
Apoptosis signal-regulating kinase-1 regulates thrombin-
induced endothelial permeability

Hemant Giri,

Amit K. Srivastava,

Ulhas P. Naik*

Cardeza Center for Hemostasis, Thrombosis, and Vascular Biology, Cardeza, Foundation for 
Hematologic Research, Department of Medicine, Division of Hematology, Sydney Kimmel Medical 
College, Thomas Jefferson University, Philadelphia, USA

Abstract

Thrombin-induced endothelial permeability is associated with various pathological conditions. 

Apoptosis signal- regulating kinase-1 (ASK1), one of the upstream MAP3K, has been reported to 

be an important regulator of endothelial stress and apoptosis. Despite this, its role in endothelial 

permeability is unknown. The aim of this study was to determine the role of ASK1 in thrombin-

induced endothelial permeability. To do so, a live cell monitoring system and transwell assay 

were used to evaluate in vitro endothelial permeability, while a Miles assay was used for in 
vivo permeability. Immunofluorescence and western blotting were used to visualize integrity of 

the junctions and phosphorylation of various proteins, respectively. We observed that in vivo 
thrombin-induced vascular permeability was attenuated in Ask1−/− mice. Pretreatment of human 

primary endothelial cells (ECs) with GS-4997 (ASK1 inhibitor) and deficiency of ASK1 in 

primary mouse lung ECs significantly attenuated the thrombin-induced endothelial permeability. 

Furthermore, in the presence of GS-4997, the following were also significantly reduced: thrombin-

induced para-cellular gap formation, VE-cadherin proteolysis, and dislocation of VE-cadherin, 

JAM-A, and ZO1 from the junctions. Inhibition of ASK1 restored peripheral location of F-actin, 

similar to that induced by sphingosine-1-phosphate. These results suggest a unique role for ASK1 

in regulating thrombin-induced endothelial permeability.
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1. Introduction

Endothelial barrier integrity is essential for maintaining homeostasis and organ function [1]. 

Disruption of the endothelial barrier has been involved in the genesis and/or progression of 

various pathological conditions, including COVID-19, acute lung injury, acute respiratory 

distress syndrome, chronic bowel disease, cancer, sepsis, trauma, ischemic stroke, multi-

organ ischemia, and multi-organ failure [2–8]. The altered barrier function in these 

conditions is often linked to the release of soluble mediators from resident cells and the 

interaction of these mediators with receptors expressed on the surface of ECs. Interaction 

of mediators with ECs disrupts endothelial barrier function either by altering the expression 

of adhesive proteins in the inter-endothelial junctions, by altering the organization of the 

cytoskeleton, or both [9]. Thrombin, a pro-coagulant serine protease, is one of the mediators 

that plays a significant role in the regulation of endothelial permeability [10]. Thrombin 

is generated in the tissues in response to infection or injury [11,12]. On ECs, thrombin 

activates the PAR1 receptor by proteolytic cleavage and initiates a series of events: an 

increase in intracellular Ca2+, Rho/ROCK signaling, stress fiber formation, and myosin light 

chain (MLC) kinase activation [13]. The phosphorylation of MLC stimulates stress fiber 

formation and triggers actomyosin contraction to result in junctional proteins disarray and 

EC hyperpermeability [11,14]. Mitogen-activated protein (MAP) kinases play a key role in 

downstream-of-thrombin signaling and endothelial physiology, including permeability [15]. 

Various MAP kinases such as Erk1/2, c-Jun N-terminal Kinase (JNK), and p38 are reported 

to be involved in thrombin-induced increase in endothelial permeability [16,17], but no 

information is available on the role of upstream kinases in altered endothelial permeability. 

Apoptosis signal-regulating kinase-1 (ASK1), one of the upstream MAP3K, is an important 

regulator of differentiation, inflammation, apoptosis, and endothelial stress [18,19]. There is 

no report, however, on the role of ASK1 in regulating endothelial permeability. In this study, 

we proposed and tested the hypothesis that ASK1 regulates thrombin-induced increase in 

endothelial permeability, and that genetic ablation or pharmacological inhibition of ASK1 

attenuate the altered endothelial permeability.

2. Materials and methods

2.1. Animals

ASK1 knockout (Ask1−/−) mice in the F10 generation on a C57BL/6 J background [20] 

were provided by Prof. Hidenori Ichijo from Tokyo Medical and Dental University, Japan. 

Ask1−/− mice aged 8–12 weeks and sex-matched wild-type (WT) C57BL/6 J were used 

for in vivo experiments. Animals were maintained in a normal day-night cycle (12/12) 

with free access to food and water. All animal procedures were approved and conducted 

in accordance with the guidelines of the Institutional Animal Care and Use Committee 

(IACUC) of Thomas Jefferson University.

