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Abstract

The endothelium produces many substances that can regulate vascular tone. Acetylcholine is a 

widely used pharmacological tool to assess endothelial function. In general, acetylcholine binds to 

G-protein coupled muscarinic receptors that mediate a transient elevation in intracellular, free 

calcium. This intracellular rise in calcium is responsible for triggering several cellular responses, 

including the synthesis of nitric oxide, endothelium-derived hyperpolarizing factor, and 

eicosanoids derived from arachidonic acid. Endothelial arachidonic acid metabolism is also an 

important signaling pathway for mediating inflammation. Therefore, in conditions with sustained 

and excessive inflammation such as hypertension, arachidonic acid serves as a substrate for the 

synthesis of several vasoconstrictive metabolites, predominantly via the cyclooxygenase and 

lipoxygenase enzymes. Cyclooxygenase and lipoxygenase products can then activate G-protein 

coupled receptors expressed on vascular smooth muscle cells to causes contractile responses. As a 

result, acetylcholine-induced contraction due to arachidonic acid is a commonly observed feature 

of endothelial dysfunction and vascular inflammation in hypertension. In this review, we will 

critically analyze the literature supporting this concept, as well as address the potential underlying 

mechanisms, including the possibility that arachidonic acid signaling is diverted away from the 

synthesis of pro-resolving metabolites in conditions such as hypertension.
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1. INTRODUCTION

Endothelial health has been a major topic of research since the 20th century. The 

endothelium plays an intricate role in vascular homeostasis by synthesizing and secreting 
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several vasoactive factors, such as pro- and anti-inflammatory lipid mediators. In a healthy 

state, acute vascular inflammation is necessary for immune surveillance to eliminate 

pathogens and host-derived threats and to repair the associated tissue injury. It is a self-

limiting process, leading to complete resolution that allows a return to homeostasis after 

threat eradication and subsequent damage repair [1]. The concern arises when there is 

prolonged or excessive inflammation, which can exacerbate the vascular damage and 

contribute to the genesis and/or progression of diseases. Accordingly, low-grade, chronic 

vascular inflammation is broadly accepted as a common factor in many cardiovascular 

diseases, including hypertension. Among various inflammatory mediators implicated in 

hypertension, metabolites and enzymes involved in arachidonic acid (AA) metabolism are of 

greater significance. Accordingly, arteries from hypertensive patients and animals present 

with a late phase acetylcholine-induced endothelium-dependent contraction (Figs. 1–3) due 

to AA-derived biologically active products. In contrast with other reviews about decreased 

acetylcholine-induced relaxation in hypertension, this mini-review will focus on the 

involvement of AA-derived lipids mediators in acetylcholine-induced endothelium-

dependent contraction. Furthermore, given that AA-derived lipids also are crucial for 

“switching-off” inflammation, this mini-review will briefly address the possible mechanisms 

underlying the resolution of inflammation in vascular tissue.

2. ACETYLCHOLINE-INDUCED ENDOTHELIUM-DEPENDENT 

CONTRACTION

In physiological conditions, vasculature oscillates between contraction and relaxation to 

maintain vascular tone and homeostasis. Over the last four decades, we have come to 

understand that endothelium plays a major role in regulation of vascular function. The 

endothelium produces many substances that can regulate vascular smooth muscle 

contraction, proliferation, migration, inflammation, and platelet function [2]. In general, 

vascular biology research laboratories use acetylcholine as a pharmacological tool to assess 

endothelial function (and dysfunction). Acetylcholine binds to G-protein coupled muscarinic 

receptors (mAChRs) on the endothelial cell membrane. These receptors are comprised of 

five subtypes (M1-M5). M1, M3, and M5 are coupled with the Gq protein and induce 

cytosolic calcium transients via phospholipase C signaling pathway. M2 and M4 are coupled 

with the Gi protein, which inhibits adenylyl cyclase [3]. A transient elevation of the 

intracellular, free calcium concentration is considered a key mechanism in triggering several 

cellular responses, such as the synthesis of nitric oxide (NO), endothelium-derived 

hyperpolarizing factor (EDHF) and eicosanoids derived from arachidonic acid (AA) [4–9]. 

Overall, healthy, isolated, resistance and conductance arteries release both vasodilator and 

vasoconstrictor factors, but the relative amount of vasodilators is higher, leading to full 

relaxation for long periods. In diseased states, this homeostatic scenario changes, resulting in 

an exacerbated production of vasoconstrictors molecules. For further details on how the 

endothelium regulates vascular function, please see references [10–11].

