macrophage adhesion in vascular smooth muscle cells (VSMC)
exposed oxidized phospholipids hydrogen peroxide. Intriguingly, by in vivo examinations,
they reported TXNIP ablation led to 49 to 71% reduction in atherosclerotic lesions in
TXNIP-ApoE double knockout mice, compared to control ApoE knockout mice [163]. In
clinics, plasma levels of TXNIP have been also shown to work as a reliable predictor of
subclinical atherosclerosis in type 2 diabetic patients [164].

Given the high prevalence of dyslipidemia in diabetic subjects, it might be of note that either
in vivo or in vitro models of high-fat diet (HFD) fed spontaneously hypertensive rats (SHR)
and Palmitate-BSA-exposed human retinal show higher endothelial expression of TXNIP
and NLRP3 interaction and IL-1f production. Importantly, HFD fed animals acquire more
acellular capillaries, a hallmark of retinal ischemic lesions [97].

As an early event in atherosclerosis, ECs’ inflammation, growth, and monocyte adhesion
might arise from turbulent shear stress commonly known as disturbed stress (DS). As of the
earliest investigators, Yamawaki et al. described decreased TXNIP expression in response to
chronic EC exposure to normal flow. They concluded the associated mitigation of cytokine
and the JNK-p38 pathway inhibits proinflammatory effectors such as vascular cell adhesion
molecule 1 (VCAML) expression [127]. On the other side, the intriguing data obtained by
Obikane et al. implied that DS may induce TXNIP and VCAM-1 overexpression which was
reversed with p21-overexpression [165]. Later in vivo examinations by Wang and colleagues
indicated the increased TXNIP was found to be required for DS-induced endothelial
inflammation as EC-specific TXNIP knockout mice showed significant decreases in aortal
VCAM-1 and ICAM-1 mRNA expression and less EC-monocyte rolling in animal retina.
Their obtained in vitro data provided first evidence for TXNIP link with a key anti-
inflammatory transcription factor Kruppel-like factor 2 (KLF-2) in ECs. KLF-2 was shown
to get repressed by TXNIP in HUVECs in flow chamber model, explaining much of
detrimental TXNIP effects [87].

TXNIP and Stress Fiber Malformation

Integrating biophysics to endothelial cell morphology and intracellular signaling implies that
laminar shear stress of blood flow contributes to stress fiber (short basal actin filaments)
formation and alignment in the longitudinal direction of the vessel [166]. Interestingly, as
demonstrated in response to uniaxial stretch on bovine aortic endothelial cells, such
alignment has been shown to minimize JNK signaling and EC dysfunction [167]. Recent
findings are indicating TXNIP is involved in the mechanotransduction effect of shear stress
through indirect regulation of Src tyrosine 527 dephosphorylation and inactivation [159].
Some Src family members have established key role in ECs’ stress fiber formation [168]. As
such, the pro-atherogenic effect of TXNIP might be presumably attributed to interfering with
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stress fiber formation and alignment. This hypothesis might be more confirmed based on
evidences supporting TXNIP-KLF2 link to stress fiber formation.

Besides its anti-inflammatory function, on in vitro examinations by Boon et al, KLF2 has
been shown to work as an essential component to direct the formation of stress fibers and
thereby the ECs’ alignment and morphology. Accordingly, KLF2-induced JNK inhibition is
partly mediated through stress fiber formation and alignment [169]. Not surprisingly, the
described established TXNIP-NLRP3 inflammasomes link is an alternative well-
characterized pathway which may mediate TXNIP-induced dysfunction in HUVECs [170].

TXNIP and Aberrant Endothelial Proliferation

The pathological development of atherosclerotic lesions roots from diverse events including
anomalous angiogenesis subsequent to aberrant endothelial cell proliferation, migration, or
tube formation [171, 172]. Increase EC division rate may contribute to increased endothelial
permeability [173] and enhanced EC proliferation presumably contributes to atherosclerosis
development [165]. Interestingly, ECs’ proliferation together with monocytes’ adhesion has
been shown to increase at branch orifices which are prone to atherosclerotic plaques and
exposed to disturbed shear stress [172]. Involvement of TRX system in angiogenesis has
been extensively studied and referred in previous reviews [174]. However, according to the
contradicting data, there is not enough compelling evidence to conclude about TXNIP role.

