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BACKGROUND:  The resolution of inflammation is an active phenomenon important for switching off inflammatory processes once 
the harmful stimuli are removed and facilitate the return to homeostasis. Specialized pro-resolving mediators (SPMs), such as lipoxin 
A4, resolvin D1, and resolvin E1, derived from ω-3 or ω-6 polyunsaturated fatty acids, are crucial for the resolution of inflammation. 
We hypothesized that SPMs are decreased in hypertension which contributes to the acetylcholine-induced contraction in resistance 
arteries, which are well known to be mediated by leukotrienes and prostaglandins. Moreover, treatment with SPMs will decrease this 
contraction via formyl peptide receptor-2 (FPR-2) in resistance arteries from spontaneously hypertensive rats (SHR).

METHODS AND RESULTS:  We performed a comprehensive eicosanoid lipid panel analysis, and our data showed for the first time 
that precursors of SPMs are decreased in SHR, limiting the production of SPMs and resolution of inflammation in vivo. This phenome-
non was associated with an increase in lipid peroxidation in resistance arteries. Although SPMs did not abolish acetylcholine-induced 
contraction, these lipid mediators improved endothelial function in arteries from SHR via FPR-2 activation at nanomolar concentra-
tions. SPMs also buffered TNF-α-induced reactive oxygen species generation in endothelial cells from C57Bl/6 mice.

CONCLUSIONS:  We suggest that FPR-2 and SPMs could be revealed as a new target or therapeutic agent to improve vascular function 
in arteries from hypertensive rats.
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Chronic, low-grade inflammation that leads to vascular dysfunc-
tion is a common characteristic of hypertension. The resolution 
of inflammation is a physiological process to limit the develop-
ment of chronic inflammation.1 It was previously believed that 
inflammatory processes passively returned to homeostasis when 
danger was eradicated. However, it is now accepted that the res-
olution of inflammation is an active process that creates specific 
stop signals for inflammation.2 Therefore, any imbalance in the 
resolution of inflammation may contribute to chronic inflamma-
tion like that observed in cardiovascular diseases.

Specialized pro-resolving mediators (SPMs) derived from ω-3 or 
ω-6 polyunsaturated fatty acids are essential in the resolution of 
inflammation. There are 4 identified specialized pro-resolving lipid 
mediator groups: resolvins, protectins, lipoxins, and maresins.2–4 
SPMs resolve inflammation by acting on their own G-protein-
coupled receptors or modulating G-protein-coupled receptors 
for other fatty acids.4 For instance, lipoxin A4 (LXA4), derived 
from ω-6 polyunsaturated fatty acid arachidonic acid (AA), and 

resolvin D1 (RvD1), derived from ω-3 polyunsaturated fatty acid 
docosahexaenoic acid, bind to the formyl peptide receptor-2 (FPR-
2).5,6 Resolvin E1 (RvE1), derived from ω-3 polyunsaturated fatty 
acid eicosapentaenoic acid binds to the chemokine-like recep-
tor 1, also known as ChemR23 or leukotriene B4 receptor BLT1.7 
After binding their receptors, they enhance phagocytosis, disrupt 
thromboxane (TXA2)-mediated platelet aggregation, prevent neu-
trophil migration and stimulate macrophages to regulate migra-
tion and cytokine production.8,9

Resolvin effects on the endothelium are described as limiting 
transendothelial migration of leukocytes and cell–cell interac-
tions with leukocytes to generate resolvins or decreasing leu-
kocyte adhesion.10 Resolvins have also been found to regulate 
microvasculature permeability,10 and protect against endothelial 
dysfunction induced by systemic inflammation.11 A study has 
recently shown that RvD1 and RvE1 have a relaxant effect on rat 
and human arteries,12 and treatment with RvD2 partially pre-
vented elevation of systolic blood pressure in angiotensin II (Ang 

journals.permissions@oup.com
https://orcid.org/0000-0002-0815-3568
mailto:Camilla.Wenceslau@uscmed.sc.edu


