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A B S T R A C T   

Saphenous vein (SV) is one of the most widely used graft material in patients undergoing coronary artery bypass 
graft surgery (CABG). Thromboxane A2 (TXA2) is implicated in graft failure by inducing vasoconstriction and 
platelet aggregation. The aim of this study is to investigate the mechanism involved in TXA2-induced vaso-
constriction in human SV. The role of different inhibitors and blockers on U46619 (TXA2-mimetic)-induced 
vasoconstriction is investigated by using an isolated organ bath system. Relaxation responses to several med-
iators are evaluated in SV pre-contracted with U46619 and compared with those pre-contracted with pheny-
lephrine. Our results demonstrate that U46619-induced contraction is completely blocked by myosin light chain 
kinase inhibitor ML-9 or TP receptor antagonist BAY u3405. Furthermore, U46619-induced contraction is 
partially inhibited by phospholipase C inhibitor U73122, protein kinase C inhibitor calphostin C, Rho-kinase 
inhibitor Y-27632, L-type calcium channel blocker nifedipine, store-operated channel inhibitor SKF96365 or 
removal of extracellular calcium. Relaxation responses to NO donor (sodium nitroprusside), guanylate cyclase 
(GC) stimulator (riociguat), phosphodiesterase (PDE) inhibitors (sildenafil, IBMX), adenylate cyclase (AC) ac-
tivator (forskolin) and acetylcholine (ACh) are markedly reduced when U46619 is used as a pre-contraction 
agent. Our results demonstrate that influx of extracellular Ca2+ (through L-type calcium channels and store- 
operated calcium channels) and intracellular Ca2+ release together with Ca2+ sensitization (through Rho-kinase 
activation) are necessary components for TXA2-induced vasoconstriction in SV. Moreover, more pronounced 
decrease in vasorelaxation induced by several mediators (SNP, riociguat, sildenafil, IBMX, forskolin, and ACh) in 
the presence of U46619 when compared with phenylephrine suggests that there is a crosstalk between the TP 
receptor signaling pathway and PDE, AC, GC enzymes. We believe that the investigation of mechanism of the 
TXA2-induced vasoconstriction in SV will provide additional information for the prevention of SV graft failure.   

1. Introduction 

Thromboxane A2 (TXA2) is synthesized from arachidonic acid (AA) 
generated from phospholipids by the action of phospholipase A2 (PLA2) 
enzymes in the cell membrane. AA is then metabolized by the se-
quential action of cyclooxygenase (COX) and thromboxane synthase 
(TxS) to produce TXA2 [1]. TXA2 is involved in many physiological and 
pathological processes, including cardiovascular diseases, such as hy-
pertension, coronary and cerebral vasospasm, and arterial thrombosis. 
The involvement of TXA2 in the pathogenesis of cardiovascular diseases 
is mainly mediated by increased vascular contraction, platelet ag-
gregation and vascular smooth muscle cell proliferation [2–5]. 

Previous studies have demonstrated that plasma concentration of 
TXB2, a stable metabolite of TXA2, is increased during and post-
operative period of coronary artery bypass graft surgery (CABG) and 
thus could be associated with graft failure [1,6–9]. TXA2 is released 
from platelets activated during CABG [10,11]. Furthermore, hypoxia 
and reoxygenation during CABG increased the synthesis of TXA2 in 
bypass graft which leads to vasoconstriction [12,13]. Aspirin is broadly 
used in the postoperative period of CABG to reduce serious vascular 
events through the suppression of TXA2 generation [14]. The saphenous 
vein (SV) is frequently used as a bypass graft in CABG [15,16]. Several 
studies demonstrated that aspirin decreased SV graft occlusion and 
thrombosis and increased short and long-term patency rate [17]. 
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However, a substantial proportion of patients receiving aspirin continue 
to produce TXA2 in the postoperative period of CABG and the pro-
duction of TXA2 is directly related to enhanced risk of vein graft 
thrombosis. In addition to thrombosis, TXA2 induces a potent vaso-
constriction in SV which also decreases the long-term survival of CABG 
patients [18,19]. 

U46619 (a stable TXA2 mimetic) is found to be the most potent 
vasoconstrictor agent in human SV preparations [20]. The vasocon-
striction induced by TXA2 is mediated by stimulation of the throm-
boxane prostanoid (TP) receptor, a G-protein-coupled receptor, which 
is expressed in both endothelial cells and smooth muscle cells of SV 
[21–23]. Two main types of G-proteins (Gq and G12/13) are involved in 
vasoconstriction induced by TP receptor activation. Binding of Gq re-
ceptor stimulates phospholipase C (PLC) and increases the production 
of inositol 1,4, 5 trisphosphate (IP3) and diacylglycerol (DAG), and as a 
result, activating Ca2+ release and protein kinase C (PKC) [2,24,25]. 
On the other hand, binding of G12/13 activates Rho/Rho-kinase and 
myosin light chain (MLC) phosphorylation [26,27]. In addition to Gq 

and G12/13 receptor, several studies demonstrated that impairment of 
cyclic AMP (cAMP)-dependent vasorelaxation, activation of phospho-
diesterase (PDE) enzymes and inhibition of nitric oxide (NO) produc-
tion could be involved in vasoconstriction induced by U46619 [28,29]. 

