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Abstract

Lipid oxidation products, including lysophosphatidylcholine (lysoPC), accumulate at the site 

of arterial injury after vascular interventions and hinder re-endothelization. LysoPC activates 

calcium-permeable channels, specifically canonical transient receptor potential 6 (TRPC6) 

channels that induce a sustained increase in intracellular calcium ion concentration [Ca2+]i 

and contribute to dysregulation of the endothelial cell (EC) cytoskeleton. Activation of TRPC6 

leads to inhibition of EC migration in vitro and delayed re-endothelization of arterial injuries 

in vivo. Previously, we demonstrated the role of phospholipase A2 (PLA2), specifically calcium-

independent PLA2 (iPLA2), in lysoPC-induced TRPC6 externalization and inhibition of EC 

migration in vitro. The ability of FKGK11, an iPLA2-specific pharmacological inhibitor, to 

block TRPC6 externalization and preserve EC migration was assessed in vitro and in a mouse 

model of carotid injury. Our data suggest that FKGK11 prevents lysoPC-induced PLA2 activity, 

blocks TRPC6 externalization, attenuates calcium influx, and partially preserves EC migration in 
vitro. Furthermore, FKGK11 promotes re-endothelization of an electrocautery carotid injury in 

hypercholesterolemic mice. FKGK11 has similar arterial healing effects in male and female mice 

on a high-fat diet. This study suggests that iPLA2 is a potential therapeutic target to attenuate 
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calcium influx through TRPC6 channels and promote EC healing in cardiovascular patients 

undergoing angioplasty.
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1. INTRODUCTION1

Dyslipidemia contributes to atherosclerosis and the eventual need for vascular intervention. 

Angioplasty is one of the leading interventions to treat arterial disease. This intervention 

denudes the endothelial layer [1], requiring the migration of endothelial cells (EC) from 

the healthy artery [2, 3]. However, lipid accumulation and subsequent lipid oxidation 

at the site of injury are triggers that set-in motion a cascade of events that inhibit 

arterial re-endothelialization [4–8]. Delayed re-endothelialization prolongs the presence 

of a thrombogenic surface and promotes the development of intimal hyperplasia [9, 10], 

increasing the risk of complications.

Lipid oxidation products, including lysophosphatidylcholine (lysoPC), inhibit EC migration, 

in part, by activating canonical transient receptor potential (TRPC) channels, specifically, 

TRPC6 and TRPC5 [11, 12]. LysoPC triggers an increase in calcium [5], possibly through 

arachidonic acid (ArA)-regulated calcium (ARC) channels, that leads to the translocation 

of TRPC6 to the plasma membrane. LysoPC-induced TRPC6 externalization initiates 

the cascade of events that induces TRPC5 activation leading to a prolonged increase 

in intracellular calcium ion concentration ([Ca2+]i) that activates calpains, disrupts EC 

focal adhesion and cytoskeleton that regulate EC movement resulting in the inhibition 

1Abbreviations: LysoPC: lysophosphatidylcholine, TRPC6: canonical transient receptor potential 6, [Ca2+]i: intracellular calcium 
ion concentration, EC: endothelial cell, PLA2: phospholipase A2, iPLA2: calcium-independent PLA2, cPLA2: calcium-dependent 
PLA2, sPLA2: secretory PLA2, ArA: arachidonic acid, ARC: arachidonic acid regulated calcium channel, WT- wild type, DMEM: 
Dulbecco’s Modified Eagle’s Medium, FBS: Fetal Bovine Serum, HF: high fat, i.p.: intraperitoneal, RCCA: right common carotid 
artery, EAhy.926: human EC line, BEL: bromoenol lactone.
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of EC migration [5, 7, 11, 12]. In vivo, a high fat diet and associated increase in 

plasma lysoPC markedly decreases EC healing of carotid injuries in wild-type (WT) mice 

but not in TRPC6−/− mice [13]. This suggests that blocking TRPC6 externalization and 

activation could potentially preserve EC migration and promote re-endothelialization of the 

angioplasty site.

Although small molecule TRPC6 modulators have led to the advancements in understanding 

channel function and regulation, targeted in vivo inhibition remains challenging and no 

specific TRPC6 inhibitor is available for clinical use [14–16]. Our recent work suggests that 

phospholipase A2 (PLA2) plays a critical role in TRPC6 externalization [17]. PLA2 enzymes 

hydrolyze membrane phospholipids to release ArA and lysolipids. While there are three 

major PLA2 subfamilies including cytosolic calcium independent PLA2 (iPLA2), cytosolic 

calcium-dependent PLA2 (cPLA2), and secretory PLA2 (sPLA2), iPLA2, specifically the 

β isoform of iPLA2 (iPLA2β), is a primary mediator of lysoPC-induced release of ArA, 

TRPC6 externalization, increase in [Ca2+]i, and subsequent inhibition of EC migration 

[17]. This suggests that iPLA2 is an alternative target to attenuate lysoPC-induced TRPC6 

externalization and preserve EC migration.

The purpose of this study is to evaluate the potential of pharmacological inhibition 

of iPLA2 to attenuate lysoPC-induced TRPC6 externalization in vitro and improve re-

endothelialization of arterial injuries in hypercholesterolemic mice. We use FKGK11, a 

potent and reversible iPLA2 inhibitor belonging to the family of polyfluoroketones, for 

our studies [18, 19]. FKGK11 has shown promising results in various disease models 

[20–24]; however, the use of this inhibitor in EC migration and arterial healing has not 

been explored. Our data show that FKGK11 prevents lysoPC-induced ArA release from 

EC membranes, prevents TRPC6 externalization, attenuates the increase in [Ca2+]i, and 

preserves EC migration in vitro. Importantly, in hypercholestrolemic mice FKGK11 restores 

re-endothelization of carotid injuries to levels equivalent to that in normocholesterolemic 

(chow-fed) mice. Our results identify iPLA2 as a potential new target to promote arterial 

healing in cardiovascular patients undergoing vascular interventions.