Specialized Pro-resolving Mediator Therapy  |  543

II)-induced hypertension.13 Further, RvD2 partially improved 
cardiovascular function and structure, decreased fibrosis, and 
reduced the infiltration of neutrophils in hypertensive animals.13

We and others previously observed that resistance arteries 
from spontaneously hypertensive rats (SHR) have a characteristic 
contraction to the known vasodilator acetylcholine.14,15 In arter-
ies from naive animals, acetylcholine binds to G-protein-coupled 
muscarinic receptors on the endothelial cell membrane which 
causes an increase in intracellular calcium levels (Ca2+). Increased 
Ca2+ levels will lead to various cellular responses, such as nitric 
oxide (NO), eicosanoid production,16–19 and vascular relaxation. 
In hypertension, a biphasic response is observed in acetylcho-
line-treated resistance arteries.14 For instance, at lower concentra-
tions (~1–100 nM) of acetylcholine, the resistance arteries relax as 
expected mainly due to the release of vasodilators NO, endothe-
lium-dependent hyperpolarization, and/or PGI2.

14,20 However, the 
arteries contract at high concentrations (1 µM).14 This phenome-
non was first reported in the 1980s.20 These contractions have been 
partly attributed to multiple contractile mediators derived from 
ω-6 polyunsaturated fatty acids, such as TXA2, leukotrienes, reac-
tive oxygen species (ROS), and other prostaglandins.21,22

Based on these premises and on the fact that low-grade chronic 
inflammation is present in hypertension, we hypothesized that 
SPM is decreased in SHR, which contributes to acetylcholine-in-
duced contraction in resistance arteries. On the other hand, an 
increase in SPMs bioavailability will decrease acetylcholine-in-
duced contraction via FPR-2 in resistance arteries from SHR. This 
study attempts to distinguish the role of pro-resolving mediators 
in endothelium-dependent relaxation and contraction in resist-
ance arteries from SHR.

METHODS
For detailed information about Methods, please see Supplementary 
Material online.

Animals
All animal procedures and protocols used were approved by the 
Animal Care and Use Committee at both locations. Experiments 
were conducted following the National Institutes of Health Guide 
for the Care and Use of Laboratory Animals and Animal Research 
Reporting of in Vivo Experiments (ARRIVE) guidelines. Male, 
12-week-old SHR and Wistar Kyoto rats (WKY) were maintained 
on a 12-hour light cycle with water ad libitum and maintained on 
a standard chow diet (0.3% NaCl, Harlan Teklad diet TD 7034; 
Madison, WI). For more information about animals, please see 
Supplementary Material online.

Radiotelemetry blood pressure measurements
For more information, please see Supplementary Material 
online.23

Treatment
After 1 week of surgery and recovery, male SHR rats (12 weeks 
old, Charles River Laboratories) were randomly divided to receive 
Zileuton (Zil; 10 mg/kg/day i.p.), an active inhibitor of 5-lipoxy-
genase (5-LOX), or vehicle for 10 days. We selected these doses 
based on a previous study.24

Tissue collection
Under isoflurane anesthesia (5% in 100% O2 administered via 
nose cone), whole blood was first collected from the abdominal 

aorta and centrifuged. For serum, whole blood was centrifuged 
for 15 minutes in 2,000 rcf in a 4°C centrifuge and the superna-
tant was collected. For plasma, whole blood was centrifuged for 
15 minutes at 1,500 rcf in a 4 °C centrifuge and the supernatant 
was collected. After euthanasia by thoracotomy and exsanguin-
ation via cardiac puncture, mesenteric resistance arteries (MRA) 
were harvested, as described before.25

Eicosanoid lipid panel analysis
For more information, please see Supplementary Material 
online.

Vascular function
Third- or fourth-order MRA (<300 µM), 2  mm in length, were 
mounted on DMT wire myographs (Danish MyoTech, Aarhus, 
Denmark) for vascular function measurements.25,26 For more 
information, please see Supplementary Material online.

