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Abstract
Thrombolytic therapy has remained quite challenging in hyperglycemic patients for its association with poor prognosis and increased
hemorrhagic conversions. We recently showed that tissue plasminogen activator (tPA)-induced cerebrovascular damage is associated
with thioredoxin-interacting protein (TXNIP) upregulation, which has an established role in the detrimental effects of hyperglycemia.
In the presentwork,we investigatedwhether verapamil, an establishedTXNIP inhibitor,may provide protection against hyperglycemic
stroke and tPA-induced blood–brain barrier (BBB) disruption. Acute hyperglycemia was induced by intraperitoneal administration of
20% glucose, 15min prior to transient middle cerebral artery occlusion (tMCAO). Verapamil (0.15mg/kg) or saline was intravenously
infused with tPA at hyperglycemic reperfusion, 1 h post tMCAO. After 24 h of ischemia/reperfusion (I/R), mice were assessed for
neurobehavioral deficits followed by sacrifice and evaluation of brain infarct volume, edema, and microbleeding. Alterations in
TXNIP, inflammatory mediators, and BBB markers were further analyzed using immunoblotting or immunostaining techniques. As
adjunctive therapy, verapamil significantly reduced tPA-induced BBB leakage, matrix metalloproteinase 9 (MMP-9) upregulation, and
tight junction protein deregulation, which resulted in lesser hemorrhagic conversions. Importantly, verapamil strongly reversed tPA-
induced TXNIP/NLRP3 (NOD-like receptor pyrin domain-containing-3) inflammasome activation and reduced infarct volume. This
concurred with a remarkable decrease in high-mobility group box protein 1 (HMGB-1) and nuclear factor kappa B (NF-κB) stimu-
lation, leading to less priming of NLRP3 inflammasome. This preclinical study supports verapamil as a safe adjuvant that may
complement thrombolytic therapy by inhibiting TXNIP’s detrimental role in hyperglycemic stroke.
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Introduction

Based on most recent reports, the absolute incidence of stroke
continues to increase [1]. Acute hyperglycemia (HG) is a
prevalent feature in more than 50% of admitted stroke patients
[2, 3]. Based on solid clinical and preclinical evidence, acute

hyperglycemia is an independent predictor of poor outcomes
after stroke [4–7] and promotes neurovascular complications
following thrombolytic therapy [8, 9]. A variety of adjunctive
therapies have been investigated to combat neurovascular in-
flammation and oxidative stress [10, 11] or to improve angio-
genesis and clotting kinetics [12–14] following tissue plas-
minogen activator (tPA) recanalization. Nevertheless, despite
the profound prevalence of acute hyperglycemia in stroke pa-
tients, little has been investigated to find therapies. The high
prevalence of hyperglycemia in admitted stroke patients, ei-
ther for preexisting diabetes (30%) or for stress hyperglycemia
(50%) [15, 16], coupled with the limitations in glucose nor-
malization in a clinical setting [17, 18], demands investigation
of new therapies in hyperglycemic patients.

Presumably, hyperglycemia and metabolic stress may recruit
particular effectors to contribute to tPA-induced toxicity. High
intracellular glucose concentration induces thioredoxin-
interacting protein (TXNIP) [19] that is known to mediate
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hyperglycemia-induced oxidative stress [20]. Suggested as a ther-
apeutic target in metabolic stress-induced endothelial damage [21,
22], TXNIP has a critical role in accelerating the degradation of
glucose transporter-1 (GLUT-1) and deterring glucose availability
to brain cells [23].Most recently, we found that intravenous tPA is
associatedwith TXNIP upregulation in stroked animals with acute
hyperglycemia [24], which may reasonably link tPA therapy to
worse outcomes in stroke [25]. Upon stimulation by oxidative
stress or high glucose, TXNIP restrains thioredoxin’s antioxidant
activity, exacerbating the propagation of reactive oxygen species
(ROS), to accelerate reperfusion injury. In the context of acute
oxidative stress in ischemic–reperfusion injury, TXNIP may also
stimulate the NOD-like receptor protein (NLRP3) inflammasome
to assemble with apoptosis-associated speck-like (ASC) and
cleaved caspase-1, which results in subsequent activation of IL-
1β precursors to mature products. Based on these findings, com-
pounds modulating TXNIP/NLRP3 inflammasome activity may
work as potential adjunctive therapies to counteract tPA-associated
cerebrovascular toxicity in hyperglycemic conditions.