2.2. Miles assay for vascular permeability measurement in vivo

To study the effect of genetic ablation of ASK1 on vascular permeability in vivo, isoflurane-

anesthetized Ask1−/− mice (n = 4) and WT mice (n = 3) were retro-orbitally injected with 

2% of Evans blue (80 μl). To stimulate vascular permeability, after 10 min, 20 μl of thrombin 
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(2 U/ml) in phosphate buffered saline (PBS) was given by intradermal injection into the 

right hind limb pad of the animal. The left hind limb pad was injected with PBS only 

(20 μl). Thereafter, mice were photographed and euthanized by cervical dislocation under 

anesthesia. Vascular permeability was analyzed by removing the skin area injected with 

thrombin or PBS via biopsy punch and extracting the Evans blue dye with formamide at 55 

°C for 18 h. The amount of vascular leakage was quantitated by measuring absorbance at 

610 nm on a spectrophotometer (Perkin Elmer).

2.3. Human endothelial cell culture and treatment

To study the role of ASK1 in macro, micro, and immortalized human ECs, primary human 

umbilical vein endothelial cells (HUVECs) and human microvascular endothelial cells 

(HMVECs) were purchased from Invitrogen (Carlsbad, CA) and maintained in endothelial 

basal medium with growth factor kit (Lonza, Walkersville, MD). Telomerase immortalized 

microvascular ECs of the dermis (TIME) were purchased from ATCC (Manassas, VA) and 

maintained in vascular cell basal medium with growth factor kit (ATCC, Manassas, VA). 

Attachment factor (GIBCO, Gaithersburg, MD) was used to coat the cell-culture dish for 

adhesion of the cells, and they were cultured in a humidified atmosphere containing 5% CO2 

at 37 °C. The culture medium was replaced every 1–2 days; cells at 85–90% confluence 

were passaged at a ratio of 1:3 confluence. The cells were used between passages two and 

five in all experiments. To detect the effect of various inhibitors, cells were serum starved 

with basal EBM containing 1% fetal bovine serum (FBS) for 4 h and treated with 10 μM 

of GS-4997 (ASK1 inhibitor), SB203680 (p38 inhibitor), SP600125 (JNK1/2/3 inhibitor), 

Y7632 (ROCK inhibitor), BAPTA-AM (selective calcium chelator), and Vorapaxar (VPX; 

PAR1 receptor inhibitor) for 30 min. Thereafter, cells were stimulated with thrombin (1 to 2 

U/ml).

2.4. Isolation and culture of mouse lung endothelial cells (MLECs)

Primary mouse ECs were isolated from lungs of twelve-week-old Ask1−/− and WT mice. 

Isolated lungs were minced and disintegrated using collagenase A (200 μg/ml) in presence 

of 250 mM of CaCl2 and treated for 1 h at 37 °C, to ensure a single-cell suspension. The 

cells were then incubated with dyna-beads anti-rat (Invitrogen) magnetic beads conjugated 

to rat anti-mouse CD31 (BD Bioscience) PECAM-1 antibody for 1 h at 37 °C. The beads 

attached with cells were then washed and plated on 10 μg/ml VN-coated dishes. The cells 

were cultured in Dulbecco’s modified essential medium (DMEM F12) 1:1 along with 20% 

FBS, 1% penicillin-streptomycin, 100 μg/ml heparin, and 50 μg/ml EC growth supplement 

(Invitrogen). ECs were characterized for the expression PECAM-1, an EC-specific antibody 

using flow cytometry. Confluent cells within three passages were used in the experiments.

2.5. xCELLigence Real-Time Cell Analysis (RTCA) of endothelial permeability in vitro

In vitro endothelial barrier function was assessed using a live cell monitoring system 

(xCELLigence). This system uses specialized plates covered in gold microsensors that sense 

impedance to electrical signals, which is recorded continuously in real-time. For the assay, 

the plate was incubated with 100 μl of growth medium for 10 min, and the background 

cell index (CI) value was measured. ECs were then seeded at a density of 30,000 cells/well 

and monitored for confluency. Once confluent as indicated by a plateau in CI curve, cells 
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were pre-treated with different inhibitors for 30 min followed by stimulation with thrombin 

(1 U/ml). The change in the value of CI of each well was automatically monitored by the 

xCELLigence system and recorded in a computer. To analyze results, cell index values were 

normalized (divided by their values at time of thrombin addition) as described previously 

[21]. Furthermore, all obtained normalized values were subtracted from normalized values 

of untreated cells. Final values were plotted as a baseline normalized cell index at various 

time points. Finally, a bar graph was prepared among various conditions for maximum 

change in CI values.