One of the major pathophysiological signatures in cardiovascular diseases is the presence of 

endothelial dysfunction, regardless of artery diameter (i.e., conductance and resistance 

arteries). Diseased conductance arteries are stiffer and larger than their normal controls, 
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which increases systolic pressure. Diseased resistance arteries have several types of 

alterations that contribute to cardiovascular disease (i.e., reduced lumen diameter and 

hypertrophy of the vascular wall). Endothelium dysfunction is a result of an imbalance 

between endothelium-derived relaxing factors and endothelium-derived contracting factors. 

Endothelial dysfunction may lead to several abnormalities in the vasculature, such as an 

increase in maximum response and/or sensitivity to contractile factors, the decrease in 

maximum response and/or sensitivity to endothelium-dependent vasodilators, vascular 

remodeling, etc. In case of hypertension, especially in early stages or “mild” hypertension, a 

phenomenon known as acetylcholine-induced endothelium contraction occurs (Figs. 1 and 

2). Endothelium-dependent contractions were first observed in isolated dog veins [12], 

although most studies today are performed on arteries. In 1981, Dr. Paul Vanhoutte was the 

first to report endothelium-derived vasoconstriction, showing that an unknown factor was 

being produced by the endothelium to cause an increased vascular tone. In physiological 

conditions, it has been seen that stretch applied to isolated canine basilar arteries caused the 

development of active tension in rings with endothelium but not in those in which the 

endothelium had been removed [13]. The authors suggested that the endothelium may 

contribute to the autoregulation of cerebral blood flow during increases in transmural 

pressure by the increased production and/or release of prostaglandins, which causes 

activation of the underlying vascular smooth muscle [13]. However, more probable is that 

the incidence of endothelium-dependent contractions is pathological, as they are prominent 

in arteries from animals that present vascular diseases, such as hypertension. In 1986, Dr. 

Vanhoutte, along with Dr. Thomas Lüscher, set out to investigate the decreased relaxation to 

acetylcholine in spontaneously hypertensive rats (SHR). Unexpectedly, they observed that 

acetylcholine caused endothelium-dependent contractions in arteries from SHR but not in 

those from Wistar Kyoto (WKY) rats [14]. In this study, aortas from hypertensive animals 

possessed a contraction to acetylcholine in concentrations ranged from ~100 nM - 10 μM. It 

was uncovered that the contraction to acetylcholine was also a characteristic of endothelium 

dysfunction [15–16].

Significant to the pathogenesis of hypertension, acetylcholine-induced contraction is not 

unique to SHR (Fig. 1). In our laboratory, we routinely observe acetylcholine-induced 

contraction in resistance and conductance arteries from Dahl salt-sensitive (S) rats (Figs. 2 

and 3). Salt-sensitivity is considered a hallmark of hypertension in blacks, including African 

Americans, given that it is found in 73% of hypertensive blacks [17]. Using inbred Dahl S 

rats, Dr. John Rapp [18] observed that the spontaneous elevation of blood pressure occurs in 

Dahl S rats fed a low salt diet, but not in Dahl salt-resistant (R) rats, due to unknown genetic 

influences and independent of environmental factors. According to Dr. Rapp’s 

measurements, spontaneous elevations in blood pressure from Dahl S rats begin at about ~4 

weeks of age [18], and a high-salt diet accelerates this process leading to malignant 

hypertension, similar to humans. Corroborating, Dr. Rapp’s findings, we observed that 

arteries from young Dahl S rats (~8 weeks old) fed a low-salt diet also present acetylcholine-

induced contractions (Fig. 2), but arteries from Dahl S fed a high salt diet (~15 weeks old) 

did not worsen this phenotype (Fig. 3). These data suggest that Dahl S already has 

endothelial dysfunction prior to malignant hypertension. Therefore, the genesis of 

acetylcholine-induced contraction may be, at least in part, due to genetic influences. Another 
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characteristic that we frequently observe is resistance arteries from SHR or Dahl S high-salt 

start relaxing to acetylcholine at lower concentrations (100 nM-1 μM), which means that 

they are more sensitive to acetylcholine when compared to the arteries from normotensive 

animals (Fig. 3). However, at higher concentrations (0.3 μM), these arteries start contracting 

as previously described [13–14]. It is important to note that 0.3 μM acetylcholine, arteries 

should be relaxing back to baseline; however, hypertensive arteries have relaxed and start to 

contract again. Although acetylcholine-induced endothelium-dependent contraction was also 

observed in other conditions, such as aging and diabetes [19], it seems that this phenomenon 

is predominant in hypertension.