Although several studies have investigated the mechanism of TP 
receptor-induced vasoconstriction, signaling pathways underlying va-
soconstriction are still not well understood and highly dependent on 
vascular beds from which the human or rodent vessels are taken. 
Besides, there is a substantial discrepancy between human and rodents, 
for example the physiologic effects of TXA2 is mediated through two 
receptor isoforms TPα and TPβ in humans but not in rodents [30]. Even 
though TXA2 is one of the most potent vasoconstrictor agents in human 
SV, there is still no report on the pharmacological investigation and 
signaling process of TP receptor-mediated vasoconstriction in SV. 
Therefore, the investigation of underlying mechanism of U46619-in-
duced vasoconstriction in SV will hopefully provide additional in-
formation to prevent SV graft failure. 

2. Material and method 

2.1. Human vascular preparations 

The study was performed on isolated segments of human SV, with 
intact endothelium obtained from patients (22 males and 8 females) 
who had undergone CABG in Bakirkoy Dr Sadi Konuk Education and 
Research Hospital and Biruni University Hospital. Clinical character-
istics of patients were presented in Table 4. The study plan was ap-
proved by the Institutional Review Board of the Istanbul University 
Institute of Cardiology (no: 50.0.05.00/8). These tissues are considered 
as surgical waste in accordance with ethical laws. All experiments with 
human subjects were performed in accordance with the Helsinki De-
claration. The vascular preparations have been used within 1–12 h post- 
surgery. 

2.2. Vascular reactivity studies 

SV preparations (cut as rings) were set up in 10 mL organ baths 
containing Krebs-Ringer bicarbonate solution of the following compo-
sition (mM): NaCl 118.5; KCl 4.8; NaHCO3 25; MgSO4·7H2O 1.2; CaCl2 

1.9; KH2PO4 1.2; glucose 10.1; disodium ethylenediaminetetraacetic 
acid (EDTA) 0.026 gassed with 5 % CO2 and 95 % O2 at 37 °C and pH 
7.4. Each ring was initially stretched to an optimal load (1.5–2.0 g). 
Changes in force were recorded by isometric force-displacement 
transducer (Grass Model FT03). Rings were equilibrated for 90 min 
with bath fluid changes taking place every 10 min. After the equili-
bration period, the viability (contractility) of the vessel specimens was 
checked with potassium chloride (KCl, 40 mM) stimulation and the 
preparations were washed until the initial resting tone was 

reestablished. 
The mechanism of U46619-induced vasoconstriction was evaluated 

in the presence of different inhibitors: BAY u3405 (10 μM, TP receptor 
antagonist), ML-9 (10 μM, MLC kinase inhibitor), U73122 (10 μM, PLC 
inhibitor), calphostin C (10 μM, PKC inhibitor), Y-27632 (30 μM, Rho- 
kinase inhibitor), L-NOARG [100 μM, nitric oxide synthase (NOS) in-
hibitor], IBMX (100 μM, non-selective PDE inhibitor), furegrelate (10 
μM, TxS inhibitor), nifedipine (1 μM, L-type calcium channel blocker), 
and SKF96365 (10 μM, store-operated calcium channel blocker). Each 
preparation of human SV was pre-treated with only one inhibitor for 30 
min. In the presence of these blockers/inhibitors, the vessels were 
contracted with increasing concentrations of U46619 (0.1 nM–0.3 μM) 
in a cumulative manner to establish the concentration-response re-
lationship. The effects of different inhibitors/blockers on basal tone 
were presented in Table S1. In order to avoid any interference of patient 
characteristics on the effect of various antagonists/blockers, the cor-
responding controls were obtained as parallel preparations of the veins 
derived from the same patients. 

The role of extracellular Ca+2 on U46619-induced vasoconstriction 
was evaluated by removing Ca+2 from the medium. Thus, SV pre-
parations were incubated in Ca+2 free Krebs Ringer bicarbonate solu-
tion containing 0.5 mM ethylene glycol tetraacetic acid (EGTA) for 30 
min and then the vessels were contracted with increasing concentra-
tions of U46619 (0.1 nM–0.3 μM) in a cumulative manner to establish 
the concentration-response relationship. The corresponding controls 
were obtained as parallel preparations of the same veins and were in-
cubated without any compounds in Krebs Ringer bicarbonate solution 
for 30 min. 

In order to investigate the effects of TP receptor activation on va-
sorelaxant agents, several studies used phenylephrine (α1-adrenoceptor 
agonist) or norepinephrine as a pre-contractile agent to compare with 
the vasorelaxant effects of those precontracted by U46619 [31–33]. In 
the present study, the choice of phenylephrine as a constrictor instead 

Table 2 
The relaxant effects of sodium nitroprusside, riociguat, sildenafil, IBMX, for-
skolin and acetylcholine on the human saphenous vein pre-contracted with 
U46619 and phenylephrine.       

