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Endothelial dysfunction in the early stage of atherosclerosis: a 

potential role of autotaxin 
 

Endothelial dysfunction refers to the complex structural and functional alteration of the 

endothelium that manifests in several cardiovascular diseases including atherosclerosis, 

diabetes, and hypertension. It is characterized by endothelial cell activation resulting in 

increased adhesion molecule and cytokine expression and impaired endothelial permeability. 

The hallmark of endothelial dysfunction is the altered endothelium-dependent vasodilation, 

mostly attributed to the disrupted synthesis and reduced bioavailability of nitric oxide (NO) 

(1). 

Autotaxin (ATX; or ENPP2) is one of seven mammalian ectonucleotide 

pyrophosphatases/phosphodiesterases (ENPPs), which hydrolyze pyrophosphate or 

phosphodiester bonds in a range of extracellular molecules. ATX is unique among the ENPPs, 

in that it functions as a lysophospholipase D (lysoPLD), generating the signaling phospholipid 

lysophosphatidic acid (LPA) from lysophosphatidylcholine (LPC), an abundant plasma 

phospholipid (2). LPA is a potent extracellular signaling molecule with multiple physiological 

actions, and signals through six distinct G protein-coupled receptors (termed LPA1–6) 

expressed by many different cell types (3). 

The main aim of this research grant was to to investigate the potential role of the LPC-

ATX-LPA axis in the development of the initial step of atherosclerosis: endothelial 

dysfunction. We hypothesized that increased expression and/or activity of ATX in the 

vascular wall and consequent conversion of LPC to LPA may contribute to abnormalities in 

the production and/or bioavailability of endothelium-derived NO and resultant deleterious 

changes in vascular reactivity and functions. The first part of this plan was to rule out the 

possible involvement of ATX in the development of endothelial dysfunction elicited by LPC. 
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 Autotaxin-Lysophosphatidic Acid Receptor 5 Axis Evokes Endothelial 1.1
Dysfunction via Reactive Oxygen Species Signaling 

Endothelial dysfunction refers to abnormalities in the production and bioavailability of 

endothelium-derived NO and resultant deleterious changes in vascular reactivity. To test NO 

mediated relaxation, we investigated dose-response relationship of acetylcholine (ACh) in 

phenylephrine precontracted isolated thoracic aorta segments before and after treatment with 

LPC by wire myography. We observed that in LPC treated WT vessels, the ACh-induced 

vasorelaxant responses were markedly attenuated. To investigate the contribution of ATX to 

this deleterious effect of LPC, vessels were pre-treated with the selective ATX inhibitor 

GLPG1690. GLPG1690 significantly decreased the LPC-induced endothelial dysfunction, 

suggesting the involvement of ATX in the effect of LPC. 

Thereafter we examined whether ATX’s product, LPA also contributes to the effect. 

Therefore, the effect of LPC was tested on aorta segments isolated from mice KO for different 

LPA receptors. In the case of Lpar1, Lpar2 and Lpar4 KO, the effect of LPC was similar to 

that observed in WT mice. On the contrary, the impairment of ACh-induced vasorelaxation by 

LPC was markedly attenuated in Lpar5 KO mice. These results indicate that LPC-derived 

LPA may contribute to the development of endothelial dysfunction through LPA5 receptor 

activation. Additionally, we also examined the LPA receptor and ATX expression profile in 

aortic tissue isolated from WT and Lpar5 KO mice using quantitative real-time PCR. Our data 

showed that Lpar5 deletion did not significantly affect the expression of LPA1, LPA2, LPA3, 

LPA4, LPA6 receptors and ATX as no significant differences in mRNA expression rate were 

detected relative to WT. 

In the next phase of the study, we investigated the downstream signaling mechanism 

involved in the LPA receptor-mediated portion of the LPC-induced endothelial dysfunction. 

Considering that superoxide is a well-known factor participating in the development of 

endothelial dysfunction (1), we tested the effect of SOD on the deleterious effect of LPC. 

SOD prevented the effect of LPC treatment in WT vessels. Interestingly, this beneficial effect 

of SOD was absent in Lpar5 KO vessels, indicating that LPA5 receptor activation drives ROS 

production. 

To confirm the involvement of LPA5 receptor in ROS generation upon LPC treatment, 

H2O2 production assay was performed in the vessels. LPC induced a marked increase in 

extracellular H2O2 levels in aortic tissue isolated from WT mice, however, its effect was 
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significantly diminished in Lpar5 KO vessels. These data suggest that the LPA5 activation is 

involved in LPC-evoked ROS production. 

In conclusion, we have shown that the development of LPC-induced impairment of 

endothelium-dependent vasorelaxation requires the conversion of LPC to LPA by the ATX 

enzyme in mouse aortic tissue. This locally formed LPA appears to activate LPA5 receptor, 

triggering signaling pathways that lead to an elevated production of ROS and subsequent 

endothelial dysfunction. We have prepared and submitted a manuscript containing these 

results which is currently under peer review and can be found attached to this report. 

According to the research plan, the other goal of the project was to rule out the 

involvement of ATX in the development of atherosclerosis related endothelial dysfunction. 

First, we tried to set a mouse model, in which endothelial dysfunction is present in the 

thoracic aorta, as an early sign of atherogenesis. ApoE mice were given ‘Western-type’ diet 

for 12 weeks, and every second week, 2 mice were sacrificed to test endothelium dependent 

relaxation of the aorta. Unfortunately, neither ACh induced vasorelaxation, nor its nitric oxide 

dependency decreased during the investigated period. We have also unsuccessfully tested 

LDL receptor KO mice, as they are widely used as another model of accelerated 

atherogenesis. On the other hand, atherosclerotic plaque formation was clearly detectable with 

Oil Red staining in both animal models.  

After these disappointing result we moved to other disease models where the role of 

ATX in vascular processes can be suspected. One such is the endothelial dysfunction present 

in vascular inflammation. According to a recent publication, aortic expression of ATX 

increases in vasculitis (4). We induced vasculitis with two different methods: angiotensin II 

was applied for two weeks via osmotic minipump, or lipopolysaccharide was injected 12 

hours before the experiments. The effect of LPC in the aorta of the treated animals was 

significantly, but only moderately bigger than in the controls. Also, the slightly increased 

effect of LPC was detectable in Lpar5 KO animals as well, suggesting the involvement of 

another LPA receptor in the process.  

We have also started to investigate endothelial dysfunction present in diabetes mellitus. 

A well known mouse model of type 2 diabetes (T2DM), the leptin receptor deficient db/db 

mice develop endothelial dysfunction in the thoracic aorta (5). We have found, that the 

plasma level of LPC, measured by HPLC-MS/MS is elevated in db/db diabetic mice. 



4 
 

Furthermore, ATX showed higher expression levels in the subcutaneous and periaortic 

adipose tissue of the diabetic mice compared to control measured by qPCR. According to 

literature data, the majority of plasma ATX is originated from adipose cells (6), and ATX can 

attach to the surface of endothelial cells through activated integrin receptors and produce LPA 

in the proximity of its receptors (2). Given that db/db mice are obese, circulating ATX levels 

may be extremely high. Our finding raises the possibility that, combined with high substrate 

levels, increased ATX could lead to increased local production of LPA, contributing to the 

endothelial dysfunction seen in diabetes. To clarify this, further experiments are needed.  

As a part of the research plan did not result in publishable data, we started additional 

projects related to either new targets in endothelial dysfunction or to lysophospholipid 

biology. 

 Enhancement of sphingomyelinase-induced endothelial nitric oxide 1.2
synthase-mediated vasorelaxation in a murine model of type 2 diabetes 

Sphingolipids, derived from sphingomyelin metabolism, have been implicated as 

important mediators in the physiology and pathophysiology of the cardiovascular system (7-

12). Sphingomyelinase (SMase) catalyzes the conversion of sphingomyelin to phosphoryl 

choline and ceramide, the latter is the precursor of other sphingolipid mediators, including 

ceramide-1-phosphate (C1P), sphingosine (Sph), and sphingosine-1-phosphate (S1P) (13). 

Normally, sphingomyelin (SM) represents about 10-20% of the lipids in the plasma 

membrane, mostly residing in the outer leaflet. However, most of these are found in the 

caveolae, and SMase is thought to be a regulator of lipid microdomains (14, 15). In the 

vasculature, SMases are implicated in the regulation of vascular tone and permeability as well 

as in causing atherosclerotic lesions and vascular wall remodeling (16). SMase enzymes are 

reportedly upregulated in certain cardiovascular and metabolic disorders such as T2DM (16-

18). Although neutral Smase (nSMase) has been reported to induce a wide range of changes 

in the vascular tone, depending on the species, vessel type, and experimental conditions, 

relatively little is known about the effects of sphingolipids on vascular functions in T2DM. 

Therefore, we analyzed the effects of SMase on vascular tone under diabetic conditions in 

order to elucidate the signaling mechanisms involved. 

First, we verified the general metabolic and vascular phenotype of T2DM mice tested in 

the study. The body weight increased almost 2-fold, whereas blood glucose levels increased 

3-fold in db/db mice as compared to non-diabetic control littermates. Furthermore, the serum 
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phosphoryl choline level was also significantly increased in the diabetic group, which is 

consistent with the reported enhancement of SMase activity in type 2 diabetes (16-18). 

Vessels of db/db animals showed marked endothelial dysfunction indicated by the impairment 

of the dose-response relationship of acetylcholine (ACh)-induced vasorelaxation. These 

results confirm the T2DM-like metabolic and vascular phenotypes in db/db mice and suggest 

the in vivo enhancement of SMase activity as well. 

Next, we determined the effect of nSMase on the active tone of control and db/db 

vessels. After phenylephrine (PE)-induced precontraction, 0.2 U/mL nSMase elicited 

additional contraction in control vessels that reached its maximum at 7.2 min before relaxing 

back to the pre-SMase level by the end of the 20-min observation period. In contrast, nSMase 

in db/db vessels elicited completely different responses. Surprisingly, after a marked initial 

relaxation during the first 5 min, the tone of the db/db vessels remained in a relaxed state 

below the level of the initial tension. Our next aim was to differentiate the constrictor and 

relaxant components of the vascular tension changes in response to nSMase. According to 

literature data (19-21), prostanoids acting on TP receptors have been implicated in mediating 

the vasoconstrictor effect of SMase. Therefore, we hypothesized that thromboxane prostanoid 

(TP) receptors also mediate the nSMase-induced vasoconstriction in our murine aorta model. 

Blockade of TP receptors not only abolished the vasoconstriction, but also converted it to a 

transient vasorelaxation in control vessels. This relaxation was even more strongly enhanced 

and prolonged in the db/db group. This finding was very surprising in light of the diminished 

ACh-induced vasorelaxation that we had observed in db/db animals, and was not consistent 

with the large body of literary data indicating diminished endothelium-dependent 

vasorelaxation in T2DM. Finally, we aimed to analyze the mechanism of the enhanced 

nSMase-induced vasorelaxation in vessels of db/db mice, whether it is due to the 

enhancement of eNOS-mediated vasorelaxation or to the onset of an NO-independent 

mechanism. After coadministration of eNOS inhibitor and TP receptor blockers, we could not 

detect considerable change in vascular tension neither in control, nor in db/db aortas upon 

nSMase treatment. Taken together, administration of nSMase induces TP receptor-mediated 

vasoconstriction and eNOS-mediated vasorelaxation in murine vessels. In spite of endothelial 

dysfunction in db/db mice, the vasorelaxant effect of nSMase is markedly augmented. A 

possible mechanism responsible for enhanced NO generation in T2DM can be the SMase-

mediated disruption of sphingomyelin in endothelial lipid rafts, as this could interfere with the 

caveolar structure and induce the detachment of eNOS from caveolin-1, leading to high 
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amounts of NO released from the endothelium of db/db vascular rings. An intriguing 

interpretation of our finding is that retraction of eNOS in sphingomyelin-rich microdomains 

of the endothelial plasma membrane could contribute significantly to the development of 

vascular dysfunction in T2DM. We have prepared and submitted a manuscript containing 

these results which is currently under peer review and can be found attached to this report. 