Verapamil is a commonly prescribed and relatively safe L-
type calcium channel blocker recently shown to repress
TXNIP expression and subsequent inflammasome activity
[26, 27]. This is in line with earlier reports on verapamil’s
modulatory effects on microglial cells [28]. Verapamil has
long been known to provide direct protection against exces-
sive calcium influx in ischemic/reperfusion (I/R) injury [29,
30]. However, it has not yet been investigated in hyperglyce-
mic conditions with plausible TXNIP involvement. To ad-
dress the main hypothesis, our experimental study aims to
elucidate if low-dose verapamil together with tPAwould ame-
liorate tPA-induced cerebrovascular damage in hyperglyce-
mic stroke animals. Given that blood–brain barrier (BBB)
injury is an early feature following tPA, we performed the
experimental examinations and comparisons in the acute
phase of a stroke at 24 h post injury [31]. Based on previous
findings, the detrimental effects of the interaction between
hyperglycemia and tPA on the cerebral vasculature are inde-
pendent of the method of reperfusion [7]. Therefore, we uti-
lized a clot-free transient intraluminal mouse model of stroke
with tPA administration at the time of reperfusion to focus on
tPA toxicity independent of the cascades following thrombol-
ysis. We opted for the minimal effective dosage of verapamil,
which was administered IV into the central compartment, with
direct access to the site of action, while providing a feasible
route as adjunctive therapy with tPA in the clinical setting.

Materials and Methods

Experimental Animals

All animal experiments conformed with the standard procedures
approved by the Institutional Animal Care and Use Committee

(IACUC) at UTHSC, Memphis, TN. The studies are reported in
accordance with the ARRIVE (Animal Research: Reporting in
Vivo Experiments) guidelines [32]. Adult (8–10weeks old)male
C57Bl/6mice (JacksonLaboratory, BarHarbor,ME,USA)were
housed in standard conditions of humidity (45–50%) and tem-
perature (21–25°C) and 12-h light/dark cycle with free access to
food and water. Animals were assigned to three experimental
groups: (1) MCAO + HG, (2) MCAO + HG + tPA, and (3)
MCAO + HG + tPA + verapamil, with 6 animals per group (n
= 6). Verapamil (Sigma, USA)was dissolved in sterile saline and
administered (0.15mg/kg, intravenously) 1 h post occlusion. The
verapamil dose was determined based on previous publications
[33]. Acute HG (blood glucose 300–400 mg/dl) was achieved
through intraperitoneal (IP) injection of a 0.2-ml, 20% glucose
solution 15 min before MCAO, as previously reported [24, 34].
Blood glucose was measured from the tail vein using a
glucometer (Contour blood glucose monitoring system). The
tPA (Activase, Genentech, Inc., San Francisco, CA, USA) was
dissolved in sterile water and administered intravenously using a
Harvard 11 Plus syringe pump (Harvard apparatus, USA).
Treatment was initiated 1 h after MCAO, at a dose of 10
mg/kg with a 10% bolus and 90% infusion over 20 min. After
treatment with tPA/vehicle, mice were returned to their home
cages for recovery. Body temperature was maintained at 37 ±
0.5°C for the entire duration of surgery. After 24 h of MCAO,
animals were deeply anesthetized with ketamine/xylazine mix-
ture (85% and 15%, respectively) and transcardially perfused
with ice-cold PBS. Animals were then decapitated and their
brains collected. Serial coronal brain sections were analyzedwith
TTC staining and adjacent sections used for western blotting and
histology.Mortality was 4 out of 22 animals, 1 animal from each
of theHGMCAOandHGMCAO+ tPA+Vera groups and two
animals from the HG MCAO + tPA group. Animals that died
were excluded from further analysis.

