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Abstract

Background—Hemorrhagic shock (HS)-induce microvascular hyperpermeability involves 

disruption of endothelial cell adherens junctions leading to increase in paracellular permeability. β-

Catenin, an integral component of the adherens junctional complex and Wnt pathway, and 

caspase-3 via its apoptotic signaling regulate endothelial cell barrier integrity. We have 

hypothesized that inhibiting phosphorylation of β-catenin and caspase-3 activity using glycogen 

synthase kinase-3 (GSK-3) specific inhibitor SB216763, would attenuate microvascular 

hyperpermeability following HS.

Methods—In Sprague-Dawley rats, HS was induced by withdrawing blood to reduce mean 

arterial pressure to 40 mmHg for 60 minutes followed by resuscitation. Rats were given SB216763 

(600 μg/kg) intravenously 10 minutes prior to shock. To study microvascular permeability, the rats 

were injected intravenously with FITC-albumin (50 mg/kg) and its flux across the mesenteric 

post-capillary venules was determined using intravital microscopy. In cell-culture studies, rat lung 

microvascular endothelial cell (RLMEC) monolayers grown on Transwell plates were pre-treated 

with SB216763 (5 μM) followed by BAK (5 μg/mL) and caspase-3 (5 μg/mL) protein transfection. 

FITC-albumin (5 mg/mL) flux across cell monolayers indicates change in monolayer 

permeability. Activity of canonical Wnt pathway was determined by luciferase assay. Caspase-3 

enzyme activity was assayed fluorometrically.

Results—The HS group showed significant increase in FITC-albumin extravasation (p<0.05) 

compared with sham. SB216763 significantly decrease HS-induced FITC-albumin extravasation 

(p<0.05). Pre-treatment with SB216763, protected against a BAK-induced increase in RLMEC 

monolayer permeability and caspase-3 activity, but failed to show similar results with a caspase-3-

induced increase in monolayer permeability. Wnt3a treatment showed an increase in β-catenin 

dependent TCF-mediated transcription.

Conclusion—Inhibiting phosphorylation of β-catenin and caspase-3 activity using GSK-3 

specific inhibitor SB216763, help regulate HS-induced microvascular hyperpermeability.
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Introduction

Traumatic injuries are the leading cause of mortality with 5 million deaths annually 

worldwide and that number may increase up to 8 million by the year 2020, making it a 

major global health concern.1-3 Traumatic injuries leading to hemorrhagic shock (HS)-

induced microvascular hyperpermeability can cause multiple organ failure, one of the most 

serious clinical complications, resulting in an increased number of deaths in trauma 

patients.4 HS followed by resuscitation leads to ischemia-reperfusion injury, which in turn 

may give rise to an abnormality called microvascular hyperpermeability.4-6 Microvascular 

hyperpermeability is a result of an increase in paracellular endothelial cell permeability due 

to endothelial cell barrier dysfunction.5-7 The endothelial cell barrier integrity is regulated 

by the adherens junctional complexes at the endothelial cell-cell junctions.7,8 The adherens 

junctional protein complex is made up of transmembrane vascular endothelial cadherin (VE-

cadherin), that extracellularly attaches to other VE-cadherin protein molecules from adjacent 

endothelial cells through an ectodomain. Intracellularly, VE-cadherin attaches itself to the 

actin cytoskeleton through actin binding proteins such as α-actinin, vinculin and catenins 

including α-catenin, plakoglobin or γ-catenin, and β-catenin.7-11

β-Catenin, an integral component of the adherens junctional complex, plays an important 

role in preserving endothelial cell barrier integrity.12,13 The paracellular endothelial cell 

permeability can be regulated through stabilizing the adherens junctional complex either by 

supplementing β-catenin via gene or protein transfection.12 Recent studies have shown that 

post-translational β-catenin gene silencing can disrupt the adherens junctional complex 

resulting in endothelial cell hyperpermeability.12 Similarly, we have also illustrated the 

intracellular dynamics of β-catenin during disruption and recovery of the adherens junctional 

complex. Our laboratory has demonstrated that ß-catenin may be recycled back to the cell 

membrane following disruption of the endothelial adherens junction.13 Apart from being an 

adhesion molecule, β-catenin also acts as a signaling molecule involved in the canonical 

