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BACKGROUND AND PURPOSE

Up-regulation of thioredoxin interacting protein (TXNIP), an endogenous inhibitor of thioredoxin (Trx), compromises cellular
antioxidant and anti-apoptotic defences and stimulates pro-inflammatory cytokines expression, implying a role for TXNIP in
apoptosis. Here we have examined the causal role of TXNIP expression in mediating retinal neurotoxicity and assessed the
neuroprotective actions of verapamil, a calcium channel blocker and an inhibitor of TXNIP expression.

EXPERIMENTAL APPROACH

Retinal neurotoxicity was induced by intravitreal injection of NMDA in Sprague-Dawley rats, which received verapamil

(10 mg-kg™, p.o.) or vehicle. Neurotoxicity was examined by terminal dUTP nick-end labelling assay and ganglion cell count.
Expression of TXNIP, apoptosis signal-regulating kinase 1 (ASK-1), NF-xB, p38 MAPK, NK, cleaved poly-ADP-ribose
polymerase (PARP), caspase-3, nitrotyrosine and 4-hydroxy-nonenal were examined by Western and slot-blot analysis. Release
of TNF-o. and IL-1 was examined by ELISA.

KEY RESULTS

NMDA injection enhanced TXNIP expression, decreased Trx activity, causing increased oxidative stress, glial activation and
release of TNF-a and IL-18. Enhanced TXNIP expression disrupted Trx/ASK-1 inhibitory complex leading to release of ASK-1
and activation of the pro-apoptotic p38 MAPK/JNK pathway, as indicated by cleaved PARP and caspase-3 expression.
Treatment with verapamil blocked these effects.

CONCLUSION AND IMPLICATIONS

Elevated TXNIP expression contributed to retinal neurotoxicity by three different mechanisms, inducing release of
inflammatory mediators such as TNF-o. and IL-1j, altering antioxidant status and disrupting the Trx-ASK-1 inhibitory complex
leading to activation of the p38 MAPK/JNK apoptotic pathway. Targeting TXNIP expression is a potential therapeutic target
for retinal neurodegenerative disease.

Abbreviations

ASK-1, apoptosis signal-regulating kinase 1; GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer;
NFL, nerve fiber layer; NMLA, N-methyl-L-aspartate; ONL, inner plexiform layer into the outer nuclear layer; PARP,
poly-ADP-ribose polymerase; RGC, retinal ganglion cell; ROD, relative optical density; Trx, thioredoxin; TUNEL,
terminal dUTP nick-end labelling; TXNIP, thioredoxin interacting protein
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Introduction

Retinal ganglion cell (RGC) death plays a critical role in the
pathogenesis of many retinal neurodegenerative disorders,
including models of glaucoma, diabetic retinopathy, trau-
matic optic neuropathy, uveitis and retinal ischaemia (EI-
Remessy et al., 2003; 2008; Zheng et al., 2007; Ali et al., 2008;
2011; Schmidt et al., 2008). Understanding the molecular
mechanism of neuronal cell death in such retinal diseases is
of great clinical significance for devising new treatments. We
and others have demonstrated that the application of NMDA,
an agonist at the major excitatory receptors in the CNS and
retina, generated a reliable model of retinal neurotoxicity
with which to screen neuroprotective agents (Lam et al.,
1999; El-Remessy et al., 2003; Goebel and Winkler, 2006;
Al-Gayyar et al., 2010; Bessero et al., 2010).

Thioredoxin interacting protein (TXNIP) is an endogenous
inhibitor of the thioredoxin (Trx) system, a major cellular
thiol-reducing and antioxidant system. Recently, it has been
demonstrated that over-expression of TXNIP up-regulates the
transcription factor NF-«B in retinal endothelial cells (Perrone
et al., 2009). Under basal conditions, NF-«xB is found in the
cytosol bound to its inhibitor, but upon activation NF-xB is
allowed to enter the nucleus, where it induces transcription of
pro-inflammatory cytokines such as TNF-o and IL-18 (Rut-
ledge and Adeli, 2007). In addition, previous studies demon-
strated that over-expression of TXNIP can augment the
inflammatory actions of TNF-o-mediated activation of
p38MAPK and apoptosis in vascular endothelial cells
(Yamawaki et al., 2005; Chen et al., 2008). We have previously
shown that enhanced TXNIP expression was associated with
increases in Miiller cell activation in the NMDA model (Al-
gayyar et al., 2010). As a consequence of Miiller cell activation,
retinal NF-«xB expression and inflammation can be triggered in
retinal neurodegenerative diseases (Laabich et al., 2002; Wang
et al., 2002; Lebrun-Julien et al., 2009). However, the causal
role and molecular events by which TXNIP causes retinal
neuroinflammation and cell death have not been elucidated.

Protection from reactive oxygen species is mediated by
many systems including the Trx system, which consists of
Trx, TXNIP, Trx reductase and NADPH (Holmgren, 1995).
TXNIP modulates the cellular redox state by inhibiting the
Trx system leading to increased reactive oxygen species and
oxidative stress (Junn et al., 2000). Trx is not only an antioxi-
dant, but it can also regulate cell survival by binding and
inhibiting the activity of apoptosis signal-regulating kinase 1
(ASK-1), a member of the MAP kinase kinase kinase family
(Ichijo et al., 1997). As such, TXNIP plays a critical role in
stress-induced cellular apoptosis as it binds reduced-Trx and
inhibits its activity releasing free ASK-1, leading to activation
of the p38 MAPK pathway and cell death (Ichijo et al., 1997;
Nishiyama et al., 1999; Yamawaki et al., 2005; Chen etal.,
2008). So far, the research exploring the causal role of TXNIP
in mediating cell death has been hampered by the lack of a
specific pharmacological inhibitor of TXNIP.