Induction of Focal Cerebral Ischemia

Around 22–25-g animals were subjected to transient middle
cerebral artery occlusion (MCAO) using the intraluminal su-
ture model, as described previously [35]. Briefly, animals
were anesthetized using 2–5% isoflurane inhalation. A mid-
line incision was made on the ventral surface of the neck, and
the right common carotid artery was isolated and ligated. The
internal carotid artery and the pterygopalatine artery were tem-
porarily occluded using a microvascular clip. MCAO was
achieved using a 6–0 silicon-coated nylon suture (Doccol,
Sharon, MA), which was advanced through the internal carot-
id artery to block the origin of the middle cerebral artery. The
mean relative cerebral blood flow observed during occlusion
in mice treated with verapamil (40.84% ± 2.95%) was not
significantly different from those of vehicle-treated animals
(41.97% ± 3.25%). Three mice from the vehicle group and
two mice from the verapamil group were excluded from the
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study because of inadequate occlusion or CBF less than 40%
from baseline. After 1 h, animals were re-anesthetized to re-
move the sutures and allow reperfusion. All the animals were
maintained under anesthesia for similar durations. Body tem-
perature was maintained at 37°C for post-surgical recovery.
After reperfusion, all animals were randomized to three dif-
ferent groups.

Assessment of Functional Neurological Deficit Score

Neurological deficits were evaluated by a blinded investigator
24 h after I/R and just before animals were euthanized for
ex vivo evaluations. We used the original Bederson’s scale
to assess for the presence/extent of deficits in our acute phase
stroke studies [36]. Using the modified neurological deficit
score [25], animals with no apparent deficits obtained 0; signs
of impaired forelimb flexion, 1; reduced resistance to lateral
push, 2; and circling, 3.

Assessment of Infarct Volume and Edema

Infarct size and edema were measured by a blinded investigator.
Seven, 1-mm thick coronal sections from each brain were stained
with 2% TTC solution (2,3,5-triphenyltetrazolium chloride, Sigma-
Aldrich, St. Louis, MO) for 2 min at 37°C. Images of the stained
sections were scanned using ImageJ analysis software (ImageJ,
NIH); infarction zones were measured, and the percentage infarct
volume was calculated and expressed as a percentage of the contra-
lateral side ± SEM. Volume calculation with edema correction was
performed blindly using the following formula: 100% [(infarct area/
ipsilateral area) × contralateral area] [37]. Hemispheric edema was
calculated as the area difference in the ischemic hemisphere com-
pared to the contralateral hemisphere using the formula [(infarct
area/ipsilateral area) × contralateral area].

Hemoglobin (Hb) Excess and Hemorrhagic
Transformation (HT)

Bleeding was quantified using two different methods. (1)
Cerebrovascular disruption and subsequent blood cell infiltra-
tion to the brain parenchyma were quantified using a colori-
metric hemoglobin detection assay (QuantiChrom
Hemoglobin Assay Kit, BioAssay Systems, Haywood, CA)
to assess hemorrhagic transformation after stroke. Ipsilateral
TTC-stained brain samples were separated and homogenized
in a 10% glycerol Tris-buffer saline solution containing 0.5%
Tween 20. Samples were analyzed for uniformly colored he-
moglobin and read at 562 nm using a standard microplate
reader (Synergy HT, BioTek instruments). Hemoglobin con-
centration was calculated according to the manufacturer’s in-
structions and recorded in μg/dL, based on the standard, and
was represented as Hb excess in the ischemic hemisphere
relative to the contralateral hemisphere. (2) Hemorrhagic

occurrence rate (presence of macroscopic bleeding) was de-
termined by visual inspection at the time of sacrifice. This was
also recorded and compared between the treatment groups.

Immunoglobulin Extravasation

Extravasation of endogenous IgGwas performed to accurately
assess BBB permeability following stroke. Penumbral pro-
teins (30 μg/well) were size fractionated on SDS-PAGE gels
and electroblotted on a PVDF membrane. Blots were then
incubated with horseradish peroxidase (HRP)-conjugated
anti-mouse IgG antibody (1∶10,000; A9044; Sigma, USA)
for 1 h at room temperature and processed for visualizing the
immunoreactive signal. The protein bands were quantified
using ImageJ software.