 Characterization of Native and Human Serum Albumin-Bound 1.3
Lysophosphatidic Acid Species and Their Effect on the Viability of 
Mesenchymal Stem Cells In Vitro 

LPA, the product of ATX, also influences skeletal homeostasis and bone biology. In 

LPA1 knock-out (KO) mice, decreased bone density, shorter bone length, and craniofacial 

dysmorphism can be observed. In contrast, LPA4 KO mice show higher bone mass and 

trabecular number and thickness (22). Bone cells, such as marrow-derived mesenchymal stem 

cells (BM-dMSCs), osteoblasts, osteocytes, and osteoclasts play significant roles in bone 

homeostasis and repair. Under physiological conditions, osteoblast-produced LPA is present 

in bone tissue, and under some pathophysiological conditions, such as fracture healing, bone 

cells are exposed to high levels of platelet-derived LPA (23). In different bone cells, LPA 

induces various cellular effects, including proliferation, differentiation, survival, and 

migration (24). 

Although, there is no direct evidence that BM-dMSCs produce LPA, autotaxin is 

secreted by human bone marrow-derived mesenchymal stem cells (hBM-dMSCs) (25). LPA 

receptors have been identified in different BM-dMSCs, however, in hBM-dMSCs LPA1 was 

observed to be the most frequently detected LPA receptor (26). Different effects of LPA have 

been described in MSC biology. In addition to inducing migration (27), it was shown that 

LPA induces osteoblastic differentiation in hBM-dMSCs, which effect was completely absent 

in the case of LPA1 inhibition, while the downregulation of LPA4 expression increased 

osteogenesis (28). Furthermore, Chen et al. proved that LPA protects hBM-dMSCs against 

hypoxia and serum-deprivation-induced apoptosis (29). In another study, LPA was found to 

rescue BM-dMSCs from hydrogen peroxide-induced apoptosis (30). These findings suggest 

that LPA can act as a potent survival factor for MSCs.  

In this project, we aimed to assess the complex formation between human serum 

albumin (HSA) and lysophosphatidic acid (LPA) in aqueous solutions and to determine the 
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effect of the most abundant, albumin-bound 16:0, 18:1, and 18:2 LPA species on the 

proliferation and migration of hBM-dMSCs. 

To evaluate if the complex formation occurs between LPA and HSA, we investigated 

structure-related chemical changes with the use of Fourier-transform infrared (FTIR) 

spectroscopy. This method can be used to detect complex formation between LPA and HSA. 

The IR spectra were assessed for the three, physiologically most abundant 16:0, 18:1, and 

18:2 LPA derivatives. According to our results, the spectral changes might indicate the 

binding of LPA species to HSA. Next, we performed XTT measurements to investigate the 

possible cytotoxicity and to determine the effects of 18:1, 18:2, and 16:0 LPA on the 

proliferation of hBM-dMSCs. 18:1 LPA in 1, 3, and 10 µM concentrations significantly 

increased cell proliferation compared to the control group, but solely when administered in 

the presence of HSA. In addition, 18:2 LPA significantly enhanced the proliferation of hBM-

dMSCs in combination with HSA in 1, 3, and 10 µM and when examined alone in 3 and 10 

µM concentrations. A significant elevation in the cell proliferation was caused by 0.3, 1, 3, 

and 10 µM 16:0 LPA treatment, exclusively in combination with HSA. To investigate if 18:1, 

18:2, or 16:0 LPA influence the migration of the hBM-dMSCs, wound healing assay 

experiments were performed. Cell migration analysis showed no significant enhancement 

after LPA treatment, with or without HSA. Thus, it can be said that the observed cell 

proliferative effect of LPA treatment is not directly in connection with the enhanced migration 

of hBM-dMSCs. We published these results in 2022 in the Journal ‘Applied Sciences’. 

 

 

 Acyl-chain specific effects of naturally occurring lysophosphatidic acids on 1.4
vascular tone 

LPA, the product of the ATX enzyme, has diverse roles in the vascular system, 

including the regulation of angiogenesis, remodeling, atherothrombosis and blood pressure. 

We reported recently that using isolated mouse aorta segments, LPA1 receptor activation by 

the LPA1/3 agonist VPC31143 in the endothelium induces NO mediated relaxation, whereas 

in the vascular smooth muscle it evokes cyclooxygenase1 (COX1)-mediated thromboxane A2 

(TXA2) release and vasoconstriction (31, 32). However, when the naturally occurring mono-

unsaturated 18:1 LPA was tested (which is also the LPA form generally used in publications), 



8 
 

it had a full potency to evoke relaxation but had only minor constrictor activity. This puzzling 

result gave us the idea to test more, naturally occurring LPA species on the vascular tone.  

In the plasma, the concentration of LPA is about 100 nM and the most common forms 

are 18:2>18:1>18:0>16:0>20:4. Its concentration is elevated up to 10 µM in the serum due to 

platelet activation, and also the proportion of the LPA isoforms is changed to 

20:4>18:2>16:0>18:1>18:0 (33). Interestingly, the amount of LPA is also elevated in the 

plasma of patients with acute coronary syndrome (34), especially the level of the 18:2 and 

20:4 LPAs (35). To date, very little is known about the direct effect of the naturally occurring 

LPA species on the vascular tone. Therefore, the main objective of this study was to 

determine the activity of eight commercially available, naturally occurring LPA species in 

endothelium-intact and endothelium-denuded mouse aorta.  

First, we assessed the effect of the different LPA species in PE precontracted, 

endothelium-intact thoracic aorta segments with wire myography. We investigated the 14:0, 

16:0, 18:0 and 20:0 saturated LPAs. Representative recordings show that only the 14:0 and 

16:0 LPAs were able to elicit vasorelaxation (Fig.1.A). The disappearance of the relaxant 

effect is associated with the length of fatty acid chain: the longer the fatty acid chain the 

slighter the relaxation.  In the case of the 14:0 and 16:0 LPAs, we tested their relaxant effect 

on vessels prepared from LPA1-KO animals. As shown in Figure 1B, the relaxant effect 

diminished in the vessels prepared from LPA1-KO mice, suggesting that the elicited 

vasorelaxation is triggered by the LPA1 receptor. 18:0 and 20:0 LPAs did not elicit 

vasorelaxation (Fig.1C). 
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Figure 1. Representative recordings of vasorelaxation induced by saturated LPA in PE 
precontracted vessels. Arrows indicate the administration of 10 µM LPA, W stands for 
washing out (A). Vasorelaxation induced by 14:0 and 16:0 LPA (10 µM of each) in vessels 
from WT (Control) and LPA1 KO mice [n=15, 17 (Control) and 6, 5 (LPA1 KO); one-way 
ANOVA followed by Tukey’s multiple comparisons test] (B). Vasorelaxation induced by 
18:0 and 20:0 LPA in WT mice (10 µM of each LPA; n= 10, 6; unpaired Student’s t-test) (C). 
*p<0.05, **p<0.01. Bars represent mean±SEM 
 

In the next step, vasorelaxant activity of 18:1, 18:2, 18:3 and 20:4 LPA (10 µM of each) 

was tested. Representative recordings of the vasorelaxation induced by unsaturated LPAs 

illustrate that 18:1 LPA elicited a marked vasorelaxation, however in the case of 

polyunsaturated LPAs the relaxation decreases and becomes more transient (Fig.2A). To 

identify the receptor responsible for the vasorelaxation, we tested the effect of the unsaturated 

LPAs in aortic segments isolated from LPA1-KO mice. Surprisingly in the case of poly-

unsaturated LPAs after the relaxation the vascular tone did not stabilizes at the level of the 

precontraction, as seen in the case of 18:1 LPA, but an additional contraction appears. 

Unsaturated LPAs failed to induce vasorelaxation in vessels prepared from LPA1-KO 

animals, suggesting that these LPAs elicit vasorelaxation via LPA1 receptor as well (Fig.2.B). 

As the 20:4 LPA has only a slight relaxant effect, only 18C LPAs were used for further 

analysis. We have previously reported that LPA1 receptor activation can evoke both 

vasorelaxation and vasoconstriction (31, 32). We hypothesized that in the case of endothelium 
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intact aortic segments, we see the superimposition of these two opposite effects on the 

vascular tone. To examine the relaxant activity alone, the LPA induced constrictor response 

had to be inhibited, therefore we applied the 18C LPAs to vessels treated with 10 µM 

indomethacin. When comparing the maximal elicited vasorelaxation induced by these LPAs, 

only the 18:3 LPA induced vasorelaxation was significantly increased in the COX inhibited 

aortic segments (Fig.2C). However, analyzing the area over curve of the 18C LPA induced 

vasorelaxation within 5 minutes after administering the LPAs, vasorelaxation induced by both 

polyunsaturated LPA species was notably increased in the presence of indomethacin (Fig.2D). 

No significant difference was detected in the relaxant activity of the investigated C18 LPAs in 

vessels treated with indomethacin, indicating that the cause of the acyl chain dependent 

differences in vasoactivity may be related to alterations in their constrictor capacity.  

 

Figure 2 Representative recordings of vasorelaxation elicited by 10 µM unsaturated LPAs in 
PE precontracted vessels. Arrows indicate the administration of LPA, W stands for washing 
out (A). Vasorelaxant activity of unsaturated LPAs (10 µM of 18:1, 18:2, 18:3, and 20:4 
LPAs) in vessels from WT (Control) and LPA1 KO mice [n=62, 12, 17, 9 (Control) and 17, 5, 
16, 9 (LPA1 KO); two-way ANOVA followed by Sidak’s multiple comparisons test; 
****p<0.0001 vs. Control] (B). Relaxation induced by 18C LPAs (10 µM of 18:1, 18:2, and 
18:3 LPA) in vessels treated with vehicle or indomethacin [n=9, 12, 14 (Control) 11, 18, 14 
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(Indomethacin); two-way ANOVA followed by Sidak’s multiple comparisons test; **p<0.01 
vs. Vehicle] (C). Area over curve (AOC) of vasorelaxation induced by 18C LPAs (10 µM of 
each) in vessels treated with vehicle or indomethacin. [n=9, 12, 14 (Control) 11, 18, 14 
(Indomethacin); two-way ANOVA followed by Sidak’s multiple comparisons test; *p<0.05 
vs. Vehicle, ****p<0.0001 vs. Vehicle; ###p<0.001 vs. 18:3 Vehicle, ##p<0.01 vs. 18:3 
Vehicle] (D). Bars represent mean±SEM. 

 

As in our previous study vasoconstriction induced by LPA1 receptor activation was 

significantly higher in AA segments compared to TA segments (31), LPA species were 

applied on the resting tone of endothelium-denuded AA segments. Among the saturated LPAs 

(10 µM of 14:0, 16:0, 18:0 and 20:0 LPA) only the 14:0 LPA has constrictor property 

(Fig.3.A). As shown on representative recordings (Fig.3B), vasoconstriction induced by 

unsaturated LPAs (10 µM of 18:1, 18:2, 18:3 and 20:4 LPA) has an increasing trend in 

parallel with the level of unsaturation. Dose-response curve fitting showed both increased 

efficacy and potency of the constrictor activity of poly-unsaturated LPA species (18:2, 18:3, 

and 20:4 LPA) (Fig.3C, D). 