Protein expression and lipid peroxidation 
measurements
Total protein extract of MRA was obtained by mechanical homog-
enization of the tissue in lysis buffer (cOmplete Lysis-M, Rocher, 
Germany) containing protease and phosphatase inhibitor cock-
tail (cOmplete Tablets, Rocher, Germany). Samples were centri-
fuged (13,000g for 15 min at 4 °C), and supernatants were isolated 
and stored at −80 °C until proceeding to electrophoresis. For more 
information, please see Supplementary Material online.

Primary MRA endothelial cells
Commercial mouse primary MRA endothelial cells derived 
from C57BL/6 mice were purchased from Cell Biologics (#C57-
6055). For more information, please see Supplementary Material 
online.

Measurement of ROS generation in endothelial 
cells
Primary MRA endothelial cells were cultured at 4  ×  104 cells/
well in a 24-well assay plate in low glucose complete Dulbecco’s 
modified Eagle medium with fetal bovine serum 5%, P/S 1%, and 
endothelial growth factors (Cell Biologics, M1166) for 24 hours. 
To induce the generation of ROS, endothelial cells were treated 
with TNF-α (200 nM) for 1 hour. For more information, please see 
Supplementary Material online.

Statistical analysis
All statistical analyses were performed using GraphPad Prism 
9.1.1 (San Diego, CA, USA). Data are presented as mean ± stand-
ard error of the mean and statistical significance was set at P < 
0.05. Procedures included Student’s unpaired t test, 1- and 2-way 
analysis of variance (ANOVA), nonlinear regression analysis (log 
EC50 and Emax). Bonferroni post hoc testing was used in 1- and 2-way 
ANOVA. The number (n) of independent animals per group is 
described in the graphs or legends.

RESULTS
Decreased levels of SPM precursors in plasma 
and increased lipid peroxidation in resistance 
arteries exemplify exacerbated vascular 
inflammation in hypertension
We investigated the levels of over 150 eicosanoids in MRA and 
plasma from WKY and SHR. From this panel, 45 eicosanoids were 
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detected in the plasma from WKY and SHR. A heat map was 
generated to show the level of eicosanoids in plasma samples 
from WKY and SHR (Figure 1a). Since MRA presented with low or 
undetectable levels of eicosanoids, we could not generate a heat 
map. Regarding plasma samples, there was a significant decrease 
in 5 different eicosanoids in SHR: (i) free eicosapentaenoic acid 
(EPA), a ω-3 polyunsaturated fatty acids (PUFAs); (ii) free adrenic 
acid, an ω-6 polyunsaturated fatty acid (PUFA) derived from AA27; 
(iii) 20-COOH-AA, a metabolite of 20-HETE produced from AA by 
cytochrome P450 ω-oxidases28; (iv) 5-HETE, an oxylipid derived 
from AA by 5-LOX29; and (5) 14(15)-EET, a cytochrome p450 prod-
uct of AA30 (Figure 1b–f). Interestingly, 12,13-dihydroxy-9Z-octade-
cenoic acid (12,13-DiHOME), a cytochrome P450-derived linoleic 
acid metabolite,31 was significantly increased in SHR plasma 
(Figure 1g). We observed no significant difference in free AA and 
free DHA in plasma between the groups (Figure 1h,i).

In addition to decreased SPM precursors in plasma from 
SHR, a significant increase in lipid peroxidation was observed 
in resistance arteries from SHR (Figure 1j,k). Lipid peroxidation 
is associated with increased inflammation and might influence 
the quality and quantity of the bioactive components present in 
arteries, including SPMs.