Wnt pathway.14,15 The Wnt signaling pathways are differentiated into a canonical or ß-

catenin dependent and non-canonical or ß-catenin independent Wnt pathway.15-17 The non-

canonical Wnt signaling is mediated by Wnt ligands such as Wnt5a and regulated through 

the intracellular calcium and JNK pathway.15.16,18 Whereas, the canonical Wnt pathway 

includes several Wnt ligands namely Wnt3a, Frizzled receptors and glycogen synthase 

kinase-3 (GSK-3).15-19

GSK-3 was identified and named after its role in phosphorylating glycogen synthase and 

rendering its inactivity to maintain blood glucose levels.20,21 GSK-3 is a well conserved, 

ubiquitously expressed serine/threonine kinase, known to have an important role in the Wnt 

signaling pathway and affects stability of several proteins through their 

phosphorylation.20,21 In the presence of active canonical Wnt signaling pathway, GSK-3 is 

inactive to target β-catenin. When β-catenin is not degraded, it is stabilized in the cytoplasm 

and subsequently translocates into the nucleus to stimulate target gene transcription.15-17,22 

In the absence of the active signal transduction in the canonical Wnt pathway, degradation 

of β-catenin takes place by phosphorylation of β-catenin’s amino terminus by active 

GSK-3.15 The phosphorylation of amino acids promotes ubiquitination of β-catenin which 

leads to degradation of β-catenin through the proteosomal pathway.15 Therefore, one of the 
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hypothesis for this study was that arresting β-catenin phosphorylation via inhibition of 

GSK-3 would protect against HS-induced microvascular hyperpermeability by preventing 

degradation of β-catenin. In this study, we have used a pharmacological agent, SB216763, as 

a selective, cell permeable small molecule that potently inhibits the activity of GSK-3 in 

several cell types such as neuronal, liver, kidney, and endothelial cells.23-25 The SB216763 

selectivity to inhibit GSK-3 has been rigorously tested against several other protein kinases, 

and it has been demonstrated that no other protein kinases are inhibited at a concentration 

where a significant inhibition of GSK-3 occurs.26,27 Previous results from our laboratory 

have also shown an increase in ß-catenin mediated transcription activity in endothelial cells 

pretreated with SB216763 via luciferase assay.13

Recent studies from our laboratory have also shown that HS-induced microvascular 

hyperpermeability is regulated by mitochondria-mediated or intrinsic apoptotic signaling. 

HS-induced microvascular hypermeability initiates intrinsic apoptotic signaling through an 

up-regulation of a pro-apoptotic protein of Bcl-2 family, BAK.28 The intrinsic apoptotic 

signaling occurs when apoptotic signal directly converge on mitochondria resulting in 

activation of downstream effector caspase-3.28,29 The active caspase-3 subsequently disrupts 

the adherens junctional protein complexes resulting in microvascular endothelial cell 

hyperpermeability.28,30 Recent studies have shown GSK-3 activity in regulating apoptotic 

signaling.31 So, we have postulated that inhibition of GSK-3, that phosphorylates β-catenin, 

would also decrease BAK induced caspase-3 enzyme activity and attenuate microvascular 

hyperpermeability. Thus, our main objective was to test GSK-3 specific inhibitor SB216763 

against microvascular hyperpermeability following HS.

Material and Methods

Animals

Sprague-Dawley male rats, weighing about 275–325 gms, were obtained from Charles River 

Laboratories, Wilmington, MA. These animals were lodged in the institutional animal 

facility of the Texas A&M Health Science Center College of Medicine at Scott and White 

Health care, Temple, TX. The institutional animal facility was approved by the American 

Association for Accreditation of Laboratory Animal Care, in accordance with the National 

Institutes of Health guidelines. In the animal facility, room temperature was maintained at 

25°C ± 2°C and humidity was adjusted to 55%. The rats were kept on a 12:12 hour dark/

light cycle, with free access to food and water. The rats were fasted for 18 hours and 

administered water ad libitum a night prior to every experiment. The in-vivo animal 

experiments were performed after getting proper consent from the Institutional Animal Care 

and Use Committee.