3. CULPRITS OF ACETYLCHOLINE-INDUCED CONTRACTION IN 

HYPERTENSION

Multiple studies have demonstrated contractions to endothelium-derived vasoactive factors 

in isolated arteries from animals with spontaneous hypertension and salt-sensitive 

hypertension [14, 20–24]. After that initial observation and many years of research later, 

mechanistic studies began uncovering possible “culprits” to this phenomenon. In line, it has 

been shown that endothelium pathways for reactive oxygen species (ROS), cyclooxygenase 

(COX) and lipoxygenase (LOX) products are the instigators and/or contributors to 

acetylcholine-induced endothelium-dependent contractions in hypertension [25–26].

In hypertension, there is no doubt that ROS, such as superoxide anions, hydroxyl radicals, 

and hydrogen peroxide are increased [27], and contribute to amplified contractile responses. 

ROS can increase contraction by quenching the bioavailability of NO [28] and also by 

uncoupling endothelial nitric oxide synthase (eNOS) (which itself can be a self-sustained 

source of ROS) [27]. ROS also leads to increased smooth muscle contraction and 

proliferation, platelet aggregation, and expression of adhesion molecules [29]. Moreover, 

ROS can depolarize vascular smooth muscle cells by inhibiting potassium channels and 

induce calcium sensitization, via activation of RhoA and Rho kinase activity [30]. However, 

while it is clear that ROS participates in acetylcholine-induced endothelium-dependent 

contractions, whether ROS are the primary instigators of this phenomenon is debatable. For 

example, it has been established that acetylcholine-induced endothelium-dependent 

contractions are decreased by superoxide dismutase, which breaks down superoxide anions 

to hydrogen peroxide, but not by catalase or deferoxamine, which scavenge hydrogen 

peroxide and hydroxyl radicals, respectively [31]. These observations suggest an important 

role for superoxide anions in acetylcholine-induced contraction [31–33].

On the other hand, it is also known that COX, a major downstream enzyme of AA signaling, 

is a significant source for ROS [34]. Specifically, we have observed that the incubation with 

the specific inhibitor of COX-2 decreased ROS generation in isolated arteries from ouabain-

treated hypertensive rats [34]. While these rats present with malignant hypertension and their 

arteries were hyperreactive to noradrenaline and had oxidative stress, acetylcholine-induced 

contraction was not observed. These findings suggest that ROS generation is not the primary 

instigator of acetylcholine-induced endothelium-dependent contraction and that ROS only 

indirectly contribute to this phenomenon by reducing the bioavailability of NO and/or 

Edwards et al. Page 4

Curr Pharm Des. Author manuscript; available in PMC 2020 October 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



activating COX in the vascular smooth muscle cells [35]. Therefore, it is still unresolved 

whether ROS are a “cause” or an “effect” of endothelium-dependent, acetylcholine-induced 

contractions in hypertension. On the other hand, as it will be discussed below, it is 

established that AA-derived biologically active products are the cause of endothelium-

dependent contractions elicited by acetylcholine.

3.1. Arachidonic Acid-Derived Bioactive Lipids

AA is the most common precursor of biologically active lipids metabolites [26], and it plays 

a vital role in the initiation of inflammation and the resolution of inflammation in 

physiological states. AA is the preferred substrate for the COX, LOX, and cytochrome P450 

(CYP450) pathways to produce prostaglandins, leukotrienes, and epoxyeicosatrienoic acids 

(EETs), respectively [26, 36]. These lipid mediators are collectively referred to as 

eicosanoids, and these pathways are the target of approved drugs for the treatment of pain, 

allergies, inflammation, asthma, cardiovascular disorders, and, most recently, to inhibit 

tumor-associated inflammation [37]. A proper balance of substrate availability, enzyme 

expression and activity, and non-enzymatic oxidation is important for maintaining 

homeostasis. However, in hypertension, an unbalance in eicosanoids occurs that has a 

causative-effect in the genesis of acetylcholine-induced endothelium-dependent contractions 

predominantly through the COX, LOX, and CYP450 pathways that will be discussed below 

(Fig. 4).

3.1.1. Cyclooxygenases—The COX pathways produce pro-inflammatory or pro-

resolving lipid mediators from the COX-1 or COX-2 isoforms. Although COX-1 and COX-2 

are 65% homologous, they are regulated differently and can function independently within 

the same cell [38]. COX-1 uses fatty acids like AA preferentially, while COX-2 uses fatty 

acids and glycerol, because of this COX-2 is capable of making mediators that COX-1 

cannot [39]. COX-1 is constitutively expressed in tissues but can also be overexpressed [40]. 

COX-2 is also constitutive, but its activity is induced mainly in inflammatory states. 

However, it has also been shown that COX-2 participates in physiological states. 

