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Abstract

Sphingolipids, first described in the brain in 1884, are important structural components of 

biological membranes of all eukaryotic cells. In recent years, several lines of evidence support the 

critical role of sphingolipids such as sphingosine, sphingosine-1-phosphate (S1P), and ceramide as 

anti- or pro-inflammatory bioactive lipid mediators in a variety of human pathologies including 

pulmonary and vascular disorders. Among the sphingolipids, S1P is a naturally occurring agonist 

that exhibits potent barrier enhancing property in the endothelium by signaling via G protein-

coupled S1P1 receptor. S1P, S1P analogs, and other barrier enhancing agents such as HGF, 

oxidized phospholipids, and statins also utilize the S1P/S1P1 signaling pathway to generate 

membrane protrusions or lamellipodia, which have been implicated in resealing of endothelial 

gaps and maintenance of barrier integrity. A better understanding of sphingolipids mediated 

regulation of lamellipodia formation and barrier enhancement of the endothelium will be critical 

for the development of sphingolipid-based therapies to alleviate pulmonary disorders such as 

sepsis-, radiation-, and mechanical ventilation-induced acute lung injury.

1. INTRODUCTION

Endothelial cell (EC) migration is important for a variety of physio logical and pathological 

conditions such as vasculogenesis, angiogenesis, wound healing, and atherogenesis 

(Lamalice, Le Boeuf, & Huot, 2007; Marcola & Rodrigues, 2015; Mostmans et al., 2017; 

Mudau, Genis, Lochner, & Strijdom, 2012; Tang & Conti, 2004). This complex multistep 

process involves protrusion of plasma membrane at the leading edges, formation of new 

adhesions at protrusion sites, and retraction of older adhesions at the rear and contraction. 

Generation of protruding membranes or lamellipodia at leading edge involves reorganization 

of actin microfilaments, microtubules, and intermediate filaments (Fletcher & Mullins, 

2010). Current evidence suggests that the formation of lamellipodia, generated at the leading 

edge of migrating ECs in response to a variety of growth factors and extracellular stimuli, 

are primarily involved in motility (Krause & Gautreau, 2014), and the driving force for EC 

motility is fueled by continuous growth of actin filaments and rearrangement of the actin-
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binding proteins such as cortactin and filamin in the lamellipodia. In addition to motility, 

lamellipodia have been implicated in resealing of endothelial gaps and restoration of cell–

cell junctions to maintain barrier integrity of the pulmonary endothelium (Adams & Nelson, 

1998; Breslin, Zhang, Worthylake, & Souza-Smith, 2015; McNeill, Ryan, Smith, & Nelson, 

1993).

Endothelial barrier integrity is a balance between the net effects of two competing forces 

that include intracellular contraction and adhesive cell–cell and cell–matrix tethering. The 

actin microfilament, through multiple linkage sites to intracellular and membrane proteins, is 

a critical determinant of EC adhesion and tight junctions. However, actin is also responsible 

for the generation of tensile intracellular forces via an actomyosin motor, which results in 

EC barrier disruption. The actin rearrangement is driven by the coordinated activation of 

calcium/calmodulin-dependent myosin light chain kinase (MLCK) and rho kinase and their 

activities together affect MLC phosphorylation and actin polymerization that regulate the 

contractile or relaxed phenotype of the ECs. On the other hand, agents such as 

sphingosine-1-phosphate (S1P), FTY-720 P, and it’s analogs, cAMP analogs and hepatocyte 

growth factor (HGF) that enhance integrity of endothelial barrier or reduce endothelial 

permeability stimulate activation of the small GTPase Rac1 that promotes redistribution of 

actin and cortactin at cell periphery and stabilizes cellular adherens junctions (Ephstein et 

al., 2013; Gonzalez, Kou, & Michel, 2006; Schlegel & Waschke, 2014; Wang, Bittman, 

Garcia, & Dudek, 2015). Lipopolysaccharide (LPS) or thrombin-induced endothelial hyper-

permeability is associated with enhanced Rho/ROCK and decreased Rac1 activity in the 

endothelium, with concomitant decrease in localization of actin and cortactin at the 

periphery of ECs (Essler et al., 1998; Kwok & Clemens, 2014; Schlegel, Baumer, 

Drenckhahn, & Waschke, 2009; van Nieuw Amerongen, van Delft, Vermeer, Collard, & van 

Hinsbergh, 2000). The use of NSC23766 that blocks Rac1 activation by Tiam1, resulted in 

enhanced LPS- or thrombin-induced endothelial permeability, decreased formation of a 

stable cortical actin ring at the cell periphery that has been directly correlated with 

destabilized adherens junctions (Abbasi & Garcia, 2013; Natarajan et al., 2013).

In several lung inflammatory pathologies including sepsis, and acute respiratory distress 

syndrome (ARDS), endothelial barrier dysregulation results in pulmonary leakage and 

alveolar flooding. Immediate restoration of endothelial barrier is therefore critical to 

normalize lung function (Herrero, Sanchez, & Lorente, 2018; Lucas, Verin, Black, & 

Catravas, 2009). Recent studies suggest that altered sphingolipids metabolism and 

sphingolipid signaling play a critical role in the development, progression, and alleviation of 

pulmonary leak and lung inflammatory injury (Ebenezer, Fu, Suryadevara, Zhao, & 

Natarajan, 2017; Fu et al., 2018; Suryadevara et al., 2018). Among the sphingolipids, 

metabolism of sphingomyelin to ceramide by sphingomyelinases, conversion of ceramide to 

sphingosine by ceramidases, and generation of sphingosine-1-phosphate (S1P) from 

sphingosine by sphingosine kinases (SPHKs) 1 and 2 have been implicated in regulating 

endothelial barrier function and maintaining vascular integrity. While several reviews have 

dealt with regulation of endothelial barrier dys-function, the underlying mechanisms 

involved in endothelial barrier restoration after pulmonary leak and alveolar flooding have 

not been addressed. S1P and S1P analogs and hepatocyte growth factor (HGF) are known to 

promote EC barrier enhancement via formation of membrane protrusions at leading edges of 
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ECs; however, molecular mechanism(s) of governing sealing of the endothelial gaps and 

tightening of the adherens junctions is yet to be fully defined. Here, we will summarize key 

aspects of S1P metabolism and signaling via G protein-coupled S1PRs in lamellipodia 

formation and restoration of endothelial barrier function and integrity during lung 

inflammatory injury.