Cell-Culture

Rat lung microvascular endothelial cells (RLMECs), grown in the MCDB-131 complete 

media were obtained from VEC-technologies, Rensselaer, NY. RLMECs were grown as 

monolayer on Corning Transwell plates coated with fibronectin solution (0.1%) obtained 

from Sigma-Aldrich, St Louis, MO. Trypsin–EDTA solution (0.25%), used to detach the 

cells was obtained from Invitrogen-Gibco, Grand Island, NY.
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Reagents

The pro-apoptotic BH3 peptide, BAK was obtained from R&D Systems, Minneapolis, MN. 

A polyamine protein transfection reagent, TransIT-LT1 was obtained from Mirus Bio 

Corporation, Madison, WI. Fluorescein isothiocyanate bovine albumin (FITC-albumin) was 

obtained from Sigma, St Louis, MO. The test solution was prepared by dissolving the FITC-

albumin in 1 ml of saline and administered to the rats at 50 mg/kg. A fluorometric caspase-3 

assay kit was obtained from R&D Systems, Minneapolis, MN. Luminometer Luciferase 

assay kits along with TOP-flash and FOP-flash vectors were obtained from Millipore, 

Billerica, MA. The transfection reagent, Transpass, was obtained from New England Biolab, 

Ipswich, MA. The GSK-3 specific inhibitor SB216763 (3-(2,4-Dichlorophenyl)-4-(1-

methyl-1H-indol-3-yl)-1H-pyrrole-2,5-dione) was obtained from Sigma-Aldrich Corp, St 

Louis, MO. The test solution was prepared by dissolving the SB216763 in 

dimethylsulfoxide (DMSO, < 1%) and was administered in following doses; in vivo at 

600μg/kg IV and in vitro at 5 μM.32,33,34 The DMSO at this low concentration does not have 

an effect on microvascular endothelial cell cultures nor does it have an effect on 

permeability either in-vivo or in-vitro experimental settings.33-38

In-Vivo Studies

HS Sprague-Dawley rat model and Intravital Microscopy—To study HS-induced 

microvascular hyperpermeability, we have used a Sprague-Dawley rat model for HS using 

intravital microscopy. As described in our previous published work, Tharakan B et al. male 

Sprague-Dawley rats were anesthetized with a single intramuscular injection of 50% 

urethane (1.5g/kg).39 Polyethylene tubing (PE-50) of 0.58 mm internal diameter was used to 

cannulate the right internal jugular vein for continuous intravenous (IV) administration of 

normal saline (3 ml/hr) through an infusion pump obtained from Harvard Apparatus, South 

Natick, MA. The right carotid artery was cannulated for blood withdrawal, while the mean 

arterial pressure was monitored continuously through left femoral artery via a PE-50 cannula 

connected to a blood pressure monitor obtained from Dig-Med, BPA 400A, Micromed, 

Louisville, KY. The rats were then subjected to a level IV HS like condition by withdrawing 

blood from the right carotid artery into a syringe containing 100 units of heparin until the 

mean arterial pressure (MAP) was decreased to 40 mm Hg which corresponds to loss of 

approximately 50% to 60% of the animal’s blood volume. This process was followed by 

resuscitation with re-infusion of the shed blood plus two times the volume of normal saline 

to maintain a MAP at or above 90 mm Hg (T60), since the normal baseline MAP of the 

animal was around 90 to 100 mmHg. At 10-minute intervals for 60 minutes, corresponding 

parameters were recorded. A midline laparotomy incision was performed to exteriorize a 

section of mesentery from the proximal ileum for examination over a temperature controlled 

Plexiglas stage at 37°C. The rats were placed in a lateral decubitus position on a temperature 

controlled Plexiglas platform mounted on an intravital upright microscope obtained from 

Nikon E600, Tokyo, Japan. The mesentery was superfused with normal saline at 2ml/min 

and was covered with plastic wrap to reduce evaporation. The intravital microscope with the 