SPMs improve vascular relaxation via 
formyl peptide receptor-2, but do not 
prevent acetylcholine-induced contraction in 
hypertension
As expected, we observed acetylcholine-induced contraction 
in arteries from SHR and total relaxation to acetylcholine in 

arteries from WKY (Figure 2a). Specifically, at lower concen-
trations (~1–100  nM) of acetylcholine, the resistance arteries 
relax mainly due to the release of vasodilators such as NO, 
endothelium-dependent hyperpolarization, and/or PGI2 (Figure 
2b). However, at high concentrations (1 µM), the arteries start 
to contract mainly due to the release of TXA2

21 and other pros-
taglandins.21,22 Corroborating these data, we have observed an 
increase in cyclooxygenase (COX-2) protein expression in arter-
ies from SHR (Figure 2c). Our initial hypothesis was refuted as 
SPMs (LXA4, RvD1, and/or RvE1) were not able to abolish acetyl-
choline-induced contraction (Figure 2e,f). However, all of them 
potentiated acetylcholine-induced relaxation at lower concen-
trations (Figure 2e,f). SPMs did not change acetylcholine-in-
duced relaxation in arteries from WKY (Supplementary Figure 
S1A online) or phenylephrine-induced contraction in arteries 
from WKY and SHR (Supplementary Figure S1B,C online). No 
changes were observed in endothelium-independent relaxa-
tion induced by sodium nitroprusside (Supplementary Figure 
S1D online). Interestingly, the selective antagonism of FPR-2 
(WRW4, 1 µM) prevented the increase in relaxation induced by 
SPM (Figure 2d–f). No changes were observed in FPR-2 total pro-
tein expression in arteries from WKY and SHR (Supplementary 
Figure S2A online). Also, WRW4 alone did not change contractile 
function in arteries from WKY and SHR (Supplementary Figure 
S2B online and Figure 3a), even in the presence of increased 
extracellular signal-regulated kinases (ERK1/2) phosphoryla-
tion in arteries from SHR, which is the main downstream sig-
naling mechanism following FPR-2 activation (Supplementary 
Figure S3B–D online).

Figure 1.  Decreased levels of SPM precursors in plasma and increased lipid peroxidation in resistance arteries. (a) Image of heat map analysis of 
circulating lipids in WKY and SHR. The x-axis represents the different groups, and the y-axis represents the different eicosanoids. Arrows denote 
eicosanoids chosen for further analysis. (b–i) Data on polyunsaturated fatty acids and eicosanoid levels in plasma from WKY and SHR. (j) Protein 
expression of lipid peroxidation measured by 4HNE in mesenteric resistance arteries from WKY and SHR with quantitation (k). Data presented 
in mean ± SEM. n = 4–5 for all groups. The number of animals used in each experiment (n) is in parentheses or expressed in dots. The results are 
expressed as the mean ± SEM. Statistics: t test (*P < 0.05; **P < 0.01; ***P < 0.001). Abbreviations: SEM, standard error of the mean; SHR, spontaneously 
hypertensive rats; SPM, specialized pro-resolving mediator..
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SPMs neutralize ROS generation in endothelial 
cells independent of FPR-2 activation
To investigate whether SPMs can neutralize and decrease ROS 
generation, we challenged primary endothelial cells from MRA 
with TNF-α to generate ROS, and subsequently treated these cells 
with SPMs. All 3 resolvins, RvD1, RvE1, or LXA4 (10 nM) decreased 
ROS production, however, WRW4 did not prevent these responses 
(Figure 3a–c).

In vivo inhibition of 5-LOX, an important enzyme 
for the synthesis of LXA4, worsened endothelial 
function and acetylcholine-induced contraction 
in resistance arteries from SHR
Total 5-LOX protein expression (Figure 4a) and the phosphoryla-
tion of serine 271 on 5-LOX (Figure 4b) are unchanged in arteries 
from SHR when compared with WKY. However, we observed an 
increase in the phosphorylation of serine 523 on 5-LOX in arteries 
from SHR (Figure 4a). The 15-LOX protein expression is reduced 
in MRA from SHR animals compared with WKY (Figure 4c). The 
activity of these enzymes is associated with increased synthesis 
of SPMs. Because of these data, we treated SHR with Zileuton 
(Zil, 10  mg/kg/day i.p.), an active inhibitor of 5-LOX, or vehicle 

