
GPR55 agonist lysophosphatidylinositol and 
lysophosphatidylcholine inhibit endothelial cell 
hyperpolarization via GPR-independent suppression of Na+-Ca2+ 

exchanger and endoplasmic reticulum Ca2+ refilling

Alexander I. Bondarenkoa,b,*, Fabrizio Montecuccoc,d, Olga Panasiuka, Vadim Sagacha, 
Nataliya Sidoryake, Karim J. Brandtf, and François Machf

aCirculatory Physiology Department, Bogomoletz Institute of Physiology NAS of Ukraine, 
Bogomoletz Str.4, 01024 Kiev, Ukraine bMedical University of Graz, Institute of Molecular Biology 
and Biochemistry, Graz 8010, Austria cFirst Clinic of Internal Medicine, Department of Internal 
Medicine, University of Genoa, 6 viale Benedetto XV, 16132 Genoa, Italy dIRCCS AOU San 
Martino - IST Istituto Nazionale per la Ricerca sul Cancro, Largo Benzi 10, 16132 Genoa, Italy 
eDepartment of Physiology of Human and Animals, Melitopol State Pedagogical University, 
Ukraine fDivision of Cardiology, Foundation for Medical Researches, Department of Internal 
Medicine, University of Geneva, Av. de la Roseraie 64, CH-1211 Geneva 4, Switzerland

Abstract

Lysophosphatidylinositol (LPI) and lysophosphatidylcholine (LPC) are lipid signaling molecules 

that induce endothelium-dependent vasodilation. In addition, LPC suppresses acetylcholine (Ach)-

induced responses. We aimed to determine the influence of LPC and LPI on hyperpolarizing 

responses in vitro and in situ endothelial cells (EC) and identify the underlying mechanisms. 

Using patch-clamp method, we show that LPI and LPC inhibit EC hyperpolarization to histamine 

and suppress Na+/Ca2+ exchanged (NCX) currents in a concentration-dependent manner. The 

inhibition is non-mode-specific and unaffected by intracellular GDPβS infusion and tempol, a 

superoxide dismutase mimetic. In excised mouse aorta, LPI strongly inhibits the sustained and the 

peak endothelial hyperpolarization induced by Ach, but not by SKA-31, an opener of Ca2+-

dependent K+ channels of intermediate and small conductance. The hyperpolarizing responses to 

consecutive histamine applications are strongly reduced by NCX inhibition. In a Ca2+-re-addition 

protocol, bepridil, a NCX inhibitor, and KB-R7943, a blocker of reversed NCX, inhibit the 

hyperpolarizing responses to Ca2+-re-addition following Ca2+ stores depletion. These finding 

indicate that LPC and LPI inhibit endothelial hyperpolarization to Ach and histamine 

independently of G-protein coupled receptors and superoxide anions. Reversed NCX is critical for 

ER Ca2+ refilling in EC. The inhibition of NCX by LPI and LPC underlies diminished 
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endothelium-dependent responses and endothelial dysfunction accompanied by increased levels of 

these lipids in the blood.
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1 Introduction

Long-chain lysophospholipids (LPL) are recognized as potent signaling molecules that 

regulate a variety of biological processes. In vascular physiology, among distinct LPL, 

lysophosphatidylinositol (LPI) and lysophosphatidylcholine (LPC) have attracted 

considerable attention due to their vasoactive properties, complex pharmacology and 

pathophysiological relevance [1]. Elevated levels of LPC, a major ingredient of oxidized 

low-density lipoproteins (LDL), are closely associated with the development of 

atherosclerosis [2,3], an early manifestation of which is endothelial dysfunction [4]. In 

animal and human studies, the atherosclerotic process is frequently characterized by an 

impaired acetylcholine (Ach)-induced endothelium-dependent vasodilation and reduced 

bioavailability of endothelium-derived nitric oxide (NO) [4–6]. LPC and LPI were shown to 

induce atherogenic activities, including the induction of vascular cell adhesion molecules 

(VCAM-1) and intracellular adhesion molecules (ICAM-1) [1,7,8]. In addition, LPC and 

LPI stimulate migration of smooth muscle cells [8], a crucial process in the pathogenesis of 

atherosclerosis.

The impact of LPC and LPI on vascular function remains controversial. On the one hand, 

several animal and clinical studies have demonstrated that LPC produces endothelium-

dependent nitric oxide (NO)-mediated relaxation [9–11] accompanied by an increase of 

intracellular Ca2+ concentration in endothelial cells (EC) [12–15]. In the human umbilical 

vein EC (HUVECs) model, it was proposed that LPC-stimulated Ca2+ entry leads to 

activation of BKCa channels coupled to an increase of ROS production [16]. On the other 

hand, it is well documented that in a vast number of vascular beds LPC actually inhibits or 

completely abrogates endothelium-dependent relaxation induced by Ach and bradykinin 

[17–22]. This effect is accompanied by strong inhibition of Ca2+ mobilization in EC [19] 

and almost full suppression of smooth muscle cell hyperpolarization to Ach [23].