Nikon 20× objective, 0.45 to 2.16 mm working distance obtained from Nikon Instruments, 

Inc., Natick, MA, was used to examine venules with diameters of 20 to 30 μm. The images 

were generated using with a Photometric Cascade Camera obtained from Roper Scientific, 
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Tucson, AZ. These images were then projected onto a computer monitor, and captured 

digitally on a computer disc. The analysis of the data was performed using MetaMorph 

4.5/4.6 obtained from Universal Imaging Corp., Downington, PA.39

Effect of GSK-3 specific inhibitor SB216763 on HS-induced microvascular 
hyperpermeability—The rats were divided into three groups; a sham (control) group, a 

HS group (T60), and a HS group pretreated with GSK-3 specific inhibitor SB216763 (600μg/

kg). Each experimental group consisted of five rats. A recovery time of 30 minutes was 

given to the animal to recover from surgical manipulation before the start of all experiments. 

During this period, FITC-albumin (50 mg/kg) was administered IV and baseline-integrated 

optical intensities were obtained intravascularly and extravascularly with two sites 

respectively along the same computed areas. The mean values were used for calculations. 

This was followed by the recording of baseline parameters such as MAP, red cell centerline 

velocity, and vessel diameter. SB216763 (600μg/kg) was administered IV, 10 minutes prior 

to inducing HS. The rats were subjected to HS as described above for 60 minutes at (T0). 

This was followed by resuscitation phase for another 60 minutes as described above. All the 

parameters were recorded post-shock at 10-minute intervals for 60 minutes. A trans-

illuminated segment of small intestine containing mesenteric post-capillary venules was 

examined to quantify changes in albumin flux. The light intensity was calculated using 

following formula ΔI = Ii - Io/Ii, where ΔI change in the light intensity, Ii is the light 

intensity inside the vessel, and Io is the light intensity outside the vessel.39

In-Vitro Studies

Monolayer Permeability Assay—RLMECs were grown as monolayers on fibronectin 

coated luminal (upper) chamber of the Transwell plates using MCDB-131 complete media. 

The monolayers were exposed to fresh media without phenol red 60 minutes prior to the 

start of the experiments in order to avoid any interference with FITC-albumin during 

fluorometric reading. All of the treatments and pretreatments were carried out for 60 

minutes each. During the experiment, the treatment of the monolayers was followed by 

adding FITC-albumin (5 mg/mL) to the luminal chamber of the Transwell plate, and the 

mixture was allowed to equilibrate for 30 minutes. Subsequently, 100 μl of samples were 

collected from the abluminal (lower) chambers for analyzing FITC-albumin fluorescent 

intensity using excitation/emission wavelength of 494 and 520 nm respectively, on a 

fluorometric plate reader.40

Luciferase Reporter Assay—In presence of an active canonical Wnt signaling pathway, 

the ß-catenin that is freely available in the cytoplasm is known to translocate into the 

nucleus for T-cell factor (TCF)-mediated gene transcription.15-17 The activity of ß-catenin 

dependent Wnt canonical pathway was demonstrated by using luciferase activity. The 

luciferase reporter assay consists of TOP-flash reporter construct containing TCF binding 

site upstream of a thymidine kinase promoter and the FOP-flash construct with a mutated 

site for TCF was used as a negative control. The freely available ß-catenin on binding to 

TCF site on TOP-flash activates transcription of luciferase reporter gene, whereas the FOP-

flash reporter construct fails to show similar effect on binding with ß-catenin. The luciferase 
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that is secreted in the cell medium has a luminescence signal which was measured on a 

luminometer.