2. MATERIALS AND METHODS

2.1. Reagents

1-palmitol-2-hydroxy-sn-glycero-3-phosphocholine (16:0 LysoPC) (catalog number (Cat. 

No.): 855675p) and ArA (Cat. No. 861810) were obtained from Avanti Polar Lipids, Inc., 

Alabaster, AL. Pharmacological inhibitor, PLA2 assay kits (Cat. No. 765021), and FKGK11 

(Cat. No. 13179) were purchased from Cayman Chemical, Ann Arbor, MI. FKGK11 was 

received in powder form and readily soluble in PBS. Aliquots were made in PBS and 

stored at −20 °C until use for in vitro studies. FKGK11 for in vivo studies was received 

in ethanol. The FKGK11 was aliquoted and ethanol evaporated. FKGK11 was stored 

at −20 °C until use in in vivo studies. FKGK11 was resuspended in PBS immediately 

prior to intraperitoneal injections (i.p.), consistent with other studies [20, 21, 24, 25]. The 

ArA ELISA kits (Cat. No. MBS2608709) were purchased from MyBioSource, San Diego, 

CA. Antibodies for immunoblot analysis were purchased from Cell Signaling and Santa 

Cruz as indicated below. Evans Blue dye was purchased form Sigma-Aldrich (Cat. No. 
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E2129). Paraformaldehyde (Cat. No. 416780250) and Total cholesterol assay kits (Cat. No. 

TR13421) were purchased from ThermoFisher Scientific.

2.2. EC Harvest and Culture

Primary bovine aortic endothelial cells (BAECs) were used in our studies. BAECs were 

isolated from adult bovine aortas (abattoir, unknown sex) by scraping after collagenase 

treatment [12]. Assays involving BAECs were performed in replicates using cells from 

at least three different bovine aortas. BAECs were cultured in Dulbecco’s Modified 

Eagle’s Medium (DMEM) containing 10% (vol/vol) Fetal Bovine Serum (FBS, HyClone 

Laboratories, Cat. No. SH30541.03) and 1% antibiotic mixture (penicillin/streptomycin). 

BAECs between passage 4 and 9 were used for the assays.

2.3 Measurement of PLA2 Activity

PLA2 enzyme activity was measured using PLA2 assay kit (Cayman) as described 

previously [17]. Briefly, BAECs cultured in 60 mm dishes and serum-starved for 18 h 

were preincubated with medium with PBS referred to hereafter as medium (control) or PLA2 

inhibitor (FKGK11, 20 μmol/L) for 1 h, followed by addition of lysoPC (12.5 μmol/L) 

for 15 min. Cells were then lysed in lysis buffer without EDTA (50 mmol/L HEPES, 

150 mmol/L NaCl, 200 μmol/L Na3VO4, 100 mmol/L NaF, 1% Triton X-100, pH 7.4) 

containing protease inhibitors (Complete, Roche) for 30 min at 4 °C. Lysates were passed 

through needles, 20 gauge (20x) and 25 gauge (15x), and cleared by centrifugation at 12,000 

g for 15 min. The sample (lysates), negative control (PBS), and positive control (bee venom, 

10 μmol/L) were added to triplicate wells of a 96-well plate. Arachidonoyl Thio-PC (200 

μmol/L) substrate was added to each well to initiate the reaction, and the plate was incubated 

for 60 min at room temperature. DNTB/EGTA was added to stop the reaction, and the 

absorbance was read at 405 nm using a plate reader (SpectraMAX 190).

2.4. Measurement of Membrane ArA Content

BAECs were serum-starved for 18 h followed by the addition of lysoPC (12.5 μmol/L) for 

15 min. Using Mem-PER Plus membrane extraction kit (ThermoFisher, Cat no. 89842), the 

membrane fraction was isolated. Briefly, BAECs were rinsed with PBS x 2 and collected 

by centrifugation at 1000 g for 5 min. The pellet was resuspended in the permeabilization 

buffer and incubated at 4 °C for 10 min. The cells were then centrifuged at 16,000 g for 15 

min at 4°C. The upper cytosolic fraction was removed carefully and discarded. The pellet 

containing the membrane fraction was resuspended in solubilization buffer and incubated 

at 4°C for 30 min. The sample was then centrifuged at 16,000 g for 15 min. ArA content 

in the membrane fraction was assessed using an ELISA assay following the manufacturer’s 

protocol, and the absorbance read at 450 nm using a plate reader (SpectraMAX 190).

2.5. TRPC6 Externalization by Biotinylation Assay

TRPC6 was measured by biotinylation assay as previously described [26]. Briefly, BAECs 

were cultured in 60 mm dishes to 80% confluency, serum-starved for 18 h, then lysoPC 

(12.5 μmol/L) added for 15 min. The ECs were then treated with Sulfo-NHS-Biotin 

(2 mg/ml, ThermoFisher, Cat. No. 21217), cells were then lysed and incubated with 
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streptavidin-agarose beads (ThermoFisher, Cat. No. 20349) after separating an aliquot 

for total TRPC6 determination. Externalized (biotin-TRPC6) and total TRPC6 samples 

(30 μg) were run on 4-20% Tris-Glycine gels (ThermoFisher, Cat. No. XP04200BOX) 

and detected by immunoblot analysis as previously described [12], using a rabbit anti-

TRPC6 antibody (1:1000, Cell Signaling, Cat. No.16716S-RRID:AB_2798768) and an 

anti-rabbit IgG (1:1000, Antibodies-online, Cat. No. ABIN102010-RRID:AB_10762386) 

as the secondary antibody. An anti-β-actin antibody (1:2000, Santa Cruz, Cat. No. sc47778 

HRP-RRID:AB_2714189) was used to detect actin that served as the loading control.