Different mechanisms have been proposed to underpin the effect of LPC on endothelium-

dependent relaxation, such as generation of proconstricting prostanoids [24] and superoxide 

anions [22,25], a decreased release of Ach-stimulated NO, endothelium-derived 

hyperpolarizing factor (EDHF), or both of the latter two mechanisms [25–28]. However, 

none of the studies addressed the underlying alterations in specific ion transport systems in 

EC caused by LPC. Collectively, the mechanisms underlying both the promotion and 

inhibition of endothelium-dependent relaxation by LPC are still not fully unveiled.

Similar paradoxical observations have been reported in studies addressing the impact of LPI, 

a GPR55 agonist [29], on vascular contractility. In precontracted rat mesentery, LPI 
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produces endothelium-dependent relaxation accompanied by elevation of intracellular Ca2+ 

in primary EC [30] and EC line EA.hy926 [31]. However, in the same vascular bed, LPI was 

shown to strongly suppress endothelium-dependent hyperpolarization to Ach [23]. 

Irrespective of the nature of endothelium-dependent relaxation (NO or EDHF), the ability of 

EC to generate normal hyperpolarizing responses is of utmost importance and prerequisite 

for proper EC function [32–34]. While early reports point for engagement of Na+-Ca2+ 

exchanger (NCX) to Ca2+ extrusion from EC following administration of IP3-generating 

agents [35,36], more recent data indicate that NCX operates in a reversed mode, contributing 

to membrane hyperpolarization during stimulation with Ach [37] and histamine [38,39] and 

controlling angiogenesis [40]. Accordingly, in the present study we addressed the impact of 

the LPC and LPI action on endothelial hyperpolarization induced by Ach and histamine and 

NCX currents. We show that both LPI and LPC strongly inhibit the hyperpolarizing 

responses via direct G-protein coupled receptor (GPCR)-independent inhibition of Ca2+ 

influx via reversed NCX. In contrast, in resting cells, LPC produces EC hyperpolarization 

via direct stimulation of BKCa channels independently of GPCR and Ca2+ entry. In addition, 

we extend our previous finding that identified NCX as Ca2+ influx pathway into the 

endothelium during stimulation with Ach [37] by showing that reversed NCX is crucial for 

endoplasmic reticulum Ca2+ refilling in EC.

2 Methods

2.1 Animals and tissue preparation

Experiments were performed on C57Bl/6 mice of both sexes aged 12–16 weeks. Mice were 

sacrificed by cervical dislocation. Experiments were carried out in accordance with the U.K. 

Animals (Scientific Procedures) Act 1986 and EU Directive 2010/63/EU for animal 

experiments. All protocols employed in this study were approved by the Institutional Animal 

Ethics Committee, Bogomoletz Institute of Physiology. Thoracic aorta was excised, placed 

into physiological saline, cleaned and cut into segments of 2–3 mm under stereo microscope. 

One of the segments was cut open and pinned endothelial face up to the bottom of a 

recording chamber. Pharmacological agents were applied to the preparation by bath 

perfusion. Experiments were conducted at room temperature.

2.2 Cell culture

EA.hy926 cells (human umbilical vein-derived EC line, passages ≥30 and ≤85) [41] were 

grown in DMEM containing 10% fetal bovine serum, 1% penicillin/streptomycin and 1% 

HAT (5 mM hypoxanthin, 20 μM aminopterin, 0.8 mM thymidine) at 37 °C in 5% CO2 

atmosphere. They were plated on glass coverslips about 48 h before experiments.

2.3 Electrophysiological recordings

Membrane potential from the endothelium of excised mouse aorta was recorded using the 

nystatin-perforated patch-clamp technique, essentially as described previously [37]. In 

EA.hy926 cells, membrane potential was recorded using nystatin-perforated patch-clamp 

technique from electrically coupled cells. For membrane potential recordings, the standard 

bath solution contained (in mM): 140 NaCl, 5 KCl, 1.2 MgCl2, 10 HEPES, 10 glucose, 2.4 

CaCl2. Patch pipettes were filled with a solution containing (in mM): 145 KCl; 0.3 EGTA; 
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10 HEPES (pH adjusted to 7.2 using KOH). The resistance of the pipettes was 3–5 MΩ. 

Whole-cell INCX was recorded using conventional whole cell patch-clamp technique. For 

recordings of both reversed and forward modes of the exchanger using voltage ramps, the 

bath solution contained (in mM): 140 NaCl, 5 TEACl, 2.4 CaCl2, 1.2 MgCl2, 10 HEPES, 10 

glucose and the pipette solution contained (in mM): 110 Cs-methanesulfonate, 10 NaCl, 20 

TEACl, 2 MgATP, 10 HEPES, 5 EGTA. Free Ca2+ concentration was set to 100 nM by 

adding 1.93 mM CaCl2 calculated by the program CaBuf developed by G. Droogmans, 

Leuven, Belgium. Voltage ramps of 1 s duration from −100 mV to +90 mV were delivered 

every 5 s from the holding potential of −40 mV.