Caspase-3 Assay—RLMECs were grown on fibronectin coated cell culture dishes in 

MCDB-131 complete media. After performing the experimental treatments, the RLMECs 

were lysed by adding caspase-3 sample lysis buffer provided in the assay kit and the 

homogenates were obtained for protein estimation. The homogenates were then treated with 

the substrate conjugate labeled with a fluorescent probe 7-amino-4-trifluoromethyl coumarin 

for the caspase-3 assay. The resulting fluorescent intensity was analyzed using excitation/

emission wavelength of 400 and 505 nm respectively, on a fluorescent plate reader.30,40

Effect of Wnt3a and Wnt5a on TCF-mediated transcriptional activity—To 

determine the presence of an active canonical Wnt pathway in RLMECs, we have used a 

luciferase reporter assay to demonstrate ß-catenin dependent TCF-mediated transcriptional 

activity. In order to differentiate between Wnt canonical and non-canonical pathways, we 

have used Wnt 3a and Wnt 5a ligands respectively to determine the corresponding active 

signaling pathway in the endothelial cells. RLMECs grown on fibronectin coated cell culture 

dishes in MCDB-131 complete media were transfected with TOP-flash vector and with 

FOP-flash construct for 24 hours using a transfection reagent, Transpass. Following 

transfection, RLMECs were treated with Wnt3a and Wnt5a proteins for 60 minutes. Each 

experimental group was divided in to 4 replicates. Upon treatment with Wnt 3a and 5a 

ligand protein respectively, TCF-mediated transcriptional activity in RLMEC was 

determined using luciferase reporter assay as described above. The change in luminescence 

intensity due to luciferase signal between different experimental groups as determined by 

the luminometer was consider as an indicator for ß-catenin dependent TCF-mediated 

transcriptional activity.

Effect of GSK-3 specific inhibitor SB216763 on BAK-induced microvascular 
endothelial cell hyperpermeability—RLMEC monolayers grown on Transwell plates 

were used. The following experimental groups were studied: a control or untreated group, 

TransIT treated group, BAK peptide (5 μg/mL) treated group, BAK treated group pretreated 

with SB216763 (5 μM), and SB216763 alone group. The monolayers were treated with 

SB216763 for 60 min followed by treatment with BAK for 60 minutes.40 RLMEC 

monolayer permeability was assayed as described above.

Effect of GSK-3 specific inhibitor SB216763 on caspase-3-induced 
microvascular endothelial cell hyperpermeability—RLMEC monolayers grown on 

Transwell plates were used. The following experimental groups were studied: a control or 

untreated group, caspase-3 peptide (5 μg/mL) treated group, caspase-3 treated group 

pretreated with SB216763 (5 μM), and SB216763 alone group. The monolayers were treated 

with SB216763 for 60 min followed by treatment with caspase-3 for 60 minutes.40 RLMEC 

monolayer permeability was assayed as described above.

Effect of GSK-3 specific inhibitor SB216763 on BAK-induced caspase-3 
activity—RLMECs grown on cell culture dishes were used. The following experimental 

groups were studied: a control or untreated group, BAK peptide (5 μg/mL) treated group, 
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BAK treated group pretreated with SB216763 (5 μM), and SB216763 alone group. The 

following treatments were carried out for 60 minutes each. In RLMECs, caspase-3 enzyme 

activity was assayed as described above.

Statistical Analysis

During statistical analysis, the comparisons between experimental groups were made using 

analysis of variance /ANOVA followed by Bonferroni post-test for multiple comparisons. 

Student’s t test was also used to differentiate between two groups during luciferase activity 

measurement. A p value of ≤ 0.05 was considered to indicate statistically significance. All 

the experimental data are expressed as mean ± SEM. Statistical analysis was performed 

using Prism GraphPad software obtained from GraphPad Software, Inc. La Jolla, CA. In 

microvascular hyperpermeability in-vivo studies, to avoid bias between animals because of 

red blood cell accumulation and changes in room lighting, and in-vitro monolayer 

permeability studies, each experimental value was compared with initial baseline value and 

expressed as a percentage change.