Specifically, it has been shown that cultured bovine aortic endothelial cells (BAECs) and 

human umbilical vein endothelial cells (HUVECs) exposed to steady fluid shear stress of 10 

dyn/cm2 for five hours upregulates COX-2 and prostacyclin (a potent vasodilator) [41]. The 

authors observed the relationship between the mechanosensor platelet endothelial cell 

adhesion molecule-1 (PECAM-1) and the intracellular mechanoresponsive molecules 

phosphatidylinositol 3-kinase (PI3K), focal adhesion kinase (FAK), and mitogen-activated 

protein kinase p38 in the fluid shear stress induction of COX-2 expression and PGI2 release. 

Knockdown of PECAM-1 expression inhibited fluid shear stress-induced activation of α5β1-

integrin, upregulation of COX-2, and release of PGI2 [41]. In addition, there is a third 

distinct COX isozyme, called COX-3, whose discovery explained, in part, the pharmacology 

of acetaminophen [42]. Less is known about COX-3, which seems to be found in the 

cerebral cortex and cardiac tissue and appears to be involved in centrally mediated pain. 

COX-3 is a splice variant for COX-1. Therefore, drugs that favorably block COX-1 also 

appear to act at COX-3.
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The COX pathway converts AA to endoperoxides that are then converted by their respective 

synthases into five main prostaglandins (PGs): PGD2, PGE2, PGF2α, PGI2 (prostacyclin), 

and thromboxane (Tx)A2. Because prostanoids are a family of lipid mediators produced 

from fatty acids, and hence are generally regarded as hydrophobic compounds, it was 

thought in earlier times that they were incorporated into the cell membrane and exerted their 

action by perturbing lipid fluidity [43]. However, each prostanoid has a unique activity 

profile, not exactly overlapping with others, which indicates that each prostanoid has a 

specific site of action. Hence, the concept of prostanoid action via prostanoid receptors 

gradually appeared [43]. Supporting the concept that prostanoids indeed act via receptor, it 

was shown that some prostanoid actions induce changes in intracellular cAMP levels, 

phosphatidylinositol (PI) turnover, and free Ca2+ concentrations [43]. Currently, we know 

that each prostanoid (TxA2, PGI2, PGE2, PGF2, and PGD2) has a specific receptor (TP, IP, 

EP, FP, and DP, respectively) [43]. These receptors are G protein-coupled receptors, and 

there are eight types and subtypes that are encoded by different genes, but as a whole 

constitute a subfamily in the superfamily of the rhodopsin-type receptors [43]. Prostanoid 

receptors have been classically grouped into three categories, depending on the type of G-

protein they bind to the contractile receptors EP1, FP and TP are coupled to Gq and activate 

phospholipase C, leading to intracellular calcium increases; the relaxant type, which 

comprises IP, DP1, EP2 and EP4, signal through Gs to induce adenylate cyclase activity; and 

the inhibitory receptor EP3 couples to Gi, leading to a decrease in intracellular cAMP 

content [44]. Promiscuously, prostanoids can bind to multiple receptors or receptor isoforms 

and are therefore able to activate diverse G-proteins and signal transduction pathways. 

Accordingly, it has been shown that in aorta from SHR and WKY, different prostaglandins 

studied, TXA2, PGH2, PGF2α, PGE2, PGD2, PGI2 as well as 8-isoprostane, were able to 

induce vascular contraction via TP receptors, given that the contractions were abolished by 

S18886, a specific antagonist for the TP receptor [45].

In hypertension, COX-1 and 2 expression and activity are enhanced in conductance and 

resistance arteries [34, 46], consequently leading to an increase in prostanoids production. 

Incubation with non-selective (indomethacin) or selective inhibitors of COX-1 and −2, such 

as N[−2-(cyclohexyloxy)-4-nitrophenyl]-methanesulfonamide (NS398) or 2-[(1-

oxopenytyl)oxy]-benzoic acid (valeryl salicylate) prevented acetylcholine-induced 

endothelium-dependent contractions [48]. As mentioned above, TXA2 is a potent 

vasoconstrictor, and its synthesis is increased in endothelial cells from hypertensive animals 

[36]. However, the use of a selective inhibitor of TXA2 synthase only partially prevented the 

endothelium-dependent contractions indicating that TXA2 is only one factor contributing to 

contraction [47–52]. On the other hand, acetylcholine-induced endothelium-dependent 

contractions were completely inhibited by treatment with a TXA2/PGH2 antagonist (O 

NO-3708), but not with a TXA2 synthase inhibitor (OKY-046) [53]. The authors suggested 

that since these contractile responses were completely suppressed by TXA2/PGH2 

antagonist, but were not affected by a TXA2 synthase inhibitor, they are most likely 

mediated by endothelium-derived PGH2 [53]. There was also a statistically significant 

correlation between the acetylcholine-induced contractions and blood pressure. However, in 
vivo administration of another TXA2/PGH2 antagonist (ONO-8809) (10 or 30 micrograms 

per body per day) for 3 weeks (5–8 weeks of age) did not affect blood pressure in SHR or 
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WKY. These observations suggest that the increase in endothelium-derived contractile 

factors in SHR is more likely to be a result than a cause of hypertension in SHR [53].

