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Abstract
Atherosclerosis is responsible for 20% of ischemic strokes, and severe carotid stenosis is associated with a higher incidence 
of first-ever and recurrent strokes. The release of pro-inflammatory mediators into the blood in severe atherosclerosis may 
aggravate endothelial dysfunction after stroke contributing to impair disease outcomes. We hypothesize that environments 
of severe carotid atherosclerotic disease worsen endothelial dysfunction in stroke linked to enhanced risk of further cer-
ebrovascular events. We mounted nonischemic common carotid arteries from 2- to 4-month-old male Oncins France 1 mice 
in tissue baths for isometric contraction force measurements and exposed them to serum from men with a recent ischemic 
stroke and different degrees of carotid stenosis: low- or moderate-grade stenosis (LMGS; < 70%) and high-grade stenosis 
(HGS; ≥ 70%). The results show that serum from stroke patients induced an impairment of acetylcholine relaxations in mice 
carotid arteries indicative of endothelium dysfunction. This effect was more pronounced after incubation with serum from 
patients with a recurrent stroke or vascular death within 1 year of follow-up. When patients were stratified according to the 
degree of stenosis, serum from HGS patients induced more pronounced carotid artery endothelial dysfunction, an effect 
that was associated with enhanced circulating levels of IL-1β. Mechanistically, endothelial dysfunction was prevented by 
both nonselective and selective COX blockade. Altogether, the present findings add knowledge on the understanding of the 
mechanisms involved in the increased risk of stroke in atherosclerosis and suggest that targeting COX in the carotid artery 
wall may represent a potential novel therapeutic strategy for secondary stroke prevention.
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Introduction

Ischemic stroke is the second leading cause of mortality 
and a major cause of morbidity worldwide. Current trends 
indicate that its burden will further increase, due to an 
aging population and a high prevalence of attributable risk 
factors [1]. Despite advances in secondary prevention ther-
apies, the risk of recurrence still remains high [2]. Athero-
sclerosis is an important risk factor for ischemic stroke and 
is associated with a higher risk of recurrence compared to 
other stroke subtypes [3]. Indeed, atherosclerotic plaques, 
mainly in the internal carotid artery, are responsible for 
an estimate of 20% of acute ischemic stroke episodes [4]. 
Current evidence indicates that plaque morphological fea-
tures, intraplaque neovascularization, and plaque inflam-
mation are important predictors of stroke, though the 
degree of carotid plaque stenosis remains a key biomarker 
for the development of cerebrovascular events [5, 6]. For 
instance, around 10–15% of all strokes follow thromboem-
bolism from a prior asymptomatic internal carotid artery 
stenosis > 50% [7]. In addition, patients with severe carotid 
stenosis ≥ 70% face a twofold increased risk of stroke vs. 
moderate stenosis [8] and a threefold increased risk of 
early recurrent stroke if plaque is not removed [9]. Fur-
thermore, the degree of carotid stenosis is the main factor 
influencing decision-making to undergo pharmacological 
vs. surgical management of the plaque [5]. Nonetheless, 
the factors and mechanisms involved in the augmented 
risk of poorer poststroke outcomes in patients with severe 
carotid narrowing are not fully understood.

Atherosclerotic plaques develop after a multifaceted 
sequence of events that include endothelial dysfunction, 
lipoprotein entry leading to lipid deposition into the arte-
rial wall, smooth muscle cell proliferation, and exces-
sive extracellular matrix deposition. In this scenario, an 
abnormal lipid profile, especially the abundance of modi-
fied forms of low-density lipoproteins, is a risk factor for 
atherosclerosis, owing to its role in inflammation, intra-
cellular lipid accumulation, and vascular function [10]. 
Likewise, inflammation plays a critical role in both the 
initiation and progression of the atherosclerotic plaque 
[11, 12]. With time, larger plaques can narrow the carotid 
artery lumen and, in inflammatory environments, can 
become vulnerable/unstable and prone to fissure, ero-
sion, or rupture resulting in thromboembolic events [11]. 
Moreover, inflammatory mediators within the plaque can 
be released into the circulation to propagate inflammation 
[13]. Besides, previous studies showed that fluctuations in 
serum concentrations of certain cytokines, chemokines, 
and growth factors released after stroke were positively 
correlated with poorer disease outcomes in acute ischemic 
stroke patients [14]. In this regard, IL-1β plays a key role 

by promoting inflammation and impaired vessel function. 
Accordingly, the involvement of this cytokine in athero-
sclerosis has been demonstrated in the large clinical trial 
CANTOS [15, 16]. In addition, several pro-inflammatory 
cytokines, chemokines, adhesion molecules, and metal-
loproteases are significantly elevated in the plasma of 
patients with a recent ischemic stroke and carotid ath-
erosclerosis, and some of them [fractalkine (FKN), solu-
ble vascular cell adhesion molecule-1 (sVCAM-1), and 
soluble intercellular adhesion molecule-1 (sICAM-1)] are 
independently associated with the degree of plaque inflam-
mation [17]. Therefore, in an environment of carotid ath-
erosclerotic disease where inflammation is already present, 
stroke-induced release of pro-inflammatory factors may 
enhance plaque inflammation leading to an increased risk 
of plaque rupture.