2.6. Transwell assay

The migratory response of ECs was measured by transwell assay. In brief, transwell filter 

polycarbonate inserts with 0.4 μm pore size and 12 mm diameter (Corning, New York) were 

coated with attachment factor (Thermo Fisher Scientific, Waltham, MA). HUVECs (3 × 

104 cells/well) were seeded on the upper compartment and grown to confluence for 72h. 

Cells were treated in xCELLigence system, as mentioned, except fluorescein isothiocyanate 

(FITC)-dextran (40kDa, 1mg/ml;) was added before 5 min of thrombin treatment. From the 

lower compartment, 10 μl samples were taken after 20, 40, and 60min and diluted to 90 μl of 

basal medium. Finally, all diluted samples were read in a clear bottom fluorescence 96-well 

black plate at (excitation: 485nm; emission: 535nm) in a plate reader (Perkin Elmer). 

Control was set at 1 and the final graph plotted as fold change relative to the control.

2.7. Immunofluorescence microscopy

ECs were grown on a coverslip coated with attachment factor (Thermo Fisher Scientific, 

Waltham, MA). Once cells became 85–90% confluent, they were serum starved for 4 h and 

then treated with different inhibitors for 30 min before 2 units of thrombin were added. 

At the end, cells were fixed with 2% paraformaldehyde for 20 min and permeabilized 

with 0.1% triton-X-100 (Sigma-Aldrich, St. Louis, MO) for 5 min. Cells were blocked 

with 2% BSA in PBS and incubated with primary antibodies (anti–ZO-1, anti-VE-cadherin, 

anti-JAM-A, vinculin and anti-P-MLC antibody) in a blocking solution at 4 °C overnight. Th 

next day, after three washes with PBS, cells were incubated with corresponding secondary 

antibody for 1 h at room temperature. FITC-conjugated phalloidin was used to stain F-actin 

for 1 h at room temperature. After 8 washes with PBS, coverslips were mounted with 

Vecta-Shield (Hardset) mounting medium with DAPI (Vector Labs, Burlingame, CA). All 

images were captured with a Zeiss Microscope (Thornwood, NY) or EVOs microscope 

(Thermo Scientific, Philadelphia, PA). For quantitative analysis of thrombin-induced gap 

formation, the area covered by the cells was measured with ImageJ software at 5 randomly 

selected fields from three independent experiments.

2.8. Western blotting

ECs were cultured to reach confluency and then were lysed by 1% Nonidet P-40 detergent 

containing lysis buffer. Cell lysates were denatured by adding 2× laemmli sample buffer 

(Bio-Rad, Hercules, California) and boiling the samples for 5 min. An equal amount 

of protein was resolved on SDS-PAGE and transferred to a PVDF membrane (Bio-Rad, 

Hercules, CA). Membranes were blocked with 3% BSA (Sigma-Aldrich, St. Louis, MO) 

and probed with respective primary antibodies overnight at 4 °C. The membranes were 
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washed and incubated with horseradish peroxidase (HRP)-conjugated secondary antibody 

for 1 h at room temperature, followed by development using ECL reagent from Cell 

Signaling Technology (CST, Danvers, MA). The chemiluminescence was captured using 

a gel documentation system (Bio-Rad, Hercules, California).

2.9. Statistical analysis

Statistical analysis was performed using GraphPad software. To determine statistical 

significance, one-way ANOVA (mean ± standard error of the mean) was used; p ≤ 0.05 

was regarded as statistically significant. Each experiment was repeated independently at 

least 3 times.

2.10. Reagents and antibodies

The following reagents and antibodies were used: Human thrombin (Enzyme Research 

Laboratories, South Bend, IN); LPS (E. coli serotype 0111: B4) (Cell Signaling Technology, 

Beverly, MA); Phosphoserine 967 ASK1, P-p38, P-JNK1/2, JNK1/2, p38, PMLC2, MLC2 

antibodies (Cell Signaling Technology, Beverly, MA); ASK1, Vinculin, VE-cadherin and 

ZO-1 antibodies (Santa Cruz Biotechnology Inc., Santa Cruz, CA); JAM-A antibody 

(BD Biosciences, San Jose, CA); GS-4997 (ASK1 inhibitor) was a gift from Dr. Anton 

Simeonov (National Center for Advancing Translational Sciences, National Institutes of 

Health, Rockville, MD); Y7632 (ROCK inhibitor; Millipore, Burlington, MA); SB203680 

(p38 inhibitor) and SP600125 (JNK1/2 inhibitor; Calbiochem, MA); Vorapaxar (VPX, 

PAR1 receptor inhibitor) was a kind gift from Dr. Paul Bray (University of Utah Health 

Science Center, Salt Lake City, UT); BAPTA-AM and Evans blue (Sigma, St. Louis, MO); 

MnTMPyP (Santa Cruz, CA, USA); S1P (Avanti, INC).