Western Blotting

Whole brains were rapidly dissected into 4.0-mm coronal sec-
tions (≈0.5 and −3.5mm from bregma) using amatrix, and peri-
infarct (penumbral) regions were used for western blot analysis,
as previously described [35]. Briefly, brain tissues were homog-
enized using a 1× radioimmunoprecipitation assay (RIPA) buff-
er containing protease and phosphatase inhibitor cocktails. A
total of 30-μg protein was loaded into each lane and separated,
followed by transfer to nitrocellulose membranes. The mem-
branes were blocked for nonspecific binding and probed with
primary antibodies against NLRP3, caspase-1, ASC (1:1000;
AG-20B-0014; AG-20B-0042; AG-25B-0006, Adipogen Life
Sciences), TXNIP (1:1000; NBP1-54578SS; Novus
Biologicals), ZO-1, claudin 5 (1:1000; 40-2200; 33-1500;
Thermo Scientific), PPARγ, HMGB1 (1:1000; SC7273;
SC56698; Santa Cruz Biotechnology), claudin 5, VEGF
(1:1000; 35-2500; AB-1876-1; Invitrogen), cleaved IL-1β,
TNF-α, phospho-NF-κB p65 (ser536), NF-κB p65, TRX,
and GLUT-1 (1:1000; 12242; 11948; 3033; 3034; 2429;
12939, Cell Signaling Technology) at 4°C overnight.
Following TBS-T washes, the membranes were incubated with
horseradish peroxidase (HRP)-conjugated anti-mouse IgG an-
tibody and anti-rabbit antibody (1∶10,000; A9044; A9169;
Sigma, USA) for 1 h at room temperature. The bands were then
visualized using an enhanced chemiluminescent substrate sys-
tem (Thermo Fisher Scientific) and analyzed densitometrically
using ImageJ 1.51J8 software. These were normalized to load-
ing controls and expressed as fold change.

Immunofluorescence Staining

At 24 h after MCAO, mice were anesthetized with ketamine/
xylazine and transcardially perfused with ice-cold PBS (30 ml)
followed by 50ml of 10% buffered formalin (Fischer Scientific).
Brains were then removed and postfixed in 10% buffered forma-
lin overnight at 4°C and then sequentially immersed in 30%
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sucrose in PBS solution for 72 h. The brains were sectioned in
the coronal plane at a thickness of 10 microns and blocked with
serum-free protein block (X0909, DAKO), followed by incuba-
tion with primary antibodies against TXNIP (1:100; NBP1-
54578SS; Novus Biologicals) and cleaved IL-1β (1:100; CST-
12242, Cell Signaling Technology, USA) at 4°C overnight in a
humid chamber. Sections were washed and incubated with fluo-
rescent anti-mouse secondary antibodies (1:200; 072-04-18-03;
Dylight-549, KPL) for 1 h at room temperature and mounted
with ProLong™ Diamond Antifade Mountant with DAPI
(Invitrogen) and viewed using a Zeiss 710 confocal laser

scanning microscope. Negative controls were prepared in the
same way but without the primary antibodies.

Statistical Analysis

The results were expressed as mean ± SEM. Differences
among experimental groups were evaluated by Student’s t-test
or ANOVA followed by Tukey’s post hoc test. Kruskal–
Wallis test was used for nonparametric comparisons.
Significance was defined by a p < 0.05.

Fig. 1 Intravenous verapamil ameliorates ipsilateral edema and poor
neurological outcomes in hyperglycemic stroke mice. Adult C57Bl/6
mice underwent transient middle cerebral artery occlusion (tMCAO)
15 min after a single intraperitoneal injection of 20% glucose solution.
Blood glucose check confirmed the hyperglycemic (HG) states at both
occlusion and reperfusion, during which, some HG tMCAO animals
received intravenous tPA (10 mg/kg) with or without verapamil (Ver)

(0.15 mg/kg) (a). Intravenous tPA worsened neurological function in
HG tMCAO animals (p = 0.064). This was mitigated in verapamil-
treated animals (b). Infarct volume in HG tMCAO was not affected with
tPA but significantly decreased with verapamil (c). Verapamil also re-
duced tPA-induced ipsilateral edema, an index of cerebrovascular dam-
age (d). All values are presented as mean ± SEM, (n = 6/group). *p <
0.05, **p < 0.01
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Results

Verapamil Mitigates the Toxic Effects of tPA in
Hyperglycemic Stroke with TXNIP Downregulation