Another prostaglandin associated with endothelium-dependent contractions in hypertension 

is PGI2. Notably, PGI2 is the most abundant prostaglandin in hypertensive endothelial cells 

[49–52]. In physiological and acute conditions, the induction of COX-2 promotes the 

production of PGI2, which is a vasodilator, however in chronic inflammatory conditions, as 

seen in hypertensive animals, COX-2 upregulation induces endothelium-dependent 

contractions via PGI2 [36]. In hypertension, PGI2 synthase activity and expression are 

increased in endothelial cells, which leads to an exacerbated production of PGI2 via 

activation of TP receptors to induce contraction [20, 49–50]. Exogenous prostacyclin 

induced a concentration-dependent relaxation in mesenteric resistance arteries from WKY 

rats. However, in arteries from non-treated SHR and both WKY and SHR treated with 

aldosterone (0.05 mg/kg/day) for 3 weeks, prostacyclin concentrations below 0.1 μM 

induced concentration-dependent relaxation whereas concentrations equal or above 0.1 μM 

have a biphasic effect, characterized by an initial contractile response followed by a relaxing 

phase [54]. These authors also observed that the treatment with aldosterone-induced an 

exacerbated COX-2 expression in both strains. However, chronic aldosterone administration 

did not significantly modify blood pressure levels. These suggest that another mechanism, 

different from high blood pressure, maybe the initiator of endothelial-induced contraction in 

hypertension.

3.1.2. Lipoxygenases—The LOX pathway produces hydroperoxides from AA [55]. 

LOX enzymes are expressed in several cells, such as immune, epithelial, and tumor cells that 

display a variety of physiological functions, including inflammation, skin disorder, and 

tumorigenesis. In humans, there are five LOXs: the 5S-(arachidonate: oxygen 5-

oxidoreductase), 12R-(arachidonate 12-lipoxygenase, 12R-type), 12S-(arachidonate: oxygen 

12-oxidoreductase), and two distinct 15S-(arachidonate: oxygen 15-oxidoreductase) LOXs 

that oxygenate arachidonic acid in different positions along the carbon chain and form the 

corresponding 5S-, 12S-, 12R-, or 15S-hydroperoxides, respectively [56]. In general, 15-

LOX synthesizes anti-inflammatory 15-hydroxyeicosatetraenoic acid (HETE), 5-LOX and 

12-LOX induce pro-inflammatory mediators, and 5-LOX produces 5-HETE and 

leukotrienes, which are potent chemoattractants.

Lipoxygenase inhibitors have been reported to reduce the angiotensin II-induced contraction 

on isolated arteries. Specifically, contractions induced by angiotensin II in isolated human 

internal mammary artery were inhibited by phenidone 100 μM (cyclooxygenase and 

lipoxygenase inhibitor), baicalein 100 μM (5-, 12- and 15-lipoxygenases inhibitor), AA861 

10 μM (5-lipoxygenase inhibitor) and MK571 1 μM (CysLT1 receptor antagonist) [57]. 

Interestingly, increases in the systolic pressor response to angiotensin II were reduced by 

two different LOX inhibitors, baicalein (30 mg/kg) and esculetin (60 mg/kg) in rats, but not 

by the cyclooxygenase inhibitor indomethacin, suggesting that LOX pathway may have an 

important role in mediating the pressor effect of angiotensin II [58]. DelliPizzi et al. [59] 

demonstrated that in cytosolic fractions of aortae taken from aortic coarctation-induced 

hypertensive rats, 12-lipoxygenase protein was increased as compared to normotensive 

controls. Aortic rings from hypertensive, but not from normotensive rats, exhibited a basal 
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tone that was reduced by the lipoxygenase inhibitors cinnamyl-3,4-dihydroxy-α-

cyanocinnamate (CDC,10 μM) and 5,8,11-eicosatriynoic acid (ETI, 10 uM) [59]. 