Because the expression of TXNIP is directly regulated by
Ca* influx (Yamanaka ef al., 2000), a recent study demon-
strated that calcium channel blockers and verapamil in par-
ticular can effectively inhibit TXNIP expression in
cardiomyocyte apoptosis in streptozotocin- and obesity-
induced diabetic mice (Chen et al., 2009). Verapamil is an
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L-type calcium channel blocker from the phenylalkylamine
class that has been used routinely in the treatment of hyper-
tension, angina pectoris and cardiac arrhythmia (Yedinak,
1993). Here, we have assessed the neuroprotective effects of
verapamil by reducing the expression of TXNIP. The study
elucidates multiple pathways by which TXNIP can cause
retinal inflammation and trigger RGC death by a mechanism
involving induced release of the inflammatory mediators as
TNF-o. and IL-1fB, altered antioxidant status and disrupted
Trx-ASK-1 inhibitory complex leading to activation of p38
MAPK/JNK apoptotic pathway in a rat model, using intravit-
real injection of NMDA.

Methods

Animals

All animal care and experimental procedures were in accor-
dance with the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research and the Charlie Norwood
VA Medical Center Animal Care and Use Committee. Neuro-
toxicity was induced by intravitreal injection of NMDA, as
previously described (El-Remessy et al., 2003; Al-Gayyar et al.,
2010). Three sets of animals were prepared for a total of 36
male Sprague-Dawley rats (~250 g body weight) from Harlan
Laboratories (Indianapolis, IN, USA) that were divided into
four groups: one group received a single intravitreal injection
of NMDA, 40 nmol = 5.9 ug dissolved in normal saline,
Sigma-Aldrich, St. Louis, MO, USA); the second group
received a single intravitreal injection of both NMDA
(40 nmol) and an oral gavage of verapamil dissolved in dis-
tilled water (10 mg-kg™', p.o.); the third group was intravitre-
ally injected with N-methyl-L-aspartate (NMLA, 40 nmol =
5.9 ug dissolved in normal saline, Sigma-Aldrich), which is
the inactive isomer of NMDA and served as a control group;
and the last group was intravitreally injected with NMLA
(40 nmol) and received an oral gavage of verapamil (MP Bio-
medicals, Solon, OH, USA) (10 mg-kg™, p.o.; ) to serve as
treated control group. The animals were given a booster dose
of verapamil 12 h after NMDA injection. The doses of NMDA
and verapamil were selected based on previous studies
(Bonhomme-Faivre et al., 2002; Al-Gayyar et al., 2010). Rats
were killed 24 h after injection using a CO, chamber and the
eyes were enucleated and processed for further analyses.

Immunolocalization studies

Optimal cutting temperature (OCT)-frozen sections (Sakura
Finetek USA Inc., Torrance, CA, USA) (15 um) of eyes were
fixed using 2% paraformaldehyde (PFA) (Electron Microscopy
Sciences, Hatfield, PA, USA) in PBS and reacted with poly-
clonal anti-glial fibrillary acidic protein (GFAP) antibody (for
glial activation), polyclonal anti-Ibal is a marker of microglial
cell activation (Santa Cruz Biotechnology, Santa Cruz, CA,
USA), polyclonal IL-1f (R&D Systems, Minneapolis, MN,
USA), monoclonal anti-NFxB p65 (BD Bioscience Pharmin-
gen, San Diego, CA, USA) or monoclonal anti-TNF-o (Santa
Cruz Biotechnology) overnight. All the primary antibodies
were used in 1:200 dilutions in 1% BSA in 0.3% Triton X-100
in PBS. The sections were blocked using 5% goat serum dis-
solved in 1% BSA in 0.3% Triton X-100 in PBS. Then the
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sections were incubated with 1:500 dilutions of Texas-red or
Oregon-green-conjugated goat anti-mouse or goat anti-rabbit
antibodies (Invitrogen, Carlsbad, CA, USA) for 2 h. Images
(n = 6 in each group) were collected using AxioObserver.Z1
Microscope (Carl Zeiss Microlmaging, Thornwood, NY, USA).

Quantitative real time PCR (qRT-PCR)

Retinal mRNA was prepared according to the manufacturer’s
instructions as described in our previous study (Ali efal.,
2008). The One-Step qRT-PCR Invitrogen kit was used to
amplify 10 ng retinal mRNA from each sample. PCR primers
were designed to amplify Trx: S’GCCAAAATGGTGAAGCT
GAT3’ and reverse primer S'TGATCATTTTGCAAGGTCCAZ'.
TXNIP primers 5’AAGCTGTCCTCAGTCAGAGGCAAT3’ and
reverse  primer S’ATGACTTTCTTGGAGCCAGGGACA3'.
Amplification of 18 S rRNA was used as an internal control.
Quantitative PCR was performed using a Realplex Master
cycler (Eppendorf North American Inc., Westbury, NY, USA).
Trx and TXNIP expression was normalized to the 18S level in
each sample and expressed as relative expression to control.