for 10 days. No changes in blood pressure were observed (Figure 
4d). Alarmingly, some animals treated with Zil presented with an 
unwell appearance and signs of infection, noted by abscesses in 
confined tissue spaces. These animals were excluded from the 
study. Additionally, we observed that treatment with Zil wors-
ened endothelium dysfunction seen in MRA (Figure 4e) and aorta 
(Supplementary Figure S4A online) from SHR when compared 
with the control group (vehicle). No changes were observed in 
the dysfunctional intrarenal arteries from SHR (Supplementary 
Figure S4B online), which was expected given that these arteries 
already presented with a relaxation less than 20%–40%.

DISCUSSION
The introduction of lipidomic technology has exponentially 
increased our understanding of eicosanoid signaling and revealed 
that it is much more sophisticated than we previously assumed. 
Here, we ran a full eicosanoid lipidomic panel on the plasma from 
hypertensive and normotensive animals and found that essential 
precursors of SPMs are decreased in hypertension. Specifically, 
there was a significant decrease in EPA and adrenic acid, and a 
small P value (P = 0.08 and P = 0.07) that should be highlighted for 
AA and DHA, which leads to a decrease bioavailability of these 

Figure 2.  Acetylcholine-induced contractions in hypertension due to increased cyclooxygenase-2 (COX-2) expression. (a) Concentration–response curves 
to acetylcholine in mesenteric resistance arteries from WKY and SHR rats. (b) Graphical representation of vasoactivity in mesenteric resistance arteries 
from hypertensive and normotensive arteries. (c) COX-2 expression in mesenteric resistance arteries from WKY and SHR. Concentration–response curves 
to acetylcholine in mesenteric resistance arteries from SHR rats incubated with RvD1 and RvD1 + WRW4 (d), LXA4 and LXA4 + WRW4 (e), or RvE1 and 
RvE1 + WRW4 (f). Arteries were precontracted with phenylephrine. The number of animals used in each experiment (n) is in parentheses or expressed 
in dots. The results are expressed as the mean ± SEM. Statistics: 2-way ANOVA or t test (*P < 0.05; **P < 0.01). Abbreviations: ANOVA, analysis of variance; 
LXA4, lipoxin A4; RvD1, resolvin D1; RvE1, resolvin E1; SEM, standard error of the mean; SHR, spontaneously hypertensive rats..
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Figure 3.  Specialized pro-resolving mediators neutralize oxidative stress in endothelial cells. Quantitation of dihydroethidium fluorescence in primary 
mesenteric resistance artery endothelial cells treated with TNF-α, with the subsequent addition of RvD1, RvE1, and LXA4 in the absence (a) or presence 
(b) of the selective antagonist of FPR-2 (WRW4). (c) Representative images of dihydroethidium fluorescence. The number of animals used in each 
experiment (n) is in parentheses or expressed in dots. The results are expressed as the mean ± SEM. Statistics: 1-way ANOVA (*P < 0.05; **P < 0.01). Scale 
bar, 100 µm. Abbreviations: ANOVA, analysis of variance; LXA4, lipoxin A4; RvD1, resolvin D1; RvE1, resolvin E1; SEM, standard error of the mean..

precursors to synthesize resolvins and lipoxins in SHR (Figure 1b, 
c, h, i). Adrenic acid has recently been implicated to antagonize 
production of leukotriene B4, a potent inflammatory molecule, 
and enhance the resolution of inflammation in vivo.32 Lipidomic 
analysis also revealed that 20-COOH-AA, 5-HETE, and 14(15)-
EET synthesized from AA were decreased in SHR plasma (Figure 
1d–f). It has been shown that these lipid mediators and precur-
sors of SPMs also present a direct effect on the cardiovascular 
system. Accordingly, it has been shown that 20-COOH-AA causes 
relaxation of porcine coronary microvessels constricted with 
endothelin,33 14,15-EET relaxes bovine coronary arterial rings in a 
concentration-related manner via activation of potassium chan-
nels and hyperpolarization of the membrane.34 Interestingly, the 
vasodilation produced by 14,15-EET was not attenuated by the 
removal of the endothelium, which indicates a direct action of 
14,15-EET on microvascular smooth muscle.35 On the other hand, 
5-HETE induces pulmonary vasoconstriction and edema.36 At this 
point, we do not know the reason why these important precursors 
of SPM are decreased in hypertension.