Single-channel BKCa activities were recorded from inside-out patches excised from 

EA.hy926 cells. The pipettes were filled with (in mM) 130 KCl, 10 HEPES, 1 MgCl2, 5 

EGTA, with adjusted free Ca2+ to 10 μM by adding 4.931 mM CaCl2 and pH 7.2 by adding 

KOH. After gigaseal formation, the bath solution was switched to the high K+ solution of 

the following composition: (in mM): 140 KCl, 10 HEPES, 1 MgCl2, 5 EGTA and a desired 

free Ca2+ concentration adjusted by adding different amounts of CaCl2 calculated by the 

program CaBuf. pH was adjusted to 7.1 by adding KOH.

2.4 Materials

LPC16:0 (1-palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine) was purchased from Avanti 

Polar Lipids, LPI from Sigma Aldrich, paxilline and SKA-31 were purchased from Alomone 

Labs, KB-R7943 was purchased from TCI Chemicals.

2.5 Statistical analysis

Experimental data are expressed as mean ± SEM. Student's t-test (paired or unpaired where 

appropriate) was used to compare results, with p < 0.05 taken as the level of significance. In 

experiments on EA.hy926 cells, n indicates the number of cells. In experiments presented 

herein, we used around 20 passages of this immortalized EC line. In experiments on intact 

EC from excised mice aorta, n indicates the number of animals.

3 Results

3.1 LPI and LPC16:0 reversibly inhibit EC hyperpolarization to histamine

In EA.hy926 cells, we first tested the sensitivity of the sustained hyperpolarization triggered 

by 100 μM histamine to LPI and LPC16:0. When 10 μM LPI was administered during the 

plateau phase of the hyperpolarization (27.8 ± 2.2 mV, n = 5), it was strongly inhibited and 

the response reversed to a depolarization with the mean amplitude of 2.6 ± 3.4 mV, n = 5 

(Fig. 1A and B). The hyperpolarization was restored upon LPI wash-out. Similar to LPI, 

LPC16:0 (10 μM) administered during the plateau phase of the hyperpolarization strongly 

inhibited the hyperpolarizing response within 3 min (Fig. 1C and D). The hyperpolarization 

did not recover in the continued presence of LPC16:0 and histamine but was reversed upon 

LPC wash-out. These results indicate that both LPI and LPC16:0 act as powerful inhibitors 

of EC hyperpolarization to histamine and are compatible with the previous studies showing 

suppression of Ca2+ transients [19] and endothelium-dependent hyperpolarization [23] to 

Ach by LPC16:0 and LPI.
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3.2 LPC16:0-induced membrane hyperpolarization is due to direct activation of BKCa 

channels

To rule out the possibility that the inhibitory effect of LPC16:0 on endothelial 

hyperpolarization triggered by histamine is simply accounted by a strong depolarizing effect, 

we next examined the effects of LPC16:0 on the membrane potential of unstimulated EC. 

Administration of 3 μM LPC16:0 induced membrane hyperpolarization from the resting 

membrane potential −29.3 ± 2.4 mV to −40.6 ± 4.5 mV (n = 9, Fig. 2A). In voltage-clamp 

mode, LPC16:0 activated the outwardly rectifying current that was sensitive to paxilline, a 

BKCa inhibitor (Fig. 2B), indicating that the current activated by LPC16:0 is a BKCa current.

To explore whether the development of BKCa current by LPC16:0 requires changes in 

cytosolic Ca2+ concentration, single channel BKCa activity was recorded in inside-out 

patches under fixed Ca2+ concentration. In the presence of 0.3 μM Ca2+ in the bath, 

LPC16:0 administered to the inner surface of the patch stimulated the BKCa single channel 

activity. The degree of stimulation was similar within the voltage range from 20 to 70 mV 

(Fig. 3A and B), indicating that the stimulation occurred in a voltage-independent manner. 

When holding the voltage at 40 mV and Ca2+ fixed at 0.3 μM, the NPo values increased 

from 0.017 ± 0.001 to 0.028 ± 0.001 (n = 9) upon addition of 3 μM LPC16:0 (Fig. 3C).

