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Abstract

Diabetes exacerbates hemorrhagic transformation (HT) after stroke and worsens clinical outcomes. 

Female patients with diabetes are at a greater risk of stroke and worsened recovery. We have 

shown that activation of matrix metalloprotease 3 (MMP3) in hyperglycemic settings mediates 

HT in male rats. In light of our recent findings that diabetic female rats develop greater HT, 

the current study was designed to test the hypotheses that: 1) cerebral microvascular MMP3 

activation contributes to poor functional outcomes and increased hemorrhagic transformations 

(HT) after ischemic stroke, and 2) MMP3 inhibition can improve functional outcomes in 

female diabetic rats. Female control and diabetic Wistar rats were subjected to 60 min of 

middle cerebral artery occlusion (MCAO). One cohort of diabetic animals received a single 

dose of MMP3 inhibitor (UK356618; 15mg/kg; iv) or vehicle after reperfusion. Neurobehavioral 

outcomes, brain infarct size, edema, HT, and MMPs were measured in brain tissue. Diabetic 

rats had significant neurological deficits on Day 3 after stroke. MMP3 expression and enzyme 

activity were significantly increased in both micro and macro vessels of diabetic animals. MMP3 

inhibition improved functional outcomes and reduced brain edema and HT scores. In conclusion, 

cerebral endothelial MMP3 activation to vascular injury in female diabetic rats. Our findings 

identify MMP3 as a potential therapeutic target in diabetic stroke.
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1. Introduction

Stroke is a leading cause of mortality and long-term disability worldwide. Men are at a 

higher risk of stroke, but this fact reverses in older age. Unfortunately, death and disabilities 

due to stroke are greater in women (Appelros et al. 2009; Reeves et al. 2008; Roquer et al. 

2003). This epidemiology is changing with the incidence of ischemic stroke increasing in 

younger female populations due to the increase in pre-existing risk factors like hypertension, 

obesity, and diabetes (Persky et al. 2010). Diabetes increases the risk of ischemic stroke by 

2–6-fold (Baird et al. 2003). Experimental studies have complimented the clinical outcomes 

by demonstrating that diabetes exacerbates vascular injury including edema, hemorrhagic 

transformation (HT), and blood brain barrier (BBB) disruption causing poor outcomes and 

recovery, especially in females (Abdul et al. 2019; Bejot and Giroud 2010; Ergul et al. 2007; 

Ergul et al. 2012; Li et al. 2013; Li et al. 2019; Li et al. 2017; Vannucci et al. 2001; Zhang 

et al. 2004). Thus, understanding of sex-specific vascular contributions to injury is important 

and will help in defining therapeutic strategies.

Matrix metalloproteinases (MMPs) are zinc-binding endopeptidases that participate in both 

injury and repair processes after ischemic stroke (Yang et al. 2013). MMP2 and MMP9 

are the most extensively studied MMPs implicated in mediating HT after stroke in both 

clinical and preclinical studies (Lenglet et al. 2015; Yang et al. 2011a). However, MMP3 

was reported to be a critical mediator of tPA-induced HT (Suzuki et al. 2007). Moreover, 

our group has also previously shown perivascular expression of MMP3 was increased and 

pharmacological inhibition or genetic ablation of MMP3 reduced HT while improving 

short-term functional outcomes after ischemic stroke in acute hyperglycemia (Hafez et al. 

2016). Since diabetic females are at a greater risk of HT after ischemic stroke, the current 

study was designed to further define the role of MMP3 in diabetic female animals. We 

hypothesized that activation of microvascular MMP3 mediates post-stroke HT and inhibition 

of MMP3 improves poor functional outcomes in female diabetic rats.

2. Materials and Methods

2.1 Animals

Animal studies were conducted at the Augusta University in Augusta, GA (Cohort 1) and 

Ralph H. Johnson Veterans Affairs Health Care System in Charleston, SC (Cohort 2). 

Animal care facilities at both institutions are approved by the American Association for 

Accreditation of Laboratory Animal Care. All experiments were conducted following the 

National Institute of Health (NIH) guidelines for the care and use of animals in research 

and all the experimental protocols were approved by the institutional animal care and use 

committees. Studies adhered to the current ARRIVE guidelines. All behavioral testing and 

data analyses were conducted in a blinded manner. Control and diabetic animals were fed 

standard rat chow or a 45% high-fat diet (HFD), respectively. They were supplied with tap 

water ad libitum and maintained at 12 hours of light/dark cycle (6 am/6 pm). The animals 

were randomly assigned to groups without consideration of the estrus cycle stage.
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2.2 Induction of Diabetes

Diabetes was induced in female Wistar rats (Envigo RMS, Inc., Indianapolis, IN) using an 

HFD/low dose streptozotocin (STZ) combination as described previously (Abdul et al. 2019; 

Li et al. 2019). Briefly, after 2 weeks of HFD, a single dose STZ injection (35 mg/kg; 

Cayman Chemical, Ann Arbor, MI) was administered intraperitoneally at 6 weeks of age. 

A booster dose (20 mg/kg) was given 5 days later if blood glucose was below 150 mg/dL. 

Control rats were maintained on regular chow with 4% kcal fat. Body weight and blood 

glucose were measured twice a week until euthanasia. Baseline body weight and blood 

glucose before middle cerebral artery occlusion (MCAO) are presented in Table 1.

2.3 Study Design

Experiments were performed in two cohorts of animals. In the first cohort, control (n=16) 

and diabetic (n=19) animals underwent MCAO surgery. A greater number of diabetic 

animals were included due to the well-established greater mortality rate in diabetic animals. 

On Day 1, animals who showed circling behavior and an adhesive removal test (ART) score 

higher than baseline were included in the study. On Day 3 post MCAO, after the evaluation 

of neurobehavioral outcomes, brain micro and macro vessels were isolated for vascular 

MMP3 analysis (n=6/group). The brain tissue from the rest of the animals (n=6/group) 

was used for whole-brain MMP analysis by PCR and immunofluorescence. Experiments in 

the second cohort of the study were planned based on the results of the first cohort and 

only diabetic animals were used. Post MCAO, diabetic animals were randomized to vehicle 

or MMP3 inhibitor (UK356618; 15mg/kg; iv; cat# 4187; Tocris Biosciences) treatment 

(n=11/group). The drug was intravenously injected through the jugular vein (15mg/kg) at 

reperfusion and the dose was based on our previous study (Hafez et al. 2016). The number 

of animals that entered and completed the study are shown in Fig. 1.

