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Abstract

Hyperglycemia has been shown to counterbalance the beneficial effects of tissue plasminogen 

activator (tPA) and increase the risk of intracerebral hemorrhage in ischemic stroke. Thioredoxin 

interacting protein (TXNIP) mediates hyperglycemia-induced oxidative damage and inflammation 

in the brain and reduces cerebral glucose uptake/utilization. We have recently reported that 

TXNIP-induced NLRP3 (NOD-like receptor pyrin domain-containing-3) inflammasome activation 

contributes to neuronal damage after ischemic stroke. Here, we tested the hypothesis that tPA 

induces TXNIP-NLRP3 inflammasome activation after ischemic stroke, in hyperglycemic mice. 

Acute hyperglycemia was induced in mice by intraperitoneal (IP) administration of a 20% 

glucose solution. This was followed by transient middle cerebral artery occlusion (t-MCAO), 

with or without intravenous (IV) tPA administered at reperfusion. The IV-tPA exacerbated 

hyperglycemia-induced neurological deficits, ipsilateral edema and hemorrhagic transformation, 

and accentuated peroxisome proliferator activated receptor-γ (PPAR-γ) upregulation and TXNIP/

NLRP3 inflammasome activation after ischemic stroke. Higher expression of TXNIP in 

hyperglycemic t-MCAO animals augmented glucose transporter 1 (GLUT-1) downregulation and 

increased vascular endothelial growth factor-A (VEGF-A) expression/matrix metallopeptidase 9 

(MMP-9) signaling, all of which result in blood brain barrier (BBB) disruption and increased 

permeability to endogenous immunoglobulin G (IgG). It was also associated with a discernible 

buildup of nitrotyrosine and accumulation of dysfunctional tight junction proteins: zonula 

occludens-1 (ZO-1), occludin and claudin-5. Moreover, tPA administration triggered activation 

of high mobility group box protein 1 (HMGB-1), nuclear factor kappa B (NF-κB), and tumor 

necrosis factor-α (TNF-α) expression in the ischemic penumbra of hyperglycemic animals. All 

of these observations suggest a powerful role for TXNIP-NLRP3 inflammasome activation in the 

tPA-induced toxicity seen with hyperglycemic stroke.
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Introduction

Admission hyperglycemia is now considered an independent predictor of worse outcomes in 

patients diagnosed with ischemic stroke [1, 2]. Based on the available clinical evidence, 

thrombolytic therapy is known to be associated with a higher rate of hemorrhagic 

transformation in hyperglycemic stroke patients, as confirmed in a recent propensity analysis 

[1]. However, safety outcome trials do not support intensive glycemic control by insulin 

administration [3, 4], raising more concerns in clinical management. Given the high 

prevalence of stress hyperglycemia in both diabetic (80–100%) and non-diabetic (30–50%) 

stroke patients [5, 6], there is a desperate need for adjunctive therapies to minimize the side 

effects of thrombolytic therapy in hyperglycemic stroke.

Proper blood brain barrier (BBB) function depends on the integrity of its components, 

mainly the microvascular endothelial cells involved in its formation. These highly 

specialized endothelial cells are connected by complex junctional structures, namely 

tight junctions (TJs) and adherent junctions (AJs), and surrounded by pericytes and 

perivascular astrocytes [7]. Restoration of oxygen and glucose flow to ischemic tissue, 

during reperfusion, drive reactive oxygen species (ROS) generation, which in turn modify 

the structure and distribution of TJ proteins leading to increased BBB permeability 

[8, 9]. Recombinant tissue plasminogen activator (tPA), as the most commonly used 

drug for clot lysis, is vasoactive, neurotoxic, and pro-oxidant when contacts the lining 

endothelial cells and extracellular matrix following effective recanalization [10]. This is 

further aggravated after ischemia in hyperglycemic conditions. Hyperglycemic reperfusion 

overloads the glucose flow, as a fuel for ROS, after ischemic brain injury and escalates 

BBB leakage [11]. Thioredoxin (TRX), an essential antioxidant, is inhibited by thoiredoxin 

interacting protein (TXNIP), an inducible α-arrestin family protein that directly responds 

to the intracellular concentrations of glucose [12]. Upon stimulation, by oxidative stress 

or high glucose, TXNIP restrains thioredoxin’s antioxidant activity, exacerbating ROS 

propagation, to accelerate reperfusion injury. In fact, TXNIP upregulation is known to 

mediate hyperglycemia-induced oxidative stress [13] and enhance the endocytosis and 

degradation of glucose trasporter-1 (GLUT-1), to suppress glucose uptake by brain cells 

[14]. Beyond its role in glucose metabolism, TXNIP has divergent effectors, to drive 

ROS propagation and inflammation, making it an important therapeutic target in case of 

endothelial damage induced by metabolic stress [15, 16]. Earlier findings have shown that 

TXNIP expression was increased in animals subjected to focal ischemia, which was further 

augmented in hyperglycemic stroke [12, 17]. Nevertheless, the role of TXNIP in tissue 

plasminogen activator (tPA) induced BBB disruption in hyperglycemic stroke is yet to be 

determined.
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In the context of acute oxidative stress, like that associated with tPA, TRX-TXNIP 

dissociation could also allow TXNIP to interact with the NOD-like receptor protein 

(NLRP3) inflammasome, leading to its oligomerization with apoptosis-associated speck-

like (ASC), subsequent caspase-1 maturation, and IL-1β secretion. Consequently, it has 

been shown that NLRP3 inflammasome mediates the hemorrhagic transformation (HT) in 

ischemic reperfusion (I/R) injury with [18] or without thrombolytic therapy [19].