3.3 LPI and LPC16:0 suppress both forward and reversed modes of NCX current 
independently of GPCR and superoxide anions

As reversed NCX contributes to the sustained endothelial hyperpolarization to Ach due to 

direct electrogenic effect and indirectly, via stimulation of KCa channels following Ca2+ 

inflow [37], we next explored whether the inhibitory effect of LPI and LPC16:0 on the 

hyperpolarization is attributed to inhibition of NCX. When potassium conductance was 

suppressed by cell dialysis with the Cs+-based solution containing low Ca2+ (100 nM) 

concentration and 10 mM Na+, voltage ramps from −100 to 85 mV produced an outwardly 

rectifying current with the reversal potential close to that calculated for NCX under our 

experimental conditions (−55 mV). This current was potentiated by histamine and further 

enhanced by a switch to a Na+ -free solution (Fig. 4A and B), a maneuver widely used to 

trigger Ca2+ inflow via NCX. These observations, as well as sensitivity of the current to 

bepridil, a NCX inhibitor [42] (see below and [38]), are consistent with the increased 

activity of reversed NCX under these experimental conditions. Subsequent administration of 

LPI (1–10 μM) in Na+-free solution suppressed the currents in a concentration-dependent 

manner (Fig. 4A–C). The current was further inhibited by 100 μM bepridil (Fig. 4A and B). 

Due to increased risk of micelle formation at LPI concentration higher than 10 μM [43], 

higher concentrations of LPI have not been tested and, therefore, IC50 was not possible to 

determine.

To rule out plausible role of store-operated Ca2+ entry (SOCE) activated following partial 

depletion of Ca2+ stores by histamine in the inhibitory effect of LPI, NCX-driven Ca2+ 

inflow was pre-stimulated by reduction of bath Na+ concentration (20 mM) only, without 

prior exposure with histamine. This procedure resulted in potentiation of outward current 

which was strongly suppressed by further administration of LPI (Fig. 4D).
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We also examined the LPI effect on basal NCX currents, i.e. without prior exposure to 

histamine and a low Na+ solution. Under these conditions, LPI inhibited both outward 

(reversed mode) and inward current (forward mode) at positive and negative potentials, 

respectively, indicating that the effect of LPI on NCX is non-mode specific. LPI suppressed 

INCX when the pipette solution was supplemented with GDPβS (0.5 μM), a G-protein 

inhibitor (Fig. 4E and F), indicating that GPCR are not involved in the inhibitory effect.

Superoxide anions were shown to mediate the inhibitory effect of some LPCs on 

endothelium-dependent relaxation [22,25]. To investigate the role of superoxide in the 

observed effect of LPI, we next examined the influence of superoxide dismutase mimetic 

tempol on the effect of LPI on NCX current. Pre-incubation with tempol (10 μM) failed to 

prevent the inhibition of NCX current by 3 μM LPI (Fig. 4G). In the presence of 10 μM 

tempol, 3 μM LPI inhibited INCX in the forward (at −95 mV) and reversed (at 85 mV) modes 

to 29.8 ± 1.2% and 35.4 ± 3.8 (n = 4), respectively, of the initial values. The degrees of 

inhibition of both NCX modes were not significantly different (p = 0.12). No statistical 

difference was also detected in the degrees of INCX inhibition by 3 μM LPI in the absence 

and presence of tempol (n = 4, p > 0.1, Fig. 4H).

Next, we explored the effect of LPC16:0 on INCX. When reversed NCX was fostered by 

exposure of cells to histamine and Na+-free solution, administration of 3 μM LPC16:0 

resulted in a gradual time-dependent suppression of the current to 46.8 ± 9.7% (n = 6) 

measured at 85 mV of the original amplitude (Fig. 5A, B and E). An increase in LPC16:0 

concentration to 10 μM accelerated the time course of inhibition and further suppressed the 

current (Fig. 5C and D).

3.4 LPI suppresses endothelial hyperpolarization to Ach, but not to SKA-31, in excised 
mouse aorta

We next examined whether LPI modifies EC hyperpolarization to Ach in vascular tissue. In 

excised mice aorta, Ach (2 μM) produces a sustained EC hyperpolarization which was 

reversibly inhibited by LPI (3 μM) applied during the plateau phase (Fig. 6A). The effect of 

10 μM LPI, however, was poorly reversible, likely because of accumulation of LPI in the 

tissue, and Ach failed to produce the hyperpolarizing responses shortly following LPI wash-

out (Fig. 6B). In contrast, the hyperpolarization to SKA-31, an opener of Ca2+-dependent K+ 

channels of intermediate (IKCa) and small (SKCa) conductance, was unaffected either by 

pre-exposure to 10 μM LPI (Fig. 6B) or LPI administration during the hyperpolarization to 

SKA-31 (Fig. 6C).