2.4 MCAO Surgery

Stroke was induced by transient (60 min) MCAO at 12–15 weeks of age as previously 

described (Abdul et al. 2019). Briefly, under 2% isoflurane anesthesia, a midline cervical 

incision was made to expose common, external, and internal carotid arteries. A rounded tip 

3–0 monofilament nylon suture was inserted into the external carotid artery and advanced 

into the internal carotid artery to occlude the origin of the MCA. The occlusion suture was 

secured with a silk suture at the external carotid artery. After 60 min of occlusion, the suture 

was gently removed to allow reperfusion. In the postoperative period, blood glucose was 

monitored daily.

2.5 Assessment of Neurovascular Injury

Animals were put into deep anesthesia using isoflurane, and intra-cardiac perfusion was 

performed with cold PBS to flush out the blood cells from cerebral vessels. Brains were 

isolated and sliced into 6 coronal sections (A–F) of 2 mm thickness. Infarct size was 

measured after 2,3,5-triphenyltetrazolium chloride (TTC) staining and edema was calculated 

as a percent increase in the size of the ischemic hemisphere vs. the contralateral hemisphere 

as previously described (Ergul et al. 2007; Kelly-Cobbs et al. 2013). Macroscopic HT was 
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measured in sections B to E using a four-point rubric and the total score for each animal was 

reported.

2.6 Neurobehavioral Outcome Measurements

Neurobehavioral tests were assessed and recorded at baseline before ischemic stroke surgery 

and on day 3 after ischemic stroke surgery in a blinded fashion (Abdul et al. 2019; Li et 

al. 2017). Briefly, before behavior testing, animals were handled for 5–7 days. Bederson’s 

score was obtained by using multiple parameters which include circling bias, hind limb 

retraction, forelimb flexion, and resistance to push. A maximum score of 7 is given to a 

normal rat in the above tests. Beam walk scores were obtained from beam walking ability 

and graded from 7 to 0 (7 as normal walking and 0 as an inability to balance on beam). A 

total composite score was presented as the sum of Bederson’s score and beam walk score 

(maximum 14) with higher scores indicating better outcomes. ART was used to assess fine 

sensorimotor functions. Contact and removal latency of an adhesive paper dot was recorded 

on Day 3 after MCAO. For each day, the average was taken from 3 trials with a maximum 

removal latency of 180 seconds per trial. Higher scores indicated greater sensorimotor 

deficits.

2.7 Cerebral Microvessel Isolation

Microvessels were isolated with slight modifications as previously described (Hafez et 

al. 2016). Briefly, animals were anesthetized, decapitated and brain tissue was removed 

from the skull. Meninges and choroid plexuses were removed from brain tissue and 

cerebral hemispheres were dissected out. The hemispheres were cut into small pieces using 

dissection scissors in a Petri dish. Then the tissue is homogenized in a five-fold volume 

of phosphate-buffered saline (PBS) and centrifuged at 4000 rpm for 10 min at 4°C. The 

supernatant was discarded and the pellet was re-suspended in 15 ml of PBS and mixed with 

an equal volume of 30% dextran, and centrifuged for 10 min at 4000 rpm at 4 °C. The top 

myelin containing dense white layer is removed. The pellet was re-suspended in PBS and 

passed through a 100-μm mesh. The filtrate was collected by washing the mesh with PBS in 

a 50 ml tube followed by centrifugation for 10 min at 3000 rpm at 4 °C, and the resulting 

pellet was re-suspended in 0.2 ml of RIPA buffer in a 1.5ml centrifuge tube. Each tube was 

sonicated using a 3 sec pulse three times on ice. Tubes were again centrifuged at 6000 rpm 

for 10 min at 4°C. The supernatant was collected and prepared for MMP3 enzymatic activity 

evaluation and Western blot analysis.

2.8 In Vitro MMP3 Studies with Human Female Brain Microvascular Endothelial Cells 
(HBMECs)

hCMEC/D3 cell line derived from a female patient was a kind gift from Dr. J. Zastre at 

the UGA College of Pharmacy. Cells were cultured in 75 cm2 culture flasks that were 

coated with 0.2% w/v gelatin (porcine Type A; Sigma-Aldrich) before cell seeding. A 1:1 

ratio of endothelial growth media (VEC Technologies, Rensselaer, NY, USA) and Medium 

199 (Corning, Manassas, VA, USA) was used for cell culture. To mimic diabetes-like 

conditions, cells were split into two groups: normal glucose (NG;1mM glucose) and high 

glucose/palmitate (HG, 25 mM glucose/P, 50 μM) in 1:1 ratio in VEC: M199 media. The 

cells were incubated for two days, with the media being replaced after the first day. On the 
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third day, all cells were starved in Dulbecco’s Modification of Eagle’s Medium (DMEM; 

Corning, Manassas, VA, USA) containing 1% penicillin-streptomycin without serum. After 

a six-hour of starvation, hypoxia was induced by treatment with 200 μM cobalt(II) chloride 

hexahydrate for 12 hours (Abdul et al. 2020; Miyamoto et al. 2015; Wu and Yotnda 2011). 

Media was collected for MMP3 activity measurement and cells were collected for qRT-PCR 

analysis of MMPs.

2.9 Evaluation of MMP3 Enzyme Activity

MMP3 enzymatic activity in isolated microvessels and HBMECs was determined using 

a fluorescence resonance energy transfer peptide and immunocapture assay as described 

previously (Hafez et al. 2016). Briefly, brain microvascular homogenates or cell lysate (100 

μL) was incubated with 2 mol/L 5-FAM/QXL 520 fluorescence resonance energy transfer 

peptide (cat no. 60580–01; AnaSpec, San Jose, CA) in assay buffer in a 96well plate for 8 

hours at 37°C, then relative fluorescence units were read at excitation/emission wavelengths 

of 485 of 528 nm, respectively, in a Synergy HT multimode microplate fluorescence reader 

(BioTek, Winooski, VT). Data was presented as percent of fluorescence intensity from the 

contralateral side.

2.10 Evaluation of MMP2 and MMP9 Enzyme Activity

MMP2 and MMP9 activity in HBMECs was evaluated in the concentrated medium. The 

medium was subjected to 10% SDS-PAGE on precast zymogram gel (BioRad) under 

nonreducing conditions. After electrophoresis, gels were washed twice in 50 mM Tris-HCl 

buffer (pH 7.5) containing 2.5% Triton X-100 for 30 minutes followed by incubation in 

activation buffer (50 mM Tris-HCl, pH 7.5 containing 10 mM CaCl2) for 18 hours at 

37°C to allow enzymatic degradation of the substrate. Gels were stained with Coomassie 

blue and then destained. Digestion of the substrate (gelatin) at the position of the enzyme 

was observed as a clear area in the otherwise uniformly dark-staining gel. The intensity of 

digested areas was measured by densitometry and normalized with total cellular protein.