2. DYNAMICS OF LAMELLIPODIA

Lamellipodia are thin and flat membrane structures formed at the cell periphery of the 

leading edge (Small, Stradal, Vignal, & Rottner, 2002) and are rich in branched actin 

filaments that polymerize against the membrane tension force to form cell protrusions 

(Ponti, Machacek, Gupton, Waterman-Storer, & Danuser, 2004). Typically, lamellipodia 

undergo cycles of protrusion and retraction, reflecting the dynamic nature of actin 

polymerization and depolymerization in these structures (Machacek et al., 2009; Tsai & 

Meyer, 2012). Branched actin filaments form on a pre-existing filament by Arp2/3 complex, 

a process known as actin nucleation (Abella et al., 2016; Rotty, Wu, & Bear, 2013). Arp2/3 

complex is composed of seven evolutionarily conserved proteins (Abella et al., 2016; Rotty 

et al., 2013). Nucleation-promoting factors like SCAR/WAVE complex recruits Arp2/3 to a 

pre-existing actin filament and induce Arp2/3 conversion to its active conformation (Rotty et 

al., 2013). This initiates the F-actin nucleation process of a new actin filament from the side 

of a pre-existing actin filament. The newly formed actin filament can itself become a 

substrate for the formation of another actin branch and so on, thereby creating a network of 

actin filaments. Just as SCAR/WAVE regulate Arp2/3 complex positively, Arpin regulates 

the complex negatively by converting it to the inactive state (Dang et al., 2013, 2017). 

Cortactin binds to pre-existing actin junctions and stabilizes branched actin network in 

lamellipodia (Cai, Makhov, Schafer, & Bear, 2008; Sinha et al., 2016). Therefore, cortactin 

is used as a marker to label the lamellipodia width, in contrast to SCAR/WAVE complex that 

solely localizes at the lamellipodia periphery (Hahne, Sechi, Benesch, & Small, 2001).

Actin elongation is a process that follows actin nucleation. This process is managed by 

ENA/VASP proteins (Breitsprecher et al., 2011). These proteins bind to the barbed end of 

actin growing filaments and protect it from being capped by capping proteins, whose 

function is to prevent elongation of actin filament (Breitsprecher et al., 2008, 2011). ENA/

VASP proteins also recruit ATP-G-actin bound to profilin to the barbed end, which are the 

building blocks of actin filaments. The equilibrium between the positive and negative 

regulators of nucleation, branching, and elongation of actin determines the life of a given 

lamellipodium as well as the directionality of cell migration.

To visualize lamellipodia under microscopes, it is common to fluorescently label actin and 

cortactin and identify lamellipodia as regions of co-localization of the two proteins (Fu et al., 

2016). Rac1 and any of the seven subunits of the Arp2/3 complex for instance can also be 

labeled with fluorescent probes and used to visualize lamellipodia (Svitkina & Borisy, 

1999). To measure the extent of lamellipodia protrusion, kymograph analysis is a common 

method. To perform kymograph analysis, cell images should be acquired every ~10s. This 

analysis could be done on unlabeled cells using differential interference contrast (DIC) 

microscopy imaging for instance (Bear et al., 2002) as well as fluorescently labeled cells. 
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These kymo-graphs can track the distance of protrusion or retraction of single pixels at the 

cell edge as a function of time. On the other hand, global measurement of protrusive activity 

at the entire cell edge is also possible. This type of analysis measures the changes in total 

increase and decrease of cell surface area with time (Karginov et al., 2014; Klomp et al., 

2016). Lamellipodia are indispensable for cell migration and are the site of new focal 

adhesions formation (Zaidel-Bar, Cohen, Addadi, & Geiger, 2004). These new focal 

adhesions connect the actomyosin cytoskeleton of the cell to the extracellular matrix (Gardel 

et al., 2008; Grashoff et al., 2010). The traction force generated by the actomyosin 

cytoskeleton on focal adhesions moves the cell body forward toward the lamellipodium 

(Gardel et al., 2008; Grashoff et al., 2010). While new focal adhesions are formed at the 

leading edge, focal adhesions at the lagging edge of the cell concomitantly disassemble that 

results in forward movement (Gupton, Eisenmann, Alberts, & Waterman-Storer, 2007).

To label nascent focal adhesions, protein such as VASP that predominantly localizes at 

nascent focal adhesions enables the exclusive visualization of nascent focal adhesions 

(Huttelmaier et al., 1998). On the other hand, Zyxin is believed to localize at mature focal 

adhesions, and therefore represents as a marker of mature focal adhesions in cells (Efimov et 

al., 2008).

Some proteins, like paxillin for instance, are present at both nascent and mature focal 

adhesions and thus used to label total focal adhesions. To quantify focal adhesions 

dynamics, one can measure the rate of increase or decrease in intensity of a focal adhesion 

markers and plot the changes as a function of time. From the slope of the graph, it is 

possible to determine the rate constant of appearance or disappearance of focal adhesions. 

Alternatively, Focal Adhesion Analysis Server (FAAS) is a great resource for studying focal 

adhesions in migrating cells (Berginski & Gomez, 2013). It is an open source and user-

friendly website to analyze time lapse of fluorescently labeled focal adhesions. Using this 

server, Karginov et al. (2014) quantified changes in adhesion number and elongation in 

response to c-Src activation (Figs. 1 and 2). FAAS can measure focal adhesions assembly 

and disassembly rates as well as properties of static focal adhesions. It can also track single 

focal adhesion complex from the time it assembles to the moment it disassembles in addition 

to changes in focal adhesion orientation. FAAS also determines a focal adhesion alignment 

index (FAAI), which measures how total focal adhesions align across a cell.