Interestingly, we also observed a significant increase in 
12,13-DiHOME metabolite (Figure 1g). 12,13-DiHOME has recently 
been identified as an oxylipin,37 which is a bioactive lipid derived 
from PUFA metabolism after mono- or dioxygenases action. It has 
been shown that 12,13-DiHOME increases fatty acid uptake.37,38 
Scientific evidence has shown that increased serum levels of 
12,13-DiHOME was induced by physical exercise and exposure to 
cold. This metabolite induces absorption of fatty acids by brown 
adipose tissue and stimulates the browning process in white 

adipose tissue.37,38 The increase of this metabolite could be one 
of the reasons that we have observed overall decreased levels of 
polyunsaturated fatty acids in the present study.

In addition to the decreased levels of SPM precursors in the 
plasma from SHR, we also observed a significant increase in lipid 
peroxidation in resistance arteries from SHR (Figure 1j,k). The com-
bined decreased levels of SPM precursors in plasma and increased 
lipid peroxidation in resistance arteries may result in exacerbated 
vascular inflammation in hypertension. Lipid peroxidation is a 
complex reaction process resulting from ROS-mediated attack on 
the cell membrane lipids, including PUFA, resulting in cell damage 
and dysfunction and lipid mediator imbalance, including SPMs. It 
has been shown that lipid mediator imbalance leads to production 
of COX-derived prostaglandins over SPMs that ultimately leads to 
cardiovascular dysfunction.39 In line, COX-derived products are 
one of the main factors released in response to high concentra-
tions to acetylcholine in arteries from SHR. Therefore, the decrease 
in SPM bioavailability, due to its lipid peroxidation and/or reduction 
in their production, could be one of the reasons of why high con-
centrations of acetylcholine induce contraction in arteries from 
SHR (Figure 2a). Based on these data, we show that the potential 
for SPM therapy in hypertension is promising.

To further investigate the underlying mechanisms leading to the 
improvement of vasodilation induced by resolvins, we treated the 
arteries from both strains with an FPR-2 antagonist. FPR-2, a recep-
tor modulated by some of these lipid mediators, has been shown to 
be one of the receptors involved in the resolution of inflammation 
(Figure 2d–f).5,6 Accordingly, LXA4 binds FPR-2 with high affinity, 
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thereby stimulating arachidonate release and GTPase.40 RvD1 is 
known to act via GPR32, but also via ALX/FPR-2 and increase ade-
nylyl cyclase activity leading to increased intracellular cAMP levels 
and activation of Protein Kinase A, as with the LXA4.41 Based on 
prior research, RvE1 binds ChemR23 and BLT-1, however, the main 
studies were performed in immune cells.7 ALX/FPR-2 is the most 
studied receptor and has proven binding with at least LXA4 and 
RvD1. It is essential to mention that part of the receptors involved 
in the binding of SPM are orphan receptors and need further stud-
ies. Therefore, we chose to use the ALX/FPR-2 antagonist due to the 
extensive studies already showing FPR-2 efficiency as a receptor 
for some of the SPM. Despite the lack of previous data demonstrat-
ing the ability of RvE1 in binding FPR-2/ALX, our data suggest that 
this phenomenon needs further analysis.5,6