2.6. Measurement of [Ca2+]i

When 80-90% confluent, BAECs were loaded with the FITC-conjugated fluorophore 

Calbryte™ 520 AM dye (AAT Bioquest, Cat. No. 36310) following the manufacturer’s 

protocol and allowed to incubate for 35 min. ECs were loaded into the sort chamber of a 

BD FACS Melody™ cell sorter (BD Biosciences, San Jose, CA) maintained at 37 °C. After 

a stable baseline was obtained, lysoPC (12.5 μmol/L) was added, and the relative change in 

[Ca2+]i was read using the kinetic reading mode at Ex/Em 490/525 nm. Data were analyzed 

using the FlowJo™ v10 software (BD Biosciences).

2.7. EC Migration

A razor-scrape assay was used to study EC migration as previously described [27]. Briefly, 

confluent BAECs were serum-starved for 18 h and pre-incubated with medium (control) or 

FKGK11 (20 μmol/L) for 1 h. The razor scrape was performed, then cells were washed 

and allowed to migrate with or without FKGK11(20 μmol/L) and lysoPC (12.5 μmol/L) 

for 24 h. Images were acquired using a digital CCD camera mounted on a phase-contrast 

microscope. Images were processed using NIH ImageJ analysis software (NIH, Bethesda, 

MD), and migration was quantitated by an observer blinded to the experimental conditions.

2.8. Animal Use

WT C57Bl/6 male and female mice were used in this study. Mice between the ages of six 

and eight weeks were randomly assigned to four weeks of chow diet (Envigo, Cat. No. 

2920X) or high fat (HF) diet (Envigo, Cat. No. TD. 150869) containing 21% hydrogenated 

vegetable oil and 0.2% cholesterol by weight. Half the mice on each diet were then 

randomly assigned to receive daily i.p. injections of either PBS (vehicle control) or freshly 

prepared FKGK11 in PBS (5.6 mg/kg/day, each mouse received approximately 200 μL of 2 

mmol/L FKGK11 in PBS) [20, 21, 24]. Daily i.p. injections were started two days prior to 

carotid injury and continued until the end of the study. The Institutional Animal Care and 

Use Committee approved the study protocol. The animal protocol and care complied with 

the American Association of Laboratory Care Guidelines and the Guide for the Care and 

Use of Laboratory Animals, Institute of Laboratory Animal Resources, Commission on Life 

Sciences, National Research Council, Washington, DC: National Academies Press, 2011.

2.9. Mouse Carotid Injury

When mice were 10 to 12 weeks of age, the right common carotid artery (RCCA) was 

injured using electrocautery as described previously [28]. Briefly, mice were anesthetized 
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by i.p. injection of ketamine (80 mg/kg, West-Ward Pharmaceuticals, Eatontown, NJ) and 

xylazine (5 mg/kg, Akorn, Inc., Lake Forest, IL). Electrocautery at 2 watts of power 

was applied to the RCCA for 3 seconds using custom bipolar forceps (Elmed, Inc., 

Addison, IL; Cat. No. 5000SP-M) to produce a 5-mm injury. Prior studies documented 

that this perivascular electrical injury denuded the endothelium and injured the smooth 

muscle layer of the vessel without damaging the adventitial layer [29]. The injury caused 

via electrocautery induced changes in the arterial wall similar to changes after arterial 

angioplasty [30].

2.10. Mouse Carotid Artery Harvest and Analysis for EC Migration

At 120 h after injury when approximately 50% of the injured carotid is re-endothelialized 

in mice on chow diet [28], mice were anesthetized as described above. Blood was drawn 

from inferior vena cava and 5% Evans Blue in PBS was injected for 10 minutes to stain 

arteries that lacked intact EC surface [28]. The carotids were perfusion-fixed for 10 min with 

freshly prepared 4% paraformaldehyde and then removed. The arteries were pinned flat and 

imaged with a SPOT Insight camera (SPOT Imaging, Sterling Heights, MI). The images 

were analyzed using NIH Image software, and the area of artery that stained blue was 

measured. An observer blinded to the experimental conditions verified the measurements of 

endothelial healing. In our prior studies, the ability of the Evans Blue method to accurately 

quantify the area lacking endothelial cells was verified by scanning electron microscopy [13, 

28].

2.11. Plasma Assay

Plasma levels of cholesterol and lysoPC were assessed at the conclusion of the study. Plasma 

was prepared from whole blood and stored at −80 °C until analyzed. Total cholesterol 

was determined by a cholesterol oxidase method as previously described [31]. Briefly, 

cholesterol standards (ThermoFisher, Chemistry calibrator, Cat. No. 23-666-189/203) were 

prepared (range of 0-24 μg/well), and plasma samples were diluted 1:1 with PBS. Standards 

and samples were added to wells in duplicate and incubated with Thermotrace cholesterol 

reagent (ThermoFisher, Cat. No.TR13421) for 15 min at room temperature. The absorbance 

was read at 500 nm using a plate reader (SpectraMAX 190).