3. MODULATION OF LUNG ENDOTHELIAL BARRIER FUNCTION BY 

INFLAMMATORY AND PROTECTIVE AGENTS

The loss of EC barrier integrity and alveolar flooding are hallmarks of inflammatory lung 

injury in ALI/ARDS and lung tumor metastases (Fanelli & Ranieri, 2015; Ferguson et al., 

2012; Matthay & Ware, 2015). A number of inflammatory agonist such as vascular 

endothelial growth factor (VEGF) (Bates, 2010), thrombin (Bogatcheva, Garcia, & Verin, 

2002; Garcia, Verin, & Schaphorst, 1996), histamine (Leach, Eaton, Westcott, & Firth, 

1995), lipopolysaccharide (LPS) (Khakpour, Wilhelmsen, & Hellman, 2015; 

Vandenbroucke, Mehta, Minshall, & Malik, 2008), and particulate matter (Dai et al., 2016; 

Wang et al., 2012) disrupt EC barrier function. Sphingosine-1-phosphate (Abbasi & Garcia, 
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2013; Natarajan et al., 2013), high molecular weight hyaluronic acid (HMW HA) (Behling-

Kelly, Vonderheid, Kim, Corbeil, & Czuprynski, 2006; Singleton et al., 2010), ATP (Gunduz 

et al., 2003; Kolosova et al., 2005), activated protein C (APC) (Okajima, 2004), oxidized 

phosphatidylcholine (Birukova, Chatchavalvanich, Oskolkova, Bochkov, & Birukov, 2007; 

Nonas et al., 2006), and hepatocyte growth factor (HGF) (Fu et al., 2015; Yamada et al., 

2014) all promote EC migration and enhance barrier function. Increased blood levels of 

VEGF and HGF have been reported in sepsis. Plasma VEGF levels positively correlated 

with sepsis were elevated during sepsis and mortality (van der Flier et al., 2005). While 

elevated VEGF levels increase vascular endothelial permeability, HGF levels were also 

increased in early sepsis (Sekine, Fujishima, & Aikawa, 2004) suggesting initiation of tissue 

protection and regeneration after sepsis. Similarly, S1P levels were decreased in plasma of 

sepsis patients and animal models of ALI (Winkler et al., 2015; Zhao et al., 2011) and 

infusion of S1P offered protection against LPS- and CLP-mediated lung inflammation and 

injury (Szczepaniak et al., 2008). In other lung pathologies such as asthma, pulmonary 

hypertension, pulmonary fibrosis, bronchopulmonary dysplasia, and lung cancer, S1P levels 

are elevated in plasma and in lung tissues of patients and animal models (Gairhe et al., 2016; 

Harijith et al., 2013; Huang & Natarajan, 2015; Jolly, Rosenfeldt, Milstien, & Spiegel, 2002; 

Tabasinezhad et al., 2013). Blocking S1P production by inhibiting sphingosine kinase 

(SPHK) 1 and/or 2 seems to offer protection against lung inflammation and injury in several 

lung disorders (Ebenezer, Fu, & Natarajan, 2016; Huang & Natarajan, 2015; Natarajan et al., 

2013). EC hyper-permeability induced by barrier disruptive agents such as VEGF or LPS 

involve signaling pathways of JNK mitogen-activated kinase, endothelial myosin light chain 

kinase (EC MLCK), and Rho GTPase that regulate actomyosin-dependent disruption of cell 

junctions and adherens junction proteins (Shimizu et al., 2015). On the contrary, barrier 

enhancement by HGF, S1P, simvastatin, ATP, and oxidized phospholipids (OxPLs) are 

associated with increased interaction between actin and cortactin, and α/β-catenin and VE-

cadherin at leading edge of cells (Birukova, Malyukova, Mikaelyan, Fu, & Birukov, 2007; 

Dudek et al., 2004; Jacobson et al., 2004, 2006; Usatyuk et al., 2014). HGF and S1P 

promote cell migration, wound healing, and barrier enhancement by interacting with its 

cognate receptors c-Met (Fu et al., 2016; Usatyuk et al., 2014) and S1P 1–5 (McVerry & 

Garcia, 2005), respectively; however, the role of specific receptor(s) for OxPLs [1-

palmitoyl-2-(5-oxovaleroyl)-sn-glycero-3-phosphocholine (POVPC) and 1-palmitoyl-2-

glutaroyl-sn-glycero-3-phosphocholine (PGPC)] in barrier enhancement is yet to be clearly 

established.

4. MECHANISMS OF LAMELLIPODIA FORMATION AND ENDOTHELIAL 

BARRIER ENHANCEMENT

In lung endothelium, both S1P and HGF are known to stimulate lamellipodia formation and 

endothelial barrier enhancement (Fu et al., 2016, 2015). The driving force for cell motility 

results from a continuous growth of actin filaments and cortactin rearrangement in the 

lamellipodia at leading edge of the EC (Bugyi & Carlier, 2010; Gomez & Letourneau, 

2014). Earlier studies have shown that lamellipodia formation is controlled by Rho family of 

GTPases, particularly Rac1 and Cdc42, which regulate the Arp2/3 complex via WASP 

(Hufner, Schell, Aepfelbacher, & Linder, 2002; Le Clainche et al., 2007; Ten Klooster et al., 
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2006), while Rho induces actomyosin contractility and regulates stress fiber formation and 

focal adhesions (Chrzanowska-Wodnicka & Burridge, 1996; Katoh, Kano, & Noda, 2011). 

HGF or scatter factor signals through its tyrosine kinase receptor, c-Met and promotes 

angiogenesis, tissue regeneration, and barrier tightening of the endothelium.