2.11 Quantitative Real-Time PCR (qRT-PCR)

Brain tissue and endothelial cells were lysed in RNA lysis buffer and RNA was isolated 

using SV Total RNA isolation system (Promega, USA). The quality and quantity of 

extracted RNA were assayed using a Nanodrop instrument (NanoDrop Technologies, 

Wilmington, DE). iScript cDNA synthesis kit (cat #1708891, BioRad, Foster City, CA) 

was used to reverse transcribe equal quantities of total RNA following the manufacturer’s 

instructions. Primers were custom designed from Invitrogen (Thermo Fisher Scientific). The 

sequences of primers used in the study are listed in Table 2. qRT-PCR was performed 

using iScript Reverse Transcription super mix (cat #1708840, Biorad, Foster City, CA) and 

StepOnePlus Real-Time PCR System (Thermo Fisher Scientific) as per the manufacturer’s 

protocol. The relative gene expression was analyzed by the delta-delta Ct method using 

GAPDH as an endogenous control gene and normalized to the respective control group.

Abdul et al. Page 5

Neurochem Int. Author manuscript; available in PMC 2024 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.12 Western Blot Analysis

Brain tissue homogenate was assessed for endothelial membrane integrity markers. Briefly, 

equivalent amounts of tissue sample (15 μg protein/lane) were loaded onto 10% SDS-PAGE, 

proteins separated, and proteins transferred to nitrocellulose membranes. After blocking 

the membranes with 5% bovine serum albumin, membranes were incubated overnight at 

4°C with primary antibody MMP3, anti-occludin-1, and anti claudin5 at 1:1000 dilution 

or anti-β-actin at 1:30000 dilution. After washing, membranes were incubated for 1 hour 

at room temperature with appropriate secondary antibodies (horseradish peroxidase [HRP]-

conjugated; dilution 1:5000). For chemiluminescent detection, the membranes were treated 

with enhanced chemiluminescent reagent and the signals were monitored on Amersham 

imager 680 (GE Healthcare Bio-Sciences Corp., Marlborough, MA). Relative band intensity 

was determined by densitometry on Image-J and normalized with β-actin protein.

2.13 Immunofluorescence

Paraformaldehyde fixed frozen brain sections were subsequently washed with TBS followed 

by treatment with 0.2% Triton X-100 for 3 minutes. After washing, samples were blocked 

by 5% BSA for 1 hour at room temperature. Sections were then incubated with primary 

antibodies like anti-MMP3, anti-CD31, anti-GFAP, and anti-NeuN at a 1:100 dilution in 

0.2% BSA at 4°C overnight. Cells were washed and incubated with AlexaFlour 488 and 

Alexa 595 conjugated secondary antibodies (Jackson Immuno Research Laboratories, Inc., 

West Grove, PA) at a 1:500 dilution at room temperature for 1 hour. Negative control slides 

were incubated with 0.2% BSA in place of the primary antibody. Slides were imaged on 

Axiovert 200 microscope (Carl Zeiss MicroImaging, Thornwood, NY).

2.14 Data Analysis

Power analysis was made at alpha=0.05. Based on data for HT in our past studies, a sample 

size of 8/group was predicted to provide at least 85% power to detect the effect of disease, 

and 40% extra animals were added due to the increased mortality with diabetes. Unpaired 

t-tests were used to compare the two groups. Data were expressed as Mean ± SEM. p<0.05 

was considered significant. One-way ANOVA and Tukey’s post hoc comparisons were used 

to compare multiple groups of cell culture data except for Fig. 4C, 4D, and 4E which were 

analyzed by 2-way ANOVA (NG × HG-P) × (normoxia × hypoxia).

3. Results

3.1 Effect of ischemic stroke on functional outcomes and MMP3 expression in female 
diabetic rats

Diabetic animals experienced greater neurological deficits on Day 3 after ischemic stroke 

as indicated by lower composite scores (Fig. 2A) and higher adhesive removal time (Fig. 

2B) as compared to controls. Expression of MMP3 protein in brain homogenates was 

significantly increased in the ipsilateral side when compared to the respective contralateral 

side (Fig. 2C) in both control and diabetes. MMP3 activity measured in isolated brain 

microvessels was also significantly greater in diabetic animals than in control rats (Fig. 2D). 

Ipsilateral brain tissue mRNA analysis showed increased expression of MMP2, MMP3, and 
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MMP9 by 80, 380, and 40%, respectively, (Fig. 3A) in diabetic animals. Brain macrovessels 

(MCA) showed a 2 and 20-fold increase in MMP9 and MMP3 expression, respectively, 

after stroke in diabetic animals as compared to controls (Fig. 3B). Immunofluorescence 

imaging of brain sections demonstrated greater MMP3 expression in diabetic animals 

that colocalized with endothelial cell (CD31) and neuronal (NeuN) markers whereas 

colocalization with astrocytes was sparse (Fig. 4A–C).

3.2 Effect of hypoxia and diabetes on MMPs in HBMECs

HBMECs cultured in normal or diabetes-mimicking conditions were subjected to hypoxic 

conditions induced by CoCl2. Hypoxia increased the mRNA expression of MMP3 and 

MMP9 many folds in both groups but cells cultured in diabetic conditions showed a much 

greater increase in the expression of MMP2, MMP3, and MMP9 genes (Fig. 5A & B). 

MMP2, MMP3, and MMP9 enzyme activity measured in media collected after hypoxia 

exposure alone were not increased. Interestingly, cells cultured in diabetic conditions had a 

significant increase in MMP activity with or without hypoxia compared to cells in normal 

conditions (Fig. 5C–E).

2.13 Effect of MMP3 inhibition on post-stroke ischemic injury in diabetic females

Early inhibition of MMP3 did not reduce the infarct size of diabetic animals, however, 

edema and macroscopic HT were significantly reduced (p<0.001 and p<0.05 respectively; 

Fig. 6 A–D). MMP3 inhibition did improve the composite score, however, it did not reach 

significance (Fig. 7A). Fine motor functions measured by ART were significantly improved 

in animals treated with MMP3 inhibitor (p<0.05; Fig. 7B).

2.14 Effect of MMP3 inhibition on MMPs and tight junction proteins

Brain homogenate from the ipsilateral side of the brain was used to analyze the mRNA 

expression of MMPs and tight junction proteins. There were no changes in the mRNA 

expression of MMP2, MMP3, or MMP9 with the treatment of MMP3 inhibitor UK356618 

(Fig. 8A). However, mRNA expression of ZO-1 and claudin5 was higher in animals treated 

with MMP3 inhibitor (Fig. 8B). Further, protein levels of occludin1 and claudin5 were also 

significantly higher in animals treated with MMP3 inhibitor (*, p<0.05; Fig. 8C).