Based on these findings, we hypothesized that TXNIP is involved in tPA-induced 

hemorrhagic conversion in hyperglycemic conditions. Therefore, the aim of this preclinical 

study was to examine the effect of tPA on TXNIP/NLRP3 inflammasome activation 

in hyperglycemic stroke animals. To determine whether our findings are linked to tPA 

therapy or to the process of reperfusion per se, we utilized an intraluminal ischemia/

reperfusion mouse model, with and without tPA, administered at reperfusion [20]. Our 

primary data in hyperglycemic stroke animals indicated that tPA promotes TXNIP/NLRP3 

inflammasome activation and hemorrhagic transformation, along with poor neurological 

outcomes. TXNIP has also been suggested to possess other downstream effectors that 

promote endothelial damage, independent of NLRP3 inflammasome activation [21]. TXNIP 

appears to affect vascular endothelial-growth factor (VEGF) signaling, particularly under 

hyperglycemic conditions [22, 23]. This is known to induce matrix metalloproteinases 

(MMPs) transcription [24], which has an established role in tPA-induced BBB disruption 

[25] and emphasized our hypothesis that hyperglycemic-TXNIP contributes to tPA-induced 

BBB toxicity. Therefore, we further examined the plausible association between TXNIP 

and specific markers of VEGF release/signaling, BBB disruption, and inflammation in tPA 

therapy.

Experimental Procedures

Animals and Experimental Groups

Wild-type C57Bl/6 mice (Jackson Laboratory, Bar Harbor, ME, USA) were used in 

the study. All experiments were conducted according to 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 [26]. Adult male (8–10 weeks) C57Bl/6 mice were housed in 

standard humidity (45–50%) and temperature (21–25 °C) and 12-h light/dark cycle with 

food and water ad libitum. These animals were subjected to MCAO or sham surgery and 

assigned to one of three different experimental groups: MCAO only, MCAO + HG, or 

MCAO+ HG + tPA. Each group was comprised of 6 animals (n = 6/group). 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. Blood glucose was measured from 

the tail tip using a glucometer (Contour Blood Glucose Monitoring System). The tPA 

(Activase® (alteplase), Genentech, Inc., San Francisco, CA, USA) was dissolved in sterile 

water and administered intravenously at a dose of 10 mg/kg with a 10% bolus and 90% 

continuous infusion over 20 min, started at 1 h after MCAO, using a Harvard 11 Plus 

Syringe Pump (Harvard apparatus, USA). After administration of tPA, or vehicle, mice were 

returned to their cages. Body temperature was maintained at 37 ± 0.5 C with heating pad 
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for the duration of surgery. After 24 h of MCAO, animals were deeply anesthetized with 

ketamine/xylazine mixture (85% and 15%, respectively) and transcardially perfused with ice 

cold PBS. Animals were then decapitated and their brains were collected. Serial coronal 

sections were obtained and analyzed with TTC staining, western blotting, and histology. 

Furthermore, a total of 22 mice were used in the present study; one animal died from each 

in the t-MCAO and HG t-MCAO group, respectively, and 2 animals from the HG t-MCAO + 

tPA group. Animals that died were excluded from further evaluation.

Induction of Transient Focal Cerebral Ischemia

Adult animals (22–25 g) were subjected to transient middle cerebral artery occlusion (t-

MCAO) using the intraluminal suture model, as described previously [19]. Briefly, animals 

were anesthetized using 2–5% isoflurane inhalation. A midline incision was made on 

the ventral surface of the neck, and the right common carotid arteries were isolated and 

ligated with 6.0 silk suture. The internal carotid artery and the pterygopalatine artery were 

temporarily occluded with a microvascular clip. Middle cerebral artery occlusion (MCAO) 

was achieved using a 6–0 silicon-coated nylon suture (Doccol, Sharon, MA), advanced 

through the internal carotid artery to block the origin of the middle cerebral artery. For all 

the groups, animals with a reduction in cerebral blood flow of less than 40% from baseline 

were excluded. After 1 h, animals were re-anesthetized to remove the sutures and allow 

reperfusion to ischemic brain areas. Anesthesia duration was similar in all groups. Animals 

were kept at 37 °C for their comfort and recovery after surgery.

Assessment of Functional Neurological Deficit Score

Neurological deficits were evaluated in a blinded manner after 24 h I/R, just before animals 

were euthanized for ex-vivo evaluations. Using the modified neurological deficit score [17], 

animals with no apparent deficits obtained 0; signs of forelimb flexion, 1; reduced resistance 

to push, 2, and with circling, 3. For consistent MCAO completion, only animals with a score 

of ~ 3 at reperfusion were included in further analysis.

Assessment of Infarct Size 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 and scanned. Infarction and total 

hemispheric areas were blindly measured using Image J software and corrected for 

edema, based on recent optimizations using the formula: [(infarct area/ipsilateral area) × 

contralateral area] [27]. Hemispheric edema was calculated as the difference in area between 

the ischemic hemisphere and contralateral hemisphere.