4.1 Sphingosine Kinase/Sphingosine-1-Phosphate/Sphingosine-1-Phosphate Receptors 
Signaling and Focal Adhesions in Barrier Regulation

S1P, a bioactive lipid mediator, is a naturally occurring sphingolipid present in all 

mammalian tissues, erythrocytes, and circulating plasma (Hanel, Andreani, & Graler, 2007) 

and is a potent barrier enhancing sphingolipid that signals via both intracellular and 

extracellular mechanisms. Its extracellular effects are mediated through its five G protein-

coupled receptors, S1P1–5 that are expressed on the plasma membrane of cells. Human lung 

ECs express higher levels of S1P1–3 compared to S1P4 and 5 (Natarajan et al., 2013). In 
vivo, S1P administration conferred protection against LPS-induced ALI. Intravenous 

administration of S1P (1μM) after 1h of intratracheal LPS challenge in mice attenuated lung 

inflammation and injury (Peng et al., 2004). Similarly, in a canine model of LPS-induced 

lung injury, infusion of S1P significantly reduced alveolar edema, and protein accumulation 

in BAL fluid (McVerry et al., 2004). These studies suggested that enhancing S1P levels in 

circulation and/or lung tissue has a beneficial effect against LPS-induced lung injury. 

Increasing S1P concentration in plasma and cells may have deleterious effects such as 

cardiac toxicity through activation of S1P3 in the heart (Forrest et al., 2004) or increase 

airway hyper-responsiveness in allergen-challenged mice (Roviezzo et al., 2007). 

Interestingly, inhibition of S1P lyase activity by S1P lyase inhibitor, 2-acetyl-4(5)-[1(R),

2(S),3(R),4-tetrahydroxybutyl]-imidazole, in mice, increased S1P levels in lung tissue and 

BAL fluid and reduced LPS-induced lung injury and inflammation (Zhao et al., 2011). 

Further, down-regulation of S1P lyase with siRNA increased intracellular S1P concentration, 

and attenuated LPS-induced barrier disruption of HLMVECs by activation of Rac1 (Zhao et 

al., 2011). These results indicated a potential role for intracellularly generated S1P in barrier 

protection against ALI and suggest that S1P lyase could be a potential target.

Mechanisms of S1P-mediated regulation of endothelial barrier enhancement have been 

investigated in vitro using primary lung pulmonary artery and microvascular ECs isolated 

from human, mouse, and bovine species. Human lung ECs express high levels of S1P1 and 

S1P3 (Natarajan et al., 2013). While S1P1 signaling is coupled to Gi and Rac1 activation, 

S1P3 signaling is coupled to Gi, Gq/11, and G12/13 pathways that activate Rho A to a 

greater extent compared to Rac1 (Garcia et al., 2001; Lee et al., 2009; Natarajan et al., 2013; 

Sammani et al., 2010; Waeber, Blondeau, & Salomone, 2004). S1P, through activation of 

S1P1, stimulates Rac1-dependent translocation and co-localization of cortactin and non-

muscle myosin light chain (MLC) kinase, MLC phosphorylation, and cortical actin 

stabilization to enhance barrier function (Dudek et al., 2004). Current evidence indicates that 

regulation of S1P-induced activation and recruitment of PI3K, Tiam1/Rac1 to caveolin-

enriched microdomains (CEM) is necessary for α-actinin-mediated cortical actin 

rearrangement and endothelial barrier enhancement (Singleton, Dudek, Chiang, & Garcia, 

2005). Additionally, integrin β4 (ITGB4) was also recruited to CEM and formed a complex 

with S1P1 after S1P challenge of human pulmonary artery ECs and down-regulation of 

Fu et al. Page 6

Curr Top Membr. Author manuscript; available in PMC 2019 February 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



ITGB4 expression with siRNA reduced S1P-induced barrier enhancement (Ephstein et al., 

2013). These results support a role for S1P1 and ITGB4 complexes in CEM for enhanced 

barrier function and vascular integrity. S1P-induced lamellipodia formation and migration of 

ECs also require cofilin, a major actin-regulating protein involved in actin depolymerization 

(Pfaendtner, De La Cruz, & Voth, 2010). Another actin cross-linking protein, filamin A 

(FLNa), has been shown to link SPHK1 and S1P1 at lamellipodia to promote cell movement 

(Maceyka, Alvarez, Milstien, & Spiegel, 2008). Coronin, an actin-binding protein, has been 

identified as critical cofactor for cofilin-dependent signaling pathways. S1P stimulated 

phosphorylation of coronin 1B, its translocation to lamellipodia, co-localization with 

cortactin at lamellipodia and chemotaxis of lung ECs, which was PLD2, PKC, and Rac1 

dependent (Usatyuk, Burns, et al., 2013). Taken together, these data suggest that S1P-

mediated lamellipodia formation and enhancement of endothelial barrier require assembly/

interaction of a number of actin and actin-binding proteins with S1P receptors, Rac1, Tiam1/

IQGAP1, and integrins at the CEM.

Focal adhesion and cell–cell adherens junctional proteins have been implicated in 

endothelial barrier regulation (Belvitch & Dudek, 2012; Thennes & Mehta, 2012). S1P-

induced EC barrier enhancement is associated with redistribution of focal adhesion proteins, 

paxillin, and focal adhesion kinase (FAK) to the cell periphery and co-localization with 

cortical actin (Shikata, Birukov, Birukova, Verin, & Garcia, 2003). S1P promotes tyrosine 

phosphorylation of FAK at Y576 leading to disruption of focal adhesions and redistribution 

to cell periphery and CEM and cell–matrix and cell–cell adherens junctional complex 

tightening to offset decrease in EC permeability (Shikata et al., 2003). On the contrary, 

thrombin induces FAK phosphorylation at multiple sites (Y397, Y576, Y925) that result in 

redistribution of focal adhesion proteins to stress fibers and barrier disruption (Shikata et al., 

2003). S1P also stimulated paxillin tyrosine phosphorylation at Y31 and Y118 by c-Abl and 

down-regulation of c-Abl with siRNA attenuated S1P-mediated paxillin tyrosine 

phosphorylation and lamellipodia formation (Fu et al., 2015). These observations suggest a 

key role for FAK and paxillin tyrosine phosphorylation in S1P-mediated endothelial barrier 

enhancement.