 

Figure 3 Constrictor activity of saturated LPA species (10 µM of 14:0, 16:0, 18:0, and 20:0; 
n=10, 9, 6, 3; one-way ANOVA; bars represent mean±SEM) (A). Representative recordings 
of vasoconstriction induced by 10 µM unsaturated LPAs in aortic vessel rings from WT mice. 
Arrows indicate the administration of 10 µM LPA, W stands for washing out (B). Dose-
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response curve fittings for 18:1 (EC50:6.67, Emax:27.9%), 18:2 (EC50:1.35 µM, Emax:57.8%), 
and 18:3 LPA (EC50:0.18 µM, Emax:71.6%) induced vasoconstriction in vessels from WT 
mice (C). Dose response curve fitting for 20:4 LPA (EC50:3.3 µM, Emax:70.7 %) induced 
vasoconstriction in vessels from WT mice (D). 

Next, we examined the constrictor effect of those LPA species, which have considerable 

constrictor activity, in AA segment isolated from LPA1-KO mice (Fig.4A). Vasoconstriction 

induced by 14:0 and 18C LPAs was completely abolished in the vessels prepared from LPA1-

KO mice. In contrast, in the aortic segments of LPA1-KO mice, a significant proportion of 

vasoconstriction elicited by 20:4 LPA was preserved, indicating that another signaling 

pathway is involved in its constrictor effect. To gain better understanding of the structure-

activity relationship of vasoconstriction, for further analyses we only investigated unsaturated 

18C LPA species, as they evoke remarkable constriction, entirely mediated by LPA1 receptor. 

Inhibiting COX with indomethacin, vasoconstriction evoked by unsaturated 18C LPA 

completely disappeared (Fig.4B). As COX activation leads to the release of the potent 

vasoconstrictor, thromboxane, we aimed to measure the released TXB2, which is a stable 

metabolite of TXA2, in the supernatants of vessels exposed to 10 µM of each 18C LPA. 

Polyunsaturated 18:2 and 18:3 LPAs increased the TXB2 production of the aortic segments, 

but not 18:1 LPA, suggesting the role of prostanoids in the increased constrictor effect. As 

COX activation is closely linked to the Gi protein signaling pathway, we investigated the 

participation of the Gi protein in the constrictor activity of the 18C LPAs. Mice were treated 

with PTX intraperitoneally for 5 days. Average contraction induced by 18:2 and 18:3 LPA 

was significantly decreased in the vessels isolated from mice treated with PTX compared to 

the aortic segments of mice treated with vehicle (Fig.4D). 
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Figure 4 The 14:0, 18:1, 18:2, 18:3, and 20:4 LPA (10 µM) elicited vasoconstriction in 
vessels from WT (Control) and LPA1 KO mice [n=10, 27, 12, 13, 16 (Control) and 4, 6, 10, 
11, 8 (LPA1 KO); two-way ANOVA, followed by Sidak’s multiple comparisons test] (A). 
The 18C LPA (10 µM of each) induced vasoconstriction in WT (Control) and COX inhibited 
(Indomethacin) vessels [n=4, 7, 6 (Control) and 4, 8, 8 (Indomethacin); two-way ANOVA, 
followed by Sidak’s multiple comparisons test] (B). TXB2 production in vessels before 
(Control) and after (Activated) treated with 10 µM of 18C LPA [n=4, 4, 3 (Control) and 4, 4, 
3 (Activated); two-way ANOVA, followed by Sidak’s multiple comparisons test] (C). 
Vasoconstriction elicited by 18C LPA (10 µM of 18:1, 18:2, 18:3 LPA) in vessels from mice 
treated with vehicle (Control) or pertussis toxin (PTX treated) [n=6, 5, 7 (Control) and 6, 14, 
9 (PTX treated); two-way ANOVA, followed by Sidak’s multiple comparisons test] (D).  
*p<0.05; **p<0.01; ****p<0.0001. Bars represent mean ± SEM. 

To get a better insight of the molecular mechanism underlying both the relaxant and 

constrictor activity, next we measured the intracellular Ca2+ signal after the administration of 

each 18C LPA in primary endothelial and vascular smooth muscle cell cultures (VSMC). 

Endothelial cells showed a marked intracellular Ca2+-increase when stimulated by 10 µM of 

18C LPA (Fig.5A, B). In contrast to the endothelial cells, VSMCs exhibited negligible Ca2+ 

signal upon administration of 18C LPA (10 µM of each), suggesting that there are cell 

specific differences in the signaling of these LPAs (Fig.5C, D), and raises further questions 
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about the exact signaling mechanism underlying LPA1-mediated thromboxane release and 

vasoconstriction. 

 

Figure 5 Average trace of fluorescent intensity in Fluo-4AM loaded endothelial cells isolated 
from the aorta of WT mice. Administration of 10 µM of 18C LPAs, and 10 µM of ATP are 
indicated by arrows (n=4, 4, 3) (A). Increase in fluorescent intensity evoked by 18C LPA or 
ATP (10 µM of each) [n=4, 4, 3 (LPA); 4, 4, 3 (ATP); two-way ANOVA followed by Sidak’s 
multiple comparisons test] (B). Average trace of fluorescent intensity in Fluo-4 AM loaded 
VSMCs isolated from the aorta of WT mice. Administration of LPA, and ATP (10 µM of 
each) are indicated by arrows (n= 12, 12, 11) (C). 18C LPA (10 µM) evoked maximal 
fluorescent intensity change in percentage of the 10 µM ATP elicited maximal fluorescent 
signal [n=12, 12, 11; two-way ANOVA followed by Sidak’s multiple comparisons test] (D).  
*p<0.05; **p<0.01; ****p<0.0001. Bars represent mean ± SEM. 

Taken together, different naturally occurring LPA species have very different 

vasoactive effects. However, all these effects are mediated by the activation of LPA1 receptor, 

there might be cell specific differences in the signaling pathways. Shorter chain, saturated 

LPAs have a weak relaxing, and negligible constrictor effect, but as the chain becomes longer, 

these effects disappear. On the other hand, unsaturated LPAs have higher potency to evoke 

both the vasorelaxation and the vasoconstriction. This is in accordance with the literature data, 

as polyunsaturated LPA species might be stronger agonists of the LPA1 receptor (36). 

Regarding the endothelial effects of the investigated polyunsaturated LPAs, their vasorelaxant 
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activity decreases with the degree of unsaturation, but this seems not to be due to their ability 

to induce NO, but rather due to a counteracting vasoconstrictor activity appearing only when 

polyunsaturated LPAs were tested. This is also supported by the Ca2+ measurement data in 

endothelial cells. We found that only polyunsaturated LPA species can evoke thromboxane 

production in the thoracic aorta, but interestingly, this effect is not due to increased 

intracellular Ca2+ release by these LPA species in the smooth muscle cells. In conclusion, 

polyunsaturated LPA species have strong vasoconstrictor activity, due to their ability to 

increase COX mediated thromboxane release. This constriction is present even in 

endothelium intact aortic segments, where it counteracts LPA-mediated vasorelaxation, but is 

particularly interesting in case of endothelial injury and platelet activation where 

polyunsaturated LPAs can contribute to the progression of vasospasm via initiating 

thromboxane-mediated signaling. We are currently preparing a manuscript with these results 

and plan to submit it for publication by summer, 2023. 

 Signal transduction pathways of unsaturated lysophosphatidic acid species 1.5
evoked vasoconstriction 

Based on the study described in detail in the previous section, we further analyzed the 

signaling mechanism of the LPA induced vasoconstriction. For the experiments, 18:2 LPA 

was chosen, as it is one of the most abundant form of LPA under both physiological and 

pathophysiological conditions. As in the previous study, we did not see considerable 

intracellular Ca2+ increase upon LPA treatment in isolated VSMC, we started to do 

measurements with confocal wire myography. This technique is suitable to visualize the Ca2+-

changes and vascular tone simultaneously in isolated vessels. First, we removed both the 

endothelium and adventitia, and loaded the remaining smooth muscle layer with Fura-2AM. 

Surprisingly, removal of the adventitia abolished the 18:2 LPA induced vasoconstriction and 

the elicited Ca2+-response was minimal. On the other hand, phenylephrine- and potassium-

induced contraction and Ca2+ signals were clearly visible, indicating the integrity of the 

smooth muscle layer and its ability to constrict upon stimulation. Interestingly, when only the 

adventitia was pulled on the pins of the confocal myograph, a marked Ca2+-signal was 

detectable upon 18:2 LPA administration. 
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This difference was also present, when isolated vascular smooth muscle cells were compared 

to isolated adventitial cells. In a primary isolated vascular smooth muscle cell culture, 18:2 

LPA elicited only minimal changes in the intracellular Ca2+. The purity of the culture was 

verified by α-SMA (smooth muscle actin) staining. A mixed culture of isolated adventitial 

cells was thereafter tested. In some of the cells, there was a prominent Ca2+-signal. After the 

cells were fixed and stained, we concluded that only those cells showed the Ca2+-signal, 

which were positive for LPA1 receptor but negative for the smooth muscle marker. 
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We wanted to further analyze the localization of LPA1 receptor in the mouse aorta. First, we 

demonstrated that the antibody of our choice is indeed specific for LPA1 receptor. On the left 

side of the following figure, red fluorescence shows the presence of the LPA1 receptor in the 

aortic section, which is completely missing in the aorta prepared from Lpar1 KO mouse. En 

face staining of the aorta showed that the tunica adventitia expresses the LPA1 receptor, while 

the tunica media does not (right side of the next figure). This finding is opposed to our 

previous publication where we described LPA1 receptor expression on primary isolated aortic 

VSMC with qPCR (31), but also highlights the limitations of qPCR technique, as detectable 

mRNA of a membrane receptor does not necessarily mean that sufficient amount of the 

receptor is present in the membrane (to be detected by immunostaining or more importantly, 

to induce any biological effects). 

 

We also confirmed the importance of the tunica adventitia in the vasoconstrictor effect of 18:2 

LPA, as well as its role in the thromboxane production upon 18:2 LPA treatment. In 

accordance to this, we were able to detect significantly higher Lpar1 expression with qPCR 

when the adventitia was not removed from the aorta. Further experiments are planned to find 

out, which cell population of the adventitia is responsible for the vasoconstrictor effects of 

18:2 LPA. We plan to prepare a manuscript with these results and submit it for publication by 

the end of 2023. 
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Abstract:

Lysophosphatidylcholine (LPC) is a bioactive lipid that has been shown to 
attenuate endothelium-dependent vasorelaxation contributing to 
endothelial dysfunction, however, the underlying mechanisms are not 
well understood. In the present study we investigated the molecular 
mechanisms involved in the development of LPC-evoked impairment of 
endothelium-dependent vasorelaxation. In aortic rings isolated from 
wild-type (WT) mice, a 20 min exposure to LPC significantly reduced the 
acetylcholine (ACh)-induced vasorelaxation indicating the impairment of 
normal endothelial function. Interestingly, pharmacological inhibition of 
autotaxin (ATX) by GLPG1690 partially reversed the endothelial 
dysfunction, suggesting that lysophosphatidic acid (LPA) derived from 
LPC may be involved in the effect. Therefore, the effect of LPC was also 
tested in aortic rings isolated from different LPA receptor knock-out (KO) 
mice. LPC evoked a marked reduction in ACh-dependent vasorelaxation 
in Lpar1, Lpar2, and Lpar4 KO, but its effect was significantly attenuated 

https://mc.manuscriptcentral.com/ebm

Experimental Biology and Medicine



For Peer Review

in Lpar5 KO vessels. Furthermore, addition of superoxide dismutase 
reduced the LPC-induced endothelial dysfunction in WT but not in the 
Lpar5 KO mice. In addition, LPC increased H2O2 release from WT 
vessels, which was significantly reduced in Lpar5 KO vessels. Our 
findings indicate that the ATX-LPA-LPA5 receptor axis is involved in the 
development of LPC-induced impairment of endothelium-dependent 
vasorelaxation via LPA5 receptor mediated reactive oxygen species 
production. Taken together, in this study we identified a new pathway 
contributing to the development of LPC-induced endothelial dysfunction.
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Abstract

Lysophosphatidylcholine (LPC) is a bioactive lipid that has been shown to attenuate endothelium-

dependent vasorelaxation contributing to endothelial dysfunction, however, the underlying 

mechanisms are not well understood. In the present study we investigated the molecular mechanisms 

involved in the development of LPC-evoked impairment of endothelium-dependent vasorelaxation. In 

aortic rings isolated from wild-type (WT) mice, a 20 min exposure to LPC significantly reduced the 

acetylcholine (ACh)-induced vasorelaxation indicating the impairment of normal endothelial function. 