Hemoglobin Excess and Hemorrhagic Transformation

Bleeding was quantified using two different methods. 1) Cerebrovascular disruption and the 

subsequent blood cell infiltration to the brain tissue was quantified using a colorimetric 

hemoglobin detection assay (QuantiChrom Hemoglobin Assay Kit, BioAssay Systems; 

Haywood, CA) to address hemorrhagic transformation after stroke. Ipsilateral TTC-stained 

brain samples were separated and homogenized in a 10% glycerol-Tris buffer saline solution 
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containing 0.5% Tween-20. Samples were analyzed for uniformly colored hemoglobin and 

read at 562 nm using a standard microplate reader (Synergy HT, BioTek instruments). 

Hemoglobin concentrations were calculated according to the manufacturer’s instructions and 

recorded in μg/dL, based on the standard, and was represented as hemoglobin (Hb) excess 

in the ischemic hemisphere in comparison with contralateral hemisphere. 2) Hemorrhagic 

occurrence rate (presence of macroscopic bleeding) was performed by visual inspection at 

the time of sacrifice. This was determined and compared between the treatment groups.

Immunoglobulin Extravasation

Extravasation of endogenous IgG was performed, to accurately address BBB permeability 

following stroke. Penumbral proteins (30 μg/well) were size-fractionated on SDS-Page gels 

and electro blotted on a PVDF membrane. Blots were then incubated with horseradish 

peroxidate (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

Peri-infarct (penumbral) and infarcted cortical tissues were used for western blot analysis. 

Using a brain matrix, the brains were rapidly dissected into 4.0 mm coronal sections 

(approximately 0.5 mm and – 3.5 mm from Bregma). Brain tissue was homogenized and 

processed for western blotting as previously described [19]. Thirty-micrograms of protein 

were loaded in each lane and separated followed by transfer to nitrocellulose membranes. 

The membranes were blocked for non-specific 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, 

Occludin (1:1000; 40–2200; 33–1500; Thermoscientific), PPARα, HMGB1 (1:1000; 

SC7273; SC56698; Santa Cruz Biotechnology), Claudin5, VEGF (1:1000; 35–2500; 

AB-1876-1; Invitrogen), cleaved IL-1β, TNFα, Phospho-NFκBp65 (ser536), NFκBp65, 

TRX, and GLUT1(1:1000; 12,242; 11,948; 3033; 3034; 2429; 12,939, Cell Signaling 

Technology), at 4 °C for overnight. Following TBS-T washes, the membranes were 

incubated with horseradish peroxidate (HRP)-conjugated anti-mouse IgG antibody and anti-

rabbit antibody (1 : 10,000; A9044; A9169; SigmaUSA) for 1 h at room temperature. The 

bands were then visualized by means of an enhanced chemiluminescent substrate system 

(Thermo fisher scientific). Protein levels were analyzed densitometrically using Image J 

software, normalized to loading controls, and expressed as fold change.

Immunofluorescence Staining

At 24 h after MCAO, mice were anesthetized with ketamine/xylazine and transcardially 

perfused with 30 ml of PBS followed by 50 ml of 10% buffered formalin (Fischer 

Scientific). Brains were removed and post-fixed in the same fixative overnight at 4 °C and 

then with 30% sucrose in PBS for 72 h. The brains were sectioned in the coronal plane, at 

a thickness of 10 μm, and were blocked with Serum-Free Protein Block (X0909, DAKO) 

followed by incubation with primary antibodies against TXNIP (1:100; NBP1-54578SS; 

Novus biologicals) and cleaved IL-1β (1:100; CST-12242, Cell signaling technology, USA) 

overnight at 4 °C in a humid chamber. Sections were washed, incubated with fluorescent 
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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 

(Invirogen), and viewed using a Zeiss 710 confocal laser scanning microscope. Negative 

controls were prepared by omitting the primary antibodies.

Slot Blot for Nitrotyrosine

As a widely used indicator of superoxide-dependent peroxynitrite formation, nitrotyrosine 

(NO2-Tyr) immunoreactivity was measured by slot blot analysis. Peri-infarct (penumbral) 

sample homogenates (20 μg) were immobilized onto a nitrocellulose membrane, using a slot 

blot microfiltration unit. The membranes were then blocked with 5% nonfat milk, incubated 

with an anti-nitrotyrosine antibody (1:1000; 05–233; Millipore) and visualized with Pierce 

Super Signal Kit. The optical density of various samples was quantified using densitometry 

Image J software [17].

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 in non-parametric comparisons. Significance was defined by a p < 0.05.

Results

tPA Induces Poor Neurological Outcome and Accentuated BBB Breakdown in 
Hyperglycemic t-MCAO

All animals showed clear hyperglycemia (blood glucose 300–400 mg/dl), at the time of 

middle cerebral artery occlusion and reperfusion. Blood glucose concentrations were not 

affected by tPA infusion (Fig. 1a). Based on our 3-factor neurological assessment score, 

acute hyperglycemia aggravates neurological deficits, 24 h after ischemic stroke. These 

deficits were further intensified in those receiving intravenous tPA at reperfusion (Fig. 1b). 