Western blot analysis and
immuno-precipitation

Retinas were homogenized in radioimmunoprecipitation
assay (RIPA) buffer (Millipore, Temecula, CA, USA) to examine
the expression of various proteins as described previously (Ali
etal.,, 2008; Al-Gayyar efal.,, 2010). The total amount of
protein was determined by protein assay (Bio-Rad Laboratories
Inc., Hercules, CA, USA). Samples (30 ug protein) were sepa-
rated by SDS-PAGE and electroblotted to nitrocellulose mem-
brane, and the membranes were blocked in PBS, 0.02% Tween
20 (PBST) containing 5% non-fat milk. Antibodies for Trx,
TXNIP, ASK-1, TNF-a, JNK, phosphorylated-JNK (p-JNK; Santa
Cruz Biotechnology), IL-1B (R&D Systems), p-p38, p38,
cleaved caspase-3 (Cell Signaling, Danvers, MA, USA), cleaved
poly-ADP-ribose polymerase (PARP) and NF-xB p65 (BD Bio-
science Pharmingen) were used in 1:500 dilutions in PBST
containing 5% non-fat milk and applied overnight at 4°C.
Membranes were reprobed with 1:2000 B-actin (Sigma-
Aldrich) in PBST containing 5% non-fat milk for 2h to
confirm equal loading. Primary antibody was detected by
1:5000 dilutions of horseradish peroxidase-conjugated sheep
anti-mouse or anti-rabbit antibodies in PBST and enhanced-
chemiluminescence (GE Healthcare, Piscataway, NJ, USA). For
immuno-precipitation, 200 ug of retinal protein was diluted
with RIPA buffer and incubated with 3 ug of anti-Trx antibody.
Samples were rocked at 4°C overnight, followed by 40 uL
agarose beads and rocked at 4°C for 4 h. The final extract was
boiled, processed and analysed as described above. Mem-
branes were probed with antibodies for ASK-1, TXNIP or Trx
for equal loading. The band intensity was quantified using
densitometry software (Alpha Innotech, San Leandro, CA,
USA) and expressed as relative optical density (ROD).

Measurements of markers of oxidative and
nitrosative stress

Slot-blot analysis was performed to quantify retinal levels of
4-hydroxy-nonenal (4-HNE) and nitrotyrosine as described
previously (Ali et al., 2008; Abdelsaid et al., 2010). Samples of
rat retinal homogenate (5 nug) were immobilized onto a nitro-
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cellulose membrane. After blocking with PBST containing 5%
non-fat milk, membranes were reacted with antibodies
against nitrotyrosine (Calbiochem, San Diego, CA, USA) or
4-HNE (Alpha Diagnostics, San Antonio, TX, USA) using
1:500 dilutions in PBST containing 5% non-fat milk and
applied overnight at 4°C. Primary antibody was detected by
1:5000 dilutions of horseradish peroxidase-conjugated
sheep anti-rabbit antibodies in PBST and enhanced-
chemiluminescence (GE Healthcare, Piscataway, NJ). The
optical density of various samples was quantified using den-
sitometry software (Alpha Innotech) and compared with that
of controls and expressed as ROD.

Determination of levels of inflammatory
mediators in rat vitreous

Rat vitreous concentration of TNF-oand IL-1B was determined
using commercially available ELISA kits (R&D Systems), follow-
ing the manufacturer’s procedure as described before (EI-
Remessy et al., 2008). Standards and samples were pipetted
into the wells, and TNF-o. or IL-1B present was bound by the
immobilized antibody. After washing away any unbound sub-
stances, an enzyme-linked polyclonal antibody specific for
TNF-o or IL-1p was added to the wells, followed by a substrate
solution to develop colour in proportion to the amount of
TNF-o and IL-1B bound in the initial step. The colour devel-
opment was stopped and the intensity of the colour was
measured at 450 nm. The concentrations of the samples were
normalized to protein content and relative to the control.

Determination of Trx activity

Trx reductase activity was measured using a colorimetric
assay kit (Sigma-Aldrich). Briefly, retinas were homogenized
in a phosphate buffer (pH 7.4) and the lysate was used to test
the Trx activity. Tissue Trx reductase was used to reduce
5,5’-dithiobis(2-nitrobenzoic) acid with NADPH to 5-thio-2-
nitrobenzoic acid, which produces a strong yellow colour
that can be measured at 412 nm. Because several enzymes
present in biological samples can reduce the substrate, the
enzyme activity was measured in the presence or absence of
the Trx reductase inhibitor (provided by the manufacturer)
and expressed as relative U/min/pg protein.

Evaluation of neuronal cell death in

rat retina

Terminal dUTP nick-end labelling (TUNEL) was performed
using the ApopTAG in situ apoptosis detection kit-fluorescein
(Millipore, Billerica, MA, USA), following the manufacturer’s
directions. Briefly, OCT-frozen eye sections (15 um) from
each group were fixed using paraformaldehyde and ethano-
l:acetic acid (2:1). Then, the samples were incubated with
terminal deoxynucleotidyl transferase enzyme followed by
incubation with anti-digoxigenin conjugate. Propidium
iodide (1 ug-mL™") was added as a nuclear counter-stain, and
cover slips were applied using Vectashield mounting medium
for fluorescence (Vector Laboratories, Burlingame, CA, USA).
Six rats from each group and six sections for each animal were
used. Each section was systematically scanned and counted
for positive green fluorescent cells in retinal layers indicating
apoptosis. Images were obtained using an AxioObserver.Z1
Microscope (Zeiss) with 200 x magnification.