Interestingly, pharmacological inhibition of autotaxin (ATX) by GLPG1690 partially reversed the 

endothelial dysfunction, suggesting that lysophosphatidic acid (LPA) derived from LPC may be 

involved in the effect. Therefore, the effect of LPC was also tested in aortic rings isolated from 

different LPA receptor knock-out (KO) mice. LPC evoked a marked reduction in ACh-dependent 

vasorelaxation in Lpar1, Lpar2, and Lpar4 KO, but its effect was significantly attenuated in Lpar5 KO 

vessels. Furthermore, addition of superoxide dismutase reduced the LPC-induced endothelial 

dysfunction in WT but not in the Lpar5 KO mice. In addition, LPC increased H2O2 release from WT 

vessels, which was significantly reduced in Lpar5 KO vessels. Our findings indicate that the ATX-

LPA-LPA5 receptor axis is involved in the development of LPC-induced impairment of endothelium-

dependent vasorelaxation via LPA5 receptor mediated reactive oxygen species production. Taken 

together, in this study we identified a new pathway contributing to the development of LPC-induced 

endothelial dysfunction.

Keywords

Lysophosphatidylcholine, autotaxin, lysophosphatidic acid, lysophosphatidic acid receptor 5, 

endothelial dysfunction, reactive oxygen species

Impact Statement 

The ATX-LPA axis has been proposed to be involved in several cardiovascular diseases; however, 

its involvement in LPC-induced endothelial dysfunction has not been studied yet. Here we 

demonstrate for the first time that the development of LPC-induced impairment of endothelium-

dependent vasorelaxation requires the conversion of LPC to LPA by the ATX enzyme. LPA activates 
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LPA5, triggering signaling pathways that lead to an elevated production of ROS and subsequent 

endothelial dysfunction. The ATX-LPA-LPA5 receptor pathway might provide new targets to prevent 

endothelial dysfunction.

Introduction

Endothelial dysfunction refers to the complex structural and functional alteration of the endothelium 

that manifests in several cardiovascular diseases including atherosclerosis, diabetes, and hypertension 

1. It is characterized by endothelial cell activation resulting in increased adhesion molecule and 

cytokine expression and impaired endothelial permeability 2, 3 . The hallmark of endothelial 

dysfunction is the altered endothelium-dependent vasodilation, mostly attributed to the disrupted 

synthesis and reduced bioavailability of nitric oxide (NO) 1.

Lysophosphatidylcholine (LPC) is a bioactive glycerophospholipid with well-documented toxic 

effects on the endothelium 4, 5. It is present in the circulation in high micromolar concentrations, 

mostly bound to carrier proteins such as albumin or lipoproteins 6. LPC is known as a pro-

inflammatory mediator that is involved in the progression of several cardiovascular diseases 7. 

Moreover, LPC is known to interfere with the NO homeostasis of endothelial cells, that results in an 

impaired endothelium-dependent vasorelaxation 8, 9.

Although, in the past decades several papers reported the involvement of LPC in the development of 

endothelial dysfunction, the mechanism underlying this phenomenon remains unclear. Some suggest 

that LPC might activate signaling pathways that lead to the increased production of reactive oxygen 

species (ROS) including superoxide and hydrogen peroxide (H2O2). These ROS can damage the 

endothelial cells directly or react with NO reducing the vasorelaxant features of the endothelium 8, 10, 

11. It is also possible that LPC disrupts the integrity of the nitric oxide synthase (NOS) enzyme 

decreasing its activity 9.

In the vascular system LPC is metabolized by autotaxin (ATX), an ectoenzyme with 

lysophospholipase D activity, coded by the ectonucleotide pyrophosphatase/phosphodiesterase 2 

(ENPP2) gene. ATX is found in the plasma mostly generated by the adipose tissue, but it is also 

present anchored to the surface of different vascular cells such as the endothelium, smooth muscle, and 

macrophages. The product of LPC metabolism by ATX is lysophosphatidic acid (LPA), a bioactive 
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mediator, with multiple vascular functions 12, 13. Most of the effects of LPA are mediated by six G 

protein-coupled receptors, that are classified into two groups. LPA1-3 are members of the endothelial 

differentiation gene (EDG) family, whereas LPA4-6 are known as non-EDG receptors and share 

similarities with purinergic receptors 14.

The ATX-LPA-LPA receptor axis has been implicated in the pathology of different inflammatory 

cardiovascular diseases including atherosclerosis. For example, LPA induces the expression of 

chemokines and adhesion molecules through activating LPA1/3 
15. In addition, LPA also plays an 

important role in neointima formation 16, 17. Despite their documented involvement in progression of 

vascular dysfunction, the potential role of ATX and LPA in LPC-induced endothelial dysfunction has 

not yet been reported. In the present study we described the ATX-LPA-LPA5 axis as a previously 

unidentified pathway contributing to the LPC-induced impairment of endothelium-dependent 

vasorelaxation. 

Materials and Methods

Animals

All procedures were carried out in accordance with guidelines of the Hungarian Law of Animal 

Protection (28/1998) and were approved by the Government Office of Pest County (PE/EA/924-

7/2021). Wild type (WT) mice on C57BL/6 genetic background were obtained from Charles River 

Laboratories (Isaszeg, Hungary). Mice deficient in Lpar1 and Lpar2 were generated and kindly 

provided by Dr. Jerold Chun (Sanford Burnham Prebys Medical Discovery Institute, La Jolla, CA, 

USA). Lpar4 KO mice were received from Dr. Satoshi Ishii (Department of Immunology, Graduate 

School of Medicine, Akita University, Akita, Japan) and the Lpar5 KO animals were a gift from 

Lexicon Pharmaceuticals (The Woodlands, TX, USA). All transgenic mouse lines had the C57BL/6 

genetic background. Animals were housed in a temperature and light controlled room (12 h light-dark 

cycle) with free access to food and water.

Preparation of vessels

Adult (90-120 days old) male mice were anesthetized in a CO2-chamber, followed by transcardial 

perfusion with Krebs solution containing 10 U/mL Heparin as described previously 18. The thoracic 

aorta was isolated and cleaned of adipose and connective tissues under dissection microscope (M3Z; 
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Wild Heerbrugg AG, Gais, Switzerland). During the preparation, special care was taken to preserve 

the integrity of the endothelium. The distal region of the thoracic aorta was cut into 3 mm long 

segments and mounted on two parallel stainless-steel needles of a myograph chamber filled with 6 ml 

gassed Krebs solution at 37°C.

Myography

Before every experiment the vessels were allowed to rest for 45 min at a passive tension of 15 mN. 

First, the vessels were exposed to 124 mM KCl containing Krebs solution for 1 min to elicit 

vasoconstriction. After several washes, when the vessels returned to resting tone, phenylephrine (PE) 

and acetylcholine chloride (ACh) were added to the chambers to test the smooth muscle and the 

endothelium function. After repeated washing, the segments were adjusted to 124 mM KCl Krebs 

solution for 3 min to elicit a reference maximal contraction. After washout, the vessels were pre-

contracted using increasing concentrations of phenylephrine (10 nM to 10 μM) followed by increasing 

concentrations of acetylcholine (1 nM to 10 μM) to evoke NO-dependent vasorelaxation. This PE-

ACh concentration response curve (CRC) was repeated once more to reach the maximal 

responsiveness of the rings. After washout, the vessels were treated with 10 µM LPC for 20 min, 

followed by the readministration of the PE and ACh concentrations. In some experiments, the ATX 

inhibitor GLPG1690 at 10 µM or 200 U/mL superoxide dismutase (SOD) was applied to the vessels 

10 min prior to LPC administration. 

Quantification of vascular H2O2 release

Whole descending thoracic aortae were cut longitudinally and allowed to rest in 250 μL Hanks’ 

Balanced Salt Solution (HBSS) for 60 min at 37 °C. To measure the basal H2O2 levels, the vessels 

were incubated with a working solution containing 50 μM Amplex Red reagent and 0,2 U/mL 

horseradish peroxidase (HRP) in HBSS for 15 min at 37 °C. The supernatant was collected and 

absorbance was measured at 570 nm. Then, the vessels were incubated with working solution 

containing 10 μM LPC for 40 min at 37 °C followed by absorbance measurement of supernatant. 

Absorbance values were normalized to 1 min.

Quantitative real-time PCR analysis
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Whole thoracic aorta of WT and Lpar5 KO mice was isolated and stored at -80 °C until RNA isolation. 

Total RNA from the samples was extracted using Tri Reagent. Total RNA was reverse transcribed using 

RevertAid First Strand cDNA Synthesis kit. qPCR reactions were performed on CFX Connect Real-

Time PCR Detection System (Bio-Rad Laboratories, Hercules, CA, USA) using SsoAdvanced 

Universal SYBR Green Supermix. Temperature cycles were as follows: 95 °C for 60 s, 95 °C for 10 s 

and 58 °C for 30 s (40 cycles). Specific primer sets were designed by using Primer3Plus and Primer-

BLAST software tools and/or ordered from Sigma-Aldrich.19, 20 Primer sequences are listed in Table 1. 

The beta-2 microglobulin (B2m) gene was considered the housekeeping gene for normalizing gene 

expression. The delta–delta CT (∆∆CT) method was used to calculate the gene expressions of B2m, 

LPA1, LPA2, LPA3, LPA4, LPA6 receptor and ATX 21. The minimum information for the publication of 

quantitative real-time PCR experiments (MIQE) guideline was considered during the entire qPCR 

quantification workflow and the detailed descriptions of methodology can be found in the 

Supplementary Materials 22. 

Reagents

Oleoyl-lysophosphatidylcholine (18:1 LPC) was purchased from Sigma-Aldrich (St. Louis, MO, 

USA) and was dissolved in methanol to stock solutions of 10 mM. Required amounts of LPC stock 

solutions were transferred to glass vials and the vehicle was removed using a stream of nitrogen. LPC 

was re-dissolved in water containing 0,1% bovine serum albumin before use. SOD was also purchased 

from Sigma Aldrich and dissolved in water to stock solutions of 20000 U/mL. GLPG1690 was 

purchased from Cayman Chemicals (Ann Arbor, MI, USA) and DMSO was used as a solvent for 

preparing a 10 mM stock solution. AmplexTM Red reagent and HRP were purchased from Thermo 

Fisher Scientific (Waltham, MA, USA) and were diluted in DMSO and aqueous solutions to stock 

solutions of 10 mM and 0.4 U/mL. Tri Reagent was purchased from Zymo Research (Irvine, CA, 

USA). RevertAid First Strand cDNA Synthesis kit was purchased from Thermo Scientific (Waltham, 

MA, USA). SsoAdvanced Universal SYBR Green Supermix was purchased from Bio-Rad 

Laboratories (Hercules, CA, USA).

Data analysis
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Vascular tension changes were recorded with the MP100 system and analyzed with the 

AcqKnowledge 3.7.3 software of Biopac System Inc. (Goleta, CA, USA). All data are presented as 

mean ± SE, and ‘n’ demonstrates the number of vessels tested. Data analysis was carried out by 

GraphPad Prism statistical software (version 8.0.1.244; GraphPad Software Inc., La Jolla, CA, USA). 