This is in line with previous findings indicating that intravenous tPA is associated with 

BBB toxicity that is unrelated to its thrombolytic effects [20]. The escalating neurological 

deficits seen in hyperglycemic t-MACO and tPA + t-MCAO animals were associated with 

an incremental increase in ipsilateral brain edema, with no difference in infarct size (Fig. 

1c–e), suggesting that poor outcomes are more likely linked to cerebrovascular injury [28]. 

Consistently, we found more ipsilateral hemorrhages in the coronal sections obtained from 

brains of hyperglycemic animals treated with tPA (Fig. 2a). Based on further examinations, 

however, the differences in parenchymal hemoglobin content were limited to an incremental 

trend, suggesting that BBB disruption is probably more disperse in tPA treated mice (Fig. 

2b). For a more precise evaluation of BBB damage, extravasation of endogenous IgG heavy 

and light chains were evaluated by immunoblotting and confirmed that tPA worsens the 

BBB disruption induced by hyperglycemic reperfusion (Fig. 2c).

Hyperglycemia Moderately Promotes BBB Leakage, Following t-MCAO, in Parallel with 
TXNIP/NLRP3 Inflammasome Stimulation

We have previously shown that TXNIP is higher expressed, following experimental stroke 

in normoglycemic animals [17]. Our immunoblotting analysis of ipsilateral t-MCAO 
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samples indicates that acute hyperglycemia may further elevate TXNIP expression (Fig. 

3a). High glucose levels have been suggested to induce TXNIP, partly through peroxisome 

proliferator-activated receptor gamma (PPAR-γ) transcriptional activity, which in turn 

regulates PPAR-γ signaling [29, 30]. Consistently, we detected a subtle rise in PPAR-

γ protein expression (Fig. 3b). Although, increased PPAR-γ activity is known to be 

neuroprotective, enhanced protein expression does not necessarily conclude more DNA 

binding activity [31]. In case of hyperglycemic reperfusion tPA toxicity, increased PPAR-γ 
expression did not retain enough DNA-binding to inhibit the higher TXNIP expression, as 

we observed in brain samples. However, given the parallel poor outcomes, we postulate 

that the potentially neuroprotective transcripts are not strong enough to overweigh the 

parallel deteriorating signals like TXNIP, inflammasome, and tPA-induced BBB injury 

as well. Interestingly, the moderate TXNIP upregulation in hyperglycemic stroke was 

associated with significant NRLP3 inflammasome activation and cleavage of caspase-1/

IL-1β precursors (Fig. 3c–g). The rise in NLRP3/caspase-1/IL-1β appears to be a result of 

NLRP3 inflammasome stimulation rather than priming, as we observed no change in ASC 

and non-cleaved caspase-1 (Fig. 3d and e). The enhanced cytosolic TXNIP expression was 

also found to co-localize with more cytokine release in the peri-infarct (penumbra) region of 

hyperglycemic stroke brains (Fig. 3h), in parallel with increased MMP-9 expression (Fig. 5) 

and ipsilateral edema (see Fig. 1e).

tPA Accentuates TXNIP/NLRP3 Inflammasome Assembly, Following Hyperglycemic 
Reperfusion, along with HMGB-1 and Nitrotyrosine Buildup

tPA led to a drastic increase in BBB permeability, when infused early, at the time of 

hyperglycemic reperfusion (see Fig. 2c). This coincided with a rise in PPAR-γ/ TXNIP 

expression and NLRP3/caspase-1/IL-1β cascade stimulation (see Fig. 3), which we recently 

showed to be partly responsible for the hemorrhagic transformation associated with ischemic 

stroke [19]. Enhanced levels of NLRP3, ASC, and un-cleaved caspase-1 are implicative of 

enhanced NLRP3 inflammasome priming, probably arising from enhanced inflammatory 

cytokines and immune cell recruitment. Interestingly, even though HMGB-1 was suggested 

to play a role in hyperglycemia induced endothelial injury, components of the HMGB-1/NF-

κB/TNF-α pathway were not upregulated in hyperglycemic stroke brains, except in those 

that received tPA at reperfusion (Fig. 4a–c). Nitrotyrosine levels, determined by slot blot 

analysis as an index of the pro-oxidant/ antioxidant status [32], were markedly elevated in 

brains of tPA treated animals (Fig. 4d). This provided direct evidence of oxidative damage, 

in parallel with TXNIP hyperactivity.

The Distinct Influence of tPA on Hyperglycemic Reperfusion Injury Is Associated with 
GLUT-1 Degradation, VEGF-A Release, and TXNIP Upregulation

Despite significant rise in antioxidant capacity of TRX in tPA treated animals (Fig. 3a), 

the nitrotyrosine levels were still high in brain samples, indicating that tPA administration 

in hyperglycemic animals post-stroke was associated with profound oxidative stress 

and inflammation. It is also important to note that while hyperglycemia could impair 

BBB integrity following stroke, tPA-infusion nearly doubled that BBB breakdown in 

hyperglycemic reperfusion (Fig. 2c). This was associated with a ten-fold and five-fold 

increase in PPAR-γ and TXNIP levels respectively (see Fig. 3a and b). Infact, TXNIP 
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upregulation did not affect GLUT-1 expression in hyperglycemic stroke brains, except in 

those that received tPA (Fig. 5a), suggesting a required TXNIP threshold to induce tangible 

GLUT-1 degradation. Importantly, hyperglycemic stroke did not induce significant changes 

in VEGF-A expression unless the animals were treated with tPA, at reperfusion (Fig. 5b). 