3.5 Reversed mode of NCX is essential for endoplasmic reticulum (ER) Ca2+ refilling

Ca2+ release from intracellular stores accompanied by stimulation of IKCa channels 

underlies the initial transient endothelial hyperpolarization to Ach, while the sustained 

component requires Ca2+ entry [32, 44]. Considering the stimulatory effect of LPI on IKCa 

[43] and BKCa activity at low and moderate level of cytosolic Ca2+ [45], we can suggest that 

the failure of the endothelium to produce normal hyperpolarizing responses to Ach shortly 

following LPI wash-out may indicate that LPI inhibits Ca2+ refilling in the ER rather than 

IKCa channels. Accordingly, we next addressed the role of NCX in ER Ca2+ refilling.
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Typical changes in membrane potential evoked by Ca2+ re-addition protocol are depicted in 

Fig. 7A. As expected, re-introduction of Ca2+ following wash out-of histamine in Ca2+-free 

solution elicited a sustained hyperpolarization with the amplitude comparable with that 

evoked by histamine. In the presence of bepridil, the sustained hyperpolarization evoked by 

Ca2+ re-introduction was largely depressed (Fig. 7B). The hyperpolarization was restored 

following removal of bepridil. To further explore the impact of NCX on ER Ca2+ refilling, 

we also employed the protocol consisting of consecutive administrations of histamine in the 

continued presence of bepridil. Under these conditions, the cells failed to reproduce the 

hyperpolarizing responses (Fig. 7C).

Similar to bepridil, KB-R7943 (20 μM), a reversed mode NCX inhibitor, suppressed the 

hyperpolarization caused by Ca2+-re-addition (Fig. 7D). Subsequent histamine 

administration in a Ca2+-free solution followed by Ca2+ re-introduction in the continued 

presence of KB-R7943 produced weak changes in membrane potential. Altogether these 

results indicate that NCX operation in reversed mode is required for ER Ca2+ refilling 

during stimulation with Ach and histamine.

3.6 Buffering of intracellular Ca2+ uncovers Na+-dependent membrane depolarization in 
response to histamine

The reversal of NCX during cell hyperpolarization requires a pronounced increase in [Na+]I. 

To further clarify the mechanism of NCX reversal, we used BAPTA-AM to chelate cytosolic 

Ca2+ in unstimulated cells and buffer an increase in cytosolic Ca2+ during cell stimulation 

with histamine. We expected that, according to NCX energetics, intracellular Ca2+ buffering 

would facilitate the reversed mode of NCX. Patch-clamping from electrically coupled cells 

minimized the impact of residual Ca2+ ions contained in the pipette solution on the level of 

cytosolic Ca2+

EA.hy926 cells were loaded with 20 μM BAPTA-AM for 20 min at 37C. In BAPTA-AM-

pre-treated cells, the resting membrane potential appeared to be significantly (p < 0.05) more 

negative (−51.1 ± 1.9, n = 13) than that observed in untreated cells (−34.6 ± 2.7, n = 11, Fig. 

8A). Cell superfusion with a Ca2+-free solution induced cell depolarization by 17.2 ± 2.1 

mV (n = 4, Fig. 8B). Bepridil (100 μM, Fig. 8C) and KB-R7943 (20 μM, Fig. 8D) elicited 

cell depolarization under these conditions. Taken together, these observations indicate that 

an increased Ca2+ entry mediated by electrogenic NCX contributes to the hyperpolarized 

resting membrane potential under conditions of cytoplasmic Ca2+ buffering. Administration 

of 100 μM histamine to BAPTA-AM pre-treated cells induced a strong depolarization with 

the mean amplitude of 45.6 ± 4.5 mV (n = 12) (Fig. 8E, F). Under these experimental 

conditions, chelation of extracellular Ca2+ with 1 mM EGTA failed to terminate the 

depolarization (Fig. 8G,H). The depolarization, however, was reversibly eliminated by 

substitution of extracellular Na+ with NMDG (Fig. 8G,H), indicating that stimulation of 

endothelial cells with histamine induces a massive Na+ influx. In addition, histamine applied 

in a Ca2+ free solution shortly after Ca2+ removal evoked a more sustained depolarization 

with a long decay as compared with that observed in a Ca2+ – containing solution (Fig. 8, E, 

G,H),
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4 Discussion

Previous studies point for a close association between a decreased endothelium-dependent 

relaxation and an elevated content of oxidized LDL [4,46–48]. We demonstrate here that LPI 

and LPC strongly suppress the hyperpolarization of cultured EC stimulated with histamine. 

The inhibition was reversible following washing out of the compounds. This observation and 

the continued stability of patches in the presence of LPC16:0 and LPI indicates that these 

LPL at concentrations up to 10 μM suppress endothelium-dependent relaxation not through 

EC damage, but via functional modulation of specific ion-transporting systems.

We show that in EC, LPI and LPC effectively suppress outwardly rectifying currents pre-

simulated by removal or lowering of external Na+, a maneuver commonly employed to 

activate the reverse NCX. These currents were previously shown to be highly sensitive to 

bepridil and KB-R7943, two structurally different NCX inhibitors [38,39]. The current 

inhibition by LPI and LPC16:0 occurred over the same concentration range as the inhibition 

of the hyperpolarizing responses to histamine. Noteworthy, at 10 μM LPI and LPC16:0 

strongly inhibited NCX currents even when intracellular Ca2+ stores had not been depleted 

by prior histamine exposure. Thus, we conclude that LPI and LPC16:0 inhibit EC 

hyperpolarization through suppression of NCX function rather than SOCE inhibition. In 

addition, the ability of LPI and LPC to inhibit basal INCX both at positive and negative 

voltages indicates that the inhibitory effect is non-mode-specific.