Plasma lysoPC concentration was measured by an enzymatic method as previously 

described [32]. Briefly, lysoPC standards were freshly prepared (range of 0-2000 μg/mL) 

in sterile distilled water. Standards and plasma samples were placed in wells of a 96-well 

plate in duplicate, followed by addition of reagent cocktail A (0.1 mol/L Tris-HCl, pH 8.0, 

0.01% Triton X-100, 1 mmol/L CaCl2, 3 mmol/L N-ethyl-N-(2-hydroxy-3-sulfopropyl)-3-

methylaniline sodium dehydrate, 10 kU/L peroxidase, 0.1 kU/L glycerophosphoryl-choline 

phosphodiesterase, 1 kU/L choline oxidase). The mixture was incubated for 30 min, and 

initial absorbance at 600 nm was recorded. The reaction was initiated by the addition 

of reagent cocktail B (0.1 mol/L Tris-HCl, pH 8.0, 0.01% Triton X-100, 5 mmol/L 4-

aminoantipyrine, and 1 kU/L phospholipase B), and the mixture was incubated for 30 min. 

Final absorbance was read at 600 nm using a plate reader (SpectraMAX 190). The lysoPC 

concentration was evaluated by subtracting the background from final absorbance.
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2.12. Statistical Analysis

All experiments were performed at least in triplicate with cells cultured from three different 

animals or independent biological samples. Experimental results were represented as means 

± SD. Data were analyzed by Student’s t-test or one-way ANOVA with Tukey’s multiple 

comparison test post hoc analysis, and p < 0.05 was considered statistically significant.

3. RESULTS

3.1. FKGK11 Blocks LysoPC-induced PLA2 Activity and Prevents Membrane ArA Release

We previously showed that lysoPC increases iPLAβ activity in BAECs [17]. To verify that 

the pharmacological inhibitor, FKGK11, blocks lysoPC-induced PLA2 activity, BAECs were 

serum-starved for 18 h, then incubated with medium (control) or FKGK11 (20 μmol/L) for 

1 h followed by lysoPC (12.5 μmol/L) for 15 min. The lysoPC-induced change in PLA2 

activity in control BAECs was 0.166 ± 0.0007 μmol/min/mig (Fig. 1A, Medium). In cells 

pretreated with FKGK11, the lysoPC-induced change in PLA2 activity decreased to 0.089 

± 0.0118 μmol/min/mg (Fig. 1A, FKGK11). The iPLA2 inhibitor FKGK11 (20 μmol/L) 

reduced lysoPC-induced PLA2 activity by approximately 50% in BAECs (n= 3 independent 

biological samples, p < 0.001, Fig. 1A).

The effect of FKGK11 on lysoPC-induced ArA release from BAEC membranes was 

assessed. ECs were serum-starved for 18 h, then incubated with medium (control) or 

FKGK11 (20 μmol/L) for 1 h, followed by lysoPC (12.5 μmol/L) for 15 min. Basal level of 

membrane ArA content in control cells was 1.56 ± 0.10 μg/mL (n= 3 independent biological 

samples, Fig. 1B). LysoPC induced ArA release from BAEC membranes, and the ArA 

content was reduced to 1.07 ± 0.04 μg/mL (n= 3 independent biological samples, p < 0.001 

compared with the basal level, Fig. 1B). In BAECs pretreated with FKGK11 (20 μmol/L) 

for 1 h, membrane ArA content was 1.51 ± 0.14 μg/mL, similar to medium (control) (n= 

3 independent biological samples, Fig. 1B). FKGK11 reduced lysoPC-induced ArA release 

from the membrane, with membrane ArA content being 1.41 ± 0.06 μg/mL in treated cells 

incubated with lysoPC (n= 3 independent biological samples, Fig. 1B). Cumulatively, this 

confirmed the ability of FKGK11 to block lysoPC-induced PLA2 activity and prevent ArA 

release from EC membranes.

3.2. FKGK11 Prevents LysoPC-induced TRPC6 Externalization and Attenuates the 
Increase in [Ca2+]i

The effect of the iPLA2 inhibitor on TRPC6 externalization was evaluated using a 

biotinylation assay. At baseline, TRPC6 externalization was comparable between medium 

(control) and FKGK11 (20 μmol/L) treated cells (n= 3 independent biological samples, 

Fig. 2A). Incubation with lysoPC (12.5 μmol/L) for 15 min significantly increased TRPC6 

externalization in control cells (n= 3 independent biological samples, p < 0.001 compared 

with medium alone, Fig. 2A). However, lysoPC-induced TRPC6 externalization was 

significantly attenuated in cells pretreated with FKGK11 and was comparable to control 

levels (n= 3 independent biological samples, p < 0.001 compared with lysoPC, Fig. 2B). 

These data suggested that FKGK11 prevented iPLA2 mediated ArA release and in turn 

blocked TRPC6 externalization. To determine if addition of ArA exogenously could induce 
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TRPC6 externalization in FKGK11-treated cells, ArA (10 μmol/L) was added to FKGK11-

pretreated cells for 15 min (Supplemental Fig. S1). FKGK11 blocked lysoPC-induced 

TRPC6 externalization, but addition of exogenous ArA (10 μmol/L) induced TRPC6 

externalization despite PLA2 inhibition (Supplemental Fig. S1A and B). Cumulatively, this 

data suggested that iPLA2 inhibition blocked lysoPC-induced TRPC6 externalization in 

BAECs by preventing ArA release, but this could be circumvented by adding exogenous 

ArA.

Previous studies in our lab showed that lysoPC caused an increase in [Ca2+]i in EC [12]. 

Furthermore, lysoPC induced a significant rise in [Ca2+]i in mouse aorta EC (MAEC) 

isolated from WT mice, but not in TRPC6−/− MAEC [12]. This provided strong evidence 

that lysoPC-induced TRPC6 externalization triggered an increase in [Ca2+]i. We recently 

showed that lysoPC activates iPLA2 to release ArA from EC membrane leading to 

TRPC6 externalization and an increase in [Ca2+]i [17]. To verify that FKGK11-dependent 

attenuation of lysoPC-induced TRPC6 externalization was accompanied by reduced [Ca2+]i, 

[Ca2+]i was measured by fluorometric assay. LysoPC (12.5 μmol/L) increased the relative 

[Ca2+]i in control cells to 2.02 ± 0.05 times the baseline (representative graph, Fig. 2C). 