Concentration-response curves for ACh were plotted with responses expressed as percentage of the 

maximal contraction induced by PE. Nonlinear regression was fitted to compare the dose-response 

curves and determine Emax and EC50 values. Student’s t-test or Mann-Whitney test was used when 

comparing two variables. p<0.05 was considered statistically significant.

Results

Inhibition of ATX attenuates LPC-induced endothelial dysfunction

LPC reportedly evokes endothelial dysfunction characterized by reduction in NO-dependent 

vasorelaxation 10. In agreement with that, we observed that in LPC treated WT vessels, the ACh-

induced vasorelaxant responses were markedly attenuated (Figure 1). To investigate the contribution 

of ATX to this deleterious effect of LPC, vessels were pre-treated with the selective ATX inhibitor 

GLPG1690. GLPG1690 significantly (p<0.0001) decreased the LPC-induced endothelial dysfunction 

(Figure 1), suggesting the involvement of ATX in the effect of LPC. 

Identification of LPA receptors involved in LPC-induced endothelial dysfunction

Because ATX appeared to be involved in the LPC-induced attenuation of endothelial function, we 

examined whether its product, LPA also contributes to the effect. Therefore, the effect of LPC was 

tested on aorta segments isolated from mice KO for different LPA receptors. In the case of Lpar1, 

Lpar2 and Lpar4 KO, the effect of LPC was similar to that observed in WT mice (Figure 2A-C). On 

the contrary, the impairment of ACh-induced vasorelaxation by LPC was markedly attenuated in 

Lpar5 KO mice (Figure 2D). These results indicate that LPC-derived LPA may contribute to the 

development of endothelial dysfunction through LPA5 receptor activation.

Expression profile of LPA receptors and ATX in Lpar5 KO mice

We examined the LPA receptor and ATX expression profile in aortic tissue isolated from WT and 

Lpar5 KO mice using quantitative real-time PCR. Our data showed that Lpar5 deletion did not 
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significantly affect the expression of LPA1, LPA2, LPA3, LPA4, LPA6 receptors and ATX as no 

significant differences in mRNA expression rate were detected relative to WT (Figure 3).

Involvement of ROS in LPC-induced endothelial dysfunction

In the next phase of the study, we investigated the downstream signaling mechanism involved in the 

LPA receptor-mediated portion of the LPC-induced endothelial dysfunction. Considering that 

superoxide is a well-known factor participating in the development of endothelial dysfunction 1, we 

tested the effect of SOD on the deleterious effect of LPC. As shown in Figure 4A, SOD prevented the 

effect of LPC treatment in WT vessels. Interestingly, this beneficial effect of SOD was absent in 

Lpar5 KO vessels (Figure 4B), indicating that LPA5 drives ROS production.

To confirm the involvement of LPA5 receptor in ROS generation upon LPC treatment, H2O2 

production assay was performed in the vessels. LPC induced a marked increase in extracellular H2O2 

levels in aortic tissue isolated from WT mice, however, its effect was significantly (p<0.05) 

diminished in Lpar5 KO vessels (Figure 5). These data suggest that the LPA5 activation is involved in 

LPC-evoked ROS production.

Discussion

In the present study, we demonstrated that ATX and LPA5 receptor contribute to the LPC-induced 

impairment of endothelium-dependent vasorelaxation. Furthermore, these results suggest that the 

reduction of NO-dependent vasorelaxation is coupled with elevated ROS production and this effect is 

mediated, at least in part by LPA5 activation. 

Although ATX and LPA are associated reportedly with inflammatory vascular diseases like 

atherosclerosis 16, 23, their involvement in the alteration of endothelium-dependent vasorelaxation has 

not yet been investigated. In contrast, the disruptive effect of LPC on vasorelaxation is well-

documented 8, 10, 11; however, to the best of our knowledge the potential involvement of ATX and LPA 

in this process has not been addressed previously. Here we demonstrated that the selective inhibition 

of ATX significantly reduces the LPC-induced impairment of endothelial function, suggesting that 

LPC achieves this effect partly by conversion to LPA.

The involvement of LPA was further confirmed, as we observed that the deletion of Lpar5 is 

protective of the LPC-evoked endothelial dysfunction. Since its discovery in 2006 24, LPA5 receptor 
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has been implicated in multiple biological functions such as brain development 25, immune modulation 

26 and neuropathic pain sensitization 27. In the vascular system LPA5 is expressed in endothelial cells 

28, smooth muscle cells 29 and platelets 30. LPA5 has also been associated with atherosclerosis 

progression, as its expression was found to be upregulated in atherosclerotic plaques isolated from 

human carotid arteries 31. It has been assumed that LPA5 along with other LPA receptors is involved in 

endothelial cell activation 31, which further supports our hypothesis that LPA5 is a potential regulator 

of vascular inflammatory processes. 

We also analyzed the LPA receptor and ATX expression profile of WT and Lpar5 KO mice. The 

results showed no significant difference between the two groups suggesting that the genetic deletion of 

LPA5 does not affect the expression of other LPA receptors and ATX.

The deleterious effects of LPC on endothelial cells are well documented and mostly attributed to the 

ability of LPC to evoke oxidative stress. Several research groups reported increased ROS production 

in cultured endothelial cells upon LPC treatment 8, 32. The release of these oxidative agents can 

contribute to the disruption of the normal endothelial function, leading to decreased endothelium-

dependent vasorelaxation 10. As Rao et al. showed earlier 10, the negative effect of 18:1 LPC on NO-

dependent vasorelaxation can be almost entirely abolished by the superoxide-scavenger Tempol. Our 

results are in agreement with these observations, as SOD enzyme significantly decreased LPC evoked 

attenuation of vasorelaxation in WT mice, albeit its protective effect was not complete. One possible 

explanation for this difference is that while Tempol is a membrane-permeable agent, reacting with 

both intracellular and extracellular ROS 33, SOD has poor membrane permeability and acts 

extracellularly 34. The involvement of extracellular ROS in this phenomenon was further confirmed by 

the results we obtained in the Amplex Red assay, a method used for extracellular H2O2 detection 35. In 

the supernatant of LPC treated WT vessels, a significant amount of H2O2 was detected, indicating that 

LPC evokes ROS release from vascular cells. Interestingly, in case of Lpar5 KO vessels, we could not 

achieve further improvement with SOD treatment. In addition, we observed significantly lower ROS 

release upon LPC stimulation in Lpar5 KO as compared to WT vessels. These results indicate that 

LPA5 receptor activation is involved in the initiation of oxidative stress in mouse aortic tissue.
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Whereas our results suggest that a significant part of the deleterious effect of LPC requires its 

conversion to LPA, it is likely that other, LPA-independent signaling pathways are also involved, as 

we were unable to prevent the entire LPC effect either with ATX inhibition or the genetic deletion of 

LPA5. Given its amphipathic nature, it is likely that LPC interacts directly with the cell membrane, 

changing its biophysical properties leading to an altered membrane function 36. In line with this 

hypothesis, it has been speculated that LPC might incorporate into the endothelial cell membrane and 

interacts with the eNOS enzymes located in caveolae 8, 37 This process may lead to a disrupted eNOS 

function with decreased NO bioavailability and subsequent endothelial dysfunction.

In conclusion, we have shown that the development of LPC-induced impairment of endothelium-

dependent vasorelaxation requires the conversion of LPC to LPA by the ATX enzyme in mouse aortic 

tissue. This locally formed LPA appears to activate LPA5 receptor, triggering signaling pathways that 

lead to an elevated production of ROS and subsequent endothelial dysfunction.
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Figure Legends

Figure 1. Cumulative concentration-response curves to ACh were performed on WT mouse aortic 

rings before and after incubation with 18:1 LPC (10 µM, 20 min) in the presence or absence of 

GLPG1690, a selective ATX inhibitor (10 µM). GLPG1690 significantly reduced the LPC-evoked 

attenuation of vasorelaxation. Relaxation values are expressed as mean ± SE percentage of maximal 

PE-induced contraction. LPC: n=31, GLPG+LPC: n=38. *p<0.0001 compared to “After GLPG+LPC”.

Figure 2. Cumulative concentration-response curves to ACh were performed on aortic rings before 

and after incubation with 18:1 LPC (10 µM, 20 min). Vessels were isolated from Lpar1 (A), Lpar2 

(B), Lpar4 (C), Lpar5 (D) KO and WT mice. The LPC-induced attenuation of endothelium-dependent 

vasorelaxation was unaltered in Lpar1 (A), Lpar2 (B), and Lpar4 (C) KO, but it was reduced in Lpar5 

KO (D). Relaxation values represent mean ± SE percentage of maximal PE-induced contraction. A: 

WT: n=15, KO: n=13. B: WT: n=9, KO: n=9. C: WT: n=10, KO: n=14. D: WT: n=49, KO: n=60. 

*p<0.0001 compared to “KO After LPC”.

Figure 3. LPA receptor and ATX expression of mouse aortic tissue isolated from WT (grey bars) and 

Lpar5 KO (red bars) mice.  mRNA expression was determined using quantitative real-time PCR. No 

statistical difference was observed in LPA1, LPA2, LPA3, LPA4, LPA6 receptors and ATX gene 

expression between the two groups. The changes in mRNA expression of examined genes were 

normalized to B2m mRNA levels. LPA1: Bl6: n=8, Lpar5 KO: n=8. LPA2: Bl6: n=6, Lpar5 KO: n=6. 

LPA3: Bl6: n=7, Lpar5 KO: n=6. LPA4: Bl6: n=8, Lpar5 KO: n=8. LPA6: Bl6: n=9, Lpar5 KO: n=8. 

ATX: Bl6: n=9, Lpar5 KO: n=8. Student’s t-test, Mann-Whitney test.

Figure 4. Cumulative concentration-response curves to ACh were performed on aortic rings before 

and after incubation with 18:1 LPC (10 µM, 20 min) in the presence or absence of SOD (200 U/ml). 

Vessels were isolated from WT (A) or Lpar5 KO (B) mice. SOD significantly reduced the LPC-

evoked attenuation of vasorelaxation in WT (A), but it was ineffective in Lpar5 KO (B). Relaxation 
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values represent mean ± SE percentage of maximal PE-induced contraction. A: LPC: n=29, 

SOD+LPC: n=30. B: LPC: n=9, SOD+LPC: n=9. *p<0.0001 compared to “After SOD+LPC”.

Figure 5. H2O2 production of WT (gray bar) and Lpar5 KO (red bar) mouse aortic rings measured by 

Amplex Red Assay. Vessels were incubated with working solution containing Amplex Red (50 μM) 

and HRP (0,2 U/mL) in HBSS at 37 °C. Absorbance was measured from supernatant after 15 min. 

Then, the vessels were incubated with working solution containing 18:1 LPC (10 μM) for 40 min at 37 

°C followed by absorbance measurement of supernatant. The LPC-evoked H2O2 production was 

significantly reduced in Lpar5 KO as compared to WT vessels.  Absorbance values were normalized 

to 1 min. Values are expressed as fold H2O2 increase after LPC treatment. WT: n=9, Lpar5 KO: n=6. 