Pre-contraction Relaxant agent pEC50 Emax n  

U46619 Sodium nitroprusside 6.04 ± 0.10* −85 ± 07* 5 
Phenylephrine Sodium nitroprusside 6.80 ± 0.25 −123 ± 14 5  

U46619 Riociguat nc −37 ± 12*** 6 
Phenylephrine Riociguat 5.92 ± 0.29 −76 ± 08 6      

U46619 Sildenafil nc −29 ± 29*** 5 
Phenylephrine Sildenafil 4.50 ± 0.14 −92 ± 08 5      

U46619 IBMX 4.92 ± 0.19* −104 ± 09 5 
Phenylephrine IBMX 5.43 ± 0.10 −107 ± 03 5      

U46619 Forskolin 5.65 ± 0.32* −78 ± 08 5 
Phenylephrine Forskolin 6.60 ± 0.22 −100 ± 02 5      

U46619 Acetylcholine nc −14 ± 02* 5 
Phenylephrine Acetylcholine nc −22 ± 05 5 

Human saphenous veins were pre-contracted with U46619 (10 nM–30 nM) or 
phenylephrine (3–10 μM). There is no significance between the pre-contraction 
induced by U46619 and phenylephrine. The maximal relaxations (Emax) were 
calculated as a percentage of pre-contraction. Values represent means ± 
s.e.mean and are derived from cumulative concentration-response curves in-
duced by relaxant agents (sodium nitroprusside: NO donor, riociguat: soluble 
guanylate cyclase stimulator, sildenafil: phosphodiesterase-5 inhibitor, IBMX: 
non-selective phosphodiesterase inhibitor, forskolin: adenylate cyclase acti-
vator, acetylcholine: endothelium-dependent relaxant). Data are derived from 
(n) different patients. The values are significantly different: *P < 0.05, *** 
P < 0.001 versus respective U46619 pre-contracted preparations (RM-two way 
ANOVA or paired Student’s t-test). nc: not calculable.  
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of norepinephrine was made to rule out any possible interference of a2- 
adrenoceptor and ß-adrenoceptor stimulation with the relaxation in-
duced by forskolin or sodium nitroprusside (SNP) [34,35]. Activation of 
α1-adrenoceptor does not modulate either adenylate cyclase or NOS 
expression and cGMP levels [34,36,37]. 

The concentration-dependent relaxant effects of SNP [1 nM–100 
μM, NO donor], riociguat [1 nM–10 μM, soluble guanylate cyclase 
(sGC) stimulator], sildenafil (1 nM–100 μM, PDE-5 inhibitor), IBMX (1 
nM–100 μM, non-selective PDE inhibitor), forskolin [1 nM–10 μM, 
adenylate cyclase (AC) activator] and acetylcholine (ACh, 100 μM, 
endothelium-dependent relaxant) were investigated in U46619 (10 
nM–30 nM) or phenylephrine (3 nM–10 μM) pre-contracted human SV. 
Care was taken in performing experiments at a comparable pre-con-
tractile tone between U46619 and phenylephrine by adjusting an ap-
propriate concentration of both spasmogen. In time-match control ex-
periments, we confirmed that the contractions induced by either 
spasmogen were stable enough for the period required to complete 
different relaxant agent induced responses within the concentrations 

used. Each venous specimen was subjected to different experimental 
protocol and preparations that developed less than 1 g tension were 
discarded. 

2.3. Data analysis and statistics 

All results obtained from different patients (n) were expressed as a 
mean ± standard error of the mean (s.e.mean). For all experiments, the 
number of observations (group size) is provided in the figure legends, 
with a minimum of 5 independent observations performed in patient 
samples. The declared group size is the number of independent values, 
and that statistical analysis was done using these independent values. 
The pharmacological protocol was randomly assigned and pre-de-
termined before mounting the SV preparations in each organ bath. In 
order to limit experimental bias, the analysis was not routinely per-
formed until the experimental data set was complete. 

The concentration–response curve induced by U46619 was ex-
pressed as % of contraction induced by 40 mM KCl. The effects of re-
laxant agents were normalized (%) with respect to an initial reference 
contraction (U46619 or phenylephrine) measured just before the ad-
dition of the lowest concentration of the vasorelaxant agonist. The 
values are positive for contractions and negative for relaxation. 

Where possible, using SigmaPlot version 12.0 (Systat Software, 
Point Richmond, CA, USA), a four-parameter logistic equation of the 
form: 

=
+

E E [A]
EC [A]

max
nH

50
nH nH

was fitted to data (E) obtained from each organ bath protocol to 
provide estimates of the maximal contraction (Emax) induced by 
U46619 [A], the half-maximum effective concentration values (EC50), 
as well as Hill slope (nH) parameters. The pEC50 values were calculated 
as negative log EC50 values. Statistical analysis was performed by 
paired Student’s t-test (paired data derived from the same patient) or 
RM two-way ANOVA and Bonferroni’s correction for multiple com-
parisons post hoc tests. If there was more than one preparation (same 
condition and protocol) for one patient, the results were averaged be-
fore statistical analysis. P-value < 0.05 indicates data significantly 

Table 3 
Summary of mechanism underlying U46619-induced vasoconstriction in 
human saphenous vein.      