These animals showed significant elevations in VEGF-A, which did not affect MMP-3 

expression (Fig. 5c), despite its ability to induce a ten-fold increase in MMP-9 expression 

(Fig. 5d). Existing evidence, particularly in-vitro, indicates that MMP-9 increases BBB 

breakdown by degradation of tight junction (TJ) proteins [33]. However, our observations 

showed that MMP-9 upregulation, particularly in tPA treated animals, was associated with 

an elevation in TJ proteins (Fig. 5e–g), especially claudin-5 which better reflected tPA-

induced TJ degradation (Fig. 5f). On the other hand, zonula occludens-1 (ZO-I) did not show 

considerable differences between hyperglycemic stroke brains with and without tPA (Fig. 

5a). The moderate increase we observed in occludin (Fig. 5g) might be explained with the 

severity of I/R injury and subsequent angiogenic signals. This may lead to accumulation of 

premature TJ proteins, particularly in the core region which may be picked in penumbral 

sampling. The escalated IgG extravasation (Fig. 2c) may have been a consequence of the 

dysfunctional protein accumulation following endothelial inflammation [34].

Discussion

The BBB disruption that ensues from thrombolytic therapy with tPA [35] is a complex 

consequence of ischemic insult and reperfusion injury. A high blood glucose level is 

detrimental, as it contributes to tPA-induced cerebrovascular damage [36]. This experimental 

study concludes that tPA profoundly aggravates TXNIP upregulation and BBB breakdown, 

in response to experimental hyperglycemic stroke. Our results illustrate a sharp increase in 

neurovascular inflammation. This entails stimulation of NLRP3 inflammasome assembly 

with activation of HMGB-1/NF-κB and VEGF/MMP-9 pathways, each of which may 

mediate the detrimental effects of TXNIP in tPA-associated BBB disruption after 

hyperglycemic stroke (Fig. 6).

Chronic hyperglycemia has long been known to drive the endothelial complications of 

diabetes and metabolic syndrome through divergent pathways, including HMGB-1/NF-

κB [37, 38] and TXNIP/NLRP3 signaling cascades [39, 40]. The well-documented 

contribution of hyperglycemia to I/R damage [11] has been mostly attributed to NADPH 

oxidase-dependent ROS production and abnormal protein glycosylation, consequent to 

glucose overflow during reperfusion [41]. This leads to MMP-3/9 activation, tight junction 

disruption, and ultimately BBB dysfunction [11, 42]. Our findings demonstrate that 

hyperglycemic I/R also promotes TXNIP signaling following stroke. This is further 

aggravated by tPA which moderately accentuates BBB disruption, with no effect on infarct 

size. TXNIP, a pivotal regulator of several biological processes, is inducible by either ROS 

or high glucose levels, both of which are essential components in hyperglycemic reperfusion 

injury. Although not sufficient to repress GLUT-1 expression, TXNIP upregulation in our 

hyperglycemic t-MCAO animals was enough to stimulate NLRP3 inflammasome cleavage 

activity to build up caspase-1 and raise IL-1β secretion. Through regulating IL-1β and other 

chemokines, NLRP3 greatly contributes to neurovascular neutrophil recruitment following 

I/R injury. Consistently, the moderate TXNIP/NLRP3 inflammasome assembly seen in our 
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hyperglycemic t-MCAO animals was associated with an increased BBB permeability, as 

determined by IgG immunoreactivity in brain parenchyma.

The existing knowledge of mechanisms underlying tPA-associated BBB disruption has 

been limited to normoglycemic observations [43]. Accordingly, tPA toxicity mainly arises 

from its protease activity, which induces profound peroxynitrite generation tailed by MMP 

activation, mediated by several intermediate pathways including HMGB-1/TLRs and a 

number of protein kinases (Src, ROCK, and GSK-3b) [44, 45]. Importantly, in a relevant 

study about tPA toxicity in the context of hyperglycemia, experimental findings suggest 

that BBB disruption following ischemic reperfusion injury directly correlate with the 

severity of hyperglycemia. Accordingly, it has been shown to exacerbate tPA-induced 

hemorrhage through an increase in NADPH oxidase-mediated superoxide production. 

Accordingly hyperglycemic reperfusion, 10 min following tPA infusion, is linked to 

massive ROS generation, which may reasonably trigger TXNIP activity [46]. Based on 

our experimental data, tPA-induced BBB toxicity, in hyperglycemic animals, was associated 

with a dramatic rise in TXNIP/NLRP3/IL-1β activation and tripled HMGB-1/NF-κB/TNF-

α levels. However, our experiments alone may not conclude that tPA-induced BBB 

disruption depends on TXNIP/NLRP3 inflammasome hyperactivity. In fact, involvement 

of NLRP3 inflammasome has already been supported by recent experiments conducted 

in normoglycemic animals, where the specific NLRP3 inflammasome inhibitor MCC950 

has been shown to mitigate the hemorrhagic transformation induced by delayed 

tPA-administration [18]. This is well corroborated with reports indicating that IMM-

H004, a derivative of coumarin, ameliorates tPA-induced HT [47], while repressing 