4. Discussion

It is well established that diabetes increases the risk of ischemic stroke and worsens 

functional outcomes There is also emerging evidence that diabetes increases the incidence of 

stroke in younger individuals, especially females (Baird et al. 2003; Goldenberg et al. 2022; 

Persky et al. 2010; Rexrode et al. 2022; Sifat et al. 2022; Simats and Liesz 2022). Clinical 

and preclinical studies, which used predominantly male animals, corroborated exacerbated 

cerebrovascular injury characterized by greater HT and edema after stroke in diabetes 

(Abdul et al. 2019; Ergul et al. 2007; Ergul et al. 2012; Hesami et al. 2015; Inagawa 2007; 

Jiang et al. 2021; Li et al. 2013; Shukla et al. 2017). Neuroprotection typically seen in young 

female animals is lost if animals are diabetic and they also develop greater HT compared to 

male animals (Li et al. 2019; Li et al. 2017). Thus, the current study focused on defining the 

underlying mechanisms associated with vascular injury in females.
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MMPs are a big family of zinc-peptidases that can degrade many extracellular matrix 

proteins and contribute to both repair and injury processes (Yang et al. 2013). Various 

MMPs are known to be involved in the complex pathophysiology of the ischemic stroke 

(Candelario-Jalil et al. 2009; Jin et al. 2010; Yang et al. 2007; Yang et al. 2013). Both 

clinically and preclinically, MMP2 and MMP9 are the most extensively studied MMPs in 

post-ischemic stroke injury and have been implicated in HT (Castellanos et al. 2003; Clark 

et al. 1997; Lakhan et al. 2013; Rosell et al. 2006; Sole et al. 2004). Pharmacological 

inhibition of MMP2 and MMP9 reduced HT and improved the recovery (Fagan et 

al. 2010; Jin et al. 2010; Lakhan et al. 2013; Switzer et al. 2011). MMP9 inhibition 

by minocycline showed promising outcomes in Minocycline to Improve Neurological 

Outcomes in Stroke (MINOS) trial (Fagan et al. 2010; Switzer et al. 2011). These enzymes 

are activated in diabetes. We reported that diabetes-mediated upregulation of MMP9 

promotes cerebrovascular remodeling in diabetic Goto-Kakizaki rats, which develop HT if 

an ischemic injury is overlayed on this pathology (Elgebaly et al. 2010). Moreover, glycemic 

control or inhibition of MMPs by minocycline prevented cerebrovascular remodeling and 

associated HT. In the current study, we observed both MMP2 and MMP9 activity were 

increased in cell culture experiments but in the vasculature or brain tissue homogenates, the 

increase in MMP3 expression was the most robust.

While it is not as widely studied as MMP2 and MMP9, there is evidence that MMP3 

expression is increased after ischemic stroke in diabetes (Candelario-Jalil et al. 2009; 

Hawkins et al. 2007). The inducible form of MMP3 is found to be upregulated in the 

postmortem brain specimens of patients who died of a stroke. MMP3 can target and degrade 

many extracellular matrix and tight junction proteins (Sole et al. 2004; Yang et al. 2013). 

Using knock-out animals, Suzuki and colleagues showed that MMP3, and not MMP9, is 

the major mediator of tissue plasminogen activator (tPA)-induced HT (Suzuki et al. 2007). 

Our group has shown that acute hyperglycemia increases neurovascular injury and the 

use of tPA in hyperglycemic conditions worsens stroke outcomes (Hafez et al. 2014). We 

have also shown that genetic modulation or pharmacological inhibition of MMP3 improves 

functional outcomes (Hafez et al. 2016). Based on these premises, the current study was 

designed to elucidate the role of MMP3 in ischemic injury in female diabetic animals. We 

observed a significant increase in the expression of MMP3 protein as well as MMP3 enzyme 

activity in brain microvasculature. MMP3 gene expression measured in total brain tissue 

and macro vessels (MCA) was also many folds higher in the ischemic side of the brain 

and it was similar to the previous observation in the hyperglycemia (Hafez et al. 2016). 

Immunofluorescence showed colocalization of MMP3 with neurons and endothelial cells 

(Yang et al. 2011b). Many cell types within the neurovascular unit express MMP3, but 

considering the BBB disruption in ischemic injury, microvasculature appears to be a key 

target (Yang et al. 2013). Previous studies have also shown the impact of MMP3 on brain 

endothelial cells but the sex of the cells was not always reported (Hummel et al. 2001; Lee 

et al. 2014; Liu et al. 2013). We used human female BMVECs, which exhibited greater 

MMP2, MMP3, and MMP9 gene expression when cultured in normal or diabetic conditions 

and subjected to hypoxia. The increase in MMP gene expression was multi-fold higher in 

cells cultured in diabetic conditions. Cells cultured in diabetic conditions had greater MMP3 

activity compared to control, but hypoxia did not further amplify it in any of the conditions. 
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While we observed MMP3 mostly in the vasculature and to some extent in neurons, the 

role(s) of neuronal or glial MMP3 in neurovascular injury remains to be determined to fully 

understand the underlying mechanisms.

MMP enzymes play in a consortium to regulate the injury and repair process (Lakhan et al. 

2013). tPA the only thrombolytic drug available for use has a limited time window and has 

side effects like edema and hemorrhages due to activation of MMPs. Thus, a combination of 

tPA and MMP inhibition could limit the side effect and extend the treatment time window 

in ischemic stroke, especially in patients with comorbidities like diabetes (Fan et al. 2014). 

Long-term inhibition may be detrimental as MMPs are needed in the repair process (Wang et 

al. 2008). However, there is limited information focusing on MMP3 inhibition post-ischemic 

stroke with comorbid conditions like diabetes, especially in females. Outcomes, of previous 

studies by Hafez et al, in male hyperglycemic rats, encouraged us to extend the current 

study to diabetic females and use the pharmacological inhibitor UK356618 for the MMP3 

inhibition (Hafez et al. 2016). One caveat of the current study is that we did not monitor 

the estrus cycle of the animals and both control and diabetic rats were randomly assigned to 

MCAO surgery. Our decision was based on our recent study that there was no difference in 

the severity of stroke injury and functional outcomes when 60-min MCAO was performed 

in rats in the proestrous stage or in ovariectomized female rats (Eldahshan et al. 2019). 

Additionally, earlier studies showed that greater sensitivity to ischemic injury may be more 

pronounced in animal models with comorbid disease conditions (Carswell et al. 2000a; 

Carswell et al. 2000b). Nevertheless, numerous preclinical studies showed that ischemic 

injury is exacerbated by estrogen depletion and our findings need to be validated in animals 

in which the estrus cycle is carefully monitored as well as in older animals.