Acute hyperglycemia (300–400 mg/dl) at the time of middle
cerebral artery occlusion and reperfusion was induced by an

intraperitoneal injection of dextrose 20%. The blood glucose
concentrations were not significantly affected by intravenous tis-
sue plasminogen activator (IV-tPA) and verapamil (Fig. 1a).
Based on our 3-index neurological assessment score, neurologi-
cal function was moderately aggravated with IV-tPA (p = 0.06),
as determined at 24 h after intraluminal stroke. This was discern-
ibly prevented when verapamil was intravenously infused with

Fig. 2 TXNIP inhibition by verapamil was sufficient to reverse tPA-
induced GLUT-1 downregulation. Following induction of acute hyper-
glycemia, adult C57Bl/6 mice were subjected to tMCAO and received
intravenous (IV) tPA (10 mg/kg) with and without IV verapamil (0.15
mg/kg) at the time of reperfusion. Hyperglycemic tMCAO mice treated
with tPA showed a marginal increase in brain TXNIP expression com-
pared to untreated HG tMCAO mice. Verapamil induced a remarkable
fall in TXNIP (a) but not TRX levels (b). Importantly, TXNIP alterations

with tPA and/or verapamil concurred with reciprocal changes in GLUT-1
expression, confirming a strong effect of verapamil in repression of
TXNIP and consequent GLUT-1 degradation (c). All values are presented
as mean ± SEM, (n = 6/group). *p < 0.05, **p < 0.01. Ver, verapamil;
tPA, tissue plasminogen activator; HG, hyperglycemic; tMCAO, tran-
sient middle cerebral artery occlusion; TXNIP, thioredoxin-interacting
protein; TRX, thioredoxin; GLUT-1, glucose transporter-1
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IV-tPA (Fig. 1b). Escalation of neurological deficit scores with
tPA-infusion was associated with an incremental trend in ipsilat-
eral edema in hyperglycemic tPA + tMCAO brains with no
difference in infarct volume (Fig. 1c, d), suggesting that tPA’s
side effects are probably linked to cerebrovascular injury [38]. A
combination of intravenous verapamil with tPA at hyperglyce-
mic reperfusion produced a remarkable attenuating effect on ede-
ma (Fig. 1d) besides producing significant neuroprotection
against cerebral tissue injury (see Fig. 1c). Immunoblot analysis
of brain samples further showed that verapamil profoundly re-
duces TXNIP expression in ipsilateral marginal ischemic tissue
(Fig. 2a), with no significant effect on TRX levels (Fig. 2b).
Noteworthy, TXNIP downregulation by low-dose verapamil
was strong enough to lead to a meaningful rise in GLUT-1 ex-
pression in the penumbral area (Fig. 2c).

Verapamil Attenuates tPA-Induced TXNIP/NLRP3
Inflammasome Priming and Assembly in
Hyperglycemic

Administration of tPA at hyperglycemic reperfusion moder-
ately triggered NLRP3 inflammasome activation (Fig. 3),
which was consistent with marginal TXNIP upregulation
(see Fig. 2a). This was almost completely prevented by verap-
amil coadministration. Although there was no change in
NLRP3 expression (Fig. 3a), verapamil reversed ASC (Fig.
3b) and caspase-1 (Fig. 3c) upregulation with tPA. Verapamil
treatment further prevented tPA-induced NLRP3
inflammasome assembly and activation as determined by di-
minished cleaved caspase-1 (Fig. 3d) and IL-1β (Fig. 3e)
production. This might be explained by verapamil’s inhibitory

Fig. 3 tPA-induced TXNIP/NLRP3 inflammasome upregulation is
blocked by verapamil coadministration. Although tPA therapy had no
effect on NLRP3 component expression in hyperglycemic stroke (a), it
did induce NLRP3 inflammasome priming, as indicated by ASC (b) and
pro-caspase-1 upregulation (c), while also triggering inflammasome as-
sembly, as indicated by its products, cleaved-caspase 1 (d) and IL-1β (e).
Combination therapy with IV verapamil prevented NLRP3
inflammasome priming and activation. This could be explained by the