NLRP3/Caspase-1/IL-1β signaling [48]. Consistently, recent reports [19, 42] support 

the vasculoprotective effects of MCC950 following intraluminal stroke. Here, we 

found that TXNIP upregulation was strong enough to downregulate GLUT-1 in tPA 

treated hyperglycemic animals. Although increased PPAR-γ expression is neuroprotective, 

increased protein expression does not confirm increased DNA binding activity. This was 

demonstrated that increased expression of PPAR-γ was inversely associated with PPAR-γ 
binding activity in the ischemic hemisphere following t-MCAO [49]. This concurred with 

remarkably high BBB permeability, as identified by increased IgG immunoreactivity. It 

is of note, tPA-induced TXNIP upregulation was not only associated with higher NLRP3 

inflammasome activity (cleaved caspase-1 and IL-1β) but it also enhanced priming of 

NLRP3 inflammasome components (ASC and caspase-1). This might be a consequence of 

the noticeable upregulation of HMGB-1 in tPA treated animals, which, along with NLRP3/

IL-1β, may amplify toll like receptor (TLR)/NF-κB signaling by a variety of damage 

signals. HMGB1 is a nuclear non-histone DNA-binding protein that might be either actively 

secreted by immune cells or passively released from necrotic tissue, as a damage-associated 

molecular pattern (DAMP), to elicit microglial activation and inflammatory response. 

HMGB-1 has been demonstrated to closely associate with NLRP3 inflammasome activation 

[50, 51] and play a detrimental role in ischemia reperfusion injury [52, 53] and BBB 

disruption [54]. In fact, an antagonizing HMGB1-binding peptide has been documented to 

mitigate tPA-induced neurovascular complications in normoglycemic rats [55].

MMP-3 and MMP-9 are established effectors of tPA. These endopeptidases, with respective 

broad and narrow specificity for components of the neurovascular unit, cause degradation 
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of the basal lamina and TJ proteins leading to BBB damage. MMP-9 has been extensively 

studied and shown to mediate HT after stroke in both clinical [56, 57] and preclinical 

studies [58, 59]. Importantly, experimental findings have demonstrated a pivotal role for 

MMP-3 activation in the reperfusion injury associated with hyperglycemic stroke and further 

aggravated with tPA [60]. This was recently shown to be mediated by nitrative stress 

[61]. Here, we showed that tPA-induced BBB breakdown enhanced MMP-9 expression in 

our hyperglycemic stroke animals, without changing MMP-3 levels. Intravenous tPA may 

enhance MMP-9 through reperfusion-linked ROS generation [62], as was illustrated by 

elevated levels of brain nitrotyrosine in animal. Moreover, in specific contexts, tPA may 

also act as a ligand for microglial low density lipoprotein receptor–related protein (LPR) 

[58] or protease activated receptor 1 (PAR1) [62] to enhance MMP-9 release. Beyond these, 

ischemia-associated VEGF release may intimately contribute to transcription of MMPs [63, 

64], which accounts for part of the endothelial damage in ischemic stroke [65]. Cerebral 

VEGF secretion is fine-tuned through diverse pathways [66]. Regarding the trivial changes 

in VEGF seen in our hyperglycemic stroke animals, glucose alone may not be sufficient 

to explain the profound VEGF release associated with tPA therapy [67]. Higher TXNIP 

expression was documented to reduce VEGF-A [68] while is essential in VEGF-A/VEGF-

R2 signaling [23, 69].

Our findings, illustrated a drastic GLUT-1 repression that may be meaningful enough to 

explain tPA-induced toxicity in hyperglycemic stroke. Reduced GLUT-1 expression is a 

major characteristic of diabetes that drastically compromises glucose uptake by endothelial 

cells. While complete deletion of GLUT-1 is lethal [70], specific pharmacological GLUT-1 

blocker worsen BBB disruption [71]. Intriguingly, reduction of BBB specific GLUT-1 

expression reduces brain glucose uptake and has been shown to evoke a compensatory 

rise in VEGF-A concentrations [72]. In support of this, GLUT-1 repression has been 

shown to inversely correlate with systemic VEGF release, in clinical reports [73]. In our 

hyperglycemic stroke animals, either the severe intracellular shortage of glucose or the 

drastic rise in VEGF/MMP-9 and inflammation were critically significant elements in tPA-

induced BBB breakdown.

Few limitations are inherent to this work. The induced hyperglycemia (between 300 and 

400 mg/dL) and the administered tPA (10 mg/kg) dosage are relatively high compared to 

those seen clinically. The steep blood glucose level, which was nearly double that seen 

in hyperglycemic stroke patients may have instigated severe endothelial damage and BBB 

breakdown that was further aggravated by tPA. Therefore, our findings address a kind 

of “accelerated” glucose toxicity in the context of thrombolytic therapy. However for the 

much less fibrinolytic activity in rodents [74], tPA is commonly used in same dosage of 10 

mg/kg in murine studies. Furthermore, to address BBB disruption, it was ideal to use a non-

craniotomy stroke model as MCAO in which severity of cortical damage may obscure some 

differences between the groups. The other important thing to note is the potentially great 

difference between tPA toxicity in a clot-occluded vessel and perfused artery as we used 

in intraluminal transient stroke model. Given the main question to elucidate tPA toxicity 

in hyperglycemic reperfusion, we intentionally used a successfully reperfused artery model. 