Inhibitor/Antagonist Maximum 
contraction 
induced by 
U46619 

Relaxant agonists Maximum 
relaxation in SV 
precontracted by 
U46619  

BAY u3405 SNP 
TP receptor 

antagonist 
NO donor     

ML-9 Riociguat 
MLC kinase inhibitor sGC stimulator     

U73122 Sildenafil 
PLC inhibitor PDE-5 inhibitor     

Calphostin C IBMX 
PKC inhibitor PDE inhibitor     

Y-27632 Forskolin 
Rho-kinase inhibitor AC activator     

L-NOARG Acetylcholine 
NOS inhibitor Endothelium- 

dependent 
relaxant     

IBMX 
PDE inhibitor       

Furegrelate 
TxS inhibitor       

Nifedipine 
L-type Ca2+channel 

blocker       

SKF96365 
Store-operated  

Ca2+channel 
blocker       

Calcium-free buffer 

AC: adenylate cyclase, MLC: myosin light chain, NOS: nitric oxide synthase, 
PDE: phosphodiesterase, PKC: protein kinase, PLC: phospholipase C, sGC: so-
luble guanylate cyclase, TxS: thromboxane synthase. Maximum relaxation re-
sponse induced by several agonists in SV precontracted with U46619 was 
compared with those precontracted with phenylephrine. Downward arrows 
indicate decreased in maximum contraction induced by U46619 or decrease in 
maximum relaxation induced by SNP, riociguat, sildenafil, forskolin or acet-
ylcholine. Increase of arrow number indicates more pronounced effect.  

Table 4 
Clinical characteristics of patients from whom saphenous veins preparations 
were obtained.    

Parameters n = 30  

Women 8 (27 %) 
Men 22 (73 %) 
Age 58.28 ± 1.82 
Weight 79.69 ± 2.67 kg 
Height 164 ± 1.70 cm 
Blood pressure 130.35 ± 4.5/75.65 ± 3.09 
The number of vessels developing CAD 3.17 ± 0.13 
Health factors   

• Previous myocardial infraction history 7 (23 %)  

• Hypertension 16 (53 %)  

• Hyperlipidemia 10 (33 %)  

• Type 1 Diabetes Mellitus 7 (23 %)  

• Type 2 Diabetes Mellitus 6 (20 %)  

• Stable Angina Pectoris 3 (10 %)  

• Unstable Angina Pectoris 9 (30 %) 
Medications   

• Aspirin 11 (37 %)  

• ACE inhibitors or ARBs 10 (33 %)  

• Ca2+ channel blockers 3 (10 %)  

• Insulin or oral antidiabetic drugs 8 (27 %)  

• β-blockers 7 (23 %)  

• Statins 8 (27 %)  

• Diuretics 1 (3 %) 

n: number of patients, ACE: angiotensin-converting enzyme, ARB: angiotensin 
receptor blocker, CAD: coronary artery disease.  
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different. Statistical analyses were performed using SigmaStat version 
3.5 (Systat Software, Point Richmond, CA, USA) and GraphPad Prism 
5.0 (GraphPad Software, Inc., San Diego, CA). 

2.4. Drugs and materials 

KCl, SNP, ACh, L-NOARG, calphostin C, nifedipine and SKF96365 
were purchased from Sigma–Aldrich (St. Louis, MO, USA). U46619, 
BAY u3405, sildenafil, IBMX, forskolin, riociguat, U73122, furegrelate 
and Y-27632 were obtained from Cayman Chemical (Ann Arbor, MI, 
USA). ML-9 was from Tocris Bioscience (Bristol, UK). 

3. Results 

3.1. The mechanism of U46619-induced vasoconstriction in human 
saphenous vein 

The mechanism of U46619-induced vasoconstriction was in-
vestigated by using BAY u3405 (10 μM, TP receptor antagonist), ML-9 
(10 μM, MLC kinase inhibitor), U73122 (10 μM, PLC inhibitor), cal-
phostin C (10 μM, PKC inhibitor), Y-27632 (30 μM, Rho-kinase in-
hibitor), L-NOARG (100 μM, NOS inhibitor), IBMX (100 μM, non-se-
lective PDE inhibitor), furegrelate (10 μM, TxS inhibitor). BAY u3405 
and ML-9 completely abolished the contraction response to U46619 
(Fig. 1A, B, Table 1). U73122 significantly decreased the vascular 
contraction induced by U46619 at 30 nM (Fig. 1C, ). Calphostin C in-
duced a significant slight decrease in vasoconstriction induced by 
U46619 at 3–10 nM and attenuated the sensitivity to U46619 (Fig. 1D,  
Table 1). Similarly, Y-27632 significantly inhibited the response to 
U46619 at 1 nM - 0.3 μM by 79−37 % and also sensitivity to U46619 
was decreased in the presence of Y-27632 (Fig. 1E, Table 1). On the 
other hand, the vascular contraction induced by U46619 was not 
modified in the presence of L-NOARG or furegrelate (Figs. 1F, H,  
Table 1). IBMX significantly decreased both contraction (1 nM–0.3 μM 
by 100–27 %) and sensitivity to U46619 (Fig. 1G, Table 1). 