Counting number of neuronal cells in the
ganglion cell layer (GCL)

OCT frozen retinal sections were stained with haematoxylin
and eosin (H/E) for light microscopy. The nuclei in the GCL,
not including nuclei in the vessels, were counted in four
locations in the retina [both sides of the optic nerve (poste-
rior) and mid-retina (central)] in a masked manner as
described previously (Zheng et al., 2007). Four to six animals
from each group and two fields for each location were used.
Our previous study using the specific RGC marker, Brn-3a,
showed that cells in the GCL include displaced amacrine
cells (30-40%) in addition to RGC cells (Al-gayyar etal.,
2010). Retinas were imaged by AxioObserver.Z1 Microscope
(Zeiss).

Statistical analysis

The results were expressed as mean = SEM. Differences
among experimental groups were evaluated by ANOvA fol-
lowed by the Tukey-Kramer Multiple comparison test. Sig-
nificance was defined as P < 0.05.

Results

Verapamil blocks TXNIP expression in
NMDA-injected retinas

Because there is no direct pharmacological inhibitor of
TXNIP but its expression is directly regulated by Ca*
(Yamanaka et al., 2000), calcium channel blockers and vera-
pamil in particular have been used effectively to inhibit
TXNIP expression (Chen et al., 2009). In our experiments,
real-time PCR analysis showed a 2.9-fold increase in the
mRNA level of TXNIP in NMDA-injected rat retinas, com-
pared with NMLA-controls (Figure 1A). In parallel, Western
blot analysis of rat retinal lysates showed a 2.3-fold increase
in TXNIP expression in NMDA-injected retinas compared
with NMLA-controls (Figure 1B). Co-treatment with vera-
pamil (10 mg-kg™, p.o.) blocked TXNIP expression at protein
and mRNA level in NMDA-treated rats, but not in those given
NMLA.

Inhibiting TXNIP expression blocks

activation of Muller and microglial

cells and NF-xB expression

We examined the protective action of inhibiting TXNIP
expression using verapamil on glial activation. As shown in
Figure 2A, NMDA-injected rats showed a substantial increase
in the intensity of GFAP immuno-reactivity in the filaments
of Miiller cells that extended from the nerve fibre layer and
inner plexiform layer into the outer nuclear layer of retina,
compared with NMLA-controls. In addition, intravitreal
NMDA injection induced numerous Ibal-positive cells (acti-
vated microglial cells) that appeared hypertrophic or amoe-
boid, and were observed in the GCL, inner nuclear layer or
frequently clustered around the perivascular region.
Co-treatment of rats with verapamil (10 mg-kg”!, p.o.)
blocked these effects in NMDA-injected rats but did not affect
NMLA-controls. Next, we examined the effect of NMDA on
the expression of NF-kB. Retinal lysate from NMDA-injected
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Figure 1

Verapamil blocks TXNIP expression in NMDA-injected retinas. (A)
Real-time PCR analysis showed 2.9-fold increase in mRNA level of
TXNIP in NMDA-injected rat retinas compared with NMLA-controls
(n = 4-6). (B) Western blot analysis of rat retinal lysates showed
2.3-fold increase in TXNIP expression in NMDA-injected retinas,
compared with NMLA-controls (n = 4-6). Treatment with verapamil
(V; 10 mg-kg™, p.o.) blocked TXNIP protein and mRNA level in
NMDA injected retina but did not alter TXNIP in treated controls.
Data expressed as fold value of control and represented as mean *+
SEM. *P < 0.05, significantly different from the other groups. ROD,
relative optical density.

animals showed a 1.9-fold increase in NF-«xB expression, com-
pared with NMLA-controls (Figure 2B). The results of Western
blot analysis was confirmed by immunohistochemistry.
NMDA injection resulted in prominent immunolocalization
of NF-xB in the GCL, inner nuclear layer and outer plexiform
layer as compared with NMLA-controls (Figure 2B). Treat-
ment of rats with verapamil (10 mg-kg™', p.o.) blocked the
increase in NF-xB in NMDA-injected rats, but did not affect
NMLA-controls.

Inhibiting TXNIP expression blocks release of
inflammatory mediators

Western blot analysis showed 2.1- and 2.2-fold increases in
TNF-o and IL-IB, respectively, in retinal lysate from NMDA-
injected rats, compared with NMLA-controls (Figure 3A, B).
In parallel, we measured the vitreous level of both TNF-o and
IL-IB using ELISA. NMDA-injected retinas showed 2.2- and
2.4-fold increases in TNF-o. and IL-IB, respectively, as com-
pared with NMLA-controls (Figure 3C). Treatment of rats
with verapamil (10 mg-kg!, p.o.) blocked the increase in
inflammatory cytokines in NMDA-injected rats, but did not
affect NMLA-controls.
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Figure 2

Inhibiting TXNIP expression blocks activation of Miiller and micro-
glial cells and NF-kB expression. (A) Representative images showing
a substantial increase in the intensity of GFAP immuno-reactivity in
the filaments of Miiller cells that extended from the nerve fiber layer
(NFL) and inner plexiform layer (IPL) into the outer nuclear layer
(ONL) of retina, compared with NMLA-controls (400 x magnifica-
tion). (B) Representative images showing microglial activation as
indicated by numerous Ibal-positive cells that appeared hyper-
trophic or amoeboid in the ganglion cell layer (GCL) and inner
nuclear layer (INL) in rats injected with NMDA, compared with
NMLA-controls (400 x magnification). (C) Western blot analysis of rat
retinal lysate showing a 1.9-fold increase in NF-xB p65 in NMDA-
injected retinas, compared with NMLA-controls (n = 6). Data
expressed as fold value of control and represented as mean = SEM.
(D) Representative images showing prominent immunolocalization
of NF-xB in the GCL, INL and outer plexiform layer (OPL), compared
with NMLA-controls (400 x magnification). Treatment of rats with
verapamil (V; 10 mg-kg™', p.o.) blocked these effects in NMDA-
injected rats but did not affect NMLA-controls. *P < 0.05, signifi-
cantly different from the other groups.. ROD, relative optical density.