As of earliest works in this field, forced expression of TXNIP was reported to increase ROS
production and proliferation and tube formation in ECs [175]. HUVEC examinations later
showed TXNIP knockdown abolishes VEGFR?2 internalization and phosphorylation and
abrogates VEGF-induced EC proliferation and tube formation [160], consistent with other
reports indicating VEGF is not efficient to stimulate vascular sprouting from aortic rings in
hypoxia [176]. According to mechanistic studies on HUVECSs, physiological levels of ROS
cause TXNIP to translocate to the plasma membrane as an essential carrier for TRX1 to
activate vascular VEGFR2 signaling [64]. As augmented by PARP1 siRNA treatment,
TXNIP translocation and VEGFR2 activation in cell membrane are probably under PPAR1
control [177].

On the contrary side, there are several evidences indicating TXNIP suppress angiogenic
events in ECs exposed to diabetic-like environment. In this line, high glucose exposure to
endothelial progenitor cells is reported to impair EC proliferation, migration, and tube
formation which is efficiently ameliorated by TXNIP silencing by siRNA [178, 179].
According to further in vitro experimentations, TXNIP has been suggested to mediate HG-
induced impairment by abolishing VEGF production and angiogenic effects in diabetic
conditions, which requires adequate TRX1 activity [180]. Such findings support the recent
report on the antioxidant teneligliptin to antagonize TXNIP overexpression and reverse the
reduced EC proliferation in HUVECs exposed to HG. Teneligliptin effects have been
suggested to involve cell cycle inhibitors like P21 [150].

The unraveled information suggesting an anti-proliferative effect of TXNIP on endothelial
cells and angiogenesis is well in agreement with the established effect of TXNIP (VDUP1)
on cell cycle arrest in GO/G1 [181] and may partly explain vitamin D benefits to combat
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cancerous proliferation [182, 183]. However, co-localization of TXNIP overexpression with
enhanced EC proliferation in vascular branch orifices with disturbed sheer stress supports
the hypothesis that TXNIP contribute to EC proliferation and angiogenesis [172, 184].
Undoubtedly, taking all the existing controversies together, it seems TXNIP role in EC
proliferation highly depends on experimental settings and needs to be precisely addressed in
translational context. Interestingly, as a vivid example, according to the most recent report
using moderately high glucose (MHG) levels instead of HG, human retinal microvascular
endothelial cells’ proliferation in vitro is not affected by MHG level. Alternatively, MHG
remarkably stimulated EC migration and tube formation well resembling proliferative
diabetic retinopathy leading to visual disturbance. HMG-induced ROS and uncontrolled
angiogenesis were shown to disappear in TXNIP knockout cells supporting the hypotheses
that TXNIP contribute to pathologic angiogenesis [152].

TXNIP as an Experimental Target for Ischemic Stroke

Ischemic/reperfusion injury is exceptionally associated with oxidative stress given the
profound oxygen rebound flow after spontaneous thrombolysis or therapeutic
revascularization [185]. Regarding the governing role of TXNIP in TRX system and thereby
in oxidative stress injury, it is rather reasonable that TXNIP stands among promising targets
in stroke therapy. Several studies have demonstrated a correlation between increased TXNIP
expression and stress-related diseases including ischemic stroke in mice [70], in vivo NMDA
neurotoxicity [132, 136], and metabolic stress in high-fat animals [134]. TXNIP expression
has been empirically shown to rise in experimental ischemic—reperfusion injury in eMCAO
mice [70], intraluminal MCAQ in rats [186] and mice, and in vitro OGD model [61]. TXNIP
overexpression might be expected based on the described stimuli like oxidative stress and
excitotoxicity following stroke, although recent findings in ischemic human pancreatic
cancer tissues imply TXNIP transcription is dependent to HIF-1a and highly affected by
putative hypoxia-regulated element-binding sequence in its promoter region [187].
Interestingly, mice with overexpression of TRX [45] or primary neurons treated with TXNIP
SiRNA silencing appear more resistant against ischemic reperfusion damage [61].
Resveratrol as a TXNIP antagonist has also been previously reported to provide protection in
hepatic ischemic injury in rats [137]. Recently, we reported that genetic ablation of TXNIP
(TXNIP-/-) as well as pharmacological inhibition of TXNIP by resveratrol protects against
brain infarction and neurological outcome in mouse model of embolic stroke [70].
According to our obtained data, TXNIP—/- mice showed higher expression of TRX with
reciprocal decrease in the makers of oxidative stress including nitrotyrosine (NT) in parallel
with inflammatory quiescence. We concluded that protective effect of TXNIP inhibition is
partly due to inhibition of NLRP3 inflammasome components including cleaved caspase and
IL-1B. The existing knowledge supports the multiple deteriorating TXNIP effectors that can
contribute to acute ischemic stroke injury through redox imbalance and inflammasome
activation. In Fig. 4, the potential implication of TXNIP in neural injury is illustrated
including those involved in the typical cerebrovascular disease stroke or degenerative
disorders. However, little has been unraveled in this context; much more triggering pathways
may be posited to explain stroke-induced TXNIP pathological role.