In cells pretreated with FKGK11 (20 μmol/L), lysoPC increased the relative [Ca2+]i to 

1.56 ± 0.05 times baseline (representative graph, Fig. 2D). FKGK11 significantly attenuated 

lysoPC-induced increase in [Ca2+]i in BAECs (n=3 independent biological samples, p < 

0.001 compared with untreated cells with lysoPC, Fig. 2E). Cumulatively, the data showed 

that the iPLA2 inhibitor, FKGK11, inhibited lysoPC-induced TRPC6 externalization and 

attenuated the increase in [Ca2+]i.

3.3. FKGK11 Preserves EC Migration in Presence of LysoPC

LysoPC inhibits EC migration in WT MAEC but has little effect on migration of MAEC 

[12]. To evaluate pharmacological inhibition of iPLA2 on EC migration, a razor scrape EC 

migration assay was performed. Basal migration of medium control BAECs and FKGK11-

pretreated BAECs was similar (n= 3 independent biological samples, Fig. 3). In the presence 

of lysoPC, EC migration was reduced by 78% (n= 3 independent biological samples, Fig. 

3). However, for EC pretreated with FKGK11, lysoPC reduced migration by only 32% (n= 3 

independent biological samples, p < 0.001, compared with untreated ECs with lysoPC, Fig. 

3). The iPLA2 inhibitor partially preserved EC migration in presence of lysoPC.

3.4. FKGK11 Did Not Affect Weight, Plasma Cholesterol or Plasma LysoPC in Mice.

The effect of FKGK11 on EC healing in vivo was evaluated in C57Bl/6J mice. A total of 

29 male and 30 female mice underwent an electrocautery injury to the RCCA. One male 

and two female mice were excluded because these mice died before completion of the study 

period. Mice at the age of six to eight weeks were placed on chow or high fat (HF) diet 

for four weeks. Half of the mice on each of the diets were treated with FKGK11 (5.6 

mg/kg/day) starting 48 h prior to the injury and continued until 120 h post injury. Mice on 

the HF diet tended to gain more weight compared with mice on chow diet, however, weight 

of control mice and mice treated with FKGK11 was not significantly different (Table 1).
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Plasma cholesterol was increased with the HF diet, and FKGK11 did not affect cholesterol 

levels. Cholesterol was 2.12 ± 0.37 mmol/L in chow-fed control mice and 2.15 ± 0.43 

mmol/L in chow-fed mice treated with FKGK11 (n=14/group, Table 1). Plasma cholesterol 

in HF-fed control mice was 3.4 ± 0.65 mmol/L (n=14, p < 0.001, compared with chow-fed 

mice, Table 1). In HF-fed mice treated with FKGK11 plasma cholesterol was 3.2 ± 0.58 

mmol/L (n=14, p < 0.001, compared with chow-fed mice treated with FKGK11, Table 1). 

These data indicated that FKGK11 did not have a significant effect on cholesterol levels in 

mice on a chow diet, and a high-fat diet increased plasma cholesterol in both control and 

FKGK11-treated mice.

Plasma lysoPC levels were measured as a marker of oxidative stress. FKGK11 treatment 

did not have a significant effect on plasma lysoPC. LysoPC was 870.58 ± 175.2 μmol/L in 

chow-fed mice and 892.71 ± 242.8 μmol/L in chow-fed mice treated with FKGK11 (Table 

1). The lysoPC level was 1067.70 ± 115.0 μmol/L in mice on the HF diet (n=14, p =0.01, 

compared with chow-fed mice, Table 1). The lysoPC level in mice on the HF diet and treated 

with FKGK11 was 1139.08 ± 187.7 μmol/L (n=14, p = 0.038, HF + FKGK11 compared 

with chow-fed mice treated with FKGK11, Table 1). FKGK11 did not significantly affect 

the cholesterol or lysoPC values in mice on chow or HF diet.

3.4 FKGK11 Promotes Arterial Injury Healing in Hypercholesterolemic Mice

A HF diet decreases EC healing of arterial injuries in WT mice, but not in TRPC6−/− 

mice [13]. To determine if inhibition of iPLA2 and the subsequent blocking of TRPC6 

externalization improved EC healing in vivo, arterial healing was quantitated at 120 h after 

electrical injury of the carotid artery in male and female mice on a chow or HF diet with 

or without FKGK11 treatment (n= 7/group). No significant difference in arterial healing 

between the two sexes was observed across different groups, therefore data from male 

and female mice were pooled for interpretation (Supplemental Table 1). Figure 4A, shows 

a representative image of carotid arteries at 120 h after electrical injury in control and 

FKGK11-treated mice on a chow or HF diet. Percent re-endothelialized area of the 5 mm 

injury at 120 h after injury was calculated and graphically represented in Fig. 4B. Arterial 

healing in chow-fed control mice was 50 ±9.3 % at 120 h (n=14, Fig. 4B). Arterial healing 

in chow-fed mice treated with FKGK11 was 49 ± 8.4 %, comparable to chow-fed control 

mice (n=14, Fig. 4B). HF diet significantly reduced arterial healing to 26 ± 6.9 % in control 

mice (n=14, p < 0.001, compared with chow-fed control mice, Fig. 4B). Arterial healing 

in HF mice treated with FKGK11 was 51 ± 13.1 %, similar to mice on a chow diet but 

significantly increased from HF-fed control mice (n=14, p < 0.001 compared with HF-fed 

control mice, Fig. 4B). These results indicated that the iPLA2 inhibitor, FKGK11, preserved 

EC healing in hypercholesterolemic mice.