Thus, our conclusions, although closely replicating rapid reperfusion with tPA treatment, 

might be optimally relevant to spontaneous reperfusion before treatment. Ultimately without 
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using an appropriate specific TXNIP inhibitor [75], the question remains as to whether 

TXNIP upregulation is responsible for tPA associated cerebrovascular damage in stroke, 

with hyperglycemia. Further experimental studies are also planned to evaluate the potential 

benefit of pharmacological inhibition of TXNIP in a clinically relevant embolic model of 

MCAO and recanalization with tPA.

Tissue plasminogen activator (tPA)-induced hemorrhagic events, resulting in cerebrovascular 

injury, are common in hyperglycemic stroke and pose a serious concern in this patient 

population. Our data primarily confirm that tPA worsens hyperglycemic reperfusion 

damage to BBB, even when administered early, in its therapeutic time window. Our 

preclinical findings show that tPA further augments hyperglycemic stroke-associated TXNIP 

upregulation and NLRP3 inflammasome assembly. Coupled with our earlier findings 

implicating TXNIP’s role in ischemic stroke [17], the present data indicate that TXNIP/

NLRP3/IL-1β greatly reflects the increasing DAMPs in I/R injury. With their drastic 

repressive effect on GLUT-1 and VEGF-A levels, we postulate that the tPA/TXNIP 

interaction accelerates endogenous responses to metabolic stress and disrupts essential 

neurovascular unit components, required for maintenance of a healthy BBB. With several 

mechanisms proposed, the magnitude of each has to be weighed to postulate optimal 

therapeutic targets.
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Abbreviations

ASC Apoptosis-associated speck-like protein

BBB Blood brain barrier

DAMPs Damage-associated molecular patterns

GLUT-1 Glucose transporter-1

HG Hyperglycemic

HMGB-1 High mobility group box protein-1

HT Hemorrhagic transformation

IL-1β Interleukin 1-β

I/R Ischemic reperfusion

LPR Lipoprotein receptor–related protein

MMP Matrix metalloprotease

NF-κB Nuclear factor kappa B

NLRP3 NOD-like receptor pyrin domain-containing-3
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PAR1 Protease activated receptor 1

PPAR-γ Peroxisome proliferator activated receptor-γ

TJ proteins Tight junction proteins

TLR Tol like receptor

tMCAO Transient middle cerebral artery occlusion

TNF-α Tumor necrosis factor-α

tPA Tissue plasminogen activator

TRX Thioredoxin

TXNIP Thioredoxin interacting protein

VEGF-A Vascular endothelial growth factor-A

ZO-1 Zonula occludens-1
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Fig. 1. 
Intravenous tPA induces ipsilateral edema and poor neurological outcomes in hyperglycemic 

stroke mice. Adult C57Bl/6 mice underwent t-MCAO, 15 min after a single 2 ml IP injection 

of normal saline or 20% glucose solution. Blood glucose check confirmed the HG state at 

both occlusion and reperfusion, during which some HG t-MCAO animals received IV tPA 

(a). IV tPA worsened the neurological function of HG t-MCAO animals (p = 0.064) (b), 

while there were no remarkable changes detected in TTC stained sections (c) and infarct size 

(d). The significant escalation in ipsilateral edema suggests occurrence of cerebrovascular 

damage by tPA in HG t-MCAO mouse brains (e). All values are presented as mean ± 

SEM. *p < 0.05. IP, intraperitoneal; IV, intravenous; tPA, tissue plasminogen activator; HG, 

hyperglycemic; NG, normoglycemic; t-MCAO, transient middle cerebral artery occlusion
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Fig. 2. 
tPA augments BBB breakdown in hyperglycemic stroke brains. Coronal brain sections 

from HG animals subjected to t-MCAO displayed a much greater number of dispersed 

hemorrhagic lesions compared with their NG counterparts. This was even more pronounced 

in those treated with tPA (a). However parenchymal hemoglobin excess did not show 

significant differences between experimental groups (b), enhanced extravasation of 

endogenous IgG heavy chain confirmed increased BBB permeability by tPA (c). All values 

are presented as mean ± SEM. *p < 0.05, **p < 0.01. BBB, Blood brain barrier; tPA, tissue 

plasminogen activator; HG, hyperglycemic; NG, normoglycemic; t-MCAO, transient middle 

cerebral artery occlusion
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Fig. 3. 
TXNIP/NLRP3 inflammasome activity is upregulated in hyperglycemic stroke and further 

exacerbated with tPA. A marginal increase in TXNIP was detected in HG t-MCAO 

compared with NG brains. IV tPA-induced a remarkable increase in both TXNIP and TRX 

levels (a). This was associated with substantial penumbral PPAR-γ upregulation (b). Further 

examinations of NLRP3 inflammasome assembly, indicated that only brains of HG t-MCAO 

animals that received tPA showed a significant upregulation of NLRP3 (c), ASC (d), and 

caspase-1 (e), implying NLRP3 inflammasome priming. Hyperglycemia could marginally 

stimulate NLRP3 inflammasome activity in stroke brains, as indicated by its cleavage 

products cleaved-caspase 1 (f) and IL-1β (g), both of which built-up in those treated 

with tPA at reperfusion. Immunostaining of t-MCAO penumbral region further confirmed 

discernible TXNIP/IL-1β upregulation in HG animals, particularly those treated with tPA 

at reperfusion (H). All values are presented as mean ± SEM. *p < 0.05, **p < 0.01, and 