Inhibiting TXNIP expression restors Trx
activity and significantly reduces oxidative
and nitrosative stress

In response to oxidative insult, cellular antioxidant defences
can be up-regulated. Interestingly, NMDA injection caused
about a two-fold increase in the Trx mRNA and a 2.6-fold
increase in protein expression, compared with NMLA-control
(Figure 4A, B). However, the Trx activity was reduced by 60%
compared with NMLA-controls (Figure 4C). Treatment of the
NMDA-injected rats with verapamil (10 mg-kg™, p.o.) main-
tained high levels of Trx mRNA and protein expression, but
restored the Trx activity of NMDA-injected rats to 80% of the
NMLA-controls. Verapamil did not affect either Trx mRNA
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Figure 3

Inhibiting TXNIP expression blocks expression and release of inflam-
matory mediators. (A, B) Western blot analysis and statistical analysis
of retinal lysate showed 2.1- and 2.2-fold increases in TNF-a and
IL-IB, respectively, in NMDA-injected rats, compared with NMLA-
controls (P < 0.05, n = 4-6). (C) Statistical analysis of the vitreous
levels of TNF-o and IL-IB, using ELISA. NMDA-injected retinas showed
2.2- and 2.4-fold increases in TNF-a. and IL-If, respectively, com-
pared with NMLA-controls (n = 6-7). Treatment of rats with vera-
pamil (V; 10 mg-kg™, p.o.) blocked these effects in NMDA-injected
rats but did not affect NMLA-controls. Data expressed as fold value of
control and represented as mean *= SEM. *P < 0.05, significantly
different from the other groups..; ROD, relative optical density.

expression or Trx activity in NMLA-controls. In addition,
slot-blot analysis of retinal lysate samples showed a 1.7-fold
increase in 4-HNE adduct formation (a marker of oxidative
stress) and a 1.6-fold increase in nitrotyrosine formation (a
marker of peroxynitrite and nitrosative stress) in NMDA-
injected retinas as compared with NMLA-controls (Figure 4D,
E). Treatment of NMLA-injected rats with verapamil
(10 mg-kg™, p.o.) blocked these effects in NMDA-injected
rats, but did not affect NMLA-controls.

Inhibiting TXNIP expression preserves the
TRX-ASK-1 ‘inhibitory complex’ and prevents
release of ASK-1

Under resting conditions, Trx binds to and inhibits the apo-
ptotic protein ASK-1 by forming the Trx-ASK-1 ‘inhibitory



2.5 4

A §
§ 2 #
=
<
Z 17
5
-l.’—go.s-
&
0 - T T T
NMLA NMLA+V NMDA NMDA+V
B NMLA NMLA+VY NMDA NMDA+V
Trx |-—> - ““-{
Actin |
ROD 1 1.05%0.1 2.6%0.3* 2.4%0.3%
C 710
: 100
g
2 380
g o0 *
£ u
ﬁ 20
[
0 . . v
NMLA NMLA+V NMDA NMDA+V
D NMLA NMLA+V NMDA NMDA+V
4-HNE o — om—— Tamoe, T
ROD 1 1.120.1 1.780.2* 1.2%0.1
NMLA NMLA+Y NMDA NMDA+V
ROD 1 0.9%0.1 1.6%0.2* 1.1%0.1
Figure 4

Inhibiting TXNIP expression restores Trx activity and significantly
reduces oxidative and nitrosative stress. (A) Real-time PCR analysis
showed about two-fold increase in mRNA level of Trx in NMDA-
injected rat retinas, compared with NMLA-controls, that was not
reversed by verapamil (V) treatment (n = 4-6, data expressed as
percent value of control and represented as mean = SEM). (B)
Western blot analysis showed 2.6-fold increase in the expression of
Trx protein in NMDA-injected retinas, compared with NMLA-controls
that was not reversed by verapamil treatment (n = 4). (C) Statistical
analysis of Trx activity, NMDA injection caused 60% reduction in Trx
activity as compared with NMLA-controls (n = 4-6, Data expressed as
percent value of control and represented as mean * SEM). (D, E)
Slot-blot analysis of retinal lysate samples showed a 1.7-fold increase
in 4-HNE adduct formation (a marker of oxidative stress) and a
1.6-fold increase in nitrotyrosine formation (a marker of peroxyni-
trite) in NMDA-injected rats compared with NMLA-controls (n = 4-6,
data expressed as fold value of control and represented as mean =
SEM). Treatment with verapamil (V; 10 mg-kg™', p.o.) blocked these
effects in NMDA-injected rats but did not affect NMLA-controls.
*P < 0.05, significantly different from the other groups.. #P < 0.05,
significantly different from the controls. ROD, relative optical density.
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Figure 5