The FPR is represented by 3 isoforms, FPR-1, -2, and -3 and 
they belong to the G-protein-coupled receptors family.42 FPRs are 
expressed at high levels on leukocytes, and they play an important 
role in immune defense. Although knowledge of the biological func-
tion of FPR-1 in other tissues is emerging, the role of FPR-2 in the 
vascular system is not fully understood. Also, the precise mecha-
nism linking FPR-2 activation in the vascular-immune network in 
hypertension remains unknown. Here, we showed that resistance 
arteries from hypertensive animals could sense SPMs, LXA4, RvD1, 
or RvE1, via FPR-2. Although, there was no difference in the FPR-2 
protein expression in MRA from SHR and WKY, there was an increase 
in ERK1/2, the main downstream signaling mechanism following 
FPR-2 activation (Supplementary Figures S2A and S3D online). This 
suggests that the increase in FPR-2 sensitivity to SPMs in resistance 
arteries from SHR, may be a compensatory mechanism in response 

to decreased synthesis and/or bioavailability of SPM in hyperten-
sion. It is well known that the endothelial dysfunction observed in 
resistance arteries from hypertensive animals partially occurs due 
to the decrease in NO bioavailability via exacerbated ROS produc-
tion. Increased ROS production also leads to an increase in lipid per-
oxidation as we observed in Figure 1j,k. SPM treatment was able to 
abolish TNF-α-induced ROS generation in endothelial cells (Figure 
3a). However, FPR-2 did not change this response (Figure 3b). These 
data suggest that these lipid mediators may directly neutralize ROS 
generation independent of receptor signaling. For instance, polyun-
saturated fatty acids, including SPMs, serve as excellent substrates 
for lipid peroxidation because of the presence of active bis-allylic 
methylene groups. It is possible that the increase in vascular lipid 
peroxidation, as seen in arteries from SHR, is important to protect 
the vascular tissue against exacerbated ROS generation, and, subse-
quently to maintain NO bioavailability.

When compared with the other SPMs, the involvement of 
LXA4 in the cardiovascular system is still controversial. LXA4 is 
a biologically active product generated from AA by lipoxygenase, 
and it seems to have opposite effects to leukotrienes, which are 
lipid mediators associated with the initiation of inflammation. 
The generation of LXA4 is a rapid process and aspirin does not 
inhibit its formation. In fact, aspirin triggers the production of 
LXA4 through acetylation of COX-2, also known as aspirin-trig-
gered LXA4.43 We previously observed that LXA4 induces contrac-
tion in the aorta44 and it is not inhibited by a TXA2/ PGH2 receptor 
antagonist or a specific inhibitor of COX-1. However, an inhibitor 
of COX-2 decreases this contraction, suggesting that LXA4 may 
have positive feedback on COX-2.44 We observed an increase in 

Figure 4.  Administration of lipoxygenase 5 (5-LOX) inhibitor Zileuton worsened endothelial dysfunction and acetylcholine-induced contraction 
observed in arteries from SHR. 5-LOX (a), phospho-lipoxygenase-5 at serine 523 (a), and phospho-lipooxygenase-5 at serine 271 (b) and 
15-lipoxygenase (15-LOX) (c) expression in mesenteric resistance arteries from WKY and SHR. (d) Mean arterial pressure (MAP) derived from systolic 
and diastolic pressures measured by telemetry, from SHR treated with Zileuton (Zil) or vehicle for 10 days. (e) Concentration–response curves 
to acetylcholine in mesenteric resistance arteries from SHR rats treated with Zil or vehicle. The number of animals used in each experiment (n) 
is in parentheses or expressed in dots. The results are expressed as the mean ± SEM. P < 0.05. Statistics: t test (a–c) and 2-way ANOVA (d and e). 
Abbreviations: ANOVA, analysis of variance; SEM, standard error of the mean; SHR, spontaneously hypertensive rats.

http://academic.oup.com/ajh/article-lookup/doi/10.1093/ajh/hpad062#supplementary-data
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the phosphorylation of serine 523 on 5-LOX in arteries from SHR 
(Figure 4a). The activity of this enzyme is associated with elevated 
synthesis of LXA4. Because of these data, we treated SHR with 
Zil, an active inhibitor of 5-LOX, or vehicle for 10 days. Although 
there were no changes observed in blood pressure, the treatment 
with Zil worsened endothelium dysfunction seen in MRA and 
aorta from SHR (Figure 4d and Supplementary Figure S4A online). 
Overall, these data suggest that the increase in the phosphoryla-
tion of serine 523 on 5-LOX to increase LXA4 synthesis in arteries 
may be a compensatory mechanism and its inhibition leads to an 
exacerbated vascular dysfunction in arteries from SHR.