In conclusion, our key findings are that 1) female diabetic animals suffer from poorer 

functional outcomes after stroke than control female animals, 2) enhanced expression 

of MMP3 is observed in the cells of the neurovascular unit, 3) the MMP3 activity 

measured in the brain microvasculature is significantly increased the diabetic animals, 

4) the pharmacological inhibition of MMP3 improves functional outcomes and reduces 

vascular injury, and 5) MMP3 inhibition improves the expression of tight junction proteins 

occluding-1 and claudin-5. Thus, the improvement in edema and HT could be attributed 

to improved membrane integrity of microvasculature due to the inhibition of MMP3. 

The use of only female animals could be considered a limitation of the study; gathering 

gender-specific information will help determine tailor-made targeted therapeutic strategies 

to improve post-stroke recovery. In conclusion, post-stroke early inhibition of MMP3 has 

therapeutic potential in females with diabetes.

ACKNOWLEDGEMENT

Funding

This study was supported by Veterans Affairs (VA) Merit Review (BX000347), VA Senior Research Career 
Scientist Award (IK6 BX004471), National Institute of Health (NIH) RF1 NS083559 and R01 NS104573 (multi-PI, 
Susan C. Fagan as co-PI) to Adviye Ergul; UL1TR001450/SCTR2201 to Yasir Abdul.

Abdul et al. Page 9

Neurochem Int. Author manuscript; available in PMC 2024 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



REFERENCES

Abdul Y, Abdelsaid M, Li W, Webb RC, Sullivan JC, Dong G, and Ergul A 2019. Inhibition of 
Toll-Like Receptor-4 (TLR-4) Improves Neurobehavioral Outcomes After Acute Ischemic Stroke in 
Diabetic Rats: Possible Role of Vascular Endothelial TLR-4. Mol Neurobiol 56(3): 1607–1617. doi: 
10.1007/s12035-018-1184-8. [PubMed: 29909454] 

Abdul Y, Li W, Vargas JD, Grant E, He L, Jamil S, and Ergul A 2020. Diabetes-related sex differences 
in the brain endothelin system following ischemia in vivo and in human brain endothelial cells in 
vitro. Can J Physiol Pharmacol 98(9): 587–595. doi: 10.1139/cjpp-2019-0630. [PubMed: 32496159] 

Appelros P, Stegmayr B, and Terent A 2009. Sex differences in stroke epidemiology: a systematic 
review. Stroke 40(4): 1082–1090. doi: 10.1161/STROKEAHA.108.540781. [PubMed: 19211488] 

Baird TA, Parsons MW, Phan T, Butcher KS, Desmond PM, Tress BM, Colman PG, 
Chambers BR, and Davis SM 2003. Persistent poststroke hyperglycemia is independently 
associated with infarct expansion and worse clinical outcome. Stroke 34(9): 2208–2214. doi: 
10.1161/01.STR.0000085087.41330.FF. [PubMed: 12893952] 

Bejot Y, and Giroud M 2010. Stroke in diabetic patients. Diabetes Metab 36 Suppl 3: S84–87. doi: 
10.1016/S1262-3636(10)70472-9. [PubMed: 21211741] 

Candelario-Jalil E, Yang Y, and Rosenberg GA 2009. Diverse roles of matrix metalloproteinases and 
tissue inhibitors of metalloproteinases in neuroinflammation and cerebral ischemia. Neuroscience 
158(3): 983–994. doi: 10.1016/j.neuroscience.2008.06.025. [PubMed: 18621108] 

Carswell HV, Anderson NH, Morton JJ, McCulloch J, Dominiczak AF, and Macrae IM 
2000a. Investigation of estrogen status and increased stroke sensitivity on cerebral blood 
flow after a focal ischemic insult. J Cereb Blood Flow Metab 20(6): 931–936. doi: 
10.1097/00004647-200006000-00005. [PubMed: 10894176] 

Carswell HV, Dominiczak AF, and Macrae IM 2000b. Estrogen status affects sensitivity to focal 
cerebral ischemia in stroke-prone spontaneously hypertensive rats. Am J Physiol Heart Circ Physiol 
278(1): H290–294. doi: 10.1152/ajpheart.2000.278.1.H290. [PubMed: 10644611] 

Castellanos M, Leira R, Serena J, Pumar JM, Lizasoain I, Castillo J, and Davalos A 2003. Plasma 
metalloproteinase-9 concentration predicts hemorrhagic transformation in acute ischemic stroke. 
Stroke 34(1): 40–46.

Clark AW, Krekoski CA, Bou SS, Chapman KR, and Edwards DR 1997. Increased gelatinase A 
(MMP-2) and gelatinase B (MMP-9) activities in human brain after focal ischemia. Neurosci Lett 
238(1–2): 53–56. doi: 10.1016/s0304-3940(97)00859-8. [PubMed: 9464653] 

Eldahshan W, Ishrat T, Pillai B, Sayed MA, Alwhaibi A, Fouda AY, Ergul A, and Fagan SC 2019. 
Angiotensin II type 2 receptor stimulation with compound 21 improves neurological function after 
stroke in female rats: a pilot study. Am J Physiol Heart Circ Physiol 316(5): H1192–H1201. doi: 
10.1152/ajpheart.00446.2018. [PubMed: 30822121] 

Elgebaly MM, Prakash R, Li W, Ogbi S, Johnson MH, Mezzetti EM, Fagan SC, and Ergul A 
2010. Vascular protection in diabetic stroke: role of matrix metalloprotease-dependent vascular 
remodeling. J Cereb Blood Flow Metab 30(12): 1928–1938. doi: 10.1038/jcbfm.2010.120. 
[PubMed: 20664613] 

Ergul A, Elgebaly MM, Middlemore ML, Li W, Elewa H, Switzer JA, Hall C, Kozak A, 
and Fagan SC 2007. Increased hemorrhagic transformation and altered infarct size and 
localization after experimental stroke in a rat model type 2 diabetes. BMC Neurol 7: 33. doi: 
10.1186/1471-2377-7-33. [PubMed: 17937795] 

Ergul A, Kelly-Cobbs A, Abdalla M, and Fagan SC 2012. Cerebrovascular complications of 
diabetes: focus on stroke. Endocr Metab Immune Disord Drug Targets 12(2): 148–158. doi: 
10.2174/187153012800493477. [PubMed: 22236022] 

Fagan SC, Waller JL, Nichols FT, Edwards DJ, Pettigrew LC, Clark WM, Hall CE, Switzer JA, Ergul 
A, and Hess DC 2010. Minocycline to improve neurologic outcome in stroke (MINOS): a dose-
finding study. Stroke 41(10): 2283–2287. doi: 10.1161/STROKEAHA.110.582601. [PubMed: 
20705929] 