Inhibiting TXNIP expression preserves the TRX-ASK-1 ‘inhibitory
complex’ and prevents release of ASK-1. (A) Immunoprecipitation
(IP) of Trx and immunoblotting with ASK-1 showed 60% reduction in
interaction between Trx and ASK-1 in NMDA-injected rats, compared
with NMLA-controls (n = 5). (B) Immunoprecipitation of Trx and
immunoblotting with TXNIP showed a 1.6-fold increase in interac-
tion between Trx and TXNIP in NMDA-injected retinas as compared
with NMLA-control (n = 5). (C) Western blot analysis showing NMDA
injection caused a 1.9-fold increase in ASK-1 expression in rat retina
as compared with the NMLA-controls (n = 4-5). Co-treatment of
animals with verapamil (V; 10 mg-kg™', p.o.) blocked these effects in
NMDA-injected rats but did not alter protein interaction in NMLA-
controls. Data expressed as fold value of control and represented as
mean *= SEM. *P < 0.05, significantly different from the other
groups.. ROD, relative optical density.

complex’. The interaction between Trx and ASK-1 was inves-
tigated using immunoprecipitation assays and the results
showed that NMDA injection decreased the association
between Trx and ASK-1 to only 40% of the basal level, com-
pared with NMLA-controls (Figure SA). Meanwhile, the asso-
ciation between Trx and TXNIP showed a 1.6-fold increase
in NMDA-injected rats, compared with NMLA-controls
(Figure 5B). In addition, NMDA injection caused al.9-fold
increase in ASK-1 expression in rat retina, compared with the
NMLA-controls (Figure SC). Co-treatment of animals with
verapamil (10 mg-kg™, p.o.) blocked these effects in NMDA-
injected rats, but did not alter protein interactions in
NMLA-controls.

Inhibiting TXNIP expression blocks activation
of p38 MAPK/INK apoptotic pathway

Western blot analysis showed a 1.8-fold increase in p38 MAPK
phosphorylation in NMDA-injected retinas, compared with
NMLA-controls (Figure 6A). In addition, we found a 2.5-fold
increase in phosphorylation of p-JNK-1 and p-JNK-2 as
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Figure 6

Inhibiting TXNIP expression blocks activation of p38 MAPK/JNK apo-
ptotic pathway. (A) Western blot analysis showed a 1.8-fold increase
in p38 MAPK phosphorylation in NMDA-injected retinas as com-
pared with NMLA-controls (n = 4-5). (B) Western blot analysis
showing a 2.5-fold increase in phosphorylation of p-JNK-1 and
p-JNK-2 in NMDA-injected retinas, compared with NMLA-controls
(n = 4-6). (C, D) Western blot analysis showing 1.8- and 2.6-fold
increases in cleaved PARP and cleaved caspase-3 expression, respec-
tively, in NMDA-injected retinas, compared with NMLA-controls (n =
4). Co-treatment with verapamil (V; 10 mg-kg™', p.o.) significantly
reduced phosphorylation of p38 MAPK and p-JNK and blocked
expression of cleaved PARP and cleaved caspase-3 in NMDA-injected
animals but did not alter the basal levels in NMLA-controls. Data
expressed as fold value of control and represented as mean = SEM.
*P < 0.05, significantly different from the other groups. ROD, relative
optical density.

compared with NMLA-controls (Figure 6B). Apoptosis was
further confirmed by the expression of cleaved caspase-3 and
cleaved PARP, a marker of energy failure. NMDA-injected
retinas showed 1.8- and 2.6-fold increases in cleaved PARP
and cleaved caspase-3 expression, respectively, compared
with NMLA-controls (Figure 6C, D). Co-treatment with vera-
pamil (10 mg-kg™?, p.o.) significantly reduced phosphoryla-
tion of p38 MAPK and p-JNK, and blocked expression of
cleaved PARP and cleaved caspase-3 in NMDA-injected
animals but did not alter the basal levels in NMLA-controls

(Figure 6).
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Inhibiting TXNIP expression prevents death and loss of RGC. (A, B)
Representative images and statistical analysis showing that intravit-
real injection of NMDA induced extensive RGC death as indicated by
about 8-fold increase of TUNEL-labelled cells (arrows) mainly in RGC
and inner nuclear layer (INL) of the rat retina compared with NMLA-
controls (200 x magnification). (C) Statistical analysis of the number
of neuronal cells in the ganglion cell layer (GCL) in retina sections
stained with H/E. Intravitreal NMDA injections resulted in loss of 30%
of cells in the GCL in the posterior and in the central regions of the
retina. Co-treatment with verapamil (V) blocked these effects in
NMDA-injected retinas but did not affect NMLA-injected controls.
*P < 0.05, significantly different from the other groups..IPL, inner
plexiform layer; ONL, outer nuclear layer; ROD, relative optical
density.

Inhibiting TXNIP expression prevents death
and loss of RGC

Intravitreal injection of NMDA induced severe RGC death as
indicated by about 8-fold increase of TUNEL-labelled cells
(arrows) mainly in RGC and the inner nuclear layer of the rat
retina, compared with NMLA-controls. Co-treatment with
verapamil (10 mg-kg™”, p.o.) blocked neuronal death in
NMDA-injected animals (Figure 7A, B). In parallel, the pro-
tective effects of verapamil in NMDA-induced neuronal
damage were assessed histologically by counting the number
of neuronal cells in the GCL in retina sections stained with
H/E (Figure 7C). Intravitreal NMDA injections resulted in the
loss of 30% of cells in the GCL in the posterior and in the
central regions of the retina. Co-treatment with verapamil
(10 mg-kg™", p.o.) prevented loss of neuronal cells and
restored their number to the control levels. Treatment with
verapamil did not affect NMLA-injected controls.
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Schematic representation of the mechanism of action of verapamil in
neuroprotection. Enhanced TXNIP expression contributes to retinal
neurotoxicity by multiple pathways: (A) inducing retinal inflamma-
tion as indicated by enhanced expression of NF-kB and release of
pro-inflammatory cytokines, such as TNF-o. and IL-1; (B) modulat-
ing antioxidant defence and increasing oxidative stress; and (C)
altering the inhibitory complex Trx/ASK-1 leading to activation of
ASK-1. Together, these pathways can activate the apoptotic p38
MAPK/JNK pathway leading to RGC cell death.