*p<0.05 compared to Lpar5 KO. Mann-Whitney test.
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Gene name Primer sequence
NCBI reference 

sequence number
Size (bp) Reference

Target genes

Lpar1

(lysophosphatidic acid receptor 1)

F: GACTCCTACTTAGTCTTCTGG

R: CAGACAATAAAGGCACCAAG
NM_010336.2 200

Lpar2

(lysophosphatidic acid receptor 2)

F: CAAGACGGTTGTCATCATTC

R: AATATACCACTGCATTGACC
NM_020028.3 167

Purchased from 

Sigma-Aldrich

Lpar3

(lysophosphatidic acid receptor 3)

F: AGGGCTCCCATGAAGCTAAT

R: GTTGCACGTTACACTGCTTG
NM_022983.4 124 20

Lpar4

(lysophosphatidic acid receptor 4)

F: CTGATCGTCTGCCTCCAGAAA

R: TTGAGACTGAGGACCAGTAGAG
NM_175271.4 117 20

Lpar6

(lysophosphatidic acid receptor 6)

F: ACTGAAGTAAAGCTGGTTTG

R: AACCCATAAAGCTGAAAGTG
NM_175116.4 109

Enpp2

(ectonucleotide pyrophosphatase/

phosphodiesterase 2)

F: CTGTCTTTGATGCTACTTTCC

R: TCACAGACCAAAAGAATGTC
NM_001040092.3 129

Purchased from 

Sigma-Aldrich

Reference gene

B2m (beta-2 microglobulin)
F: CTTTCTGGTGCTTGTCTCACTG

R: AGTATGTTCGGCTTCCCATTC
NM_009735.3 105 19

Table 1. Primer sequences used in quantitative PCR analysis 

The gene identities and forward (F) and reverse (R) primer sequences with the length of the PCR 

products for qPCR. The specific PCR products were checked by gel electrophoresis for absence of 

primer-dimers and correct PCR product length.
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Figure 1. Involvement of ATX in LPC-induced endothelial dysfunction 

107x79mm (600 x 600 DPI) 
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Figure 2. Identification of LPA receptors involved in LPC-induced endothelial dysfunction 

196x161mm (300 x 300 DPI) 
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Figure 3. Expression profile of LPA receptors and ATX in Lpar5 KO mice 

137x65mm (600 x 600 DPI) 
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Figure 4. Involvement of ROS in LPC-induced endothelial dysfunction 

196x79mm (600 x 600 DPI) 
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Figure 5. Involvement of LPA5 receptor in LPC-evoked ROS release 

107x76mm (600 x 600 DPI) 
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Assessment of gene expression  

Thoracic aorta of WT and Lpar5 KO mice was isolated and stored at -80 °C until PCR analysis. 

Thoracic aorta samples were homogenized (Capitol Scientific, BEL-19923-0000) and subsequently 

lysed in 0.5 ml Tri Reagent (Zymo Research, R2050-1-50). A total of 0.2 ml chloroform (Reanal 

Laborvegyszer Kft) was added per 1 ml Tri Reagent, the samples were mixed for 15 s by vigorous 

shaking. Phase separation was allowed by placing the samples to room temperature for 15 min followed 

by centrifugation at 12,000 ×g for 15 min at 4°C. The upper aqueous phase was transferred to a fresh 

tube. A total of 0.5 ml isopropanol (Thermo Scientific, 59304) per 1 ml Tri Reagent was added, 

thoroughly mixed, and incubated for 10 min and centrifuged at 12,000 ×g for 10 min at 4°C to precipitate 

the RNA. The RNA pellet was washed with 2 ml ethanol (Molar Chemicals Ktf) per 1 ml Tri reagent 

and centrifugation at 12,000 ×g for 8 min at 4°C. The supernatant was aspirated and the sediment was 

air dried. Total RNA was dissolved in UltraPure water (Invitrogen, 10977015) and RNA quantity and 

purity of all samples were measured with NanoDrop spectrophotometer (Thermo Scientific). Total RNA 

samples were stored at −80 °C until use. 

Total RNA was reverse transcribed using RevertAid First Strand cDNA Synthesis kit (Thermo 

Scientific, K1621) and Bio-Rad C1000 Touch PCR thermal cycler. Reverse transcription was carried 

out according to the manufacturer’s instructions using the following temperature cycles: 25 °C for 5 min, 

42 °C for 60 min and 70 °C for 5 min. The cDNA was stored at −20 °C. 

Specific primer sets were designed by using Primer3Plus (https://www.primer3plus.com/) and Primer-

BLAST software tool (http://www.ncbi.nlm.nih.gov/tools/primer-blast) and/or ordered from Sigma-

Aldrich 1, 2. Primer sequences are listed in Table 1. qPCR reactions were performed on CFX Connect 

Real-Time PCR Detection System (Bio-Rad Laboratories) using SsoAdvanced Universal SYBR Green 

Supermix (Bio-Rad Laboratories). The sample volume was 10 μl containing 2 μl diluted cDNA, 1 μl 

forward and 1 μl reverse primer (0.5-0.5 μM), 5 μl SsoAdvanced Universal SYBR Green Supermix and 

UltraPure water (Invitrogen, 10977015). PCR reactions were carried out in triplicate. Temperature cycle 

were as follows: 95 °C for 60 s, 95 °C for 10 s and 58 °C for 30 s (40 cycles), followed by a melting 

curve analysis by heating from 65°C to 95°C with a rate of 0.5°C/s and continuous fluorescence 
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measurement. Raw data were analyzed using CFX Maestro Software 2.2 software (Bio-Rad 

Laboratories).  

Data evaluation, statistical analysis and graphs were performed with GrapPadPrism 8 (GraphPad 

Software, version 8.0.1.244) with n= 6-9 independent repetitions. The Pfaffl method, also known as 

the delta–delta CT (∆∆CT) method, with efficiency correction was used to calculate the gene 

expressions of beta-2 microglobulin (B2m), LPA1, LPA2, LPA3, LPA4, LPA6 receptor and ATX 3, 4. 

B2m was considered the housekeeping gene for normalising gene expression. For B2m, efficiency was 

1.13; for Lpar1 1.11; for Lpar2 1.10; for Lpar3 0.80; for Lpar4 0.83; for Lpar6 1.08; for Enpp2, 

efficiency was 1.12. Normal distribution was analyzed with the Shapiro-Wilk test. Differences 

between different conditions were calculated by unpaired Student’s t-test. Nonparametric values were 

analyzed with Mann-Whitney U test. p values ≤ 0.05 were considered statistically significant, all 

experimental data are shown as means ± SE (n = 6–9). The minimum information for the publication 

of quantitative real-time PCR experiments (MIQE) guidelines was considered during the entire qPCR 

quantification workflow 4. 
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Article 1 

Enhancement of sphingomyelinase-induced endothelial nitric 2 

oxide synthase-mediated vasorelaxation in a murine model of 3 

type 2 diabetes 4 
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Abstract: (1) Background: Sphingolipids are important biological mediators both in health and in 15 

metabolic diseases. We investigated the vascular effects of enhanced sphingomyelinase (SMase) 16 

activity in a mouse model of type 2 diabetes mellitus (T2DM) to gain understanding of the sec- 17 

ondary signaling pathways involved.; (2) Methods: wire myography was used to measure isomet- 18 

ric changes in the tone of the thoracic aorta after administration of 0.2 U/ml neutral SMase in the 19 

presence or absence of the thromboxane prostanoid (TP) receptor antagonist SQ 29,548 and nitric 20 

oxide synthase (NOS) inhibitor L-NAME; (3) Results: In phenylephrine-precontracted aortic seg- 21 

ments of non-diabetic mice, 0.2 U/mL neutral SMase induced transient contraction and subsequent 22 

weak relaxation, whereas vessels of littermate adult male diabetic (Leprdb/Leprdb, referred to as 23 

db/db) mice showed marked relaxation. In the presence of the TP receptor antagonist SQ 29,548, 24 

SMase induced enhanced relaxation in both groups, which was 3-fold stronger in vessels of db/db 25 

mice as compared to controls. Co-administration of the NOS inhibitor L-NAME abolished the 26 

vasorelaxation in both groups; (4) Conclusions: Our results indicate dual vasoactive effects of 27 

SMase: TP-mediated vasoconstriction and NO-mediated vasorelaxation. Surprisingly, in spite of 28 

the general endothelial dysfunction in T2DM, the endothelial NOS-mediated vasorelaxant effect of 29 

SMase was markedly enhanced. 30 

Keywords: Sphingolipids; sphingomyelinase; vasorelaxation; endothelial nitric oxide synthase; 31 

type 2 diabetes; thromboxane prostanoid receptor 32 

 33 

1. Introduction 34 

Sphingolipids, derived from sphingomyelin metabolism, have been impli- 35 

cated as important mediators in the physiology and pathophysiology of the car- 36 
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diovascular system [1-6]. Sphingomyelinase (SMase) catalyzes the conversion of 37 

sphingomyelin to ceramide, which is the precursor of other sphingolipid medi- 38 

ators, including ceramide-1-phosphate (C1P), sphingosine (Sph), and sphingo- 39 

sine-1-phosphate (S1P) [7]. The majority of S1P-induced biological effects are 40 

mediated by G-protein-coupled receptors (GPCRs), termed S1P1-5 [8]. Other 41 

sphingolipid mediators may exert biological effects by directly interacting with 42 

membrane or intracellular protein targets, independently of the activation of S1P 43 

receptors [5,9-11]. 44 

Based on the optimal pH for their catalytic activity, SMase isoforms can be 45 

divided into three groups: alkaline, acidic, and neutral [12]. The expression and 46 

known functions of alkaline SMase are mostly restricted to the gastrointestinal 47 

system, whereas acidic and neutral SMases are more widely expressed and in- 48 

volved in physiological and pathophysiological reactions of many systems, in- 49 

cluding the cardiovascular system. In the vasculature, SMases are implicated in 50 

the regulation of vascular tone and permeability as well as in causing athero- 51 

sclerotic lesions and vascular wall remodeling [13]. Interestingly, neutral SMase 52 

has been reported to induce a wide range of changes in the vascular tone, de- 53 

pending on the species, vessel type, and experimental conditions (Table 1.). 54 

Taken into account the large number of biologically active mediators (including 55 

ceramides, C1P, Sph, and S1P) that can be generated both extra- and intracellu- 56 

larly upon triggering the sphingolipid biosynthesis by neutral SMase, the diver- 57 

sity of vascular effects is not unexpected. 58 

Table 1. Reported vasoactive effects of neutral SMase. 59 

Species Vessel Vasoactive effects Proposed mechanism Ref. 

Yorkshire 

pig 

coronary ar-

tery 
transient endotheli-

um-dependent con-

traction followed by 

endotheli-

um-dependent relaxa-

tion 

vasoconstriction: pros-

tanoid(s) 

vasorelaxation: NO 

[14] 

Spra-

gue-Dawle

y rat 

thoracic aor-

ta 

endotheli-

um-independent re-

laxation 

inhibition of protein kinase 

C (PKC) 

[15,16] 

Wistar rat thoracic aor-

ta 

partly endotheli-

um-independent re-

laxation 

endothelium-mediated 

component is independent 

of NO or prostanoids; 

non-endothelial component 

is independent of PKC 

[17] 

Mongrel 

dog 

basilar artery endotheli-

um-independent con-

traction 

activation of VDCC and 

PKC 

[18] 

Wistar rat pial venule 

(60-70 μm in 

diameter) 

constriction and spasm activation of VDCC, PKC, 

and MAP kinase  

[19] 

Wistar rat thoracic aor-

ta 

endotheli-

um-independent re-

laxation 

inhibition of both 

Ca2+-dependent and 

Ca2+-independent 

(RhoA-/Rho ki-

[20] 
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nase-mediated) contractile 

pathways 

Cow coronary ar-

tery 

endotheli-

um-dependent relaxa-

tion 

Ca2+-independent eNOS ac-

tivation, involving phos-

phorylation on serine 1179 

and dissociation of eNOS 

from plasma membrane 

caveolae 

[21] 

Wistar rat pulmonary 

artery 

endotheli-

um-independent con-

traction 

activation of VDCC, PKCζ 

and Rho kinase 

[22] 

Wistar-Kyo

to (WKY) 

and spon-

taneously 

hyperten-

sive rat 

(SHR) 

carotid artery SHR: strong endothe-

lium-dependent con-

traction 

WKY: weak endothe-

lium-dependent con-

traction 

vasoconstriction is mediat-

ed by PLA2- and COX2- 

mediated TXA2 release and 

attenuated by NO 

[23-25] 