Limitations of the study
A limitation of the present study was that we were only able to 
detect the precursors of the SPM used in the present study. Another 
limitation is that pharmacological treatments could have unex-
pected side effects. For instance, Zileuton treatment induced infec-
tion noted by the presence of abscesses in confined tissue spaces. 
While knockout and knockin mice are powerful tools for probing the 
functions of specific genes, we decided not to use mice in the pres-
ent study to avoid variations between different species. The SHR has 
been widely used to study hypertension, and these rats present with 
spontaneous hypertension. Previously, we also observed that arter-
ies from female SHR present with contraction to acetylcholine,45 but 
this response was less exacerbated than male. Therefore, we did not 
include females rats in the present study because we are investigat-
ing the sex differences in another study.

Collectively, our ̀  show for the first time that SPMs can improve 
endothelial function via FPR-2 in hypertensive animals at nano-
molar concentrations. We have also shown that the levels of free 
ω-3 and ω-6 polyunsaturated fatty acids are decreased in the 
plasma from SHR, potentially contributing to the decreased pro-
duction of SPMs in vivo. Multiple downstream intermediates of 
AA are also decreased in SHR plasma. Therefore, the combined 
decreased levels of SPM precursors in plasma, and increased 
lipid peroxidation in resistance arteries may result in impaired 
resolution of inflammation and/or chronic hyperinflammation in 
arteries from SHR. Overall, this study suggests that SPMs could be 
revealed as a new therapeutic agent to improve vascular function 
in arteries from hypertensive rats.

SUPPLEMENTARY MATERIAL
Supplementary materials are available at American Journal of 
Hypertension (http://ajh.oxfordjournals.org).

Supplementary Figure S1. Concentration–response curves to 
acetylcholine (A) or phenylephrine (B and C) in mesenteric resist-
ance arteries from WKY or SHR rats incubated with RvD1, RvE1, 
and LXA4. (D) Concentration–response curve to sodium nitro-
prusside (SNP) in mesenteric resistance arteries from WKY and 
SHR. The number of animals used in each experiment (n) is in 
parentheses. The results are expressed as the mean ± SEM.

Supplementary Figure S2. Formyl peptide receptor-2 (FPR-2) 
expression in mesenteric resistance arteries from WKY and SHR 
(A). Concentration–response curves to acetylcholine in mesen-
teric resistance arteries from SHR rats incubated with or without 
WRW4 (B). The number of animals used in each experiment (n) is 
in parentheses or expressed in dots. The results are expressed as 
the mean ± SEM. The results are expressed as the mean ± SEM. P 
< 0.05. Statistics: 2-way ANOVA or t test.

Supplementary Figure S3. (A) Concentration–response curves 
to acetylcholine in mesenteric resistance arteries from WKY rats 

incubated with WRW4. (B and D) phospho-ERK1/2 at (Thr202/
Tyr204) expression in mesenteric resistance arteries from WKY 
and SHR. (C and D) Total ERK1/2 expression in mesenteric resist-
ance arteries from WKY and SHR. The number of animals used 
in each experiment (n) is in parentheses or expressed in dots. 
The results are expressed as the mean ± SEM. P < 0.05. Statistics: 
2-way ANOVA (A) and t test (D).

Supplementary Figure S4. Concentration–response curves to 
acetylcholine in (A) aorta and (B) and intrarenal arteries from 
SHR treated with Zileton (Zil) or vehicle. The number of animals 
used in each experiment (n) is in parentheses or expressed in dots. 
The results are expressed as the mean ± SEM. P < 0.05. Statistics: 
2-way ANOVA.
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