3. Results

3.1. Deficiency of ASK1 attenuates thrombin-induced vascular permeability in mice

To evaluate the role of ASK1 vascular permeability in vivo, we performed a Miles assay 

using Ask1−/− mice and corresponding age-matched WT mice. We observed that local 

treatment of thrombin (2 units/ml) induced a robust vascular permeability in hind-limb 

foot-pad. Interestingly, in Ask1−/− mice, thrombin-induced permeability was significantly 

attenuated (Fig. 1Ai & B). This result suggests that thrombin-induced vascular permeability 

requires the presence of ASK1.

3.2. Inhibition of ASK1 or its deficiency attenuates thrombin-induced permeability in 
human primary endothelial cells

To determine the role of ASK1 in regulating endothelial permeability in human ECs, we 

treated HUVECs with GS-4997 (ASK1i), a specific ASK1 inhibitor developed by Gilead 

Bio-sciences Inc. [22]. Thrombin-induced endothelial permeability was measured using 

the xCELLigence system and FITC dextran transwell permeability assay [23]. We found 

that thrombin (1 U/ml) robustly induced endothelial permeability, measured as decrease in 

EC impedance (expressed as CI). Addition of thrombin induced a maximum permeability 

within 10–20 min which returned to basal levels within 1 h. This decrease in cell index 

induced by thrombin was significantly blocked (80%) by pretreatment with ASK1i (10 μM) 
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(Fig. 2Ai & Aii). Similar inhibition of permeability was seen (74%) in HMVECs (Fig. 

2Bi & Bii) and (34%) in TIME cells (Fig. 2Ci & Cii). Inhibition of ASK1 increased the 

basal barrier function (Fig. 2D, Supplemental Fig. 1A). ASK1i inhibited thrombin-induced 

endothelial permeability in a dose-dependent manner (Supplemental Fig. 1 B). Addition of 

ASK1i after thrombin treatment also blocked the endothelial permeability as confirmed by 

CI measurement (Supplemental Fig. 1C).

To further confirm the inhibition of thrombin-induced permeability by ASK1i, we performed 

an FITC dextran transwell permeability assay in which HUVECs pretreated with ASK1i 

were stimulated with thrombin. We found a time-dependent increase in dextran permeability 

through the HUVEC monolayer upon stimulation with thrombin. This increase was blocked 

by ASK1i pretreatment (Fig. 2D).

To test endothelial permeability in murine ECs, we isolated MLECs from Ask1−/− and WT 

mice. Confluent cell monolayer from WT mice showed a sustained permeability, whereas 

Ask1−/− cells failed to show any endothelial permeability upon stimulation with thrombin 

(Fig. 2E). These results further support the essential role Ask1 plays in thrombin-induced 

EC permeability.

3.3. Thrombin-induced endothelial cell permeability is PAR1- and both Gαq- and Gα12/13-
dependent

Thrombin regulates the function of target cells by cleaving and activating a family of 

G-protein-coupled receptors known as protease-activated receptors (PAR). ECs express 

PAR1, PAR2, PAR3, and PAR4 receptors [24]. PAR1, PAR3, and PAR4 are activated by 

thrombin, whereas PAR2 is activated by trypsin. To test if PAR1 (a major thrombin receptor 

on ECs) is responsible for thrombin-induced EC permeability, we used PAR1-activating 

peptide (SFLLRN, PAR1-AP), which specifically activates PAR1 and PAR2. PAR1-AP at 

50 μM concentration increases the EC permeability to an extent similar to that of thrombin, 

which was completely blocked by pretreatment with ASK1i (Fig. 3Ai & Aii). Furthermore, 

thrombin-induced permeability was inhibited by vorapaxar (VPX, 100 nM) a PAR1-specific 

antagonist (Fig. 3Ci & Cii). These results suggest that thrombin induces EC permeability by 

activating PAR1, which was primarily dependent on ASK1.

It is known that in nucleated cells, ASK1 could be activated by reactive oxygen species 

(ROS) or by Ca2+, depending on the cell type [25–28]. To determine through which of these 

mechanisms ASK1 is activated by thrombin, we pretreated HUVECs with BAPTA-AM to 

chelate Ca2+ or MnTMPyP to scavenge ROS, and then stimulated them with thrombin. 