NO, nitric oxide; PKC, protein kinase C; VDCC, voltage-gated calcium channel; MAP, mitogen ac- 60 
tivated protein; eNOS, endothelial NO synthase; PLA2, phospholipase A2; TXA2, thromboxane A2; 61 
COX, cyclooxygenase. 62 

SMase enzymes are reportedly upregulated in certain cardiovascular and 63 

metabolic disorders such as type 2 diabetes mellitus (T2DM) [13,26,27]. Sphin- 64 

golipids have been implicated as important regulators of inflammatory processes 65 

in diabetes [28]. Stress conditions initiate changes in sphingolipid metabolism 66 

[29], and sphingolipids have emerged as key mediators of stress responses 67 

[30,31]. Extracellular stressors induce sphingolipid synthesis and turnover, 68 

thereby ‘remodeling’ sphingolipid profiles and their topological distribution 69 

within cells [32]. Emerging evidence not only demonstrates profound changes in 70 

sphingolipid pools and distribution under conditions of overnutrition [33-35], 71 

but also implicates sphingolipids in mediating cell-signaling responses that pre- 72 

cipitate pathology associated with obesity [36]. In spite of the marked alterations 73 

in the metabolism and actions of sphingolipids in diabetes and recent observa- 74 

tions indicating that ceramide may contribute to the development of diabetic 75 

endothelial dysfunction [37], relatively little is known about the effects of 76 

sphingolipids on vascular functions in T2DM. In the present study, we analyzed 77 

the effects of SMase on vascular tone under diabetic conditions in order to elu- 78 

cidate the signaling mechanisms involved. 79 

2. Results 80 

First, we verified the general metabolic and vascular phenotype of T2DM 81 

mice tested in the present study. Db/db mice reportedly develop obesity with 82 

elevated blood glucose levels and insulin resistance [38-40]. Accordingly, the 83 

body weight increased almost 2-fold (Figure 1A), whereas blood glucose levels 84 

increased 3-fold (Figure 1B) in db/db mice as compared to non-diabetic control 85 

littermates. Furthermore, the serum phosphorylcholine level was also signifi- 86 

cantly increased in the diabetic group (Figure 1C), which is consistent with the 87 

reported enhancement of SMase activity in type 2 diabetes [13,26,27]. Vessels of 88 

db/db animals showed marked endothelial dysfunction indicated by the im- 89 
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pairment of the dose-response relationship of acetylcholine (ACh)-induced vas- 90 

orelaxation after precontraction with 10 μmol/L PE (Figure 1D). The Emax value 91 

decreased to 50.8  2.0% in diabetic vessels as compared to controls (65.8  3.9%). 92 

However, there was no significant difference in the EC50 values (34.7  16.0 nM 93 

vs. 55.7  15.7 nM), indicating unchanged potency in spite of the reduced efficacy 94 

of endogenous NO upon stimulation of endothelial NOS (eNOS) by ACh. In 95 

contrast, reactivity of the vascular smooth muscle to NO remained unaltered, as 96 

neither the Emax (105.2  1.8% vs. 103.3  2.2%) nor the EC50 (10.7  1.3 nM vs. 14.1 97 

 2.0 nM) values of sodium nitroprussid (SNP)-induced vasorelaxation differed 98 

in vessels of db/db animals as compared to controls (Figure 1E). Taken together, 99 

these results confirm the T2DM-like metabolic and vascular phenotypes in db/db 100 

mice and suggest the in vivo enhancement of SMase activity as well. 101 

 

 

Figure 1. Manifestation of the metabolic and vascular phenotype of T2DM in db/db mice. Body 102 
weight (A), as well as non-fasting blood glucose (B) and serum phosphorylcholine levels (C) in- 103 
creased in db/db mice as compared to controls (**p < 0.01, ***p < 0.001 vs. control group; Student’s 104 
unpaired t-test, n=13-22). ACh-induced relaxation diminished (D), while the reactivity of the vas- 105 
cular smooth muscle to sodium nitroprusside (SNP) remained unaltered (E) in vessels of db/db 106 
mice as compared to controls (mean ± SEM, ***p < 0.001 vs. control; dose-response curve fitted to n= 107 
12-24). 108 

Next, we determined the effect of nSMase on the active tone of control and 109 

db/db vessels (Figure 2A). After 10 μmol/L phenylephrine (PE)-induced precon- 110 

traction, 0.2 U/mL nSMase elicited additional contraction in control vessels that 111 

reached its maximum at 7.2 min before relaxing back to the pre-SMase level by 112 

the end of the 20-min observation period. In contrast, nSMase in db/db vessels 113 

elicited completely different responses. After a marked initial relaxation elicited 114 

by 0.2 U/mL nSMase during the first 5 min, the tone of the db/db vessels re- 115 

mained in a relaxed state below the level of the initial tension. From the shape of 116 

the tension curve, it appeared that in addition to the overriding relaxation there 117 

was a delayed and transient constriction response, with a time course similar to 118 

that observed in control vessels, but it was unable to overcome the robust dilata- 119 

tion. Evaluation of the AUC (Figure 2B) and the maximal changes in the vascular 120 
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tone (Figure 2C) also supported the conclusion that there is a marked difference 121 

in the vascular effects of nSMase between control and db/db mice: contraction 122 

dominates in the former, whereas the latter is characterized by reduction of the 123 

vascular tone. 124 

 125 

Figure 2. Effects of nSMase on the vascular tone. Application of 0.2 U/mL nSMase evoked a com- 126 
plex vascular effect with dominant contraction in control vessels and a more pronounced relaxation 127 
in vessels of db/db mice. Black and red lines on panel A represent average changes in tension of 128 
PE-precontracted vessels of control and db/db mice, respectively (dotted lines represent SEM). Both 129 
area under curve values (B) and maximal tension changes (C) were significantly different in vessels 130 
from db/db animals as compared to controls (mean ± SEM, Student’s unpaired t-test, ****p < 0.0001 131 
vs. control; n = 51-49). 132 

Our next aim was to differentiate the constrictor and relaxant components of 133 

the vascular tension changes in response to nSMase. In porcine coronary arteries 134 

[14] and in carotid arteries of spontaneously hypertensive rats [23-25], pros- 135 

tanoids acting on TP receptors have been implicated in mediating the vasocon- 136 

strictor effect of SMase. Therefore, we hypothesized that thromboxane pros- 137 

tanoid (TP) receptors also mediate the nSMase-induced vasoconstriction in our 138 

murine aorta model. To test this hypothesis, the TP receptor antagonist SQ 29,548 139 

was administered to the organ chambers 30 min prior to administration of 140 

nSMase. Blockade of TP receptors not only abolished the vasoconstriction, but 141 

also converted it to a transient vasorelaxation in control vessels (Figure 3A). The 142 

maximum of the relaxation was reached at 5.5 min after the administration of 143 

nSMase, and the vascular tone returned to the baseline after 10 min. TP receptor 144 

inhibition also markedly changed the vascular response to nSMase in the db/db 145 

group: the vasorelaxation was enhanced to more than 70% and reached its 146 

maximum at 6.5 min. After its peak, the relaxation decreased, but the vascular 147 

tone failed to return to the pre-SMase level even after 20 min. Both the AUC 148 

(Figure 3B) and the peak vasorelaxation (Figure 3C) values showed marked dif- 149 

ferences between the two experimental groups, indicating that the strongly en- 150 

hanced and prolonged vasorelaxant capacity is responsible for the differences 151 

between the vasoactive effects of nSMase in db/db and control vessels. This 152 

finding was very surprising in light of the diminished ACh-induced vasorelaxa- 153 

tion that we had observed in db/db animals (Figure 1D), and was not consistent 154 

with the large body of literary data indicating diminished endotheli- 155 

um-dependent vasorelaxation in T2DM.. 156 
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 157 

Figure 3. Effects of TP receptor blockade on nSMase-induced changes in the vascular tone. After 158 
inhibition of the TP receptor by 1 μM SQ 29,548, 0.2 U/mL nSMase relaxed both db/db and control 159 
vessels, with a significantly higher relaxation in the db/db group (A). Black and red lines in panel A 160 
represent average tension changes in PE-precontracted vessels of control and db/db mice, respec- 161 
tively, whereas dotted lines represent SEM. Both area under curve values (B) and maximal tension 162 
changes (C) were significantly different in vessels from db/db animals as compared to controls 163 
(mean ± SEM, Student’s unpaired t-test, ***p < 0.001 vs. control; ****p < 0.0001 vs. control; n = 20). 164 

Finally, we aimed to analyze the mechanism of the enhanced 165 

nSMase-induced vasorelaxation in vessels of db/db mice. Theoretically, it could 166 

be due to the enhancement of eNOS-mediated vasorelaxation or to the onset of 167 

an NO-independent mechanism. To clarify this question, the vessels were incu- 168 

bated with the NOS inhibitor L-NAME (100 μM) in addition to the TP receptor 169 

blocker SQ 29,548 (1 µM) for 30 min prior to 0.2 U/mL nSMase administration. 170 

L-NAME at a concentration of 100 μM abolished the vasorelaxation observed in 171 

the presence of 1 µM SQ 29,548 both in control and in db/db vessels (Figure 4A). 172 

There were no significant differences between the two groups either in the AUC 173 

(Figure 4B), or in the maximal change of tension values (Figure 4C). These results 174 

indicate that the same secondary signaling pathways – namely TP receptors and 175 

eNOS – mediate the vasoactive effects of nSMase in health and in T2DM. 176 

 177 

Figure 4. Effects of combined TP receptor and NOS blockade on nSMase-induced changes in vas- 178 
cular tone. After incubation of the vessels with 1 μM SQ 29,548 and 100 μM L-NAME for 30 min, 0.2 179 
U/mL nSMase could no longer evoke a tension change in the thoracic aorta of control or db/db mice 180 
(A). Black and red lines in panel A represent average tension changes in PE-precontracted vessels 181 
of control and db/db mice, respectively (dotted lines represent SEM). Area under curve values (B) 182 
and maximal tension changes (C) were not different in vessels from db/db animals as compared to 183 
controls (mean ± SEM, n = 9-17). 184 

3. Discussion 185 
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Findings of the present study indicate that nSMase-induced changes in 186 

vascular tension involve both vasoconstriction and vasorelaxation in murine 187 

vessels. Our results suggest that the former is mediated by release of prostanoids 188 

and activation of TP receptors, whereas the latter is mediated by eNOS. Sur- 189 

prisingly, nSMase-induced eNOS-mediated vasorelaxation is markedly en- 190 

hanced in vessels of db/db mice in spite of the endothelial dysfunction indicated 191 

by the diminished vasorelaxation evoked by ACh. Therefore, nSMase appears to 192 

be able to induce enhanced NO release from endothelial cells in T2DM. 193 

Vasoconstriction in response to SMase has been reported in a number of 194 

studies, although the mechanisms mediating this effect appear to be highly var- 195 

iable depending on the experimental conditions, including species, vascular re- 196 

gion, and integrity of the endothelium (see Table 1). Release of prostanoids and 197 

consequent activation of TP receptors have been proposed in porcine coronary 198 

arteries [14] as well as in carotid arteries of spontaneously hypertensive rats 199 