***p < 0.001. tPA, tissue plasminogen activator; HG, hyperglycemic; IV Intravenous; NG, 

normoglycemic; t-MCAO, transient middle cerebral artery occlusion; TXNIP, thioredoxin 

interacting protein; TRX, thioredoxin; PPAR-γ, peroxisome proliferator activated receptor-

γ; NLRP3, NOD-like receptor pyrin domain-containing-3; ASC, apoptosis-associated 

speck-like protein; IL-1β, interleukin 1-β
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Fig. 4. 
Intravenous tPA induces HMGB-1 upregulation in hyperglycemic stroke and aggravates NF-

κB activation and oxidative stress. IV tPA resulted in a significant upregulation of HMGB-1 

protein in HG t-MCAO animals (a) leading to consequent NF-κB activation, as determined 

by p-p65 NF-kB / p65 NF-kB ratio (b) as further confirmed by substantial TNF-α release 

(c). HMGB-1/NF-κB/TNF-α activation by tPA concurred with discernible oxidative stress 

as indicated by nitrothyrosine slot-blotting (d). All values are presented as mean ± SEM. *p 
< 0.05, **p < 0.01. IV, intravenous; tPA, tissue plasminogen activator; HG, hyperglycemic; 

t-MCAO, 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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Fig. 5. 
Intravenous tPA differentially impairs GLUT-1 expression and stimulates VEGF-A/MMP-9 

signaling in hyperglycemic stroke. While hyperglycemic stroke, on its own, did not induce 

any changes in GLUT-1, IV tPA profoundly decreased penumbral GLUT-1 levels (a) in 

parallel with a remarkable VEGF-A induction (b). The VEGF-A upregulation was not 

associated with a higher MMP-3 expression in HG animals (c) but paralleled significant 

MMP-9 expression (d). However, this did not affect the mildly induced ZO-1 expression 

seen with hyperglycemic stroke but (e) may partly explain the tPA-induced claudin-5 
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degradation (f) and accumulation of non-functional tight junction protein occludin (g) 

with tPA in the context of hyperglycemia. All values are presented as mean ± SEM. *p 
< 0.05, **p < 0.01, ***p < 0.001. IV, intravenous; tPA, tissue plasminogen activator; 

HG, hyperglycemic; t-MCAO, transient middle cerebral artery occlusion; GLUT-1, glucose 

transporter 1; VEGF-A, vascular endothelial growth factor-A; MMP-9; ZO-1, zonula 

occludens-1
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Fig. 6. 
Schematic representation of potential pathways involved in tPA toxicity in hyperglycemic 

stroke. The upper and lower pink blocks represent the worsening outcomes of ischemia/

reperfusion (I/R) by hyperglycemia (HG) and early administration of tPA. Besides few 

pale colored putative pathways, blue boxes illustrate the culprit molecules presumably 

interconnected with stimulatory (blue arrows) or inhibitory (dotted red arrows) pathways. 

Molecules presented in dark blue were differentially affected in the brains of HG stroke 

animals, treated with tPA. To represent the cumulative effect of detrimental pathways, 
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induced by HG and tPA at reperfusion, the pathways involved are depicted, to hypothetically 

explain the poor outcomes in stroke. Based on the present work, HG enhances PPAR-

γ levels and TXNIP/NLRP3/IL-1β activation. TXNIP is a key amplifier of ROS build 

up, leading to higher MMP-9 activitity which also works downstream of I/R induced 

HIF-1-α/VEGF-A signaling, to disturb TJ proteins’ integrity. Another pathway involves 

TXNIP indirectly activating the release of VEGF-A by repressing GLUT-1 transcription. 

Probably through more ROS generation, tPA differentially stimulates TXNIP and HMGB-1 

in hyperglycemic I/R. HMGB-1/NF-κB/TNF-α is evidently liked to NLRP3 inflammasome 

priming and activation. With a synergistic effect with HMGB-1 on NLRP3 inflammasome, 

TXNIP upregulation may also contribute to ROS propagation in tPA treated brains, as 

determined by enhanced NO2-Tyr. Furthermore, strong tPA-induced TXNIP upregulation 

may drastically impair glucose transport and strengthen aberrant VEGF-A signaling, to drive 

more BBB disruption and edema, explaining the hemorrhagic transformation that occurs 

in brains of tPA treated hyperglycemic stroke animals. GLUT-1, glucose transporter 1; 

HG: hyperglycemic; HMGB-1, high mobility group box protein 1; IL-1β, interleukin 1-β; 

I/R, ischemic reperfusion; MMP, matrix metalloprotease; NF-κB, nuclear factor kappa B; 

NLRP3, NOD-like receptor pyrin domain-containing-3; PPAR-γ, peroxisome proliferator 

activated receptor-γ; TJ proteins, tight junction proteins; t-MCAO, transient middle cerebral 

artery occlusion; TNF-α, tumor necrosis factor-α; tPA, tissue plasminogen activator; 

TXNIP, thioredoxin interacting protein; VEGF-A, vascular endothelial growth factor-A
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