We found that BAPTA-AM was able to significantly inhibit thrombin-induced permeability, 

while MnTMPyP did not (Fig. 3Bi & Bii). These results suggest that thrombin activates 

ASK1 in a Ca2+-dependent mechanism to induce EC permeability. It is known that PAR1 

is coupled to both Gαq (PLC/Ca2+ pathway) and Gα12/13 (RhoA/ROCK pathway) and both 

have been implicated in thrombin-induced endothelial permeability [29]. We used ROCK 

inhibitor (ROCKi) to confirm the role of RhoA/ROCK pathway in our experimental setting. 

We found a significant attenuation of EC permeability in the presence of ROCKi, which 

is comparable to VPX (Fig. 3Ci & Cii). These results suggest that thrombin-induced EC 
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permeability, which is dependent on ASK1 activity is regulated by both Gαq and Gα12/13 

pathways.

3.4. Inhibition of ASK1 attenuates thrombin-induced disruption of junctions and para-
cellular gap formation in EC monolayer

Thrombin-induced permeability is associated with cytoskeletal remodeling, which includes 

stress fiber formation (F-actin), dislocation of junctional proteins, and formation of para-

cellular gaps [30]. To visualize such effects, HUVEC monolayers were immuno-stained for 

junctional proteins (JAM-A, VE-cadherin, and ZO-1) and F-actin (phalloidin). As expected, 

treatment of EC monolayer with thrombin caused a complete disappearance of JAM-A 

from the cell-cell junctions, whereas junctional distribution of VE-cadherin and ZO-1 was 

disturbed (Fig. 4 A & Supplemental Fig. 2). Pretreatment of ASK1i protected ECs from 

thrombin-induced dislocation of these junctional proteins (Fig. 4 A & Supplemental Fig. 2). 

We also observed significant paracellular gap formation as measured by reduction the in area 

covered by the cells upon thrombin treatment, which was restored in the presence of ASK1i 

(Fig. 4 B & C). These results suggest that inhibition of ASK1 protects thrombin-induced 

para-cellular gap formation.

During vascular permeability, VE-cadherin proteolysis led to shedding of VE-cadherin ecto-

domain and generation of a C-terminal fragment (CTF) through calcium-mediated activation 

of ADAM10 [31]. Since inhibition of ASK1 significantly attenuated thrombin-induced 

endothelial permeability, we tested whether thrombin-induced VE-cadherin proteolysis 

is abolished using ASK1 inhibitor. We observed significant attenuation of VE-cadherin 

proteolysis as evidenced by CTF formation in immunoblotting using C-terminal antibody 

of VE-cadherin (Fig. 4D & E). These results suggest that ASK1 promotes VE-cadherin 

shedding to induce vascular permeability.

3.5. ASK1 increases thrombin-induced EC permeability independent of MLC2 activation 
and focal adhesion formation

Thrombin stimulation of EC leads to RhoA activation and phosphorylation of MLC 

leading to formation of stress fibers containing F-actin [30]. We therefore investigated if 

ASK1 regulates cytoskeletal rearrangement induced by thrombin. As expected, treatment 

with thrombin induced a robust stress-fiber formation which is associated with focal 

adhesion formation (Fig. 5A). Interestingly, pretreatment of ECs with ASK1i (10 μM) 

failed to significantly inhibit stress-fiber formation (Fig. 5A) or MLC2 activation (Fig. 

5 B & C). These results suggest that ASK1 does not regulate thrombin-induced RhoA/

ROCK-dependent cytoskeleton remodeling. Cortical actin filaments are essential for the 

maintenance of endothelial barrier function and S1P is known to support barrier function 

by restoring cortical F-actin. Similar effects were observed with use of ASK1i, where 

pretreatment of ECs with ASK1i results in localization of focal adhesions and P-MLC to the 

periphery along with the F-actin (Fig. 5A and Supplemental Fig. 3) further confirm the role 

of ASK1 in regulating EC barrier function.
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3.6. ASK1 mediates thrombin-induced endothelial permeability by JNK-dependent, but 
p38-independent pathway

The phosphorylated Ser-967 residue in the C-terminal motif of ASK1 binds 14–3–3 proteins 

and inhibits ASK1 activation; thus, dephosphorylation of this residue serves as an indicator 

of ASK1 activation [32]. As expected, ASK1 is in an inactivated state in unstimulated ECs 

as observed by phosphorylated Ser-967 (Fig. 6Ai). Thrombin increases the activity of ASK1 

(decreased Ser-967 phosphorylation) in a time-dependent manner and maximum activation 

was achieved at 10 min of treatment (Fig. 6Ai & Aii). This was further supported by a 

corresponding activation of p38 and JNK1/2, two known downstream effectors of ASK1. 