[23-25]. In our study, nSMase-induced contraction was found to be TP recep- 200 

tor-dependent in both control and db/db mice, indicating that nSMase stimulates 201 

the release of TXA2 from the aortic rings. 202 

There might be at least three different sources for the SMase-induced ara- 203 

chidonic acid formation necessary for TXA2 production [41]. One such possibility 204 

is that diacylglycerol (DAG) would accumulate while sphingomyelin synthase 205 

converts the newly generated ceramide back to sphingomyelin, and DAG lipases 206 

would provide arachidonic acid for the production of TXA2 [42]. Another 207 

mechanism might relate to the observation that C1P can allosterically activate 208 

phospholipase A2 (PLA2) [43], which leads to arachidonic acid formation [44]. It 209 

might be important in this context that the gene encoding ceramide kinase 210 

(CERK) is upregulated in T2DM [45]. Finally, S1P has been reported recently to 211 

regulate prostanoid production in a S1P receptor-dependent manner [46].  212 

Vasorelaxation in response to nSMase appears to be endothelial 213 

NO-dependent, as L-NAME completely abolished the decrease in vascular tone 214 

in both control and db/db vessels. Without L-NAME, the relaxation was dra- 215 

matically increased in db/db-derived vascular rings. This is unexpected, because 216 

endothelial dysfunction with consequential decreased vasorelaxant capacity is 217 

considered to be a hallmark for T2DM-like conditions. A potential explanation 218 

may be related to the altered structure of the plasma membrane in T2DM [47]. 219 

Normally, sphingolmyelin (SM) represents about 10-20% of the lipids in the 220 

plasma membrane, mostly residing in the outer leaflet. However, most of these 221 

are found in the caveolae, and SMase is thought to be a regulator of lipid mi- 222 

crodomains [48,49]. Pilarczyk and colleagues provided evidence that in db/db 223 

mice the endothelial lining of the aorta contains 10-fold larger lipid raft areas 224 

enriched in SM as compared to controls [47]. This arrangement might be related 225 

to the decreased NO-release in T2DM, as eNOS is inhibited by caveolin-1 [50], 226 

which is considered to be an important regulator of eNOS [51-53]. In our ex- 227 

perimental setting, nSMase-induced degradation of sphingomyelin could inter- 228 

fere with this caveolar structure and induce the detachment of eNOS from cave- 229 

olin-1, leading to high amounts of NO released from the endothelium of db/db 230 

vascular rings. This hypothesis is supported by the observations of Mogami et al. 231 

[21] indicating that SMase causes endothelium-dependent vasorelaxation 232 
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through Ca2+-independent endothelial NO production in bovine aortic valves 233 

and coronary arteries. They also reported SMase-induced translocation of endo- 234 

thelial NOS from plasma membrane caveolae to the intracellular region. Fur- 235 

thermore, protein expression levels of caveolin-1 were reported to be signifi- 236 

cantly higher in the aorta of db/db mice, and this was thought to be related to the 237 

impaired aortic relaxation of C57BL/KsJ mice [54]. Still, we cannot rule out the 238 

possibility that the enhanced sphingolipid content of the membrane augments 239 

the release of sphingolipid mediators such as ceramide, and consequently en- 240 

hances the ceramide-related vasorelaxation reported in non-diabetic models 241 

[15-17,20]. It has to be emphasized, though, that the ceramide-related pathway 242 

might be involved in the SMase-induced contractions as well [18,23]. Finally, the 243 

potentially increased NO-sensitivity of guanylate cyclase (sGC) [55], which could 244 

be related to the dysfunctional NO-release observed in T2DM, should also be 245 

considered, as this would sensitize sGC to NO and result in enhanced 246 

NO-mediated vasorelaxation. However, this mechanism can be excluded in our 247 

present experiments, as the SNP dose-response curve remained unchanged in 248 

db/db vessels (Figure 1E), indicating that the sensitivity of the vascular smooth 249 

muscle to NO was not upregulated.  250 

Sphingolipid metabolism is markedly altered in T2DM and related condi- 251 

tions [56-60], and the observed changes in endothelial lipid rafts [47] might be a 252 

consequence of the disrupted plasma membrane lipid metabolism. On the other 253 

hand, T2DM has several characteristics that resemble a chronic inflammatory 254 

disease [61]. Cytokines that accumulate in chronic inflammation, such as tumor 255 

necrosis factor alpha (TNF-α) and interleukin 1 beta (IL-1β) can also induce 256 

marked changes in sphingolipid metabolism [6,62,63]. Our observation that the 257 

serum phosphorylcholine levels were increased in the db/db group is a strong 258 

indicator of the altered in vivo sphingolipid metabolism in our animal model and 259 

agrees with the literature. 260 

As a limitation of our study it has to be mentioned that the characteristics of 261 

the pathophysiological conditions in the db/db mouse model differ from those of 262 

human T2DM in some aspects [64]. For example, db/db mice do not necessarily 263 

develop hypertension and may have high levels of high-density lipoprotein and 264 

a reduced tendency toward atherosclerosis [65]. Therefore, due to the more se- 265 

vere endothelial dysfunction, the enhancement of nSMase-induced 266 

eNOS-mediated vasorelaxation may be limited in humans with T2DM. A further 267 

limitation of our study is that we tested only one single dose of nSMase. This 0.2 268 

U/mL dose represents the upper range used in the literature [14-18,20-23], as our 269 

aim was to evaluate the consequences of a robust activation of sphingomyelinase 270 

degradation. Further studies may aim to elucidate the exact dose-response rela- 271 

tionship for SMase-induced vasorelaxation and vasoconstriction in db/db mice or 272 

other T2DM-related conditions, which may also help to clarify the exact molec- 273 

ular mechanisms involved. 274 

4. Materials and Methods 275 

All procedures were carried out according to the guidelines of the Hungar- 276 

ian Law of Animal Protection (28/1998) and were approved by the National Sci- 277 

entific Ethical Committee on Animal Experimentation (PEI/001/2706-13/2014). 278 
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4.1. Animals and general procedures 279 

The BKS db diabetic mouse strain (JAX stock #000642) was obtained from 280 

The Jackson Laboratory (Bar Harbor, ME, USA) and has been maintained in our 281 

animal facility by mating repulsion double heterozygotes (Dock7m +/+ Leprdb). 282 

Littermate adult male diabetic (Leprdb/Leprdb, referred to as db/db) and misty 283 

(Dock7m/Dock7m, referred to as control) mice were selected for experiments. 284 

Animals were weighed, and blood samples were collected by cardiac puncture 285 

followed by transcardial perfusion with 10 mL heparinized (10 IU/mL) Krebs 286 

solution under deep ether anesthesia as described previously [66]. Nonfasting 287 

blood glucose was measured by Dcont IDEÁL biosensor type blood glucose 288 

meter (77 Elektronika Kft.; Budapest, Hungary). In some experiments, additional 289 

blood samples were collected, allowed to clot for 30 min at room temperature, 290 

and centrifuged at 2000 x g for 15 min at 4 °C. Serum was snap frozen for later 291 

phosphorylcholine assay, which was based on the method described by Hojjati 292 

and Jiang [67] using a commercially available kit (Item № 10009928, Cayman 293 

Chemical; Ann Arbor, MI, US). 294 

4.2. Myography 295 

The thoracic aorta was removed and cleaned of fat and connective tissue 296 

under a dissection microscope (M3Z, Wild Heerbrugg AG; Gais, Switzerland) 297 

and immersed in a Krebs solution of the following composition (mmol/L): 119 298 

NaCl, 4.7 KCl, 1.2 KH2PO4, 2.5 CaCl2·2 H2O, 1.2 MgSO4·7 H2O, 20 NaHCO3, 0.03 299 

EDTA, and 10 glucose at room temperature and pH 7.4. Vessels were cut into ~3 300 

mm-long segments and mounted on stainless steel vessel holders (200 µm in 301 

diameter) in a conventional myograph setup (610 M multiwire myograph sys- 302 

tem; Danish Myo Technology A/S; Aarhus, Denmark). Special care was taken to 303 

preserve the endothelium. 304 

Wells of the myographs were filled with 8 mL Krebs solution aerated with 305 

carbogen. The vessels were allowed a 30-min resting period, during which the 306 

bath solution was warmed to 37 oC and the passive tension was adjusted to 15 307 

mN, which was determined to be optimal in a previous study [66]. Subsequently, 308 

the tissues were exposed to 124 mmol/L K+ Krebs solution (made by isomolar 309 

replacement of Na+ by K+) for 1 min, followed by several washes with normal 310 

Krebs solution. Reactivity of the smooth muscle was tested by a contraction 311 

evoked by 10 μmol/L PE, and reactivity of the endothelium was tested by fol- 312 

lowing the PE-evoked contraction with administration of 0.1 μmol/L ACh. After 313 

repeated washing, during which the vascular tension returned to the resting 314 

level, the segments were exposed to 124 mmol/L K+ Krebs solution for 3 min in 315 

order to elicit a reference maximal contraction. Subsequently, after a 30-min 316 

washout, increasing concentrations of PE (0.1 nmol/L to 10 μmol/L) and ACh (1 317 

nmol/L to 10 μmol/L) were administered to determine the reactivity of the 318 

smooth muscle and the endothelium, respectively. Following a 30-min resting 319 

period, the vessels were precontracted to 70-90% of the reference contraction by 320 

an appropriate concentration of PE; and after contraction had stabilized, the ef- 321 

fects of 0.2 U/mL nSMase (SMase from B. cereus, Sigma-Aldrich; St. Louis, MO, 322 

USA) were investigated for 20 min. Bacterial SMase functions in neutral pH, and 323 

is reportedly a useful tool for mimicking the biological effects of activation of 324 

cellular SMase [68,69]. In some experiments, the selective TP receptor antagonist 325 
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SQ-29548 (1 µM) with or without the nitric oxide synthase (NOS) inhibitor 326 

L-NAME (100 µM) was applied to the baths 30 min prior to administration of 327 

nSMase. Finally, to test the sensitivity of the smooth muscle to NO, SNP (0.1 328 

nmol/L to 10 μmol/L) was administered after a stable precontraction elicited by 1 329 

μmol/L PE.  330 

4.3. Data Analysis 331 

An MP100 system and AcqKnowledge 3.72 software from Biopac System 332 

Inc. (Goleta, CA, USA) were used to record and analyze changes in the vascular 333 

tone. All data are presented as mean ± SE, and n indicates the number of vascular 334 

segments tested in myography experiments or the number of animals tested in 335 

the case of body weight, blood glucose, and serum phosphorylcholine levels. 336 

Maximal changes of the vascular tone were calculated as a percentage of pre- 337 

contraction. To evaluate the temporal pattern of nSMase-induced vasoactive re- 338 

sponses, individual curves were constructed and averaged, showing the changes 339 

in vascular tone for 20 min after the application of nSMase. Area under curve 340 

(AUC) values were calculated from the individual experiments for quantification 341 

of the overall vasoactive effect. The statistical analysis was performed using the 342 

GraphPad Prism software v.6.07 from GraphPad Software Inc. (La Jolla, CA, 343 

USA). Student’s unpaired ttest was applied when comparing two variables, and 344 

a p value of less than 0.05 was considered to be statistically significant. Effects of 345 

cumulative doses of PE and ACh were evaluated by dose-response curve fitting 346 

for determination of Emax and EC50 values. 347 

4.4. Reagents 348 

All reagents in this study, including nSMase, were purchased from Sig- 349 

ma-Aldrich (St. Louis, MO, USA) except SQ-29548, which was from Santa Cruz 350 

Biotechnology (Dallas, TX, USA). 351 

5. Conclusions 352 

Administration of nSMase induces TP receptor-mediated vasoconstriction 353 

and eNOS-mediated vasorelaxation in murine vessels. In spite of endothelial 354 

dysfunction in db/db mice, the vasorelaxant effect of nSMase is markedly aug- 355 

mented. SMase-mediated disruption of SM in endothelial lipid rafts might rep- 356 

resent a possible mechanism responsible for enhanced NO generation in T2DM. 357 

An intriguing interpretation of our finding is that retraction of eNOS in sphin- 358 

gomyelin-rich microdomains of the endothelial plasma membrane could con- 359 

tribute significantly to the development of vascular dysfunction in T2DM. 360 
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