Because cell infusion with GDPβS failed to prevent the inhibitory action of LPI, our results 

further indicate that the inhibitory action of LPI on INCX is not mediated by GPCR. Apart 

from NCX, EC hyperpolarization to Ach is partially mediated by alpha1, but not alpha2 or 

alpha3 isoforms of Na+-K+-ATPase [49]. In EC, LPI was recently shown to suppress Na+-K
+-ATPase [31] and, hence, this effect may additionally contribute to the inhibition of 

endothelial hyperpolarization. As these multiple effects of LPI occur within the same 

concentration range, it seems very likely that the changes in the properties of the plasma 

membrane rather than direct action on a specific protein underlie the observed actions. Our 

results exclude the role of superoxide anions in the inhibitory effect of LPI on NCX, since 

treatment with the superoxide dismutase mimetic tempol failed to prevent INCX inhibition.

The inhibition of the hyperpolarization by LPI was not specific to histamine and was 

reproduced in intact endothelium of excised mice aorta stimulated with Ach. In addition, 

pre-incubation with LPI results in inhibition of not only the sustained component of 

hyperpolarization, but effectively suppresses the peak hyperpolarization to Ach. Because the 

initial transient hyperpolarization to Ach is triggered by stimulation of IKCa channels 

following Ca2+ release from ER, the inhibition of the transient hyperpolarization by LPI 

points for engagement of reversed NCX in ER Ca2+ refilling in EC. This conclusion was 

further supported by showing that bepridil suppresses both the sustained and the peak 

hyperpolarizations of EA.hy926 cells elicited by consecutive histamine applications.

Functional effects of inhibition of NCX in the vasculature are not limited to a suppression of 

endothelium-dependent relaxation. In smooth muscle cells stimulated with agonists, an 

increase in the cytosolic Ca2+ concentration occurs via NCX-mediated Ca2+ entry [50,51]. 
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Accordingly, NCX inhibition or knock-down in smooth muscle cells results in a marked 

attenuation of vasoconstriction to phenylephrine in mouse mesenteric arteries and drop in 

blood pressure [52]. Our findings that LPI, LPC16:0 as well as endocannabinoids 

anandamide and NAGly [38] inhibit NCX may at least partially explain the endothelium-

independent component of vasodilation to cannabinoids and lipid-related compounds 

reported in a variety of vascular beds [53,54]. A failure of LPI to inhibit the 

hyperpolarization of in situ endothelium to SKA-31 highlights key differences, in terms of 

NCX involvement, in the mechanisms of the hyperpolarizing responses initiated by Ach, 

which is frequently used as indirect IKCa/SKCa activator, and by SKA-31, a direct IKCa/

SKCa activator.

Experiments with chelating of intracellular Ca2+ with BAPTA-AM in EA.hy926 cells, an 

approach that favours stimulation of a reversed mode of the exchanger, showed that the 

resting membrane potential is significantly hyperpolarized as compared to the control cells. 

We showed that Ca2+ removal as well as NCX inhibitors bepridil and KB-R7943 elicit a 

depolarization. These observations indicate that under conditions of chelating of intracellular 

Ca2+ the exchanger operates in a reversed mode contributing to Ca2+ entry. It is still unclear, 

whether NCX operates in a reverse under control resting conditions. While energetics of the 

exchanger predicts that at resting membrane potential of −40 mV and intracellular Ca2+ 

level 100 nM, NCX operates in a reverse mode, our early observations indicate that NCX 

inhibitors benzamil and KB-R7943 have no effect on the resting membrane potential of 

endothelial cells of excised aorta [37], while strongly inhibit the hyperpolarization to Ach. 

We show here that under conditions of chelating of cytosolic Ca2+, the histamine response 

turns to a Na+-dependent depolarization. In Ca2+ − free solution, the depolarization appeared 

to be more sustained than that observed in the presence of bath Ca2+ A possible explanation 

of this observation is that in the presence of bath Ca2+, Na+ entered via histamine-stimulated 

Na+ permeable channels is extruded by the reversed NCX.

In cultured HUVECs, oxidized LDL and, specifically, LPC16:0, were shown to increase the 

level of intracellular Ca2+ due to simulation of Ca2+ entry and, as a consequence, stimulation 

of BKCa channels [16]. Here we show that LPC16:0 stimulates BKCa activity even under 

fixed Ca2+ and voltage, which enabled us to identify LPC16:0 as a direct modulator of BKCa 

channels.