Interestingly, the activation of p38 appeared to occur much earlier (1 min) than ASK1 

activation, whereas activation of JNK1/2 corresponded well with activation of ASK1 (Fig. 

6Ai & Aii). Furthermore, inhibition of JNK1/2 showed attenuation of EC permeability 

induced by thrombin (Fig. 6Bi & Bii), whereas p38 inhibitor had no effect on thrombin-

induced EC permeability. Additionally, the combination of JNK1/2/p38 inhibitors gave an 

extent of protection similar to that of JNK inhibitor alone (Fig. 6Bi & Bii). Treatment of 

these inhibitors (JNK and P38) alone on ECs do not affect the cell index values (Supplement 

Fig. 1D). These results indicate that ASK1 mediates thrombin-induced signaling through 

JNK1/2 and not p38 in ECs.

In summary, our data suggest a positive role of ASK1 in thrombin-induced endothelial 

permeability. Activation of ASK1 resulted in JNK activation that led to cleavage of 

VE-cadherin along with dissociation of ZO-1 and JAM-A from the junctions, which is 

independent of stress fiber formation (Fig. 6C).

4. Discussion

In this study, using in vitro and in vivo models, we demonstrated that ASK1 regulates 

thrombin-induced endothelial permeability. To best of our knowledge, this is the first direct 

demonstration that ASK1 is activated by thrombin in a confluent endothelial monolayer 

to induce vascular permeability. It is of interest to note that pharmacological inhibition 

of ASK1 by a serine/threonine kinase inhibitor (GS-4997) was able to significantly 

attenuate endothelial permeability both in vitro and in vivo. The endothelium acts as 

a semipermeable barrier and regulates vascular permeability and maintains tissue fluid 

homeostasis. Physiological increase in endothelial permeability is transient, transpired by 

post-tissue injury during the initial phases of healing, whereas pathological permeability is 

persistent, commonly witnessed in conditions such as atherosclerosis, chronic inflammation, 

tumor growth, diabetic retinopathy, sepsis, and many other conditions [2–8,33].

Thrombin is known to act on endothelial PAR receptors to cause increased endothelial 

permeability. Cleavage PARs results in a tethered ligand that triggers downstream signaling. 

Site of thrombin cleavage can therefore determine which signaling is triggered. Thus, 

cleavage at R41 and R46 of PAR1 results in very different signaling [34]. MAP kinases 

have been shown to be activated downstream of PARs. However, the mechanism of their 

activation is not well-understood. Using Ask1−/− mice and a highly specific ASK1 inhibitor, 

GS-4997, we have shown that thrombin induced endothelial permeability through PAR1 

activation followed by ASK1/JNK signaling, leading to endothelial junctional breakdown 
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independent of stress fiber formation. A number of agents in addition to thrombin such 

as VEGF, bFGF, TNF-α, histamine, and bradykinin are known to induce endothelial 

permeability [35]. Whether ASK1 is common signaling molecule downstream of these 

agents are not known and is the topic of future research.

ECs express PAR1, PAR2 PAR3, and PAR4 receptors [36], and it is believed that PAR1 

is activated by thrombin, whereas PAR2 is activated by trypsin [37]. However, Mihara et 

al. (2016) reported that thrombin, at concentrations that can be achieved at sites of acute 

injury, can also directly activate PAR2 [38]. The concentrations of thrombin (1–2 U/ml) used 

to induce EC permeability in this study was primarily through PAR1 activation. PAR1 is 

coupled to both Gαq and Gα12/13 trimeric G proteins. Activation of PAR1 can stimulate 

several pathways leading to endothelial permeability. These include calcium-dependent 

and independent activation of MLC2, activation of protein kinase C (PKC), disruption of 

association between junctional protein molecules [14,39], and activation of CaM kinase 

II and Erk or p38, leading to cytoskeletal rearrangement and contraction of cells [16,40]. 

Our finding that inhibition of ASK1 did not affect phosphorylation of MLC2 or stress 

fiber formation suggests that MLC-dependent cytoskeletal rearrangement is independent of 

ASK1. Although ASK1 is known to activate both JNK and p38 but not Erk MAP kinases 

through their respective MEKs [41], inhibition of thrombin-induced endothelial permeability 

by JNK inhibitor suggests that ASK1 mediates this function through JNK pathway. The role 

of p38 has been implicated in bovine pulmonary artery EC permeability [16]. However, we 

did not see any effects of p38 inhibition on thrombin induced HUVEC permeability. It is 

possible that p38 plays a role only in the later time of thrombin treatment or is specific to 

lung ECs [16]. Our results showed that ASK1 regulated the majority of thrombin-induced 

permeability effects through JNK.