3.2. The role of Ca2+ in U46619-induced vasoconstriction in human 
saphenous vein 

The role of Ca2+ in U46619-induced vasoconstriction in SV was 
investigated in the presence of nifedipine (1 μM, L-type calcium channel 
blocker), and SKF96365 (10 μM, store-operated calcium channel 
blocker). The vascular contractions induced by U46619 at 10 nM– 0.3 
μM were significantly decreased by 45–33 % in the presence of nife-
dipine. Moreover, U46619 concentration-response curve was shifted to 
the right and sensitivity was decreased (Fig. 2A, Table 1). Similarly, 
SKF96365 significantly decreased the vascular contractions induced by 
U46619 at 10 nM–0.3 μM by 27–25 % (Fig. 2B, Table 1). Besides, the 
role of extracellular Ca2+ on the vasoconstriction induced by U46619 
was examined by using calcium-free buffer. Both U46619-induced va-
soconstriction (3 nM–0.3 μM by 72–48 %) and sensitivity to U46619 
were attenuated by the removal of extracellular Ca2+ (Fig. 2C, Table 1). 

Vasorelaxant responses to SNP, riociguat, sildenafil, IBMX and, forskolin on 
U46619 and phenylephrine-induced pre-contraction in human saphenous 
vein 

The vasorelaxant responses to SNP (1 nM–100 μM, NO donor), 
riociguat (1 nM–10 μM, sGC stimulator), sildenafil (1 nM–100 μM, PDE- 
5 inhibitor), IBMX (1 nM–100 μM, non-selective PDE inhibitor), for-
skolin (1 nM–10 μM, adenylate cyclase activator) or ACh (100 μM, 
endothelium-dependent relaxant) were examined in SV preparations 
pre-contracted with U46619 or phenylephrine. There was no sig-
nificance between the pre-contraction levels induced by U46619 and 
phenylephrine (5.22 ± 0.72 g vs 4.96 ± 0.83 g, n = 13, P >  0.05). 

As shown in Fig. 3A, SNP produced a complete relaxation in U46619 

or phenylephrine-induced pre-contraction, however SNP-induced re-
laxation at 0.1 μM–100 μM and the sensitivity to SNP were lower in SV 
pre-contracted with U46619 (Figs. 3A, S1; Table 2). Riociguat at 1 
μM–10 μM induced a more pronounced relaxation (76 %) in SV pre- 
contracted with phenylephrine and it only relaxed 37 % the SV pre- 
contracted by U46619 (Fig. 3B, Table 2). As shown in Fig. 3C, sildenafil 
produced complete relaxation of phenylephrine-induced pre-contrac-
tion while it only relaxed 29 % of the pre-contraction induced by 
U46619 (Fig. 3C, Table 2). IBMX induced a full relaxation in SV pre- 
contracted with either U46619 or phenylephrine. The relaxation of 
IBMX at 10 μM and the sensitivity to IBMX were significantly lower in 
SV pre-contracted with U46619 (Fig. 3D, Table 2). Similarly, relaxant 
responses induced by forskolin at 10 nM–1 μM and the sensitivity to 
forskolin were less marked in SV pre-contracted with U46619 than with 
phenylephrine (Fig. 3E, Table 2). The maximum relaxation response 
induced by ACh was significantly lower when SV preparations were 
precontracted by U46619 (Table 2). 

4. Discussion 

SV is one of the most widely used graft material in patients un-
dergoing CABG [10,38]. One of the serious and frequent problem in 
CABG is bypass graft spasm which plays an important role in the oc-
clusion of the grafts, development of myocardial infarction or recur-
rence of angina [39–41]. Although the mechanism of graft spasm has 
not yet been determined [42], several studies indicated that TXA2 is 
involved in the genesis of graft spasm [32,42,43]. This is supported by 
clinical studies indicating that low doses of aspirin increases the pa-
tency rate of graft materials by reducing TXA2 levels [17,44,45]. 
Therefore, in the present study we aimed to investigate the mechanism 
of TP-receptor induced vasoconstriction in human SV. 

TXA2 itself is rarely used as a TP agonist due to its instability under 
physiological conditions. In our study, we used the TXA2-mimetic 
U46619. As a verification, U46619-induced contraction was completely 
inhibited in the presence of the TP receptor antagonist (BAY u3405,  
Fig. 1A, Table 1). Our results demonstrated that U46619 induced con-
traction was not modified in the presence of TxS inhibitor (furegrelate,  
Fig. 1H, Table 1) and indicated that there is no effect of endogenous 
TxA2 production on U46619-induced contraction in human SV. Studies 
performed mostly in experimental animals indicated that vasocon-
striction induced by TXA2 occurs through a variety of mechanisms and 
species and regional differences are important factors in the control of 
vascular tone. Ca2+ plays a primary role in vasoconstriction by binding 
calmodulin and consequently activating MLC kinase [46,47]. Our re-
sults demonstrated that the inhibitor of MLC kinase (ML-9) completely 
inhibited vasoconstriction induced by U46619 (Fig. 1B, Table 1). 