4.2 S1P Analogs, FTY720, FTY720-P, and FTY-720 Phosphonate, and Endothelial Barrier 
Enhancement

Although S1P has been shown to be effective against pulmonary leak in animal ALI, its role 

as a therapeutic agent is limited due to potential side effects such as bradycardia and airway 

hyper-responsiveness in animal models of inflammation and injury. This has led to 

development and characterization of several S1P analogs to mimic the biological effects of 

S1P and its signaling via S1P receptors. FTY720, a synthetic derivative of a fungal 

metabolite myriocin, is an immunosuppressive agent, and approved by FDA for the 

treatment of multiple sclerosis in the United States (Sanchez et al., 2003). Both in vivo and 

in vitro FTY720 modulates vascular permeability. Lower doses of FTY720 attenuated LPS-

induced pulmonary leak in mice (Muller et al., 2011). However, higher doses of FTY720 

caused irreversible loss of vascular barrier integrity and apoptosis in mice subjected to 

ventilator-induced lung injury and an increase in permeability and loss of barrier function in 

ECs in vitro (McVerry et al., 2004). The mode of action of FTY720 in barrier regulation is 
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not well understood; however, most likely involves phosphorylation of FTY720 to FTY720-

P, an S1P analog, by sphingosine kinase 2 (Billich et al., 2003; Natarajan et al., 2013). The 

mechanism of FTY720-induced endothelial barrier enhancement seems to be distinct from 

S1P. While both S1P and FTY720 rapidly induced S1P1 accumulation in CEM, only S1P 

stimulated transient increase of [Ca2+]i and phosphorylation of S1P1 on threonine residue 

compared to FTY720 (Dudek et al., 2007). Further, phosphorylation of FTY720 was not 

essential for EC barrier enhancement and did not involve myosin light chain 

phosphorylation, Rac1 activation, cortactin tyrosine phosphorylation, and cytoskeletal 

rearrangement; however was coupled to Gi signaling through CEM (Dudek et al., 2007). 

Unlike S1P, FTY720 did not induce translocation of adherens junction or tight junction 

proteins to cell periphery and down-regulation of β-catenin, occludin, claudin-5, or zona 

occludins proteins with siRNA had no effect on FTY720-induced barrier enhancement of 

human pulmonary artery endothelial cells (Wang, Chiang, Simmons, Garcia, & Dudek, 

2011). Interestingly, similar to S1P (Fu et al., 2015), FTY720-induced barrier enhancement 

was dependent on c-Abl kinase activation as c-Abl siRNA attenuated barrier enhancement 

by FTY720 (Wang et al., 2011). It is unclear if FTY720-induced endothelial barrier 

enhancement is paxillin mediated as S1P-induced lamellipodia formation was attenuated by 

paxillin siRNA (Fu et al., 2015). The usefulness of FTY720 or FTY720-P in treatment of 

ALI is also limited due to reported detrimental in vivo effects such as increased rates of 

dyspnea and decreased lung function in patients with multiple sclerosis (Kappos et al., 

2006), most likely related to altered expression and degradation of S1P1.

Recently, a number of FTY720-P analogs including phosphonates, phosphothionates, and 

phenyimidazole derivatives have been synthesized and tested for their effects on endothelial 

barrier function. One such analog is FTY720-phosphonate, which is more stable and 

resistant to hydrolysis by lipid phosphate phosphatases (Lu et al., 2009). The (S)-isomer of 

FTY720-phosphonate exhibited a robust barrier protection compared to S1P and FTY720 in 
vitro and also showed a protective effect without immunosuppression in vivo (Camp et al., 

2009). Further, FTY720-phosphonate had no effect on S1P1 expression compared to S1P or 

FTY720 both in vivo against bleomycin-induced ALI in mice and in vitro in human lung 

ECs (Wang et al., 2014). Unlike FTY720, FTY720-phosphonate activated Rac1, enhanced 

VE-cadherin redistribution to cell periphery, and induced focal adhesion and adherens 

junction rearrangement in ECs (Wang et al., 2015). Additionally, FTY720, FTY720-P, and 

FTY720-phosphonate stimulated redistribution of actin and cortactin in cell periphery of 

human lung ECs (Fig. 3) suggesting involvement of lamellipodia in barrier enhancement if 

the endothelium.

4.3 HGF/c-Met/PI3K/Akt Signaling in Lamellipodia Formation and Endothelial Barrier 
Enhancement

HGF stimulated phosphorylation of C-Met at Tyr 1003, 1313, 1234, 1235, 1349, and Ser985 

and potentiated lamellipodia formation via PI3K and Akt activation (Usatyuk et al., 2014). 

Inhibition of c-Met with SU11274 attenuated c-Met, PI3K and Akt phosphorylation, 

suppressed lamellipodia formation and EC migration implicating a significant role for c-Met 

in the process. Similarly, inhibition of PI3K with LY294002 or down-regulation of PI3K 

with siRNA attenuated Akt activation, and EC migration suggesting a role for PI3K/Akt 
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signaling in HGF/c-Met-mediated lamellipodia formation and motility (Usatyuk et al., 

2014). In addition to ECs, HGF also enhanced melanoma cell migration that was dependent 

on PI3K/Akt pathway and down-regulation of E-cadherin and β-catenin (Ye et al., 2008). In 

addition to PI3K/Akt pathway, HGF triggers other distinct mechanisms such as microtubule-

independent Tiam1 activation and microtubule- and activated protein C (APC)-dependent 

stimulation of Asef (a novel Rac activator) that play a role in endothelial barrier 

enhancement (Birukova, Alekseeva, Mikaelyan, & Birukov, 2007; Higginbotham et al., 