Corroborating previous studies, these authors observed that CDC (8mg/kg administered 

subcutaneously) did not affect the blood pressure of normotensive rats but decreased that of 

hypertensive rats. Only a few studies evaluated the possible mechanisms of LOX-derived 

products and endothelium-dependent contraction in hypertension [59]. Accordingly, it has 

been shown that SHR and WKY orally treated for 3 weeks with cysteinyl leukotrienes 

biosynthesis inhibitor, MK-886 (0.1 mg/ml), did not present changes in blood pressure. 

However, in arteries incubated with NOS inhibitor N-nitro-L-arginine (L-NNA; 100 μM) 

and contracted to prostaglandin F2α (PGF2α)-induced tone, acetylcholine was able to evoke 

concentration-dependent contractions in SHR aorta [60]. Further, incubation with MK-886 

(10 μM), the 5-lipoxygenase (5-LO) inhibitor AA861 (10 μmol/l), or the cysteinyl 

leukotriene receptor antagonist MK571 (1 μmol/l) was able to decrease these acetylcholine-

induced contractions. Overall this suggests that LOX-derived products may be associated in 

the endothelium-dependent contraction to acetylcholine, but not in the regulation of blood 

pressure in SHR [60].

As previously described, AA is also a substrate for LOX to produce leukotrienes and 

lipoxins [26, 55]. Leukotrienes and lipoxins are two functionally different classes of LOX-

derived eicosanoids. Leukotrienes are potent pro-vasoconstrictors mediators and directly and 

indirectly stimulate fibroblast chemotaxis, proliferation, and collagen synthesis. On the other 

hand, lipoxins counter-regulate the pro-inflammatory actions of leukotrienes and activate the 

resolution of the inflammatory response [61]. Lipoxin A4 (LXA4) was discovered in 1984 

through interaction(s) between the 5- and 15-lipoxygenase pathways in human leukocytes 

[62]. The generation of LXA4 is a very rapid process that aspirin does not inhibit. In fact, 

aspirin has been shown to trigger the production of LXA4 through acetylation of COX-2 that 

metabolizes arachidonic acid to 15(R)-hydroxyeicosatetraenoic acid. This metabolite is then 

converted via lipoxygenase to LXA4, also known as ‘aspirin-triggered lipoxin.’ This process 

is augmented during inflammation, atherosclerosis, and thrombosis [63]. Interestingly, 

LXA4 binds the formyl peptide receptor-2 (FPR2), a subfamily of G protein-coupled 

receptors. FPR activation in the cardiovascular system has been shown to have functional 

implications, such as modulation of vascular tone and blood pressure [64]. Specifically, we 

observed that LXA4 induced concentration-dependent contractions via FPR-2 activation, 

and both RhoA/Rho kinase inhibitor (Y-27632, 1 μm) and ROS scavenger (tempol, 1mM) 

decreased this contraction. Also, endothelium removal, COX and NAD(P)H oxidase 

inhibitors (indomethacin and apocynin, respectively, both 10μM) attenuate the LXA4-

induced contraction. LXA4 potentiated phenylephrine-induced contraction and inhibited 

acetylcholine-induced relaxation. In another study, we observed that FPR-1 activation 

induces actin polymerization in vascular smooth muscle cells. The absence of FPR-1 in the 

vasculature significantly decreased vascular contraction and induced loss of myogenic tone 

to elevated intraluminal pressures via disruption of actin polymerization [65]. Therefore, it is 

possible to infer that LXA4 may contribute to further acetylcholine-induced contraction in 

conditions where its production is exacerbated.
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3.1.3. Cytochrome P450—Endothelial and vascular smooth cells also generate 

CYP450 metabolites from AA that modulates endothelial cell function and vascular 

homeostasis. CYP450 produces two main eicosanoid products, EETs, formed by CYP 

epoxygenases, and HETEs, formed by CYP hydroxylases [66]. Similar to PGI2, EETs are 

recognized as endothelium-derived relaxing factors [26]. EETs have been proposed to be the 

unidentified endothelium-derived hyperpolarizing factor because they hyperpolarize and 

relax vascular smooth muscle cells by activating calcium-sensitive potassium (KCa
2+) 

channels [66]. On the other hand, 20-HETE is the predominant CYP hydroxylase 

synthesized by vascular smooth muscle cells [67]. 20-HETE generation is directly correlated 

with myogenic tone in renal and cerebral arteries [68]. Once formed, 20-HETE increases 

smooth muscle contraction by inhibiting large-conductance potassium channels (BKCa2+), 

inducing depolarization, and further increasing intracellular calcium [68]. The elevation of 

20-HETE production in malignant hypertension was first reported in 1989 [69]. 20-HETE 

inhibition decreases blood pressure in angiotensin II and endothelin-induced hypertension 

[70–71]. Interestingly, it has been shown that Dahl S rats present a decrease in 20-HETE 

production, leading to salt-sensitive hypertension development [72]. As described above, it 

is well known that the hyperpolarization in response to acetylcholine in small arteries is 

closely regulated by CYPP450–dependent enzymes [73]. However, it is currently unknown 

whether CYP450 products may be associated with acetylcholine-induced endothelium-

dependent contractions in hypertension.