Results

In-Vivo Studies

GSK-3 specific inhibitor SB216763 inhibits HS-induced microvascular 
hyperpermeability—The rats subjected to HS showed microvascular hyperpermeability 

as demonstrated by the significant increase in FITC-albumin fluorescent intensity in the 

extravascular space, compared with the sham or control group (p < 0.05; Figures 1A and 

1B). The similar results were also documented in the earlier studies from our 

laboratory.28,39,41 SB216763 pre-treatment in the HS group showed a decrease in 

microvascular hyperpermeability compared with the HS group alone without pre-treatment 

(p < 0.05; Figures 1A and 1B). Pre-treatment with SB216763 in the HS group showed 

statistically no change in permeability compared with the control group. Figure 1A shows a 

composite image of a rat mesenteric post-capillary venule. The first image which is from a 

control group demonstrates minimal extravasation of FITC-albumin into the extravascular 

space. The second image is from a group (T60) subjected to 60 minutes of HS followed by 

60 minutes of resuscitation, demonstrates significant extravasation of FITC-albumin into the 

extravascular space. The third image is from treatment group showing SB216763 treatment 

before shock demonstrates protection against HS induced microvascular hyperpermeability. 

Figure 1B is a graphical representation of the changes in microvascular permeability in the 

sham or control, HS, and SB216763 treatment groups.

In-Vitro Studies

Wnt3a show increase in TCF-mediated transcriptional activity—The control 

RLMECs transfected with TOP-flash alone showed minimal luciferase activity. Wnt3a 

treatment in TOP-flash transfected RLMECs showed significant increase in luciferase 

activity compared with the Wnt5a treatment and TOP-flash alone groups (p < 0.05; Figure 

2). The luciferase activity of the basal control group is expressed as 100%, and the luciferase 

activity of the remaining groups is expressed as a percentage of the control group.
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GSK-3 specific inhibitor SB216763 inhibits BAK-induced microvascular 
endothelial cell hyperpermeability—RLMECs showed increased monolayer 

permeability following BAK transfection compared with the control or untreated cells. The 

FITC-albumin fluorescent intensity in the media from abluminal chamber was significantly 

higher in RLMEC transfected with BAK compared with the control or untreated group, 

suggesting an increase in endothelial cell monolayer permeability. However, the monolayers 

pretreated with SB216763 showed significantly less fluorescent intensity of FITC-albumin 

in the media from the abluminal chamber (p < 0.05; Figure 3).

GSK-3 specific inhibitor SB216763 show no effect on caspase-3-induced 
microvascular endothelial cell hyperpermeability—RLMECs showed increased 

monolayer permeability following caspase-3 transfection compared with the control or 

untreated cells. The FITC-albumin fluorescent intensity in the media from abluminal 

chamber was significantly higher in RLMEC transfected with caspase-3 compared with the 

control or untreated group, suggesting an increase in endothelial cell monolayer 

permeability (p < 0.05; Figure 4). However, the monolayers pretreated with SB216763 

showed no significant change in the fluorescent intensity of FITC-albumin in the media 

from the abluminal chamber.

GSK-3 specific inhibitor SB216763 inhibits BAK-induced caspase-3 activity—
RLMECs transfected with BAK showed significant increase in caspase-3 enzyme activity 

compared with control or untreated cells. Pre-treatment with SB216763, decreases BAK-

induced increase in caspase-3 activity in RLMECs (p < 0.05; Figure 5).

Discussion

The results of this study have demonstrated that an active canonical Wnt signaling pathway 

is present in RLMECs, and pharmacological inhibition of GSK-3 activity via SB216763 can 

decrease HS-induced microvascular hyperpermeability in Sprague-Dawley rats. HS 

followed by resuscitation often leads to a microvascular hyperpermeability giving rise to 

various fatal clinical sequelae such as multiple organ dysfunction syndrome that often leads 

to an increase in morbidity and mortality in patients.4,6 Thus, the overall goal in managing 

such patients is to develop clinical and therapeutic strategies to reduce microvascular 

hyperpermeability. The increase in paracellular permeability leading to microvascular 

hyperpermeability is due to loss of endothelial cell adherens junctional protein complex 

integrity.6-8 ß-Catenin forms an essential part of the protein complex that helps in stabilizing 

adherens junctions and in turn regulate endothelial cell permeability.12,13 ß-Catenin is freely 

available in the cytoplasm in the presence of active canonical Wnt signaling.15-17

The canonical Wnt pathway is regulated by a group of proteins such as axin, adenomatous 

polyposis coli, casein kinase-1α and GSK-3 forming a destruction complex that keeps the 

level of β-catenin in cytoplasm in check through ubiquitination and proteasomal 

degradation.15-17 The initiation of canonical Wnt signal transduction begins with the 

interaction of Wnt ligands such as Wnt3a to a receptor complex consisting of Frizzled 

receptor and low-density lipoprotein receptor-related protein receptor. This is followed by 

activation of a disheveled protein (Dv1) by phosphorylation. The active Dv1 protein in turn 
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breaks the destruction complex by preventing the binding of GSK-3 with axin. Thus, 

phosphorylation of β-catenin in the cytoplasm is averted by causing inactivation of GSK-3. 