2014; Singleton et al., 2007). Additionally, IQGAP1, an effector of Rac1 and Cdc42, has 

been identified as a key regulator of actin cytoskeleton dynamics, thereby regulating 

lamellipodia formation, cell migration, and barrier protection (Watanabe, Wang, & Kaibuchi, 

2015). In a recent study, increased Asef–IQGAP1 interaction has been implicated in HGF-

induced regulation of cortical actin cytoskeleton remodeling via Arp3/cortactin and 

enhanced endothelial barrier (Tian et al., 2015). Thus Asef/IQGAP1/Tiam1 signaling may 

be involved in regulating local Rac activity and in response to barrier enhancing stimuli such 

as HGF, S1P, and OxPLs. The mechanism of HGF-induced activation of Asef/IQGAP1/

Tiam1 signaling is not known; however, exposure of human pulmonary artery endothelial 

cells to hyperoxia caused activation and redistribution of Tiam1, Rac1, and IQGAP1 to cell 

periphery (Usatyuk et al., 2009). Further, down-regulation of Rac1 or IQGAP1 attenuated 

hyperoxia-induced cortactin tyrosine phosphorylation and ROS production, which was 

dependent on PLD2 (Usatyuk et al., 2009). HGF is known to activate PLD in endothelial 

cells (Natarajan, V., et al., unpublished data), and the role of PLD1 or PLD2 in HGF-

mediated redistribution of Tiam1/IQGAP1 to lamellipodia and barrier enhancement needs 

further investigation.

4.4 Cross-Talk Between HGF/c-Met and SPHK1/S1P/S1PR Signaling in Lamellipodia 
Formation and Endothelial Barrier Enhancement

Recent evidence suggests a role for S1P signaling in HGF-mediated lamellipodia formation 

and barrier regulation. A critical role for S1PR1 and integrin β4 in HGF/c-Met-mediated 

enhanced barrier integrity has been reported. Reduced S1PR1 expression attenuated HGF/c-

Met-mediated ITGB4 and Rac1 activation and decreased endothelial permeability (Ephstein 

et al., 2013). HGF stimulated S1P production in ECs by activation of SPHK1 (Fu et al., 

2016), and HGF-mediated migration of ECs was dependent of SPHK1 activation (Duan et 

al., 2004). In HLMVECs, HGF enhanced co-localization of SPHK1/p-SPHK1 with actin/

cortactin in lamellipodia and down-regulation SPHK1 or inhibition of SPHK1 activity with a 

SPHK1-specific inhibitor, PF-543 attenuated HGF-induced lamellipodia formation. In 

addition, down-regulation of SPNS2, a transporter of S1P in endothelial cells, also 

suppressed HGF-induced lamellipodia formation and EC migration suggesting a key role for 

“inside-out” S1P signaling (Fu et al., 2016). The interdependence between HGF-c-Met 

signaling and S1P was further evidenced when knockdown of S1P1, but not S1P2 or S1P3, 

abolished lamellipodia formation in HLMVECs (Fu et al., 2016). In addition to SPHK1, 

mammalian cells also express the second isoenzyme of SPHK1, namely SPHK2; however, it 

appears that blocking SPHK2 with specific inhibitor or down-regulation of Sphk2 with 

siRNA had no effect on HGF-induced lamellipodia formation (Fu et al., 2016). The cross-

talk between HGF/c-Met and SPHK1/S1P/SPNS2/S1P1 signaling axis in HGF-mediated 

lamellipodia formation and endothelial barrier enhancement provides potential interaction 
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between receptor tyrosine kinase(s) and its coupling to G protein-coupled receptors and their 

role in the regulation of EC barrier function (Fig. 4).

5. REACTIVE OXYGEN SPECIES, LAMELLIPODIA FORMATION, AND 

ENDOTHELIAL BARRIER ENHANCEMENT

Low concentrations of reactive oxygen species (ROS) such as hydrogen peroxide, 

superoxide, NO, and hydroxyl radical are generated in cells under normal conditions; 

however, excess ROS are produced during bacterial infection and several human pathologies 

including ALI, pulmonary fibrosis, pulmonary hypertension, and radiation- and ventilator-

induced lung injury. Although excess ROS is toxic, physiological concentrations of ROS 

generated within the various compartments in the cell are vital and function as signaling 

molecules to mediate responses such as proliferation, migration, differentiation, and gene 

expression (Schieber & Chandel, 2014; Ushio-Fukai & Urao, 2009; Wu et al., 2005; Zhang 

et al., 2016). There are conflicting reports regarding the role ROS in maintaining healthy 

vascular endothelium. ROS generated by NADPH oxidase (NOX) proteins at sites of injury 

disrupt endothelial barrier (Cai, 2005) while cell-specific increase of Nox2 expression in 

cardiomyocyte, but not endothelium, augmented cardiomyocyte hypertrophy, and interstitial 

fibrosis (Sirker et al., 2016). However, short-term conditional expression of Nox2 in vascular 

ECs increased ROS production and induced proliferation of ECs and angiogenic sprouting in 

the aorta (Shafique et al., 2017). These and other studies suggest different roles for spatio-

temporally generated ROS in various cell functions both under normal and pathological 

conditions. Exogenous addition of hydrogen peroxide to ECs caused stress fiber formation, 

and disruption of endothelial barrier, which was mediated by PLD/PA signal transduction 

(Usatyuk, Kotha, Parinandi, & Natarajan, 2013). However, targeting Nox2-derived ROS to 

focal complexes in lamellipodia and membrane ruffles via interaction with p47phox, TRAF4 

and WAVE1 generated ROS in the lamellipodia that were required for directed cell 

migration (Ushio-Fukai, 2006; Wu et al., 2005). Further, localizing the ROS signal in CEM 

is known to regulate endothelial dysfunction and vascular hyper-trophy (Ushio-Fukai et al., 