In resting cells, ASK1 is bound to either thioredoxin or CIB1, two known endogenous 

inhibitors of ASK1 [26,27]. During oxidative stress, ROS oxidizes thioredoxin (Trx) to 

induce activation of ASK1, whereas increase in intracellular Ca2+ dissociates CIB1, thus 

allowing ASK1 activation. Although thrombin can induce generation of ROS, we found that 

in ECs the primary mechanism of ASK1 activation by thrombin was through intracellular 

Ca2+, which dissociates CIB1 from ASK1, thus allowing TRAF2/6 to bind and initiate 

autophosphorylation of ASK1. Similar mechanisms have been reported to exist in neuronal 

cells and platelets [28,42].

Our observation of cleavage of VE-cadherin in response to thrombin supports the possibility 

of dislocation of junctional molecules and loss of barrier function. Cleavage of cytoplasmic 

domain of VE-cadherin results in its disassociation from β-catenin and thus disassembly of 

junctions and para-cellular gap formation between ECs [43]. Thrombin is known to mediate 

these effects through the activation of metalloproteinases such as ADAMs10 [31]. However, 

this is not limited to metalloproteinases since others have also reported the involvement 

of cysteine protease such as calpain in cleavage of VE-cadherin [43]. This suggests that 

thrombin-induced increase in intracellular Ca2+ increases the activity of ADAMs10/calpain 

through ASK1 and leads to disruption of barrier function by proteolysis of VE-cadherin. 

It is also possible that VE-cadherin is degraded via endocytosis/lysosomal degradation 

pathway, which is regulated by JNK, but not p38 [44]. Our finding that thrombin-induced 
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EC permeability was regulated by ASK1 and JNK resulted in disruption of VE-cadherin 

junctions in ECs is consistent with these reports.

Thrombin stimulation leads to RhoA activation and phosphorylation of MLC, leading to 

formation of F-actin stress fibers [30]. However, we did not see any significant changes 

in activation of MLC2 upon inhibition of ASK1/JNK. Interestingly, inhibition of ASK1 

resulted in increased cortical actin formation and junctional localization of vinculin, similar 

to that seen upon treatment with angiopoietin-1 [45] and S1P [46]. At junctions, vinculin 

associates with VE-cadherin to protect contractile force induced para-cellular gap formation 

[47].

In conclusion, we have shown that ASK1 plays a positive role in thrombin-induced 

endothelial permeability by inducing cleavage of the cytoplasmic tail of VE cadherin. 

ASK1 achieves this independent of MLC2 activation through JNK pathway. Inhibition of 

ASK1 results in maintaining barrier function without affecting cytoskeletal rearrangement 

in response to thrombin. Thus, ASK1 inhibitor (GS-4997) has a potential therapeutic 

application in preventing vascular permeability and related complications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Lack of ASK1 in mice reduces thrombin-induced vascular permeability: (A) Representative 

images of hind-limb showing vascular leakage of Evan’s blue in WT (left panel) and 

Ask1−/− mice (right panel) treated locally with thrombin (1 U/ml). (B) Quantification of 

Evans blue dye extravasation from the hind-limb in WT (n = 3) and Ask1−/− mice (n = 4). 

Data are represented as mean ± SEM. *p < 0.05. (For interpretation of the references to 

colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. 
Inhibition or deficiency of ASK1 attenuates thrombin-induced endothelial permeability: 

Representative baseline normalized tracings of CI of unstimulated (US), thrombin (Thr, 

1 U/ml), ASK1 inhibitor (ASK1i, 10 μM), and ASK1i + thrombin in (Ai) HUVECs, 

(Bi) HMVECs, and (Ci) TIME cells. Each line represents the average of two technical 

replicates. Black arrow represents addition of thrombin (Aii, Bii, and Cii). Quantification 

of corresponding normalized cell index data (n = 3). (D) Fold change in the amount of 

FITC dextran passed through the HUVEC monolayer treated with or without thrombin in the 
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presence or absence of ASK1i (n = 4). (E) Representative baseline normalized tracings of 

cell index of MLECs isolated from WT or Ask1−/− mice, treated with or without thrombin. 

Black arrow represents addition of thrombin.