remarkable TXNIP inhibition, illustrated in Figure 2. Immunostaining of
the tMCAO penumbral region further confirmed discernible TXNIP/IL-
1β downregulation in HG animals given IV verapamil with tPA at reper-
fusion (f). All values are presented as mean ± SEM, (n = 6/group). *p <
0.05. Ver, verapamil; tPA, tissue plasminogen activator; HG, hypergly-
cemic; tMCAO, transient middle cerebral artery occlusion; NLRP3,
NOD-like receptor pyrin domain-containing-3; ASC, apoptosis-
associated speck-like protein; IL-1β, interleukin 1-β
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effects on TXNIP, which is established to stimulate the
NLRP3/IL-1β pathway. Consistently, our immunostaining
examinations indicated a noticeable decrease in TXNIP and
IL-1β signal in penumbral samples obtained from verapamil-
treated animals (Fig. 3f). Alterations in ASC and caspase-1
resulting from tPA or verapamil indirectly reflect changes in
NLRP3 inflammasome priming, where the primary constitu-
ents of inflammasome are synthesized following transcription.
The parallel changes in HMGB-1/NF-κB may explain such
priming effects on a transcriptional level. The priming effect is
conceivably a consequence of enhanced inflammatory cyto-
kines and immune cell recruitment concurring with NLRP3
inflammasome assembly and HMGB-1 hyperactivity.
According to our immunoblotting analyses, verapamil could
prevent tPA-induced HMGB-1 elevation at hyperglycemic
ischemic boundaries (Fig. 4a). The slight repressive effects
of verapamil on NF-κB activation (p = 0.1) (Fig. 4b), which
lead to a strong TNF-α suppression (Fig. 4c), also demon-
strate the anti-inflammatory effects of verapamil through
HMGB-1/NF-κB/TNF-α, which may further explain dimin-
ished NLRP3 inflammasome priming and activity.

Adjunctive Therapy with Verapamil Blocks tPA-
Induced Cerebrovascular Toxicity in Hyperglycemic
Stroke

Consistent with an earlier finding [24], we discovered that
IV-tPA, even when administered early, well within its gold-
en time, may exacerbate BBB breakdown in hyperglycemic
reperfusion. Gross screening of coronal sections obtained
from hyperglycemic brains indicated more ipsilateral hem-
orrhages in those treated with tPA (Fig. 5a). However, pa-
renchymal hemoglobin excess remained almost unchanged,

suggesting that the BBB disruption is probably more dis-
perse in tPA-treated mice (Fig. 5b). As of our specific hy-
potheses, verapamil profoundly reduced hemorrhagic con-
version and parenchymal hemoglobin levels in tPA-infused
animals. This was precisely confirmed with immunoblot-
ting of endogenous IgG heavy and light chains in ischemic
parenchyma and indicated that verapamil strongly blocks
tPA-induced BBB disruption and IgG extravasation (Fig.
5c). Matrix metalloprotease-9 (MMP-9), an established me-
diator of tPA-induced cerebrovascular toxicity, demonstrat-
ed a two-fold upregulation in hyperglycemic stroke animals
treated with tPA (Fig. 5d). Despite significantly alleviating
the effects on tPA-induced BBB breakdown, verapamil did
not exert discernible effects on MMP-9 expression.
However, verapamil reversed tPA-induced claudin 5 reduc-
tions (Fig. 5e). The corresponding effects of tPA on claudin
5 and zonula occludens-1 (ZO-1) (Fig. 5f) are a presumable
consequence of endothelial inflammation [39] and are in
agreement with earlier, in vitro reports [40], indicating
MMP-9 instigates BBB breakdown through tight junctional
(TJ) protein degradation.

Discussion

With its established safety profile, intra-arterial verapamil is
already routinely administered in subarachnoid hemorrhage to
mitigate consequent cerebral vasospasm. While existing evi-
dence supports the benefits of verapamil in stroke, this is the
first study to propose verapamil as a unique adjuvant for use
with standard thrombolytic therapy in hyperglycemic stroke.
Using a murine model of transient ischemic stroke, our earlier
findings indicated that tPA aggravates cerebrovascular

Fig. 3 continued.
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damage in hyperglycemic reperfusion injury [24]. Here, we
showed that concomitant low-dose verapamil may largely pre-
vent tPA-associated cerebrovascular damage in hyperglyce-
mic reperfusion injury. Our findings support the hypothesis
that verapamil’s protective effects are mainly due to modulat-
ing TXNIP/NLRP3 inflammasome assembly and reducing
IL-1β release (Fig. 6).