The un-phosphorylated β-catenin cannot be subjected to ubiquitination and thus evades its 

degradation through proteasome.15-17 The available un-phosphorylated stable cytoplasmic β-

catenin can then be utilized as a cell junctional adhesion molecule or in nuclear gene 

transcription42,43 In the nucleus, β-catenin forms a protein complex with lymphoid enhancer 

factor and T-cell factor (β-catenin /LEF/TCF complex) to facilitate downstream target gene 

transcription.15-17 At the cell junctions, the un-phosphorylated β-catenin is made available to 

repair adherens junctional complex and restore endothelial cell barrier integrity.42,43 In this 

study, we have demonstrated through luciferase reporter assay that in RLMECs, a canonical 

Wnt protein, Wnt3a, showed an increase in ß-catenin dependent TCF mediated 

transcriptional activity. However, a non-canonical Wnt protein, Wnt5a failed to show 

similar response on luciferase reporter assay. This confirms the presence of an active 

canonical Wnt pathway in RLMECs. Furthermore, Since GSK-3 plays an important role in 

the canonical Wnt signaling pathway, we have demonstrated through the in-vivo study that 

inhibition of GSK-3 using a pharmacological specific inhibitor SB216763 can protect 

against microvascular hyperpermeability following HS in Sprague-Dawley rats. Thus, 

preventing phosphorylation of β-catenin in the cytoplasm by inhibiting GSK-3 via 

SB216763 attenuates HS-induced microvascular hyperpermeability.

During HS-induced microvascular hyperpermeability, along with pro-inflammatory 

mediators, a pro-apoptotic protein BAK gets up-regulated and initiates mitochondria-

mediated intrinsic apoptotic cascade. The subsequent events lead to an increase in 

mitochondrial reactive oxygen species (ROS), a decrease in mitochondrial transmembrane 

potential, and the release of mitochondrial apoptogenic protein cytochrome c in the 

cytoplasm leading to activation of downstream executioner caspase-3.28 The active 

caspase-3 brings about organizational change in the adherens junctional complexes by 

cleaving β-catenin or altering β-catenin association within the complex.13,14,28,30 This 

alterations in the adherens junctional complexes affect its barrier integrity resulting in an 

increase in paracellular endothelial cell permeability.13,28,30 In this study, we have 

demonstrated that inhibition of GSK-3 by SB216763 prevents BAK-induced caspase-3 

enzyme activation in RLMECs. Furthermore, SB216763 also protects against BAK-induced 

hyperpermeability in RLMECs. However, SB216763 failed to show similar effect against 

endothelial cell hyperpermeability induced by caspase-3 protein. Also, this is well supported 

by the earlier studies that GSK-3 can initiate apoptotic signaling by targeting upstream of 

caspase-3 in the apoptotic pathway.31 Therefore, inhibition of GSK-3 can halt the apoptotic 

cascade by decreasing caspase-3 activity through its effect on BAK, which lies upstream of 

the apoptotic pathway. But, inhibiting GSK-3 becomes ineffective in protecting against 

active caspase-3 protein treatment, since it is a final executionary step downstream of the 

apoptotic pathway.