Fan X, Jiang Y, Yu Z, Yuan J, Sun X, Xiang S, Lo EH, and Wang X 2014. Combination approaches to 
attenuate hemorrhagic transformation after tPA thrombolytic therapy in patients with poststroke 

Abdul et al. Page 10

Neurochem Int. Author manuscript; available in PMC 2024 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



hyperglycemia/diabetes. Adv Pharmacol 71: 391–410. doi: 10.1016/bs.apha.2014.06.007. 
[PubMed: 25307224] 

Goldenberg RM, Cheng AYY, Fitzpatrick T, Gilbert JD, Verma S, and Hopyan JJ 2022. 
Benefits of GLP-1 (Glucagon-Like Peptide 1) Receptor Agonists for Stroke Reduction in 
Type 2 Diabetes: A Call to Action for Neurologists. Stroke 53(5): 1813–1822. doi: 10.1161/
STROKEAHA.121.038151. [PubMed: 35259929] 

Hafez S, Abdelsaid M, El-Shafey S, Johnson MH, Fagan SC, and Ergul A 2016. Matrix 
Metalloprotease 3 Exacerbates Hemorrhagic Transformation and Worsens Functional Outcomes 
in Hyperglycemic Stroke. Stroke 47(3): 843–851. doi: 10.1161/STROKEAHA.115.011258. 
[PubMed: 26839355] 

Hafez S, Coucha M, Bruno A, Fagan SC, and Ergul A 2014. Hyperglycemia, acute ischemic stroke, 
and thrombolytic therapy. Transl Stroke Res 5(4): 442–453. doi: 10.1007/s12975-014-0336-z. 
[PubMed: 24619488] 

Hawkins BT, Lundeen TF, Norwood KM, Brooks HL, and Egleton RD 2007. Increased blood-brain 
barrier permeability and altered tight junctions in experimental diabetes in the rat: contribution 
of hyperglycaemia and matrix metalloproteinases. Diabetologia 50(1): 202–211. doi: 10.1007/
s00125-006-0485-z. [PubMed: 17143608] 

Hesami O, Kasmaei HD, Matini F, Assarzadegan F, Mansouri B, and Jabbehdari S 2015. Relationship 
between intracerebral hemorrhage and diabetes mellitus: a case-control study. J Clin Diagn Res 
9(4): OC08–10. doi: 10.7860/JCDR/2015/12226.3741.

Hummel V, Kallmann BA, Wagner S, Fuller T, Bayas A, Tonn JC, Benveniste EN, Toyka KV, and 
Rieckmann P 2001. Production of MMPs in human cerebral endothelial cells and their role 
in shedding adhesion molecules. J Neuropathol Exp Neurol 60(4): 320–327. doi: 10.1093/jnen/
60.4.320. [PubMed: 11305867] 

Inagawa T 2007. Risk factors for primary intracerebral hemorrhage in patients in Izumo City, Japan. 
Neurosurg Rev 30(3): 225–234; discussion 234. doi: 10.1007/s10143-007-0082-8. [PubMed: 
17503099] 

Jiang Y, Liu N, Han J, Li Y, Spencer P, Vodovoz SJ, Ning MM, Bix G, Katakam PVG, 
Dumont AS, and Wang X 2021. Diabetes Mellitus/Poststroke Hyperglycemia: a Detrimental 
Factor for tPA Thrombolytic Stroke Therapy. Transl Stroke Res 12(3): 416–427. doi: 10.1007/
s12975-020-00872-3. [PubMed: 33140258] 

Jin R, Yang G, and Li G 2010. Molecular insights and therapeutic targets for blood-brain 
barrier disruption in ischemic stroke: critical role of matrix metalloproteinases and tissue-type 
plasminogen activator. Neurobiol Dis 38(3): 376–385. doi: 10.1016/j.nbd.2010.03.008. [PubMed: 
20302940] 

Kelly-Cobbs AI, Prakash R, Li W, Pillai B, Hafez S, Coucha M, Johnson MH, Ogbi SN, Fagan SC, 
and Ergul A 2013. Targets of vascular protection in acute ischemic stroke differ in type 2 diabetes. 
Am J Physiol Heart Circ Physiol 304(6): H806–815. doi: 10.1152/ajpheart.00720.2012. [PubMed: 
23335797] 

Lakhan SE, Kirchgessner A, Tepper D, and Leonard A 2013. Matrix metalloproteinases and 
blood-brain barrier disruption in acute ischemic stroke. Front Neurol 4: 32. doi: 10.3389/
fneur.2013.00032. [PubMed: 23565108] 

Lee JY, Choi HY, Ahn HJ, Ju BG, and Yune TY 2014. Matrix metalloproteinase-3 promotes early 
blood-spinal cord barrier disruption and hemorrhage and impairs long-term neurological recovery 
after spinal cord injury. Am J Pathol 184(11): 2985–3000. doi: 10.1016/j.ajpath.2014.07.016. 
[PubMed: 25325922] 

Lenglet S, Montecucco F, and Mach F 2015. Role of matrix metalloproteinases in animal models 
of ischemic stroke. Curr Vasc Pharmacol 13(2): 161–166. doi: 10.2174/15701611113116660161. 
[PubMed: 24188490] 

Li W, Qu Z, Prakash R, Chung C, Ma H, Hoda MN, Fagan SC, and Ergul A 2013. Comparative 
analysis of the neurovascular injury and functional outcomes in experimental stroke models 
in diabetic Goto-Kakizaki rats. Brain Res 1541: 106–114. doi: 10.1016/j.brainres.2013.10.021. 
[PubMed: 24144674] 

Li W, Valenzuela JP, Ward R, Abdelbary M, Dong G, Fagan SC, and Ergul A 2019. Post-stroke 
neovascularization and functional outcomes differ in diabetes depending on severity of injury 

Abdul et al. Page 11

Neurochem Int. Author manuscript; available in PMC 2024 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and sex: Potential link to hemorrhagic transformation. Exp Neurol 311: 106–114. doi: 10.1016/
j.expneurol.2018.09.013. [PubMed: 30243988] 

Li W, Ward R, Valenzuela JP, Dong G, Fagan SC, and Ergul A 2017. Diabetes Worsens Functional 
Outcomes in Young Female Rats: Comparison of Stroke Models, Tissue Plasminogen Activator 
Effects, and Sexes. Transl Stroke Res. doi: 10.1007/s12975-017-0525-7.