4. CAN WE RESOLVE ACETYLCHOLINE-INDUCED ENDOTHELIUM-

DEPENDENT CONTRACTIONS?

Excessive production of inflammatory mediators, such as leukotrienes and prostaglandins, in 

damaged tissue, triggers the transition from acute inflammation to chronic inflammation 

[74]. Failure to resolve inflammation or chronic activation of the inflammatory response 

accelerates tissue injury and can eventually develop into disease. As complex as 

inflammation is, resolution of inflammation is a physiological response to “switch off” the 

inflammatory cascade. Cessation of acute inflammation is an active process that involves the 

biosynthesis of specialized pro-resolving mediators [1]. Pro-resolving mediators are 

endogenously derived from the AA, omega-6 fatty acid, and omega-3 fatty acids, including 

eicosapentaenoic acid and docosahexaenoic acid. As described above, AA-bioactive lipids 

play a fundamental role in acetylcholine-induced endothelium-dependent contraction in 

hypertension; therefore, it is possible that unresolved vascular inflammation may also play a 

role in this process. Unfortunately, there is little or no evidence beyond expert opinion to 

support this concept, so, as a result, we will briefly discuss pro-resolving mediators that 

were shown to be involved in vascular function, such as LXA4 and resolvins, and only infer 

that acetylcholine-induced endothelium-dependent contraction may also occur because the 

mechanisms behind the resolution of inflammation failed to resolve this process in 

hypertension.

4.1. Resolution of Inflammation

Specialized pro-resolving mediators can be anti-inflammatory at transcriptional and 

translation levels and are capable of activating NO and PGI2 production, phagocytosis, and 
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efferocytosis [75]. Although there are four identified specialized pro-resolving lipid 

mediators: resolvins, protectins, LXA4, and maresins, this review will focus on lipoxins and 

resolvins.

LXA4 is the most studied and characterized member of the lipoxin family. As described 

above, LXA4 is biosynthesized from AA, and it has potent anti-inflammatory and resolution 

capabilities [76]. Interestingly, aspirin triggers the production of LXA4 through acetylation 

of COX-2 that metabolizes arachidonic acid to 15(R)-hydroxyeicosatetraenoic acid. This 

acid is quickly converted to LXA4 by LOX [64]. In arteries, LOX-5 biosynthesizes LXA4, 

and in platelets, LOX-12 biosynthesize LXB4 [74, 77]. The formation of LXA4 within the 

vascular lumen and wall during inflammation places this lipid in a strategically 

advantageous site for modulation of vascular function. Accordingly, von der Weid et al. [78] 

demonstrated that LXA4 induces endothelium-dependent relaxation in mesenteric arteries 

and aortic segments. This study showed that LXA4 (1 μmol/l) in rat aortic rings contracted 

with phenylephrine resulted in relaxation [78]. In opposition, Feuerstein and Siren [79] 

showed that intravenous LXA4 concentration-dependently constricted mesenteric arteries, 

but did not alter blood pressure or heart rate. Supporting these data, we showed that LXA4 

induces contraction in aortic rings via FPR-2 and RhoA activation in the vascular smooth 

muscle cells [64]. Nascimento-Silva et al. [80] demonstrated that LXA4 suppresses NADPH 

oxidase-mediated ROS generation in endothelial cells. Also, another study demonstrated that 

LXA4 attenuates lipopolysaccharide-induced intracellular ROS in microglia cells by 

inhibiting cytoplasmic NADPH oxidase subunit p47(phox) translocation to the cell 

membrane and NADPH oxidase activity [81]. Recently it was observed that plasma LXA4 

levels were higher in preeclamptic women compared to in non-pregnant and normotensive 

pregnant women. Nonetheless, endogenous LXA4 concentration seems to be insufficient to 

attenuate inflammation in preeclampsia because these women still showed features of 

systemic inflammatory response syndrome despite the increased levels of LXA4 [82].

Resolvins, previously referred to as bioactive lipid signals [83], are also lipid mediators that 

inhibit neutrophil transmigration in between endothelial cells, among other functions. 