One of the important signal transduction pathways involved in the 
increase of intracellular Ca2+ levels is the release of Ca2+ from the 
sarcoplasmic reticulum [48,49]. This release is mainly mediated 
through the activation of PLC via the Gq/11 receptor. This activation 
leads to the production of DAG and IP3 and consequently, the release of 
intracellular Ca2+ from the IP3-sensitive receptor has occurred [50]. 
DAG is also involved in vasoconstriction by the activation of PKC [47]. 
The involvement of PLC and PKC pathways in U46619-induced con-
traction was tested in human SV preparations. Inhibitors of PLC 
(U73122) and PKC (calphostin C) significantly decreased contraction 
induced by U46619 (Figs. 1C, D, Table 1). However, both inhibitors 
caused only partial inhibition of contraction. This partial inhibition 
could be explained by the role of other types of PLC enzymes (such as 
phosphatidylcholine-specific) as it was observed in rat aorta and mouse 
renal artery [46,51]. Another explanation could be related to the direct 
activation of human PLC by U73122 [52]. There are contradictory re-
sults in literature regarding the role of PKC in TP-receptor induced 
contraction. The contribution of PKC in U46619-induced contraction 
was detected in human coronary arterioles/omental arteries, rat aorta/ 
mesenteric artery, mouse aorta/renal artery while there was no effect of 
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Fig. 1. Mechanism of U46619-induced vasoconstriction in the human saphenous vein. The effects of BAY u3405 (10 μM, TP receptor antagonist), ML-9 (10 μM, 
myosin light chain kinase inhibitor), U73122 (10 μM, phospholipase C inhibitor), calphostin C (10 μM, protein kinase C inhibitor), Y-27632 (30 μM, Rho-kinase 
inhibitor), L-NOARG (100 μM, nitric oxide synthase inhibitor), IBMX (100 μM, non-selective phosphodiesterase inhibitor), furegrelate (10 μM, thromboxane synthase 
inhibitor) were tested on vasoconstriction induced by U46619. The contraction was expressed as % of the contraction induced by KCl 40 mM. *P < 0.05, **P < 0.01, 
*** P < 0.001 indicate values significantly different versus paired Control (RM two-way ANOVA). Values are means ± s.e.mean derived from 5 different patients in 
each panel (see Table 1 for pEC50, Emax values and statistics). 
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PKC inhibitor in rat penile artery or caudal artery [46,53–59]. These 
observations suggest that the mechanism of U46619-induced vasocon-
striction is highly dependent on the species and vessels used. Overall, 
our results suggest that the release of intracellular Ca2+ following TP 
receptor stimulation is not sufficient to reveal the normal contractile 
responses and extracellular Ca2+ influx could be also required. 

Extracellular Ca2+ influx is mainly mediated through voltage-op-
erated calcium channels and store-operated calcium channels [48,49]. 
In order to investigate the involvement of extracellular Ca2+ influx in 
U46619-induced contraction, several experiments were performed in 
the presence of an L-type calcium channel blocker (nifedipine) and a 
store-operated calcium channel blocker (SKF96365). According to our 
results, U46619-induced contraction in human SV depends on extra-
cellular Ca2+ levels, which was confirmed by a significant decrease of 
U46619-induced contraction in the presence of nifedipine or SKF96365 
as well as in the absence of extracellular Ca2+(Fig. 2A–C, Table 1). The 
involvement of L-type calcium channels and extracellular Ca2+ in 
U46619-induced contraction was also detected in several preparations 
such as rat aorta/mesenteric artery, mouse renal artery, rabbit pul-
monary artery and human mesenteric artery [46,49,56,60,61]. Our 
results demonstrated that the dependence of the U46619-induced 
contraction on Ca2+ influx via L-type calcium channels plays a more 

pronounced role than store-operated calcium channels (Fig. 2A, B,  
Table 1). Overall, these results suggest that both extracellular and in-
tracellular Ca2+ are necessary components for TXA2-induced contrac-
tion in human SV. 

Independently of changes in Ca2+ levels, activation of the Rho A/ 
Rho kinase pathway by TXA2 could be involved in vasoconstriction 
response. Activation of this pathway is associated with the sensitization 
of contractile apparatus of Ca2+ through phosphorylation of MLC 
[54,62]. Our results demonstrated that Rho-kinase inhibitor (Y-27632) 
inhibited vasoconstriction evoked by U46619 in SV preparations 
(Fig. 1E, Table 1). In accordance with our results, the involvement of 
the Rho A/Rho-kinase pathway on TP receptor induced-vasoconstric-
tion is detected in vascular preparations including human internal 
mammary artery, human prostate strips, rat penile artery, and bovine 
pulmonary artery [54,62,63]. 

The involvement of the NO pathway in U46619-induced contraction 

Table 1 
The effects of different inhibitors/blockers on U46619-induced vasoconstriction 
in human saphenous vein.      