Discussion

The main findings of the current study using the NMDA
model were that elevated TXNIP expression contributed to
retinal neurotoxicity by at least three pathways: (i) inducing
retinal inflammation, indicated by enhanced expression of
NF-xB and release of proinflammatory cytokines such as
TNF-o. and IL-1f; (ii) modulating antioxidant defence and
increasing oxidative stress; and (iii) altering the inhibitory
complex Trx/ASK-1 leading to release of ASK-1. Together,
these pathways activated the apoptotic p38 MAPK/JNK
pathway leading to RGC cell death. The proposed mechanism
is outlined in Figure 8. The results of the current study indi-
cated that TXNIP could be a therapeutic target for neuropro-
tection and revealed a novel neuroprotective role of
verapamil. The clinical significance of these results is high-
lighted by the list of retinal neurodegenerative diseases, in
which RGC death plays a critical role and which awaits devel-
opment of effective neuroprotective agents. These diseases
include glaucoma, diabetic retinopathy, traumatic optic neu-
ropathy and retinal vein occlusion (see Osborne et al., 1999;
Schmidt et al., 2008; Whitmire et al., 2011).

Retinal inflammation and glial activation have been dem-
onstrated in human and experimental models of glaucoma,

TXNIP-induced retinal neurotoxicity

optic neuropathy and retinal ischaemia (Laabich et al., 2002;
Wang et al., 2002; Nakazawa et al., 2007). NF-kB is one of the
most ubiquitous transcription factors and functions as a
central player in inflammatory disease. NMDA-induced
retinal inflammation was evident by marked up-regulation of
NF-kB p65 expression, which colocalized with the glio-
filaments, GFAP, in retinal Miiller cells. Our results were com-
patible with recent findings from other groups showing that
over-expression of TXNIP stimulates NF-xB p65 expression
and that it colocalizes with retinal Miiller cells (Lebrun-Julien
et al., 2009; Perrone et al., 2009). In parallel, microglial acti-
vation is a protective mechanism regulating tissue repair and
recovery in the early phase of neurodegeneration (Streit,
2005). However, excessive or sustained activation of micro-
glia often contributes to acute and chronic neuroinflamma-
tory responses in the brain and the retina (Hanisch and
Kettenmann, 2007). In agreement, NMDA-induced neurotox-
icity was associated with the activation of microglial cells as
indicated by numerous Ibal positive cells (Figure 2B) that
colocalized with NF-xB (data not shown). The increase in the
activation of Miiller and microglial cells were blocked by
inhibiting TXNIP expression using verapamil, suggesting a
potential role of TXNIP in mediating retinal inflammation.
These results lend further support to earlier data from isolated
retinal microglial cells showing that elevated hydrostatic
pressure induced an influx of extracellular Ca** that preceded
the activation of NF-xB (Sappington and Calkins, 2008).
Several anti-inflammatory drugs have been shown to dimin-
ish neuroinflammation, but only few with direct functional
effects on microglial activity have been elucidated (Tikka
et al., 2002; Thomas and Kuhn, 2005). However, we believe
that this is the first study that examined microglial activation
in this NMDA model of neurotoxicity. Based on the evidence
that NF-kB has a well-conserved cysteine residue, NF-«xB activ-
ity is tightly linked with its redox regulation (Brodsky et al.,
2010). Although, we did not assess the activity of NF-«xB, our
results showed that NMDA-enhanced p65 expression was
associated with significant decreases in Trx activity support-
ing the notion that NF-xB is redox-regulated. NF-xB is acti-
vated by various stimuli including lipid peroxides (Arkan
et al., 2005) and 4-HNE, a marker of oxidative stress (Malone
and Hernandez, 2007; Shelton et al., 2007; 2009). In support,
our results showed a significant increase of the product of
lipid peroxidation, 4-HNE, in NMDA-injected retinas, com-
pared with controls.