2005). There is an evidence for ROS production is lamellipodia and a mechanism for 

targeting NOX2 to the lamellipodia. HGF stimulated hydrogen peroxide formation in 

lamellipodia of lung microvascular ECs and inhibition of c-Met or PI3K or Akt attenuated 

p47phox, cortactin, and Rac1 redistribution to lamellipodia (Usatyuk et al., 2014). Moreover, 

down-regulation of p47phox or cortactin or inhibition of NOX2 attenuated HGF-induced 

lamellipodia and hydrogen peroxide accumulation in lamellipodia (Usatyuk et al., 2014) 

(Fig. 5). In addition to p47phox, moesin and WAVE1, which catalyze the actin nucleation 

required for lamellar structure in co-operation with Rac1 targets NOX2 to the lamellipodia 

of ECs (Takac, Schroder, & Brandes, 2012; Wu et al., 2005). Cortactin tyrosine 

phosphorylation by Src is critical for HGF-induced lamellipodia formation and hydrogen 

peroxide generation, which might depend on IQGAP1 redistribution to lamellipodia as 

shown in ventral lamellipodia of ECs that were enriched in cortactin, IQGAP1, and p47phox 

(Martinelli et al., 2013). In addition to cortactin, Rac1, and IQGAP1, HGF-or S1P-induced 

tyrosine phosphorylation of paxillin is essential for ROS accumulation in lamellipodia. 

Down-regulation of paxillin with siRNA or ecto-expression of paxillin mutants Y118F in 

lung ECs attenuated HGF-mediated ROS accumulation in lamellipodia (Fu et al., 2015). 
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Thus, the current evidence suggests Nox2-dependent ROS generation in lamellipodia of lung 

ECs and blocking p47phox or cortactin influenced not only the lamellipodia but also local 

ROS generation in lamellipodia. The role of other NOX family proteins in lamellipodia 

formation and lamellipodial ROS generation is to be determined.

6. OXIDIZED PHOSPHOLIPIDS, LAMELLIPODIA FORMATION, AND 

ENDOTHELIAL BARRIER ENHANCEMENT

Oxidation of protein and phospholipid components of low-density lipoprotein (LDL) 

particles leads to generation of oxidized (Ox) LDL, which is a key initiating factor in plaque 

formation and atherogenesis (Kita et al., 2001). Oxidized phospholipids (OxPLs) in OxLDL 

are a mixture of oxidized phospholipid products primarily derived from 1-palmitoyl-2 

glutaroyl-sn-glycero-3-phosphocholine (PGPC) and 1-palmitoyl-2-oxovaleroyl-sn-

glycero-3-phosphocholine (POVPC) (Fu & Birukov, 2009). Accumulating evidence suggests 

that OxPLs are both pro- and anti-inflammatory and implicated in regulation of 

inflammation, angiogenesis, thrombosis, endothelial barrier function, and immune responses 

(Bochkov et al., 2017). OxPL triggers vascular inflammation in a murine carotid artery 

model using Pluronic gel (Furnkranz et al., 2005) and in atherosclerotic lesions induce 

monocyte–endothelial interactions and adhesion via MAPK activation (Birukov, Leitinger, 

Bochkov, & Garcia, 2004). While POVPC and PGPC, the fragmented OxPLs, were 

endothelial barrier disruptive, full-length OxPLs such as oxidized 1-palmtoyl-2-arachidonyl-

sn-glycero-3-phosphocholine (OxPAPC) showed endothelial barrier protection both in vivo 
and in vitro. OxPAPC reversed barrier disruption mediated by thrombin, LPS, mechanical 

ventilation, and heat-inactivated Staphylococcus aureus lung infection (Birukov, 

Bochkov,etal.,2004;Melitonetal.,2015;Nonasetal.,2008,2006).Signaling pathways involved 

in OxPAPC-mediated barrier protection have been described in human lung ECs (Birukov & 

Karki, 2018). Barrier protective effects of OxPAPC were attenuated by inhibitors of small 

GTPases, PKA, PKC, and Src, while MAPKs and PI3K had no role to play in the barrier 

protection (Birukov, Bochkov, et al., 2004; Birukova, Chatchavalvanich, et al., 2007). The 

OxPAPC-mediated enhancement of barrier integrity required binding to a cell membrane-

associated chaperone protein, GRP78, and its cofactor, HTJ-1 that facilitated GRP78 

trafficking to CEM, activation of Src, Fyn, and Rac1 (Birukova et al., 2014), and Akt-

dependent trans-activation action of S1P1 (Singleton et al., 2009) resulting in rearrangement 

and stabilization of cortical actin cytoskeleton to cell periphery (Fig. 6). Although these 

studies suggest a role for S1P1 in OxPAPC-mediated barrier protective responses, the role of 

S1P in S1P1 activation is unclear. Further study is necessary to determine if OxPAPC 

activation of S1P1 is mediated by intracellular S1P generation followed by “inside-out” 

signaling through S1P transporter Spns2. The contribution of S1P2 and S1P3 in OxPAPC-

mediated enhancement of vascular integrity needs further clarification.

7. SIMVASTATIN ACTIVATION OF S1P1 IN ENDOTHELIAL BARRIER 

ENHANCEMENT

Simvastatin, a FDA approved drug that specifically inhibits HMGCoA reductase, is a widely 

prescribed drug to lower LDL cholesterol and triglyceride levels in hyperlipidemia subjects 
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with proven beneficial effects in coronary artery disease. In addition to lipid-lowering 

property, simvastatin and other statins are known to regulate endothelial barrier function in 

animal models of lung injury and in vitro. In a murine model of radiation-induced lung 

injury (RILI), simvastatin administration reduced several indices of RILI including 

pulmonary leak, leukocyte infiltration, oxidative stress, and reversed RILI-associated 

dysregulated sphingolipid metabolic pathway genes expression (Pabst & Tschernig, 2010). 