Incubation pEC50 Emax n  

Control 8.60 ± 0.17 194 ± 18 5 
BAY u3405 nc 03 ± 02*** 5     

Control 8.59 ± 0.13 179 ± 28 5 
ML-9 nc 06 ± 01*** 5     

Control 8.54 ± 0.15 183 ± 19 5 
U73122 8.36 ± 0.12 151 ± 10 5     

Control 8.51 ± 0.05 149 ± 09 5 
Calphostin C 8.26 ± 0.09* 138 ± 04 5     

Control 8.50 ± 0.14 194 ± 15 5 
Y-27632 8.06 ± 0.21* 121 ± 09*** 5     

Control 8.59 ± 0.13 179 ± 28 5 
L-NOARG 8.63 ± 0.18 192 ± 35 5     

Control 8.49 ± 0.05 153 ± 13 5 
IBMX 7.60 ± 0.16** 112 ± 15* 5     

Control 8.52 ± 0.14 182 ± 07 5 
Furegrelate 8.57 ± 0.12 187 ± 17 5     

Control 8.44 ± 0.05 155 ± 13 5 
Nifedipine 8.18 ± 0.10* 105 ± 16*** 5     

Control 8.51 ± 0.05 149 ± 09 5 
SKF96365 8.50 ± 0.05 111 ± 19** 5     

Control 8.44 ± 0.05 155 ± 13 5 
Calcium-free 8.01 ± 0.13** 80 ± 18*** 5 

The effect of BAY u3405 (10 μM, TP receptor antagonist), ML-9 (10 μM, myosin 
light chain kinase inhibitor), U73122 (10 μM, phospholipase C inhibitor), cal-
phostin C (10 μM, protein kinase C inhibitor), Y-27632 (30 μM, Rho-kinase 
inhibitor), L-NOARG (100 μM, nitric oxide synthase inhibitor), IBMX (100 μM, 
non-selective phosphodiesterase inhibitor), furegrelate (10 μM, thromboxane 
synthase inhibitor), nifedipine (1 μM, L-type calcium channel blocker), 
SKF96365 (10 μM, store-operated calcium channel blocker), calcium-free buffer 
were tested on vasoconstriction induced by U46619. The contraction was ex-
pressed as % of the contraction induced by KCl 40 mM. The values are sig-
nificantly different: *P < 0.05, **P < 0.01, ***P < 0.001 versus Control (RM 
two-way ANOVA or paired Student’s t-test). Values are means ± s.e.mean de-
rived from (n) different patients. nc: not calculable.  

Fig. 2. Role of Ca2+ in U46619-induced vasoconstriction in the human sa-
phenous vein. The effect of nifedipine (1 μM, L-type calcium channel blocker), 
SKF96365 (10 μM, store-operated calcium channel blocker) and calcium-free 
buffer were tested on vasoconstriction induced by U46619. The contraction was 
expressed as % of the contraction induced by KCl 40 mM. *P < 0.05, 
**P < 0.01, *** P < 0.001 indicate values significantly different versus paired 
Control (RM two-way ANOVA). Values are means ± s.e.mean derived from 5 
different patients in each panel (see Table 1 for pEC50, Emax values and statis-
tics). 

G. Ozen, et al.   Prostaglandins and Other Lipid Mediators 151 (2020) 106476

6



of SV was also investigated. In the presence of NOS inhibitor L-NOARG, 
U46619-induced contraction was not modified (Fig. 1F, Table 1). Due 
to the fact that NO is primarily produced from endothelial cells, no 
effect of L-NOARG could be due to low endothelial capacity detected by 
ACh-induced relaxation in SV preparations (Table 2). In accordance 

with our results, another NOS inhibitor, L-NAME, did not change 
U46619-induced vascular reactivity in human omental arteries, while 
there was an increase in mouse thoracic aorta preparations [64,65]. 
Another study performed on rat carotid arteries demonstrated that NO 
production and eNOS phosphorylation by isoprenaline were 

Fig. 3. Comparison of human saphenous vein vasorelaxations after pre-contractions induced either by U46619 or phenylephrine (Phe). There is no significant 
difference between the pre-contraction induced by U46619 (10 mM–30 nM) and phenylephrine (3–10 μM). The vasorelaxant agents used: sodium nitroprusside 
(SNP): NO donor, riociguat: soluble guanylate cyclase stimulator, sildenafil: phosphodiesterase-5 inhibitor, IBMX: non-selective phosphodiesterase inhibitor, for-
skolin: adenylate cyclase activator. The relaxation was expressed as % of the pre-contraction induced by U46619 or phenylephrine. *P < 0.05, **P < 0.01, *** 
P < 0.001 indicate values significantly different versus phenylephrine (RM two-way ANOVA). Values are means ± s.e.mean derived from 5-6 different patients 
(paired preparations) in each panel (see Table 2 for pEC50, Emax values and statistics). 
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significantly attenuated by U46619 [29]. 
The interaction between the TP receptor and NO pathway was also 

investigated by the relaxation response induced by SNP, an NO donor, 
and ACh which is primarily mediated by the release of NO from en-
dothelium. Relaxation elicited by SNP and ACh was significantly lower 
in SV preparations when U46619 was used as a constricting agonist 
(Fig. 3A, Table 2). Similar results were obtained in the human radial 
artery and piglet pulmonary artery but not in the internal mammary 
artery, piglet mesenteric/coronary arteries or rat pulmonary arteries 
[32,33]. Decreased SNP or ACh-induced relaxation response in U46619 
pre-contracted vessels suggests that the signaling pathway of NO, in-
cluding the activation of sGC and the increase of cGMP levels could be 
inhibited by TP receptor activation. This hypothesis is supported by the 
decreased vasorelaxation induced by riociguat, a sGC stimulator when 
U46619 was used as a pre-contraction agent (Fig. 3B, Table 2). These 
data suggest that inhibition of SNP or ACh-induced sGC activity by 
U46619 was at least partially responsible for the diminished vasodila-
tory response to NO. Another explanation for the decrease in NO-de-
pendent relaxation could be related to the degradation of cGMP by 
PDE-5 enzymes. Sildenafil, a PDE-5 inhibitor, -induced relaxation was 
significantly decreased in U46619-precontracted preparations (Fig. 3C,  
Table 2). A similar effect was observed in relaxation induced by non- 
selective PDE inhibitor, IBMX (Fig. 3D, Table 2). In line with our re-
sults, another PDE inhibitor, amrinone, induced a reduced sensitivity in 
the internal mammary artery when U46619 was used as a contractile 
agonist [31]. This could be due to the upregulation of PDE expression 
by U46619 which was detected in rabbit cavernosal vascular smooth 
muscle cells [66]. Overall, our results suggest that both inhibition of 
sGC and also activation of PDE by U46619 could be involved in de-
creased relaxant response induced by NO. 