4. DISCUSSION

iPLA2-mediated TRPC6 externalization plays an important role in the inhibition of EC 

migration by lysoPC in vitro [17]. Specifically, siRNA mediated transient knockdown of 

iPLA2, but not cPLA, blocks lysoPC-induced TRPC6 externalization and inhibition of EC 

migration. Furthermore, we have shown that knockdown of the iPLA2β isoform, but not 
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the iPLA2γ isoform, preserves EC migration in the presence of lysoPC. Based on these 

findings, the focus of the current study is to evaluate the potential of pharmacological 

inhibition of iPLA2 to prevent lysoPC-induced TRPC6 externalization and to preserve EC 

migration in vitro and to test the efficacy of this inhibitor to promote arterial healing 

in hypercholesterolemic mice. Our data show that FKGK11 attenuates lysoPC-induced 

PLA2 activity and ArA release from EC membranes in vitro. Blocking ArA release 

prevents lysoPC-induced TRPC6 externalization and limits the increase in [Ca2+]i, thus 

preserving EC migration in the presence of lysoPC in vitro. Importantly, FKGK11 promotes 

re-endothelialization of an arterial injury in hypercholesterolemic mice.

PLA2 enzymes can hydrolyze membrane phospholipids to release ArA, which can 

potentially activate ARC channels [33]. iPLA2β has been shown to play a critical role 

in the release and regulation of ArA in ECs [34–36]. Our previous study shows that 

siRNA-mediated iPLA2β downregulation in a human EC line (EAhy.926) reduces lysoPC-

induced ArA release from EC membranes [17]. Oxidized LDL induces PLA2 activity in 

ECs, and inhibition of iPLA2 using BEL attenuates this PLA2 activity [37]. In our studies 

we use lysoPC, the major lysophospholipid component of oxidized LDL that contributes 

to the inhibition of EC migration [38]. which also induces PLA2 activity [17]. We show 

that pharmacological inhibition of iPLA2 using FKGK11 attenuates lysoPC-induced PLA2 

activity and ArA release from BAEC membranes (Fig. 1). Furthermore, blocking ArA 

release with FKGK11 prevents lysoPC-induced TRPC6 externalization (Fig. 2) which is 

circumvented by the addition of exogenous ArA (Fig. S1). TRPC6 externalization by 

exogenous ArA with FKGK11+ lysoPC is lower than by ArA alone, but this may be a 

dose effect of ArA or FKGK11‘s effect on other pathways of TRPC6 activation. TRPC6 

activation requires calcium [7], and restricting release of membrane ArA by iPLA2 prevents 

lysoPC-induced TRPC6 channel externalization, potentially by limiting calcium influx 

through ARC channels [17, 33, 39].

We selected FKGK11, a iPLA2-specific inhibitor, for our studies from the variety of potent 

PLA2 pharmacological inhibitors developed over the years [40]. One of the most potent 

iPLA2 inhibitors, bromoenol lactone (BEL) and its enantiomers S- and R-BEL [41], have 

been widely used in both in vitro and in vivo research studies [42]. Although selective for 

iPLA2 (a serine lipase), BEL inhibits other serine enzymes and has high toxicity owing to 

its interaction with cysteines [43]. Furthermore, BEL is not ideal for in vivo use due to its 

irreversible nature [44]. To mitigate the off-target effects of BEL, the next generation of 

iPLA2 inhibitors developed include the polyfluoroketone (FK) family, which is a group of 

highly specific and reversible iPLA2 inhibitors [25].

FKGK11 is a potent iPLA2β inhibitor, the mole fraction required for 50 % inhibition 

(Xi(50)) being 0.0073. FKGK11 has higher selectivity for iPLA2 than other subfamilies, 

with inhibition of > 95 % at 0.091 mole fraction, compared with 29 % inhibition of 

sPLA2 and 17 % inhibition of cPLA2 [25]. Thus, FKGK11 is a good candidate to inhibit 

iPLA2β mediated lysoPC-induced TRPC6 externalization. For our in vitro studies, we tested 

FKGK11 concentrations from 0.2- 200 μmol/L (data not shown) and found that FKGK11 at 

20 μmol/L was sufficient to preserve EC migration in presence of lysoPC. In vitro cytotoxic 

effects were seen at 200 μmol/L (data not shown). In the literature, FKGK11has been used 
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in vivo in mouse models of brain inflammation and epithelial ovarian cancer [20, 21, 24]. 

In these studies, FKGK11 was used at 2 mmol/L in 200 μL for each i.p injection which 

is equal to 5.6 mg/kg/day. This dose was found to be effective in inhibiting iPLA2 without 

significant cytotoxic effects. Based on literature we used the same concentration in our in 
vivo studies; however, we did not measure the plasma concentration of FKGK11. We find 

that i.p. injections of FKGK11 (5.6 mg/kg/day) in C57BI/6J mice over a period of seven 

days significantly improves re-endothelialization of injured carotid arteries in mice on HF 

diet with no overt toxicity or side effects.

Previously, we have shown in vitro that lysoPC significantly inhibits EC migration in WT 

MAEC but has little effect on TRPC6−/− MAEC migration [12]. Hypercholesterolemia 

and oxidative stress severely inhibit re-endothelialization of injured carotid arteries in WT 

mice [28], and this is in part due to TRPC6 activation [13]. A HF diet reduces 5-day EC 

healing of an electrical injury in mice by about 50 % in WT mice, but does not affect 

re-endothelialization of arteries in TRPC6−/− mice [13]. Our results show that FKGK11 

prevents the inhibitory effect of the HF diet on EC healing in the carotid injury model. In 

fact, the results with FKGK11 are essentially identical to those seen in TRPC6−/− mice [13]. 