In vitro, simvastatin attenuated thrombin-mediated stress fiber formation, and myosin light 

chain phosphorylation while increased Rac GTPase activity, and rearrangement of actin and 

cortactin to cell periphery (Jacobson et al., 2004). The endothelial barrier regulation by 

simvastatin was mediated by increased expression of S1P1 via the transcriptional factor, 

KLF2 (Sun, Mathew, Sammani, Jacobson, & Garcia, 2017). Simvastatin also up-regulated 

expression of SPHK1, but not SPHK2, in human lung ECs (Natarajan V, unpublished data), 

which might account for enhanced S1P production and inside-out signaling through S1P1 to 

enhance endothelial barrier function. The role of SPHK1/S1P/Spns2 signaling axis in 

simvastatin-mediated endothelial barrier enhancement needs to be investigated.

8. CONCLUSIONS AND FUTURE DIRECTIONS

The recent advances outlined here emphasize the crucial role of sphingolipid metabolism 

and signaling in regulating lamellipodia formation and endothelial barrier function. 

Endothelial barrier integrity is critical for normal vascular function that involves interaction 

between growth factors and its receptors with downstream targets in the cell that regulates 

reorganization of actin, cortactin, and other cytoskeletal proteins to membrane protrusions 

on the cell periphery. The finding that S1P receptors, especially S1P1, is central to barrier 

enhancement mediated by HGF, S1P, oxidized phospholipids, and statins underscores the 

importance of sphingolipid signaling in modulation of endothelial barrier function under 

normal and pathological conditions of several pulmonary disorders. The findings that 

HGF/c-Met signaling cross-talks with SPHK1/S1P/SPNS2/S1P1 and OxPAPC signaling is 

linked to S1P1 pathway highlights the importance and complexity involved in endothelial 

barrier regulation. Another salient aspect is the assembly of sphingolipid metabolites, 

metabolizing enzymes, and S1P receptors with cytoskeletal components such as cortactin 

and non-muscle MLCK in caveolin-enriched microdomains of the endothelium to facilitate 

lamellipodia formation and barrier protection. Spatio-temporal generation of ROS at 

caveolin-enriched microdomains mediated by recruitment of Rac1 and p47phox, and S1P 

signaling seems to be essential for lamellipodia formation and barrier enhancement. The 

current concept of generation of membrane protrusions that constitute lamellipodia is based 

on imaging of co-localized actin and cortactin at leading edges of the cell would be well 

served by developing reliable procedures to isolate lamellipodia, determine its sphingolipid 

composition, characterize the nature of cytoskeletal and other proteins recruited to 

lamellipodia and CEM, determine the expression and activity of enzymes involved in S1P 

and ROS generation and how modulation of these may affect the lamellipodia formation and 

function. Studies to define the role of other phospholipids such as inositol phospholipids and 

mitochondrial ROS and their signaling on lamellipodia formation and barrier enhancement 

should be investigated. Such future studies are likely to define key targets and result in novel 

therapies to combat various vascular diseases.
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Fig. 1. 
HeLa cells showing elongation and increase in focal adhesion number in response to c-Src 

stimulation. Cells were transiently overexpressing mCherry-paxillin and imaged using TIRF 

microscopy. Scale bars correspond to 10 μm (Karginov et al., 2014).
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Fig. 2. 
(A) Time-lapse quantification of focal adhesion numbers using metamorph and MATLAB 

softwares. Focal adhesion number at any time point was normalized to the average number 

of focal adhesions before c-Src activation. (B) Focal adhesion elongation was measured 

using the focal adhesion analysis server. Error bars represent 90% confidence intervals (n = 

22 cells for RapR-Src; n= 15 cells for kinase dead) (Karginov et al., 2014).
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Fig. 3. 
Effects of sphingolipids on endothelial lamellipodia formation. (A) Human lung 

microvascular endothelial (HLMVECs) cells were treated with vehicle, S1P (1μM), 

sphingosine (1μM), FTY720 (1μM), FTY720-P (1μM), or FTY720-phosphonate (1μM), for 

30min. Cells were subjected to immunofluorescent staining for cortactin (green) and actin 

(red). Images were obtained with Zeiss LSM 880 confocal microscope, 63 × oil objective, 

scale bar=20μm. (B) Statistical analysis of lamellipodia formation presented as percentage 

of control, and at least 20 cells were analyzed for each condition. *P<0.05 vs control; 

**P<0.01 vs control.
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Fig. 4. 
Proposed model for the cross-talk between HGF/c-Met and SphK1/S1P/Spns2/S1P1 

signaling axis in HGF-mediated lamellipodia formation. HGF activates its receptor c-Met, 

which initiates phosphorylation of Erk and Akt kinase. Activation of Erk by HGF stimulates 

SPHK1 phosphorylation, which in turn converts sphingosine into S1P. HGF-mediated 

activation of PI3K/Akt pathway phosphorylates S1P transporter, Spns2, which facilitates 

efflux of intracellular S1P to extracellular milieu. The secreted S1P binds to its receptor 

S1P1 to initiate downstream pathways mediating lamellipodia formation of lung endothelial 

cells.
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Fig. 5. 
c-Met/PI3K/Akt signaling in ROS generation, lamellipodia formation, and cell motility. c-

Met/PI3K/Akt signaling cascade modulates actin and cortactin redistribution to cell 

periphery, translocation of p47phox and Rac1, components of NADPH oxidase (NOX) 2, 

resulting reactive oxygen species (ROS) generation at cell periphery, which is critical for 

lamellipodia formation. Phosphorylation of paxillin by HGF or S1P also regulates NOX2-

generated ROS and lamellipodia formation.
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Fig. 6. 
Signaling pathway activated by OxPAPC. OxPAPC binds to cell membrane chaperon 

GRP78 and its cofactor HTJ-1 to activate Src/Fyn kinase(s) and its downstream target Akt. 

Akt transactivates S1P1 and small GTPase Rac1. Also, OxPAPC up-regulates intracellular 

cAMP, which in turn activates Rap1 and further activates Rac1. Rac1 exerts its activity of 

cytoskeleton rearrangement through PAK1.
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