Mol Neurobiol. Author manuscript; available in PMC 2019 February 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nasoohi et al.

Page 15

Briefing some of existing evidences might help to understand the significance of TXNIP role
in stroke pathology. In investigations performed by Wang et al., increased expression of
TXNIP has been reported in rat model of cerebral ischemia [186]. In their experimentations,
7 days pretreatment with umbelliferon, a natural antioxidant ameliorated neurological deficit
as well as brain infarction and edema in MCAQO rats. They ascribed the beneficial effects of
umbelliferone to inhibition of TXNIP/NLRP3 inflammasome activation and upregulation of
PPAR-y with maintenance of redox status. These findings were supported with later reports
showing ischemic stroke-induced BBB dysfunction is associated with increased expression
of TXNIP and activation of NLRP3 inflammasome in MCAO mice and OGD injured mouse
brain microvascular ECs. Such alterations were reversed by ruscogenin, a bioactive steroid
sapogenin either in vivo or in vitro. In vivo, ruscogenin also improved cerebral brain flow
and upregulated the expression of tight junctions while in cerebrovascular ECs, reduced
production of ROS, p38 MAPK, and c-Jun N-terminal kinase (JNK) phosphorylation [138].

Ischemic neuronal injury is associated with increased ER stress and activation of
inflammatory response which might arise from ER-induced TXNIP/NLRP3 activation. The
data obtained by Li et al. (2015) in vitro excitotoxicity modeling showed remarkable ER
stress in hippocampus or SH-SY5Y cells associates a remarkable ER stress and TXNIP/
NLRP3 activation. Curcumin could reduce NLRP3 activation in hippocampal CAL1 region in
MCAO rats while it attenuated ER stress through AMPK activation in vitro in parallel with
TXNIP repression suggesting the role of ER stress in the induction of TXNIP expression
[139]. Hua and colleagues also demonstrated increased TXNIP expression, elevated
oxidative stress markers and reciprocal decrease in the expression TRX in rat ischemic
stroke model [135]. In their study on compound 10b, a novel free radical scavenger, they
found a significant decrease in the expression of TXNIP concurrent with Bax, caspase 3, and
caspase 9 attenuation implicative of TXNIP activation by stroke-induced oxidative stress. In
a recent work examining hyperglycemic ischemic stroke in mice, Guo et al. provided first
evidences implying TXNIP is also involved in preconditioning against ischemic stroke,
showing animals receiving intracerebral TXNIP siRNA did not gain protection against
ischemic stroke after hyperbaric oxygen preconditioning [188]. The most recent additions on
TXNIP suggest that nuclear factor erythroid 2-related factor 2 (Nrf2) has a pivotal role in
regulating TRX/TXNIP in cerebral ischemia. Accordingly, Nrf2 upregulation by systemic
tert-butylhydroquinone (tBHQ) has been shown to enhance cytosolic TXNIP expression
leading to NLRP3 inflammasome activation in MCAQO animals, the effects which vanished
with either Nrf2 or TRX siRNA treatment in vivo [140]. All together, these evidences are
highlighting activation of TXNIP as a key event associated with inflammation and cell death
in response to ischemic brain injury. Evidences showing transfection with TXNIP siRNA
prevent cellular damage in model of cerebral ischemia [61, 189], supporting the idea of
TXNIP inhibition as a therapeutic approach to prevent the detrimental consequences of
hemorrhagic or ischemic stroke.