Under basal conditions, NF-«xB is present in the cytoplasm
as an inactive heterotrimer consisting of the subunits p50,
p65 and its inhibitor, Ix—Bo, but upon activation and degra-
dation of Ik-Ba, p50/p6S5 is allowed to enter the nucleus,
where it induces transcription of pro-inflammatory genes
such as plasminogen activator inhibitor-I, TNF-a, IL-6 and
IL-IB (Rutledge and Adeli, 2007). In agreement, we found a
greater than two-fold increase in expression and release of
TNF-o and IL-If in retina and vitreous samples from NMDA-
injected rats. Similar upregulation of NF-xB p65 and IL-1P has
been previously shown in a variety of retinal injuries, includ-
ing ischaemia/reperfusion (Chen etal., 2003) and NMDA-
neurotoxicity models (Kido et al., 2001; Kitaoka et al., 2007).
Previous studies have shown also that increases in TNF-o can
facilitate excitotoxic damage (Noh et al., 2005; Leonoudakis
etal.,, 2008; Lebrun-Julien etal., 2009). The finding that
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inhibiting TXNIP expression using verapamil blocked the
enhanced expression of NF-xB and release of TNF-o, IL-18
lend further support to previous studies showing that vera-
pamil reduced the expression of vascular cell adhesion
molecule-1 (Yamaguchi et al., 1997) and intercellular adhe-
sion molecule-1 (Bukowska et al., 2008) along with produc-
tion of TNF-a, in chronic lymphocytic leukaemia (Berrebi
et al., 1994) and macrophages (Brown et al., 2004). However,
to the best of our knowledge, this the first study that dem-
onstrates a causal role of enhanced TXNIP expression and the
anti-inflammatory effects of verapamil by modulating the
expression of NF-xB, IL-1B and TNF-o in a neurotoxicity
model.

Oxidative and nitrosative stress have been well docu-
mented in NMDA neurotoxicity models (El-Remessy et al.,
2003; Nakajima et al., 2008; Inokuchi et al., 2009; Al-Gayyar
etal., 2010). Although NMDA induced Trx expression (more
than two-fold) possibly as a part of the host defence response,
Trx activity was reduced to 40% of the basal level, suggesting
a significant decrease in retinal antioxidant defence. Our
results showed that verapamil restored Trx activity and
reversed the increases in 4-HNE and nitrotyrosine back to
normal levels. The neuroprotective effects of verapamil can
be attributed to antioxidant effects either by restoring Trx
activity and hence, restoring antioxidant defence, or by
directly blocking oxidative stress. Previous reports have dem-
onstrated that restoring Trx activity can prevent RGC death
(Inomata et al., 2006; Munemasa et al., 2009) and that vera-
pamil can block oxidative stress and ameliorate mitochondria
dysfunction via blocking L-type calcium channels (Henrich
et al., 2004; Schild et al., 2006).

A critical role of TXNIP in mediating stress-induced cel-
lular apoptosis could be attributed to the fact that TXNIP
binds reduced-Trx through its redox active site and inhibits
its activity, thus releasing ASK-1 (Yamawaki et al., 2005; Chen
et al., 2008; Al-Gayyar et al., 2010). Our analyses using immu-
noprecipitation assays showed a 1.6-fold increase of Trx asso-
ciation with TXNIP and ~60% reduction with ASK-1, as well
as increased ASK-1 expression. These effects were mitigated
after inhibition of TXNIP expression with verapamil. We next
evaluated the effects of enhanced TXNIP expression in trig-
gering apoptosis in NMDA-injected rat retinas. Activation of
the p38 MAPK/JNK pathway can be induced by several path-
ways including ASK-1, oxidative stress and proinflammatory
cytokines (Lebrun-Julien et al., 2009; Munemasa et al., 2009).
Indeed, our results showed significant increases in phospho-
rylation of JNK and p38 MAPK, as well as expression of
cleaved PARP and caspase-3 that were associated with
increased expression of TXNIP in NMDA-injected animals. In
support, previous studies showed similar activation of the
p38 MAPK/JNK apoptotic pathway in NMDA neurotoxicity
model (Inomata et al., 2006; Inokuchi et al., 2009). Neverthe-
less, apoptosis is still a major cell death mechanism in this
model based on the widespread TUNEL labelling observed by
us and others (El-Remessy et al., 2003; Nakazawa et al., 2005;
Barnett et al., 2009; Al-Gayyar et al., 2010; Ma et al., 2010).
The neuroprotective effects of verapamil were evident by
preventing activation of the apoptotic pathway, significant
reduction of TUNEL-positive nuclei in GCL and restoration of
neuronal cell count in GCL at both central and posterior
retina back to the normal level.
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In conclusion, the results of the current study support the
potential role of TXNIP as a therapeutic target for neuropro-
tection in several ocular diseases. Increases in intraocular
pressure (IOP) and subsequent loss of RGC have been docu-
mented in clinical and experimental models of glaucoma
(Cone etal., 2010; Danesh-Meyer et al., 2010; Soto et al.,
2011). Of note, this NMDA-model is a chemically induced
RGC death model and does not induce increases in IOP.
Interestingly, while chronic topical administration of vera-
pamil can reduce IOP, systemic treatment with verapamil has
little effect in lowering IOP (Liu et al., 1996; Mikheytseva
et al., 2004; Shayegan et al., 2009). Here, we have demon-
strated the systemic neuroprotective effects of verapamil via
inhibiting TXNIP expression. We believe that our experimen-
tal results can be readily translated to clicncal use for several
reasons. Verapamil has been used successfully for chronic
cardiovascular diseases for many years. The drug was admin-
istered orally to rats at a dose that gives maximum plasma
concentrations and total exposure (as area under the curve),
comparable to those after oral administration of 80 mg in
humans (Chung et al., 2009). The neuroprotective dose iden-
tified in the current study (80 mg-day™) is significantly lower
than the oral dose of verapamil commonly used in cardiovas-
cular diseases (240-480 mg-day'), and hence, alleviates the
concern about the cardiovascular effects of verapamil use in
patients without cardiovascular disease. However, the neuro-
protective effects of verapamil in the current study were dem-
onstrated using an acute model of neurotoxicity. The
neuroprotective effects of verapamil in chronic optic neur-
opathy models warrant investigation.
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