Activation of AC through Gs protein catalyzed the formation of 
cAMP which stimulates vasodilatation while inhibition of AC through 
Gi protein induced reverse effect. In order to investigate the contribu-
tion of the AC enzyme on U46619-induced contraction, experiments 
using an AC activator, forskolin, were performed. Decreased relaxation 
responses induced by forskolin were detected when U46619 was used 
as a pre-contraction agent (Fig. 3E, Table 2). This could be due to the 
inhibitory effect of U46619 on AC via TPβ receptor and consequently, 
reduced cAMP levels and attenuated vasodilatation have occurred 

[28,30,67]. A similar effect was observed in the internal mammary 
artery and rat carotid artery but not in the piglet pulmonary artery 
[28,33,67]. This could be due to tissue-specific differences in the 
transduction mechanisms of the contraction response to U46619. In our 
results, the inhibitory effect of U46619 on AC is less pronounced than 
those observed on GC (Tables 2 and 3). 

Both cAMP and cGMP were broken down by a PDE enzyme. When 
we used the non-selective PDE inhibitor, IBMX, as a pretreatment agent, 
upregulation of PDE enzyme by U46619 [66] could be diminished and 
consequently increased levels of cAMP and cGMP significantly de-
creased contraction (Fig. 1G, Table 1). Similarly, another study per-
formed on porcine resistance pulmonary arteries demonstrated pre-
treatment with milrinone, a PDE-3 inhibitor, attenuated TP-receptor 
mediated hyperresponsiveness [68]. 

The other mechanisms such as reactive oxygen species (ROS) is also 
involved in U46619-induced contraction in rat pulmonary artery and 
rabbit aorta [69,70]. In accordance with these results, the study per-
formed on human SV demonstrated that U46619 significantly increased 
ROS formation [71]. Furthermore, ROS are involved in the formation of 
isoprostanes (8-iso-PGE2 and 8-iso-PGF2α) which induce vasoconstric-
tion through TP receptor activation in human SV [72,73]. These studies 
suggested that ROS could be involved in TP-receptor induced contrac-
tion in human SV however further investigation is necessary in order to 
verify this hypothesis. 

In the present study, the endothelial capacity of SV was determined 
by ACh relaxation in human SV precontracted by Phenylephrine or 
U46619. These results demonstrated the low endothelial capacity of SV 
preparations which is in accordance with many published reports 
[74–78]. Furthermore, the role of endothelium on human SV vascular 
tone regulation was investigated by the studies using NOS and COX 
inhibitor which block major endothelial relaxing factors (NO and PGI2 

respectively). The present study and our previous studies demonstrated 
that NOS inhibitor (L-NOARG, Fig. 1F) and COX inhibitors (DFU, DUP- 
697) did not modify vascular contraction response in human SV [79]. 
These results also verify low endothelium capacity of SV. 

5. Conclusion 

Our results demonstrate that influx of extracellular Ca2+ (through 

Fig. 4. The mechanisms underlying the vasoconstrictor effect of U46619 on human saphenous vein. AC: adenylate cyclase, DAG: diacylglycerol, GC: guanylate 
cyclase, IP3: inositol 1,4,5- trisphosphate, PDE: phosphodiesterase, PLC: phospholipase C, PKC: protein kinase C, SR: sarcoplasmic reticulum. Dotted lines indicate 
proposed mechanism, solid lines indicate proven mechanism involved in TP-receptor induced vasoconstriction in human saphenous vein. 
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L-type calcium channels and store-operated calcium channels) and in-
tracellular Ca2+ release together with Ca2+ sensitization (through Rho- 
kinase activation) are necessary components for TXA2-induced con-
traction in human SV. Furthermore, pre-contracting with U46619 de-
creased vasorelaxation induced by SNP, riociguat, sildenafil, IBMX, 
forskolin and ACh. These results suggest a crosstalk between the TP 
receptor signaling pathway and PDE, AC, GC enzymes (Figs. 3A–E). The 
proposed mechanism underlying vasoconstrictor effects of U46619 on 
human SV was presented in Fig. 4 and Table 3. The processes regulating 
TXA2-induced contraction could be important factors in promoting 
vasospasm occurring in SV when used as a graft material. We believe 
that the investigating the mechanism of TXA2-induced vasoconstriction 
in SV grafts will provide additional information to increase the pro-
portion of successful CABG. 
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