Summary and Future Directions

In recent decades, prevention of neurological diseases has received intensive attention due to
the increasing global economic burden for growing elderly population. However, owing to
the complexity of the underlying molecular mechanisms, the treatment options for ischemic
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stroke still have several limitations. Accumulating evidences demonstrate that activation of
TXNIP plays a prominent role in the pathogenesis and progression of several CNS diseases
inducing degenerative and acute brain injury. Hence, efficient inhibition of TXNIP function
or expression at the molecular level may provide an insight into development of new
therapeutics. Although a number of neuroprotective agents including resveratrol, curcumin,
and umbellifereone could modulate the expression of TXNIP and ameliorate injury in
animal models of CNS diseases particularly in ischemic stroke, none have passed clinical
trials with effects comparable to animal findings. Noteworthy, increasing evidences are
suggesting TXNIP deteriorating role is intimately linked to the brain microvasculature. This
comes to high significance in ischemic stroke as a typical cerebrovascular disease which
vastly engages all TXNIP regulators in different stages of ischemia and reperfusion. The
current lack of specific inhibitors however limits TXNIP use as a direct therapeutic target for
stroke and other cerebrovascular diseases. As such, further investigation to develop specific
TXNIP inhibitor and their validation appears to shed light on better management of
neurological diseases. Nonetheless, restraining TXNIP to induce cell cycle arrest and drive
apoptotic events and the potential consequent neoplastic risk is a major concern in
therapeutic application of TXNIP inhibitors [141, 190]. Therefore, applicable TXNIP partial
agonists may provide appropriate therapeutic tools to avoid potential side effect due to
intensive TXNIP ablation. This may also suggest TXNIP inhibitors might be better
candidates in acute brain injury like that occurs in ischemic stroke and brain trauma
requiring less chronic medications.
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AD Alzheimer’s disease

AIM2 Absence in melanoma

AMPK AMP-activated protein kinase

ASC Apoptosis-associated speck-like

ASK-1 Apoptosis signal-regulating kinase
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DAMP Damage-associated molecular patterns
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FOXO
GFAP
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HFD
HGD
HUVECs
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IL-1B
IREla
INK
KO
KLF-2
LPS
LRR
MAP
MCAO
MI
MAPK
miRNA
MMP-9
MyD-88
NADPH
NAD
NADH

NBD

Endothelial cells

Endoplasmic reticulum

Embolic MCAO

Forkhead box transcription factor, class O
Glial fibrillary acidic protein

Glucose transporter

High-fat diet

High-glucose diet

Human umbilical vein endothelial cells
Human retinal endothelial cells

Intracerebral hemorrhage

Interleukin-1-beta

Serine/threonine-protein kinase/endoribonuclease
c-Jun-N-terminal kinase

Knockout

Kruppel-like factor 2

Lipopolysaccharide

Leucine-rich repeat domain
Mitogen-activated protein

Middle cerebral artery occlusion

Myocardial infarction

Mitogen-activated protein kinase
Microribonucleic acid

Matrix metalloproteinase 9

Myeloid differentiation primary response 88
Nicotinamide adenine dinucleotide phosphateoxidase
Nicotinamide adenine dinucleotide phosphate
Nicotinamide adenine dinucleotide phosphate

Nucleotide-binding domain
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NF-xB Nuclear factor kappa-B

NLR Nucleotide-binding oligomerization domain-like receptor
NLRP NOD-like receptor proteins

NMDA N-Methyl-D-aspartate

NOD Nucleotide-binding oligomerization domain
NOX Nicotinamide adenine dinucleotide phosphate oxidase
OGD Oxygen glucose deprivation