Furthermore, a recent study from our laboratory has shown that by inhibiting 

phosphorylation of β-catenin using GSK-3 specific inhibitor SB216763, there is increase in 

β-catenin-mediated transcriptional activity in microvascular endothelial cells.13 Therefore, 

apart from β-catenin mediated protection against HS-induced microvascular 
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hyperpermeability via inhibiting phosphorylation of β-catenin by SB216763. In the current 

study, we have also demonstrated another possible pathway through which SB216763 can 

prevent microvascular hyperpermeability following HS and that is via attenuating BAK 

induced caspase-3 activation. However, we cannot differentiate between dominant/direct or 

indirect pathway, but we can postulate that both the mechanisms might be occurring 

simultaneously in protecting against microvascular hyperpermeability following HS. 

Moreover, through these results we were successful in demonstrating an interaction between 

Wnt and apoptotic signaling pathways through the effect of GSK-3 inhibition on caspase-3 

activity. And also the dynamics between these two signaling pathways has a potential that 

can be explored further in the context of HS-induced microvascular hyperpermeability.

In conclusion, an active canonical Wnt signaling pathway is present in endothelial cells and 

inhibition of GSK-3 via SB216763 can protect against microvascular hyperpermeability in 

Sprague-Dawley rats following HS. This demonstrates that β-catenin phosphorylation by 

GSK-3 is one of the key mechanisms involved in regulating microvascular 

hyperpermeability following HS. Furthermore, SB216763 was shown to attenuate BAK-

induced caspase-3 enzyme activity and endothelial cell hyperpermeability in-vitro. These 

observations have opened new dimensions for our own research and to others researchers in 

future in terms of studying interaction between canonical Wnt signaling and apoptotic 

signaling pathways in HS-induced microvascular hyperpermeability. It is also important to 

investigate the role of specific canonical Wnt ligands and Frizzled receptors involved in HS-

induced microvascular endothelial barrier dysfunction. Thus, this study highlights the 

importance of GSK-3 activity and its role in regulating microvascular hyperpermeability 

following HS. The study is a significant step towards translational research, and its results 

have therapeutic potential against HS-induced microvascular hyperpermeability targeting 

GSK-3 and its associated intracellular signaling and molecular network.
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Figure 1. 
GSK-3 specific inhibitor SB216763 protect against microvascular hyperpermeability 

following hemorrhagic shock (HS). Fig 1A; shows images of rat mesenteric post-capillary 

venules from control or sham treatment, HS for 60 minutes followed by resuscitation for 

another 60 min (T60), and SB216763 treatment in HS are shown. FITC-albumin 

extravasation into the extravascular space after HS (T60) is significant compare to the 

control or sham treatment. However, SB216763 treatment prevented FITC-albumin 

extravasation in rat mesenteric post-capillary venules. Fig 1B; shows graphical 

representation of increase in microvascular permeability following HS compared to control 

or sham group. SB216763 treatment decreases microvascular hyperpermeability following 

HS (*P < 0.05; n = 5).
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Figure 2. 
The untreated control rat lung microvascular endothelial cells (RLMECs) transfected with 

TOPflash vector showed basal luciferase activity, which is expressed as 100%. Wnt3a 

treatment in RLMECs transfected with TOPflash vector showed significant increase in 

luciferase activity (*p<0.05). However, Wnt5a failed to show similar increase in luciferase 

activity.
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Figure 3. 
Rat lung microvascular endothelial cell (RLMEC) monolayers transfected with BAK 

peptide showed significant increase in permeability compared to the untreated control or 

transfection reagent TransIT treated monolayers (*p<0.05). BAK transfected monolayers 

when pre-treated with SB216763 showed significant decrease in permeability compared to 

the BAK transfected RLMEC monolayers (a p<0.05).
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Figure 4. 
Rat lung microvascular endothelial cell (RLMEC) monolayers transfected with active 

caspase-3 peptide showed significant increase in permeability compared to the untreated 

control monolayers (*p<0.05). Active caspase-3 transfected monolayers when pre-treated 

with SB216763 showed no significant effect in decreasing the hyperpermeability induced by 

active caspase-3 transfected RLMEC monolayers.
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Figure 5. 
Rat lung microvascular endothelial cells (RLMECs) transfected with BAK peptide showed 

significant increase in caspase-3 activity (* p<0.05). SB216763 pre-treatment, decreases 

BAK-induced increase in caspase-3 activity significantly in RLMECs (a p<0.05).
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