Liu M, Wilson NO, Hibbert JM, and Stiles JK 2013. STAT3 regulates MMP3 in heme-induced 
endothelial cell apoptosis. PLoS One 8(8): e71366. doi: 10.1371/journal.pone.0071366. [PubMed: 
23967200] 

Miyamoto N, Maki T, Shindo A, Liang AC, Maeda M, Egawa N, Itoh K, Lo EK, Lok 
J, Ihara M, and Arai K 2015. Astrocytes Promote Oligodendrogenesis after White Matter 
Damage via Brain-Derived Neurotrophic Factor. J Neurosci 35(41): 14002–14008. doi: 10.1523/
JNEUROSCI.1592-15.2015. [PubMed: 26468200] 

Persky RW, Turtzo LC, and McCullough LD 2010. Stroke in women: disparities and outcomes. Curr 
Cardiol Rep 12(1): 6–13. doi: 10.1007/s11886-009-0080-2. [PubMed: 20425178] 

Reeves MJ, Bushnell CD, Howard G, Gargano JW, Duncan PW, Lynch G, Khatiwoda A, and Lisabeth 
L 2008. Sex differences in stroke: epidemiology, clinical presentation, medical care, and outcomes. 
Lancet Neurol 7(10): 915–926. doi: 10.1016/S1474-4422(08)70193-5. [PubMed: 18722812] 

Rexrode KM, Madsen TE, Yu AYX, Carcel C, Lichtman JH, and Miller EC 2022. The Impact of 
Sex and Gender on Stroke. Circ Res 130(4): 512–528. doi: 10.1161/CIRCRESAHA.121.319915. 
[PubMed: 35175851] 

Roquer J, Campello AR, and Gomis M 2003. Sex differences in first-ever acute stroke. Stroke 34(7): 
1581–1585. doi: 10.1161/01.STR.0000078562.82918.F6. [PubMed: 12805490] 

Rosell A, Ortega-Aznar A, Alvarez-Sabin J, Fernandez-Cadenas I, Ribo M, Molina CA, Lo EH, and 
Montaner J 2006. Increased brain expression of matrix metalloproteinase-9 after ischemic and 
hemorrhagic human stroke. Stroke 37(6): 1399–1406. doi: 10.1161/01.STR.0000223001.06264.af. 
[PubMed: 16690896] 

Shukla V, Shakya AK, Perez-Pinzon MA, and Dave KR 2017. Cerebral ischemic damage in diabetes: 
an inflammatory perspective. J Neuroinflammation 14(1): 21. doi: 10.1186/s12974-016-0774-5. 
[PubMed: 28115020] 

Sifat AE, Nozohouri S, Archie SR, Chowdhury EA, and Abbruscato TJ 2022. Brain Energy 
Metabolism in Ischemic Stroke: Effects of Smoking and Diabetes. Int J Mol Sci 23(15). doi: 
10.3390/ijms23158512.

Simats A, and Liesz A 2022. Systemic inflammation after stroke: implications for post-stroke 
comorbidities. EMBO Mol Med 14(9): e16269. doi: 10.15252/emmm.202216269. [PubMed: 
35971650] 

Sole S, Petegnief V, Gorina R, Chamorro A, and Planas AM 2004. Activation of matrix 
metalloproteinase-3 and agrin cleavage in cerebral ischemia/reperfusion. J Neuropathol Exp 
Neurol 63(4): 338–349. doi: 10.1093/jnen/63.4.338. [PubMed: 15099024] 

Suzuki Y, Nagai N, Umemura K, Collen D, and Lijnen HR 2007. Stromelysin-1 (MMP-3) is critical 
for intracranial bleeding after t-PA treatment of stroke in mice. J Thromb Haemost 5(8): 1732–
1739. doi: 10.1111/j.1538-7836.2007.02628.x. [PubMed: 17596135] 

Switzer JA, Hess DC, Ergul A, Waller JL, Machado LS, Portik-Dobos V, Pettigrew LC, Clark WM, 
and Fagan SC 2011. Matrix metalloproteinase-9 in an exploratory trial of intravenous minocycline 
for acute ischemic stroke. Stroke 42(9): 2633–2635. doi: 10.1161/STROKEAHA.111.618215. 
[PubMed: 21737808] 

Vannucci SJ, Willing LB, Goto S, Alkayed NJ, Brucklacher RM, Wood TL, Towfighi J, Hurn PD, and 
Simpson IA 2001. Experimental stroke in the female diabetic, db/db, mouse. J Cereb Blood Flow 
Metab 21(1): 52–60. doi: 10.1097/00004647-200101000-00007. [PubMed: 11149668] 

Wang X, Rosell A, and Lo EH 2008. Targeting extracellular matrix proteolysis for hemorrhagic 
complications of tPA stroke therapy. CNS Neurol Disord Drug Targets 7(3): 235–242. doi: 
10.2174/187152708784936635. [PubMed: 18673208] 

Wu D, and Yotnda P 2011. Induction and testing of hypoxia in cell culture. J Vis Exp(54). doi: 
10.3791/2899.

Abdul et al. Page 12

Neurochem Int. Author manuscript; available in PMC 2024 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Yang JT, Lee TH, Lee IN, Chung CY, Kuo CH, and Weng HH 2011a. Dexamethasone inhibits 
ICAM-1 and MMP-9 expression and reduces brain edema in intracerebral hemorrhagic rats. Acta 
Neurochir (Wien) 153(11): 2197–2203. doi: 10.1007/s00701-011-1122-2. [PubMed: 21822780] 

Yang Y, Estrada EY, Thompson JF, Liu W, and Rosenberg GA 2007. Matrix metalloproteinase-
mediated disruption of tight junction proteins in cerebral vessels is reversed by synthetic matrix 
metalloproteinase inhibitor in focal ischemia in rat. J Cereb Blood Flow Metab 27(4): 697–709. 
doi: 10.1038/sj.jcbfm.9600375. [PubMed: 16850029] 

Yang Y, Jalal FY, Thompson JF, Walker EJ, Candelario-Jalil E, Li L, Reichard RR, Ben C, Sang QX, 
Cunningham LA, and Rosenberg GA 2011b. Tissue inhibitor of metalloproteinases-3 mediates the 
death of immature oligodendrocytes via TNF-alpha/TACE in focal cerebral ischemia in mice. J 
Neuroinflammation 8: 108. doi: 10.1186/1742-2094-8-108. [PubMed: 21871134] 

Yang Y, Thompson JF, Taheri S, Salayandia VM, McAvoy TA, Hill JW, Yang Y, Estrada EY, and 
Rosenberg GA 2013. Early inhibition of MMP activity in ischemic rat brain promotes expression 
of tight junction proteins and angiogenesis during recovery. J Cereb Blood Flow Metab 33(7): 
1104–1114. doi: 10.1038/jcbfm.2013.56. [PubMed: 23571276] 

Zhang L, Nair A, Krady K, Corpe C, Bonneau RH, Simpson IA, and Vannucci SJ 2004. Estrogen 
stimulates microglia and brain recovery from hypoxia-ischemia in normoglycemic but not diabetic 
female mice. J Clin Invest 113(1): 85–95. doi: 10.1172/JCI18336. [PubMed: 14702112] 

Abdul et al. Page 13

Neurochem Int. Author manuscript; available in PMC 2024 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



HIGHLIGHTS

• Female diabetic animals suffer from poorer functional outcomes after stroke 

than control female animals.