PAMP Pathogen-associated molecular patterns
PERK Protein kinase R-like ER kinase

PRR Pattern recognition receptor

PTP Phospho-tyrosine phosphatases

pVHL von Hippel-Lindau protein

RAGE Advanced glycation end-products

stz Streptozotocin

SAH Subarachnoid hemorrhage

SUR1 Sulfonylurea receptor 1

TLR Toll-like receptor

tMCAO Transient MCAO

TNF-a Tumor necrotizing factor-a

TRX Thioredoxin

TXNIP Thioredoxin-interacting protein

UPR Unfolded protein response

VDUP1 Vitamin D3 upregulated protein 1

VCAM Vascular cell adhesion protein

VEGF Vascular endothelial growth factor

WT Wild type

ZDF Zucker diabetic fatty
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Schematic representation of TXNIP as a direct NLRP3 activator. ROS generation is a
common feature in several types of acute and chronic brain tissue injuries. ROS is well
characterized to dissociate TXNIP from its endogenous ligand TRX. This leads to direct
TXNIP attachment to NLRP3-inflammasome resulting in activation of caspase-1 that in turn
causes maturation and cleavage of pro-IL-1p to IL-1p. This further ends with increased
inflammation and impaired recovery after brain injury in mice. ROS, reactive oxygen
species; TXNIP, thioredoxin-interacting protein; NLRP3, Nod-like receptor protein 3; IL-1p,
interleukin-1-beta
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Fig. 2.

Sc%ematic representation of ROS/TXNIP interplay in NLRP3 activation in different cell
compartments. TXNIP might affect both priming and activation steps in NLRP3
metabolism. Typically in cytosolic milieu, TXNIP directly stimulates NLRP3
inflammasome’s cleavage activity on caspase-1 and subsequent IL-1f maturation. Nuclear
TXNIP works as a transcription factor for several genes, contributing to the NLRP3 priming
step through amplifying the required transcripts of NLRP3 inflammasome components
namely pro-caspase-3 and pro-1L-1p. Mitochondrial TXNIP levels which increase
subsequent to TXNIP shuttling in stress conditions release the pro-apoptotic ASK-1 from
TRX inhibition. The consequent apoptotic cell death besides the pyroptosis induced by
caspase-1 activation ends with release of cell debris and intracellular ions. The induced
sterile inflammation produces a positive feedback to amplify NLRP3 inflammasome
activation either by ROS-induced TXNIP attachment to NLRP3 inflammasome or through
TXNIP-independent pathways. TXNIP, thioredoxin-interacting protein; NLRP3, Nod-like
receptor protein 3; ASK-1, apoptosis signal-regulating kinase 1
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Si?nplified illustration of TXNIP role in presumptive pathways involved in endothelial
dysfunction. Endothelial dysfunction and pro-atherogenic phenotypes may rise from pro-
inflammatory or aberrant proliferating signals. EC dysfunctions are more likely in vascular
curvatures with disturbed laminar blood flow with high risk for atherosclerotic plaques
development. TXNIP expression elevates in response to high glucose, oxidative stress, and
also in sites of DSS in vascular tree and might directly contribute to pro-inflammatory
signals and atherogenic changes through different pathways. TXNIP basically is well known
to instigate NLRP3/IL-1p signaling as a pivotal inflammatory signal. Such locally
inflammatory triggers might be amplified by DSS-induced VCAM-1 overexpression and
subsequent monocyte adhesion which are dependent on TXNIP activity. Actin stress fibers
and the linked intracellular signals may also be affected by TXNIP. ECs’ stress fibers are
essential components to determine EC phenotype which in turn would affect major apoptotic
and inflammatory pathways. Laminar shear stress in straight blood vessels makes ECs and
their stress fibers align in the longitudinal direction of the vessels in a quiescence state.
Appropriate formation and alignment of stress fibers are associated with the least INK
signaling and apoptosis in ECs. KLF-2 a well characterized anti-inflammatory checkpoint in
ECs may also contribute to stress fiber formation and alignment. DSS-associated TXNIP
overexpression may release pro-inflammatory effectors from KLF-2 and aggravate the
appropriately designed actin fibers which in turn may escalate the inflammation through
JNK activation. This might be augmented by TXNIP-induced Src phosphorylation and
inhibition which correlates with less actin stress fiber formation. TXNIP may play different
roles in EC abnormal proliferation and angiogenesis which besides its key pro-inflammatory
roles may provide other prominent pathway to form atherosclerotic plaques along the
vessels. Basically, TXNIP activity may result in suppression of VEGF transcripts through
association with TRX which contributes to elevated endothelial VEGF levels. On the other
side, it has been well documented that TXNIP is required for VEGF-R2 activation by VEGF
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and the consequent angiogenesis and EC proliferation. Nevertheless, concluding
proliferative effects for TXNIP is hard to conclude, given TXNIP is extensively addressed as
a component of combating against cancerous proliferation by inducing GO/G1 cell cycle
arrest through different effectors like cycline-A. DSS, disturbed shear stress; TXNIP,
thioredoxin-interacting protein; NLRP3, Nod-like receptor protein 3; IL-1B, interleukin-1-
beta; INK, c-Jun N-terminal kinases; VCAM-1, vascular cell adhesion protein 1; KLF-2,
Kruppel-like factor 2
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Fig. 4.
Putative pathways of TXNIP activation in neural damage associated with cerebrovascular