Resolvins are derived from omega-3 polyunsaturated fatty acids. Humans obtain 

eicosapentaenoic acid and docosahexaenoic acid from marine oils that are eaten or 

supplemented [83–84]. Resolvins were originally isolated from murine dorsal air pouches 

treated with aspirin. They were also isolated from co-cultured endothelial cells and 

neutrophils [83]. Transcellular formation of resolvins can occur with the formation of 18R-

hydroxyeicosapentaenoic acid by endothelial cells expressing COX-2 and treated with 

aspirin [85]. Interestingly, selective COX-2 inhibitors block resolvins formation, but neither 

indomethacin nor acetaminophen can.

Similar to LXA4, resolvins also attenuate nuclear factor kappa B activation and ROS 

generation [86–87], stimulate macrophages to phagocytose apoptotic neutrophils [88], and 

inhibit cytokine release and cell migration [89–90]. These lipids also modulate pro-

inflammatory leukocyte expression and disrupt TXA2-mediated platelet aggregation [91]. 

Interestingly, a study conducted by Rathod et al. found that young women are protected 

against systemic inflammation-induced endothelial dysfunction due to accelerated resolution 

of inflammation, which is mediated by the D-series resolvin pathway [92].
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To summarize these data, it is clear that LXA4 and resolvins are important pro- and anti-

inflammatory mediators and play a role in vascular health. However, there is still a gap in the 

literature in understanding the mechanism associated with the resolution of inflammation, 

vascular dysfunction, and hypertension. Specifically, it is unclear if disturbances in LXA4 

and resolvins pathways could be associated and, perhaps, a cause of vascular inflammation 

and, subsequently, acetylcholine-induced- endothelium-dependent contractions in 

hypertension.

CONCLUSION AND PERSPECTIVES

Acetylcholine-induced endothelium-dependent contractions are considered a hallmark for 

the most studied models of hypertension, such as SHR and Dahl S rats. However, this 

phenomenon’s precise mechanism is still debated, which makes it unclear if this process is 

fundamental for the genesis of hypertension or if it is exacerbating vascular tissue injury 

leading to malignant hypertension. Conflicting arguments are suggesting that elevations of 

blood pressure may be or may not be the cause of this phenomenon. However 

mechanistically, it is acceptable that AA and its metabolites play critical roles in this 

process. With this thought, we question whether a decrease in resolution of inflammation 

would participate in the genesis and/or maintenance of endothelium-dependent contraction 

to acetylcholine.
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Fig. (1). 
Typical traces represent concentration response curve to acetylcholine (1nM −30 μM) in 

mesenteric resistance arteries from 12-weeks old spontaneously hypertensive rats (SHR) and 

normotensive Wistar rats. The arteries were initially contracted with phenylephrine (10 μM). 

Please note that at the concentration of 0.03 μM acetylcholine, arteries from SHR are 

completely relaxed when compared to arteries from Wistar rats. This is a representative 

illustration of traces observed in our laboratory. However, similar findings are quantified in 

multiple studies [13–15, 35–37].
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Fig. (2). 
Typical traces represent concentration response curve to acetycholine (1nM −30 μM) in 

mesenteric resistance arteries from 8-weeks old Dahl salt (S) sensitive and resistant (R) rats 

fed a 0.3% low-salt diet. The arteries were initially contracted with phenylephrine (10 μM). 

This is a representative illustration of traces observed in our laboratory. However, similar 

findings are quantified in multiple studies [13–15, 35–37].
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Fig. (3). 
Typical traces represent concentration response curve to acetylcholine (1nM −30 μM) in 

mesenteric resistance arteries from 15-week old Dahl salt (S) sensitive and resistant (R) rats 

fed a 2% high-salt diet for 8 weeks. The arteries were initially contracted with phenylephrine 

(10 μM). Please note that at the concentration of 0.3 μM acetylcholine, arteries from Dahl S 

are completely relaxed when compared to arteries from Dahl R. This is a representative 

illustration of traces observed in our laboratory. However, similar findings are quantified in 

multiple studies [13–15, 35–37].
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Fig. (4). 
The Janus face of acetylcholine and endothelium-dependent, arachidonic acid signaling. In 

physiological conditions, acetylcholine promotes the synthesis of vasodilating eicosanoids 

and other endothelium-derived hyperpolarizing factors (e.g., nitric oxide). However, in 

pathophysiological conditions such as hypertension, there is aberrant arachidonic acid 

signaling due to excessive inflammation. As a result, acetylcholine promotes the synthesis of 

vasoconstrictor metabolites, predominantly from cyclooxygenase and lipoxygenase that can 

act on vascular smooth muscle cells. As a result, acetylcholine causes endothelium-

dependent contractile responses, as opposed to vasodilation.
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