On average, there is no difference in healing between mice on a chow-fed diet and those 

on a HF-fed diet when the mice are treated with FKGK11. This suggests that an iPLA2β 
inhibitor could be a potential therapeutic agent to promote EC healing of vascular wounds 

in the clinical arena. Importantly, our studies incorporating and comparing male and female 

mice highlights that FKGK11 treatment is not sex dependent (Table S1 and Fig. 4), and may 

have therapeutic potential in male and female patients.

This study shows that administration of FKGK11 to C57Bl/6J mice promotes EC healing 

without affecting plasma cholesterol or lysoPC levels. The effect is assumed to be due 

to iPLA2 inhibition because FKGK11 is highly specific for iPLA2β, but off-target effects 

cannot be eliminated and certain limitations must be considered. The electrocautery injury 

model is a controlled electrical injury that denudes the endothelial layer of the carotid 

for a defined distance of 5 mm. EC from the adjacent healthy artery migrate into the 

denuded area to re-endothelialize the area of injury. Although it is unlikely that the iPLA2 

activity or function of EC from the healthy artery is affected, given the current technological 

limitations, direct assessment of iPLA2 activity in vivo in the re-endothelialized layer 

was not measured. Also, the plasma concentration of FKGK11 was not measured in 

this study. C57Bl/6J mice have a naturally occurring null mutation of sPLA2 [46]. 

Therefore, results should be confirmed in other mouse strains that express sPLA2. Transient 

knockdown of cPLA2 suggests that cPLA2 plays a negligible role in lysoPC-induced TRPC6 

externalization and inhibition of EC migration in vitro [17], but future studies should address 

the role of cPLA2 in lysoPC-induced TRPC6 externalization in vivo.

5. CONCLUSION

In conclusion, we show that the iPLA2 inhibitor, FKGK11, attenuates the lysoPC-induced 

release of ArA, rise in [Ca2+]i, TRPC6 externalization, and subsequent inhibition of EC 

migration in vitro. FKGK11 administration promotes endothelial healing of a carotid injury 

in mice on a HF diet. Together these results suggest that iPLA2 represents a novel target to 
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prevent TRPC6 activation by lipid oxidation products in vivo and promote EC migration 

to restore arterial surface integrity after injury. For cardiovascular patients requiring 

angioplasty, short-term administration of an iPLA2 inhibitor could promote endothelial 

healing in hypercholesterolemic conditions and in atherosclerotic arteries with elevated 

levels of lipid oxidation products.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• Calcium-independent phospholipase A2 (iPLA2) is selectively inhibited by 

FKGK11.

• Calcium influx induced by lysophosphatidylcholine (lysoPC) is blocked by 

FKGK11.

• FKGK11 blocks canonical transient receptor potential 6 channel 

externalization.

• Endothelial cell migration in the presence of lysoPC is preserved by 

FKGK11.

• Reendothelialization of arterial injury in high fat-fed mice is promoted by 

FKGK11.

• Endothelial healing after angioplasty in patients could be promoted by 

FKGK11
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Figure 1. FKGK11, an iPLA2 inhibitor, blocks lysoPC-induced PLA2 activity and prevents ArA 
release in BAECs.
Confluent ECs made quiescent for 18 h were preincubated with medium or PLA2 inhibitor 

(FKGK11, 20 μmol/L) for 1 h, followed with or without the addition of lysoPC (12.5 

μmol/L) for 15 min. (A) Total PLA2 enzyme activity was measured using colorimetric assay. 

LysoPC-induced change in PLA2 activity was calculated by subtracting activity under basal 

conditions and is presented as a dot and whisker plot. Values shown are the means ± SD, 

n= 3 independent biological samples. Statistical analysis was performed using Student’s 

t-test and p values calculated, ***p < 0.001. (B) ArA content of membrane fractions was 

measured by ELISA assay and presented as a dot and whisker plot. Values shown are the 

means ± SD, n= 3 independent biological samples. Statistical analysis was performed using 

one-way ANOVA with Tukey’s multiple comparison test and p values calculated, ***p < 

0.001. iPLA2: calcium-independent phospholipase A2; LysoPC: lysophosphatidylcholine; 

ArA: arachidonic acid; BAEC: bovine aortic endothelial cell; EC: endothelial cell.
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Figure 2. FKGK11, an iPLA2 inhibitor, prevents lysoPC-induced TRPC6 externalization and 
attenuates the rise in [Ca2+]i.
(A-B) ECs were pre-incubated with medium or iPLA2 inhibitor (FKGK11, 20 μmol/L) 

for 1 h, followed with or without the addition of lysoPC (12.5 μmol/L) for 15 min. (A) 
Externalized TRPC6 was detected by biotinylation assay. Total TRPC6 was detected in an 

aliquot of cell lysate removed prior to biotinylation, and actin served as a loading control. 

A representative blot is shown of n= 3 independent biological samples, lines indicate lanes 

rearranged from the same gel. (B) Densitometric measurements of externalized TRPC6 

is presented as a scatter plot; ●, medium control; ▼, FKGK11; ◆, FKGK11 + lysoPC; 

■, medium control + lysoPC. Statistical analysis using one-way ANOVA with Tukey’s 

multiple comparison test was performed and p values calculated, ***p < 0.001. (C-E) 
LysoPC-induced change in [Ca2+]i was determined by fluorometric assay. After adjusting 

the baseline, lysoPC (12.5 μmol/L) was added (arrow) and relative change in [Ca2+]i in 

medium control cells (C) and FKGK11-treated cells (D) was determined. Representative 

images of n= 3 independent biological samples are shown. (E) LysoPC-induced change 

in [Ca2+]i measured by difference in mean [Ca2+]i at baseline and after addition of 

lysoPC is presented as a dot and whisker plot. Values shown are the means ± SD, n= 3 

independent biological samples. Statistical analysis was performed using Student’s t-test 
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and p value calculated, ***p < 0.001. iPLA2: calcium-independent phospholipase A2; 