and neurodegenerative diseases. A few molecules are assumed to augment TXNIP
expression following acute or chronic brain diseases; however, little is established in details.
Boxes with black outline are immediate disease consequences to stimulate TXNIP in steps
which might be simplified as follows. As illustrated in the top orange background, as the
specific feature in stroke and cerebrovascular complications, (1) hypoxia is thought to
engage TXNIP promoter region to enhance TXNIP transcription and HIF-1a likewise. (2)
The likely ATP shortage following severe O, deficiency may lead to deregulation of ion
homeostasis and partial membrane hyperpolarization. This would be a progressive cascade
of excitotoxicity, Ca?* overload, and ER stress leading to intracellular accumulation of ROS.
On the other side, as described in the top pink background as a common feature in
neurodegenerative disorders, (1”) the long-lasting excitotoxicity leads to ER stress together
which may lead to intracellular Ca* overload. (2") The persisting oxidative stress fueled by
continuous excitotoxicity complicated with other multiple aggravating signals strongly
contributes to keep ROS in high levels. (3) The accumulated ROS either in vascular injuries
or degenerative disorders is known to induce TXNIP expression probably through its
suppressor FOXO modulation. ROS with different sources within the cell may also induce
intracellular shuttling of TXNIP to mitochondria and partly to cytosol and plasma
membrane. (4) TXNIP still residing in nucleus may substantially affect mitochondrial
biogenesis by modulating transcription of HIF-1a or PPAR-a inhibiting and enhancing
mitochondrial oxygen consumption respectively. This way, TXNIP plays a pivotal role in
cell death and ROS generation in neural injury. (5) Within mitochondria, TXNIP assembles
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with TRX-2 to prevent its function as a ROS scavenger leaving the ROS distributes to
exacerbate TXNIP expression and shuttering. (6) Binding to TXR-2 simultaneously leads to
ASK-1 release and activation to induce Cyt-c-dependent apoptosis. (7) The parallel similar
cytosolic event leads to p38 MAP production which amplifies nuclear PPAR-a transcripts.
(8) Intracytosolic TXNIP when exposed to ROS overload undergoes some structural changes
improving its affinity for NLRP3 inflammasome leading to NLRP3 oligomerization and
activation to produce mature cytokines. (9) Concurrent with the vast damaging signals,
TXNIP may instigate in several cellular compartments, and while translocated to plasma
membrane, TXNIP abolishes GLUT-1 transporter function and less glucose uptake
abrogating cellular metabolism danger. ROS, reactive oxygen species; TXNIP, thioredoxin-
interacting protein; TXR, thioredoxin; HIF-1a, hypoxia-inducible factor 1-alpha; PPAR-1a,
peroxisome proliferator-activated receptor 1-alpha; GLUT, glucose transporter; ASK-1,
apoptosis signal-regulating kinase 1; ER, endoplasmic reticulum; NLRP3, Nod-like receptor
protein 3; IL-1, interleukin-1; MAPK, mitogen-activated protein kinases; JNK, c-Jun N-
terminal kinases; FOXO, Forkhead box transcription factor, class O; Cyt C, cytochrome C
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