In endothelial cells, SOCE regulated by mitochondria has long been considered the 

primarily Ca2+ entry pathway responsible for store refilling [55,56]. This conclusion was 

based on measurements of Ca2+-sensitive fluorescence during Ca2+ re-addition protocol. An 

increase in fluorescence following Ca2+ re-addition after a period of exposure to a Ca2+-free 

solution, during which agonists or inhibitors of endoplasmic reticulum Ca2+ ATPase 

(SERCA) are applied, is generally interpreted as SOCE [55,56]. In our view, a major 

weakness in this interpretation is that intracellular Ca2+ mobilization in the absence of 

external Ca2+ inevitably results in Ca2+ extrusion from the cytosol in exchange for Na+ 

(forward mode of NCX) and, consequently, in accumulation of cytosolic Na+ accompanied 

by membrane depolarization. As NCX is a voltage-dependent transporter, cell depolarization 

would facilitate the reversed NCX as soon as Ca2+ is added to the bath. By utilizing NCX 

blockers bepridil and KB-R7943 we show that both compounds strongly suppress the 
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hyperpolarizing responses induced by Ca2+-re-introduction. These findings, together with 

the ability of histamine to stimulate the outwardly rectifying current with negative reversal 

potential, a typical characteristic of NCX, but not the inwardly rectifying current with 

positive reversal potential characteristic of SOCE [57], strongly indicate for NCX 

involvement in Ca2+ entry in the cells studied. In addition, we found that bepridil and KB-

R7943 largely suppress peak hyperpolarization to consecutive administrations of Ach and 

histamine, delineating NCX involvement in ER Ca2+ refilling in EC.

5 Conclusions

In summary, we showed that LPC16:0 has a direct modulatory action on BKCa activity 

which results in EC hyperpolarization. In addition, LPC16:0 and LPI inhibit EC 

hyperpolarization to histamine and Ach via suppression of Ca2+ entry driven by NCX 

required for ER refilling. NCX inhibition is non-mode-specific, independent of GPCR and 

superoxide anions and is observed both in vitro and in situ EC. Our results further 

emphasize a crucial role of NCX in Ca2+ entry and ER Ca2+ refilling in EC, challenging the 

concept of mitochondria-regulated SOCE as a unique primary Ca2+ influx pathway in the 

endothelium. This newly identified mechanism of action of LPI and LPC may underlie a 

suppression of endothelium-dependent relaxation and endothelial dysfunction under 

pathological conditions accompanied by increased levels of these LPL in the blood and 

atherosclerotic arterial lesions.
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Fig. 1. LPI and LPC16:0 suppress hyperpolarization of EA.hy926 cells to histamine.
(A) Membrane potential recording showing inhibition of the sustained hyperpolarization to 

100 μM histamine by 10 μM LPC16:0, (B) Statistical representation showing the amplitude 

of membrane potential responses to histamine before and after addition of 10 μM LPC16:0. 

(C) Membrane potential recording showing the effect of LPI on the hyperpolarization 

elicited by to 100 μM histamine, (D) Bars show mean values of the amplitude of membrane 

potential deflections to histamine before and after addition of 10 μM LPI.
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Fig. 2. LPC16:0 produces hyperpolarization of EA.hy926 cells and activation of BKCa channels 
independently G-protein coupled receptors.
(A) Membrane potential recording showing the effect of 3 μM LPC16:0 on the membrane 

potential of EA.hy926 cells. (B) Representative whole-cell K+ currents in response to 

voltage ramps from −80 to +80 mV in the absence (control), and presence of 3 μM LPC16:0 

and in the combined presence of 3 μM LPC16:0 and 1 μM paxilline. Exemplary record out 

of 5 individual experiments.
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Fig. 3. LPC16:0 stimulates BKCa single activity independently of GPCR.
(A) Single channel recordings of BKCa activity in inside-out patches at different voltages 

indicated and a fixed Ca2+ 300 nM before (left) and after (right) administration of 1 μM 

LPC16:0. (B) Graphical representation of corresponding NPo values under different voltages 

under control conditions (control) and after administration of 1 μM LPC16:0. (C) Mean NPo 

values of BKCa activity in inside-out patches under holding voltage 40 mV and fixed 

Ca2+ 300 nM before and after addition of 3 μM LPC16:0 (n = 9) to the bath.
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Fig. 4. LPI inhibits both forward and reversed modes of NCX currents independently of GPCR 
and superoxide anions.
(A) The time course of inhibition of NCX current by 1 and 3 μM LPI. NCX currents were 

pre-stimulated with histamine (100 μM) and substitution of bath Na+ for NMDG. NCX 

inhibitor bepridil (100 μM) was administered at the end of recoding. (B) Corresponding 

NCX currents evoked by voltage ramps from the time course shown in (A) before (control), 

in the presence of histamine (histamine) and following Na+ substitution for NMDG before 

(histamine Na+ -free) and after administration of 1 μM LPI (+1 μM LPI), 3 μM LPI (+3 μM 

LPI) and bepridil (100 μM). (C) Graphical representation of concentration-dependent effect 
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of LPI on NCX current amplitude taken at +85 mV. (D) Time course of the effect of 1, 3 and 

10 μM LPI on the amplitude of NCX currents pre-stimulated by reduction of bath Na+ 

concentration to 20 mM at voltages indicated without prior exposure to histamine (n = 5). 