Although verapamil may initiate several protective signals
by blocking L-type Ca2+ channels, our data indicate that this
compound may lead to a sharp downregulation of TXNIP in
tPA-treated brains. It is known that verapamil reduces TXNIP
expression, at the transcriptional level, by reducing intracellu-
lar calcium concentrations and thereby decreasing the binding
of carbohydrate response element–binding protein to the pro-
moter region of TXNIP [41]. This might further result in func-
tional repression of TXNIP as it concurs with remarkable

GLUT-1 restoration to presumably protect against the harsh
metabolic stress in hyperglycemic stroke.

Emerging evidence implies that verapamil inhibits TXNIP
which appears to be critical for diabetes-associated conditions
[42–44]. Indeed, verapamil-induced TXNIPmodulation is be-
lieved to predict the lower incidence of type 2 diabetes [44]
while conferring protection against NMDA-induced retinal
neurotoxicity [45] and Alzheimer’s like tau pathology [46].
In ischemic stroke, however, explanations are limited to re-
duced cell swelling and excitotoxicity, following Ca2+ influx
in ischemic conditions.

Beyond its direct neuroprotective effects, verapamil is likely
to protect the ischemic brain through cerebrovascular dilation
and improved reperfusion [47, 48]. However consistent with
the controversies, even intracerebral delivery of verapamil ap-
pears to work predominantly through direct effects at the site of

Fig. 4 Intravenous verapamil reduced tPA-associated increases in
HMGB-1 and NF-κB activation in hyperglycemic stroke. Intravenous
tPA (10 mg/kg) significantly upregulated HMGB-1 protein expression
in HG tMCAO animals (a), leading to consequent NF-κB activation, as
determined by p-p65 NF-kB/p65 NF-kB ratio (b) and further confirmed
by substantial TNF-α release (c). HMGB-1/NF-κB/TNF-α activation by

tPA was strongly prevented with IV verapamil (0.15 mg/kg) combination
therapy. All values are presented as mean ± SEM, (n = 6/group). *p <
0.05, **p < 0.01. Ver, verapamil; tPA, tissue plasminogen activator; HG,
hyperglycemic; tMCAO, transient middle cerebral artery occlusion;
HMGB-1, high-mobility group box protein 1; NF-κB, nuclear factor
kappa B; TNF-α, tumor necrosis factor-α
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injury. In fact, the direct neuroprotective effects of low-dose
intra-arterial verapamil (0.15 mg/kg) have already been demon-
strated in a murine model of stroke [33]. In this study, verapamil
substantially ameliorated neurological deficits, infarct volume,
and apoptosis when administered at a similar dose as the one
we used with filament tMCAO. In addition to its direct neuro-
protective effect, verapamil produced profound BBB protection,
with no effect on post-recanalization cerebral blood flow.

On the other hand, a phase I clinical trial conducted to
study the safety and efficacy of intra-arterial verapamil admin-
istration post thrombectomy did not change the incidence of
intracranial hemorrhage [49]. However, simulating tPA recan-
alization, we found a notable effect of verapamil to mitigate
tPA-induced hemorrhagic transformation in HG animals. The
established inhibitory effect of verapamil on TXNIP, which is
critical in glucose-mediated toxicity to endothelial cells [50],
may partly explain this protection.

The existing knowledge of mechanisms underlying tPA-
induced BBB toxicity is greatly limited to normoglycemic
condi t ions . Accord ingly , tPA adverse ly af fec ts

cerebrovascular reactivity [51] and triggers ROS generation
and ultimately MMPs activation [52, 53]. Directly correlated
with I/R injury [54], hyperglycemic reperfusion may presum-
ably contribute to BBB damage following thrombolytic ther-
apy. This is presumed to occur through NADPH oxidase-
dependent ROS production consequent to glucose overflow
[55], which converges on MMP-3/9 activation and BBB TJ
protein deregulation [56, 57]. In our experiments, we aimed to
address tPA-induced toxicity and found that tPA-induced
BBB leakage in acute hyperglycemia promotes glucose-
induced TXNIP/NLRP3 inflammasome signaling. The ame-
liorating effect we observed with verapamil, as a TXNIP in-
hibitor, may support the hypothesis that TXNIP is responsible
for the worsened BBB leakage seen in hyperglycemic condi-
tions. Involvement of NLRP3 inflammasome has already
been supported by recent experiments in normoglycemic an-
imals, showing that the specific NLRP3 inflammasome inhib-
itor (MCC950) mitigated the hemorrhagic conversion induced
by delayed tPA administration [58]. IMM-H004, a derivative
of coumarin, may also ameliorate tPA-induced hemorrhagic