*p < 0.5, **p < 0.001, ***p < 0.001.
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Fig. 3. 
Thrombin-induced endothelial permeability is dependent on ASK1, Ca2+, and ROCK, 

but not ROS: (Ai) Representative baseline normalized tracings of cell index of HUVECs 

unstimulated (US) or stimulated with PAR1-activating peptide, (PAR1-AP, 50 μM), in the 

presence or absence of ASK1i, 10 μM. (Aii) Quantification of CI data from (Ai) (n = 3). (Bi) 

Representative baseline normalized tracings of cell index of HUVECs unstimulated (US), 

pretreated with MnTMPyP (10 μM), BAPTA-AM (10 μM) and stimulated with thrombin (1 

U/ ml). Black arrow represents addition of thrombin. (Bii) Quantification of cell index data 
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from (Bi) (n = 3). (Ci) Representative baseline normalized tracings of cell index of HUVECs 

unstimulated (US), pretreated with VPX (100 nM), ROCKi (10 μM), and stimulated with 

thrombin (1 U/ml). (Cii) Quantification of normalized cell index data from (Ci) (n = 3). 

Each line of tracing represents the average of two technical replicates. *p < 0.5, **p < 0.001, 

***p < 0.001.

Giri et al. Page 18

Vascul Pharmacol. Author manuscript; available in PMC 2023 June 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. 
Inhibition of ASK1 attenuates thrombin-induced disorganization of junctional molecules, 

para-cellular gap formation in HUVEC monolayer: Immunofluorescence images of serum-

starved confluent HUVEC monolayer pretreated with vehicle or ASK1i (10 μM) prior to 

stimulation with thrombin (2 U/ml) for 20 min. (A) HUVECs were stained (red) with 

VE-cadherin (upper row), JAM-A (lower row), and counter stained with DAPI (blue). White 

arrows show loss of junction molecules at the cell-cell contact upon treatment with thrombin 

(20× images with scale = 20 mm). (B) Following treatment, cells were fixed as usual and 
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stained for DAPI and F-actin (green) at different conditions; unstimulated (US), thrombin (1 

U/ml), ASK1 inhibitor (10 μM), and ASK1i + thrombin (60× images with scale = 50 mm). 

Dotted lines represent boundary for gap area present in between the cells. (C) Quantification 

of percent area of cell coverage from (n = 3) individual experiments. (D) Representative 

western-blot image of VE-cadherin cleavage in the presence of thrombin, C-terminal 

fragment (CTF) of VE-cadherin, and β-actin as loading control. (E) Quantification of band 

density from (D) expressed as ratio of C-terminal fragment to full length VE-cadherin. (n 
= 3). *p < 0.5, ***p < 0.001. (For interpretation of the references to colour in this figure 

legend, the reader is referred to the web version of this article.)
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Fig. 5. 
Inhibition of ASK1 does not affect thrombin-induced cytoskeletal remodeling or 

phosphorylation of MLC. (A) Immunofluorescence images of serum starved confluent 

HUVEC monolayer unstimulated (US) or pretreated with 10 μM ASK1i for 30 min prior 

to stimulation with thrombin (2 U/ml) for 20 min or S1P (5 μM) for 10 min. Cells were 

stained with vinculin (red), phalloidin (green), and DAPI (blue). Images represents n = 3 

experiments. (63× images with scale = 50 μm). (B) Representative western blot showing 

effect of ASK1i or ROCKi on thrombin-induced MLC2 phosphorylation. (C) Quantification 
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of band density from (B) expressed as ratio of P-MLC2 to total MLC2. (n = 3). **P < 0.01. 

(For interpretation of the references to colour in this figure legend, the reader is referred to 

the web version of this article.)
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Fig. 6. 
Thrombin induces permeability via ASK1/JNK, and not ASK1/p38-dependent pathway 

in HUVECs. (Ai) Representative western blot of HUVEC lysate treated with thrombin 

(1 U/ml) for various time points (1, 2, 5, 10, and 15 min) and probed with antibodies 

specific for phospho-ASK1 (Ser-967), P-p38 (Thr180/Tyr182), P-JNK1/2(Thr183/Tyr185). 

Blots were reprobed with anti-ASK1, anti-p38, and anti-JNK1/2 antibodies to ensure equal 

protein loading. (Aii) Quantification of band densities from (A) expressed as ratio of 

phospho-protein to total protein. (n = 3). (Bi) Representative baseline normalized tracings 

of cell index of HUVECs unstimulated (US), or pretreated with p38i, JNKi, or both prior to 
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stimulation with thrombin (1 U/ml). (Bii) Quantification of cell index data from (Bi) (n = 3). 

*p < 0.5, **p < 0.001, ***p < 0.001.
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