(E) Time course of the effect of 3 μM LPI on the amplitude of NCX currents taken at −95 

mV (forward mode) and 85 mV (reversed mode) in the presence of intracellular GDPβS (0.5 

mM). (F) Corresponding NCX currents evoked by voltage ramps from the time course 

shown in (E). (G) Representative time course of NCX current before and after addition of 3 

μM LPI in the presence of 10 μM tempol (n = 4). (H) Bars indicate the mean inhibition of 

INCX amplitude by 3 μM LPI in the absence (n = 7) and presence (n = 4) of tempol (10 μM). 

Current amplitudes were calculated at 85 mV.
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Fig. 5. LPC16:0 inhibits NCX currents.
(A) Representative (n = 6) time course of NCX current amplitudes pre-stimulated with 

histamine and subsequent switch to a Na+-free solution followed by administration of 3 μM 

LPC16:0 during voltage ramps at voltages indicated. (B) Corresponding NCX currents 

evoked by voltage ramps from the time course shown in (A) under control conditions 

(control), in the presence of 100 μM histamine (histamine) and following Na+ substitution 

before (histamine Na+ -free) and after administration of 3 μM LPC16:0. (C) Representative 

time course of NCX current amplitudes showing accelerated NCX current inhibition by 10 
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μM LPC16:0. (D) Corresponding current traces in response to voltage ramps from the time 

course shown in (C). (E) Statistical representation of the inhibitory effect of 3 μM LPC16:0 

on NCX current amplitude taken at 85 mV during voltage ramps. The number in brackets 

indicates the number of cell included in the analysis.
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Fig. 6. LPI suppresses the hyperpolarization to Ach, but not to SKA-31, in the endothelium of 
mice aorta.
(A) Effect of 3 μM LPI on endothelial hyperpolarization to 2 μM Ach (n = 4). (B) Effect of 

10 μM LPI on endothelial hyperpolarization to two consecutive administrations of 2 μM Ach 

(n = 3). The hyperpolarization to SKA-31 (10 μM) remained unaffected by LPI pre-exposure 

(n = 4). (C) Representative membrane potential recording from in situ mice aortic 

endothelium showing a failure of LPI (10 μM) to inhibit the hyperpolarization evoked by 10 

μM SKA-31 (n = 3).

Bondarenko et al. Page 21

Vascul Pharmacol. Author manuscript; available in PMC 2019 May 16.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Fig. 7. Reversed NCX is involved in ER Ca2+ store refilling in EC.
(A) Typical changes in membrane potential of EA.hy926 cells during Ca2+-re-addition 

protocol. (B) Bepridil (20 μM) inhibits the hyperpolarization induced by Ca2+ re-addition (n 

= 4). (C) Bepridil inhibits both the transient and sustained components of hyperpolarization 

induced by consecutive administrations of 100 μM histamine (n = 4). (D) Effect of KB-

R7943 (20 μM) on the hyperpolarization induced by Ca2+ re-addition and subsequent 

exposure to 100 μM histamine (n = 3).
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Fig. 8. Buffering of intracellular Ca2+ uncovers Na+-dependent membrane depolarization of 
EA.hy926 cells in response to histamine.
(A) Bars showing the mean membrane potential values of unstimulated EA.hy926 cells 

under control conditions (n = 11) and following cytosolic Ca2+ buffering with BAPTA-AM 

(n = 13). (B) The membrane potential record showing the effect of superfusion with Ca2+ -

free solution containing 1 mM EGTA following pre-incubation with 20 μM BAPTA-AM. 

(C) The membrane potential record showing the effect of 100 μM bepridil on the resting 

membrane potential following chelation of cytosolic Ca2+ with 20 μM BAPTA-AM. (D) The 

effect of 20 μM KB-R7943 on the membrane potential following chelation of cytosolic 

Ca2+. (E) The membrane potential record showing the effect of 100 histamine on the 

membrane potential following chelation of cytosolic Ca2+ with 20 μM BAPTA-AM. (F) 
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Bars showing average shifts in the membrane potential of EA.hy926 endothelial cells 

induced by 100 μM histamine under control conditions and following chelation of cytosolic 

Ca2+ with 20 μM BAPTA-AM. (G) Exemplary membrane potential record showing the 

effect of Ca2+ and Na+ removal on the histamine-induced depolarization of EA.hy926 cells 

pre-incubated with BAPTA-AM. (H) Membrane potential record showing the effect of 

histamine applied in a Ca2+ free solution shortly after Ca2+ removal. Cells were pre-

incubated with BAPTA-AM. Note a sustained Na+-dependent depolarization with a long 

decay as compared with that observed in a Ca2+ -containing solution (panel E).
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