LysoPC: lysophosphatidylcholine; TRPC6: canonical transient receptor potential 6 channel; 

EC: endothelial cell.
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Figure 3. FKGK11, an iPLA2 inhibitor, preserves EC migration in presence of lysoPC.
BAECs were serum-starved for 18 h, incubated with medium or FKGK11 (20 μmol/L) for 

1 h, then migration assay was initiated. Migration in the presence or absence of lysoPC 

(12.5 μmol/L) was assessed at 24 h. Top: Representative images of migration at 40x 

magnification, scale bar 100 μm. The arrow indicates starting line of cell migration. Bottom: 

Dot and whisker plot of EC migration represented as means ± SD, n= 3 independent 

biological samples. Statistical analysis using one-way ANOVA with Tukey’s multiple 

comparison test was performed and p values calculated, ***p < 0.001. iPLA2: calcium-
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independent phospholipase A2; EC: endothelial cell; lysoPC: lysophosphatidylcholine; 

BAEC: bovine aortic endothelial cell.
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Figure 4. FKGK11, an iPLA2 inhibitor, promotes re-endothelization of injured carotid artery in 
hypercholesterolemic mice.
C57Bl/6J mice on chow or HF diet for 4 weeks underwent electrical injury to the RCCA. 

Half the mice on each diet were treated with FKGK11 (5.6 mg/kg/day) intraperitoneally 

from 48 h prior to injury until 120 h postinjury. At 120 h after injury, Evans blue dye 

was injected intravenously to identify the area lacking an intact endothelial monolayer. (A) 
Representative images of carotid arteries 120 h after electrical injury are shown, the line 

identifies the length of the initial 5 mm injury and the darker area and dotted line represents 

the unhealed portion of the injury; left: Control (PBS) and right: FKGK11 (FKGK11 in 

PBS). (B) Reendothelialization results are shown as the percent of re-endothelialized area 

relative to the total injured area. Results are represented as means ± SD, n=14 mice (7 male 

and 7 female) for each study group. Values for individual mice are also depicted (○, male; 

●, female). Statistical analysis using one-way ANOVA with Tukey’s multiple comparison 

test was performed and p values calculated, ***p < 0.001. iPLA2: calcium-independent 

phospholipase A2; RCCA: right common carotid artery; Chow: chow diet; HF: high fat diet; 

Chow + FKGK11: chow diet with FKGK11 treatment; HF + FKGK11: high fat diet with 

FKGK11 treatment.
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Table 1.
Mouse data

FKGK11, an iPLA2 inhibitor, does not affect diet-induced change in cholesterol or lysoPC levels in mice. 

C57Bl/6J mice on chow or HF diet for 4 weeks underwent electrical injury to the RCCA. Half the mice on 

each diet were treated with FKGK11 (5.6 mg/kg/day) intraperitoneally from 48 h prior to injury until 120 h 

postinjury. Values for weight (at the time of injury), cholesterol and lysoPC (at the time of sacrifice) are shown 

as means ± SD, n=14 mice for each study group.

Group # Mice, n Weight, g Cholesterol, mmol/L LysoPC, μmol/L

Chow 14 22.65 ± 4.2 2.12 ± 0.37 870.58 ± 175.2

Chow + FKGK11 14 22.30 ± 4.1 2.15 ± 0.43 892.71 ± 242.8

HFat 14 25.64 ± 3.3 3.4 ± 0.65† 1067.70 ± 115.0‡

HFat + FKGK11 14 24.50 ± 2.6 3.2 ± 0.58†† 1139.08 ± 187.7‡‡

Statistical analysis using one-way ANOVA with Tukey’s multiple comparison test was performed and p ≤ 0.05 was considered significantly 
different and shown in the table: for cholesterol

†
p < 0.001 Chow vs HF− and

††
p < 0.001 Chow + FKGK11 vs HF + FKGK11; for lysoPC

‡
p = 0.01 Chow vs HF− and

‡‡
p = 0.038 Chow + FKGK11 vs HF + FKGK11 Differences between Chow and Chow + FKGK11 or HF and HF + FKGK11 were not significant. 

iPLA2: calcium-independent phospholipase A2; lysoPC: lysophosphatidylcholine; RCCA: right common carotid artery; Chow: chow-fed mice; HF 

high fat-fed mice; Chow + FKGK11: chow-fed mice treated with FKGK11; HF + FKGK11: high fat-fed mice treated with FKGK11.

Cell Calcium. Author manuscript; available in PMC 2024 June 01.


	Abstract
	Graphical Abstract
	INTRODUCTION1
	MATERIALS AND METHODS
	Reagents
	EC Harvest and Culture
	Measurement of PLA2 Activity
	Measurement of Membrane ArA Content
	TRPC6 Externalization by Biotinylation Assay
	Measurement of [Ca2+]i
	EC Migration
	Animal Use
	Mouse Carotid Injury
	Mouse Carotid Artery Harvest and Analysis for EC Migration
	Plasma Assay
	Statistical Analysis

	RESULTS
	FKGK11 Blocks LysoPC-induced PLA2 Activity and Prevents Membrane ArA Release
	FKGK11 Prevents LysoPC-induced TRPC6 Externalization and Attenuates the Increase in [Ca2+]i
	FKGK11 Preserves EC Migration in Presence of LysoPC
	FKGK11 Did Not Affect Weight, Plasma Cholesterol or Plasma LysoPC in Mice.
	FKGK11 Promotes Arterial Injury Healing in Hypercholesterolemic Mice

	DISCUSSION
	CONCLUSION
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Table 1.