• Enhanced expression of MMP3 is observed in the cells of the neurovascular 

unit.

• The MMP3 activity measured in the brain microvasculature is increased the 

diabetic animals.

• The pharmacological inhibition of MMP3 improves functional outcomes and 

reduces edema and hemorrhagic transformation (HT).

• MMP3 inhibition improves the expression of tight junction proteins.
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Fig. 1. 
Schematic timeline and description of the experimental design, animal numbers per group, 

and mortality rate.
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Fig. 2. 
Ischemic stroke in female diabetic animals worsens behavioral outcomes and increases 

MMP3 in brain microvessels. Measurement of the composite score (A) and adhesive 

removal test (B) was performed 3 days after ischemic stroke in control and diabetic female 

rats. (*, p<0.05, vs controls group; n=12). Expression of MMP3 protein (C) and MMP3 

enzyme activity (D) in isolated brain microvessels was significantly higher in diabetic 

animals compared to control (*, p<0.05; n=5–6 in each group).
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Fig. 3. 
Ischemic stroke increased the expression of MMP genes in the brain. (A) mRNA expression 

of MMP2, MMP3, and MMP9 measured in the ipsilateral side of the brain was robustly 

increased in diabetic animals compared to control animals. (B) MMP3 and MMP9 were also 

expressed in brain macrovessels (MCA) of diabetic animals compared to control animals (n= 

4–6 in each group).
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Fig. 4. 
Representative images of immunofluorescence showing MMP3 expression in the cortex 

of the ischemic hemisphere 3 days after ischemic stroke. MMP3 immunoreactivity was 

greater in diabetic animals. MMP3 is colocalized with endothelial cell marker CD31 (A) and 

neuronal marker NeuN (B). While MMP3 expression was more around astrocyte cell marker 

GFAP (C). Images were captured at 20x magnification and the scale bar is 25 μm (n=4 in 

each group).
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Fig. 5. 
Hypoxia activates MMPs in female HBMECs in diabetic conditions. Hypoxia (CoCl2) 

increased the mRNA expression of MMP2, MMP3, and MMP9 (A) in both normal (NG) 

and diabetic (HG+ P; B) conditions. interestingly, this increase was much higher in 

diabetic conditions compared to normal conditions (n=4–5). MMP3 enzyme activity (C) 

measured by FRET assay and MMP2 and MMP9 (D & E) activity measured by zymogram 

was significantly increased in media collected from cells in diabetic conditions, however, 

hypoxia did not increase it further (n=4).
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Fig. 6. 
Inhibition of MMP3 reduces the neurovascular injury in female diabetic animals subjected 

to ischemic stroke. Female diabetic rats were subjected to 60 min of MCAO and 

treated with vehicle or MMP3 inhibitor UK356618 (15 mg/kg; i.v.) at reperfusion. After 

72 h of reperfusion, animals were sacrificed to measure the neurovascular injury. (A) 

Representative images showing edema and infarct (arrows indicate the hemorrhages). (B) 

Treatment with an MMP3 inhibitor did not show any difference in infarct size. (C) Edema 

was significantly reduced in animals treated with MMP3 inhibitor (***, p<0.001). (D) 

Hemorrhagic transformation (HT) index was significantly reduced in animals treated with 

MMP3 inhibitor compared to vehicle-treated animals (*, p<0.05; n=7 in each group).
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Fig. 7. 
Inhibition of MMP3 improves functional outcomes in female diabetic animals after ischemic 

stroke. (A) The composite score measured on Day 3 post-stroke was improved in animals 

treated with an MMP3 inhibitor. (B) Adhesive removal time (ART) was significantly 

reduced in animals treated with MMP3 inhibitor (*p < 0.05; n=7–9 in each group).
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Fig. 8. 
Inhibition of MMP3 after ischemic stroke improves the expression of tight junction proteins 

in female diabetic animals. (A) mRNA expression of MMP2, MMP3, and MMP9 was not 

different in the ischemic side of the brain between the vehicle and MMP3 inhibitor-treated 

animals. (B) mRNA expression of ZO-1 and claudin5 in the ischemic side of the brain was 

higher in animals treated with an MMP3 inhibitor. (C) Tight junction proteins occludin1 and 

claudin5 were also significantly higher in the ischemic side of the brain in animals treated 

with MMP3 inhibitor (*, p<0.05, n=6–9 in each group).

Abdul et al. Page 23

Neurochem Int. Author manuscript; available in PMC 2024 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Abdul et al. Page 24

Table 1.

Body weight and blood glucose measurements

Cohort 1

Female Wistar Rats Body weight (gm) Blood Glucose (mg/dl)

Control (n=16) 283.7±4.0 90.09±3.46

Diabetic (n=19) 277±15.13 346.6±31.14***

Cohort 2

Female Diabetic Wistar Rats Body weight (gm) Blood Glucose (mg/dl)

Vehicle (n=11) 285.0±22.0 315.7±36

UK356618 (n=11) 260.8±16.12 350.0±29.43

***
p<0.0001 compared with control rats
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Table 2.

PCR primer sequences

Primer Name Forward Reverse NCBI Reference

Rat- MMP3 TGGGTCTCTTTCACTCAGCC AGGGGATTCTGTGGGAGGTC NM_133523.3

Rat- MMP9 ATGGGAGAGAAGCAGTCCCT TGATGGTGCCACTTGAGGTC NM_031055.2

Rat- MMP2 TGACGATGAGCTGTGGACTC GCTGCTGTATTCCCGACCAT NM_031054.2

Rat-GAPDH GAAGCTGGTCATCAACGGGA CGACATACTCAGCACCAGCA NM_017008.4

Human-MMP3 CACAGACCTGACTCGGTTCC AGGTTCTGGAGGGACAGGTT NM_002422.4

Human-MMP9 CGCAGACATCGTCATCCAGT GGACCACAACTCGTCATCGT NM_004994.2

Human-MMP2 GGACTTAGACCGCTTGGCTT GGGCAGCCATAGAAGGTGTT NM_001127891.2

Human-GAPDH AATGGGCAGCCGTTAGGAAA GCGCCCAATACGACCAAATC NM_001256799.2

Human Zo-1 CGCTCAAGAGGAAGCTGTGG GAGGGTTTTCCTTGGCTGAC NM_001301025.3

Human- CLDN5 GGGTTTGTGTCCCTGCCTAA CCAGTGCAAGATCCCAGAGG NM_001363066.2
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