Fig. 5 BBB breakdown, following tPA therapy in hyperglycemic stroke,
is attenuated by verapamil. Verapamil combination with Intravenous tPA
(10 mg/kg) in HG tMCAO animals profoundly reduced ipsilateral
microbleeds (a) consistent with overall Hb content in the brain
parenchyma (b). Extravasation of endogenous IgG heavy and light
chain also showed a discernible reduction in BBB permeability (c). In
line with these alterations, verapamil combination therapy moderately

repressed tPA-induced MMP-9 upregulation (d) and prevented accumu-
lation of nonfunctional claudin 5 (e), while slightly preventing tPA-/
MMP-9-induced ZO-1 degradation (f). All values are presented as mean
± SEM, (n = 6/group) *p < 0.05, **p < 0.01. Ver, verapamil; tPA, tissue
plasminogen activator; HG, hyperglycemic; tMCAO, transient middle
cerebral artery occlusion; MMP, matrix metalloprotease; ZO-1, zonula
occludens-1
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transformation [59], along with NLRP3/caspase-1/IL-1β re-
pression [60]. This is consistent with reports from our group
[35] and others [40] supporting vasoprotective effects of
MCC950 following intraluminal stroke. It is also important
to note that verapamil not only repressed TXNIP and subse-
quent NLRP3 inflammasome activation (indicated by cleaved
caspase-1 and IL-1β) but it also decreased the priming of
NLRP3 inflammasome components (ASC and caspase-1). In
line with verapamil’s antimicrobial activity, this might be a
consequence of HMGB-1 downregulation and activation of
toll-like receptor/NF-κB signaling. HMGB1 is a nuclear non-
histone DNA-binding protein and might be either actively
secreted by immune cells or passively released from necrotic
tissue to elicit microglial activation. HMGB-1 has been shown
to closely associate with NLRP3 inflammasome activation
[61, 62] to play a detrimental role in ischemic reperfusion
injury [63, 64], BBB disruption [65], and tPA-induced
neurovascular complications in normoglycemic rats [66].

There are some limitations to our study that are yet to be
addressed in future studies. The current study is only focused

on the intraluminal filament model of tMCAO with a single
endpoint at 24 h. Further experimental studies are needed to
evaluate the potential benefit of verapamil administrated at
later time points in clinically accepted embolic model of
tMCAO.

Conclusions

Thrombolytic therapy with tPA has strict limitations affecting
its efficacy and safety, particularly in hyperglycemic patients.
Beyond expanding tPA applicability, incorporating appropri-
ate neuroprotective drugs to recanalization approaches may
further improve their availability at the site of action. Here,
we propose adjunctive therapy with low-dose verapamil, an
inhibitor of TXNIP, as an efficient therapy to counteract the
detrimental effects of hyperglycemia, a negative prognostic
factor for hemorrhagic conversions. Our findings confirm ve-
rapamil’s protective role against hyperglycemic ischemic re-
perfusion injury and underline the TXNIP/NLRP3

Fig. 5 continued.
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inflammasome as a potential mediator of tPA-induced BBB
disruption in hyperglycemic conditions.

Abbreviations ASC, apoptosis-associated speck-like protein; BBB,
blood–brain barrier; HG, hyperglycemic; HMGB-1, high-mobility group
box protein 1; HT, hemorrhagic transformation; IL-1β, interleukin-1β; I/
R, ischemic/reperfusion; MMP, matrix metalloprotease; NF-κB, nuclear
factor kappa B; NLRP3, NOD-like receptor pyrin domain-containing-3;
TJ, tight junction; tMCAO, transient middle cerebral artery occlusion;
TNF-α, tumor necrosis factor-α; tPA, tissue plasminogen activator;
TRX, thioredoxin; TXNIP, thioredoxin-interacting protein; ZO-1, zonula
occludens-1
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