Pro-inflammatory molecules are known to cause endothe-
lial dysfunction [18], which, in turn, is an early marker of 
atherosclerosis [12, 13]. The endothelium is a chief con-
tributor to vascular homeostasis and is responsible for the 
synthesis of multiple factors that modulate vascular smooth 
muscle tone and, consequently, blood flow. Under physi-
ological conditions, the endothelium is balanced in favor of 
vasodilation, anticoagulation, and anti-inflammatory profile. 
However, in some pathological conditions with a well-recog-
nized inflammatory component, the release of relaxing and 
contracting factors is either reduced or increased, respec-
tively, resulting in endothelial dysfunction [12]. Previous 
studies showed that exposure of arteries from healthy non-
ischemic rats with serum from ischemic stroke patients can 
promote endothelial dysfunction [19, 20]. This translational 
approach provides an interesting platform for the study of 
the vasoactive effects of circulating molecules released 
after stroke, as it may contribute to a better understanding 
of the underlying mechanisms involved in the development 
of poorer clinical outcomes. Nonetheless, the influence of 
carotid stenosis grading on the release of circulating inflam-
matory molecules and their potential effects on poststroke 
carotid artery reactivity has not been elucidated.

Atherosclerosis is linked to abnormal cyclooxygenase 
(COX)-derived prostanoids production both in humans and 
mice [21]. COX is present in two isoforms, COX-1, which 
is the constitutive enzyme, but its levels can be upregu-
lated in certain conditions, and COX-2, which is gener-
ally induced by different stimuli such as pro-inflammatory 
cytokine exposure, though it is also constitutively expressed 
in some tissues, including the brain [21]. Prostacyclin and 
thromboxane A2 are two major COX-derived prostanoids 
with antagonistic effects that are essential mediators in the 
cardiovascular system, and their imbalance has been linked 
to endothelial dysfunction leading to cardiovascular disease 
[21]. Prostacyclin is a potent inhibitor of platelet activation 
and a vasodilatory mediator that in healthy vessels is mainly 
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produced by endothelial COX-1 [21]. This pathway is gener-
ally associated with protection, though a growing body of 
evidence suggest that COX-1 is also a pathological driver 
of neuroinflammatory [22] and cardiovascular [23] disease. 
Alternatively, thromboxane A2 is a pro-thrombotic, proin-
flammatory, and vasoconstrictive mediator that in physiolog-
ical conditions is primarily produced by COX-1 located in 
platelets, macrophages, and endothelial cells, whereas dur-
ing inflammation it is thought to derive mainly from COX-2 
[21].

In the present study, we hypothesize that in an environ-
ment of severe carotid atherosclerotic disease, pro-inflam-
matory factors released from the vulnerable plaque worsen 
endothelial dysfunction after stroke through a COX-depend-
ent pathway, a detrimental effect that increases the risk of 
further cerebrovascular events. To this aim, we exposed 
common carotid arteries from nonischemic male mice to 
serum from men with a recent ischemic stroke and varying 
degrees of carotid stenosis.

Materials and Methods

Patients

Men with an anterior circulation ischemic stroke or transient 
ischemic attack and carotid atherosclerosis (n = 30) and sex- 
and age-matched healthy (control) subjects (n = 20) were 
recruited between January 2016 and March 2019 to par-
ticipate in the observational cohort study (NCT03218527) 
at Hospital de la Santa Creu i Sant Pau (Barcelona, Spain). 
Low recruitment of women (25%) in our cohort did not 
allow their inclusion in the study. The study was approved 
by the hospital’s ethics committee (approval code: IIBSP-
LRB-2017–54), the patients gave written consent to partici-
pate, and human serum studies were performed in accord-
ance with the Helsinki Declaration of 1975 and the Ley de 
Investigación Biomédica 14/2007 from the Spanish Ministry.

Patients were enrolled in the study if they fulfilled the 
following criteria: (i) age ≥ 50 years; (ii) anterior circulation 
ischemic stroke or transient ischemic attack within 7 days 
before inclusion; (iii) at least one atherosclerotic plaque in 
the internal carotid artery on the side consistent with stroke 
symptoms, regardless of the degree of stenosis; and (iv) 
poststroke modified Rankin Scale score < 4. Patients were 
excluded if (i) they showed a definitive cardioembolic cause 
of stroke or an unusual etiology according to the trial of 
ORG 10,172 in acute stroke treatment criteria [24]; (ii) had 
prior neck irradiation or ipsilateral carotid surgery/stenting; 
or (iii) presented concomitant systemic infection at the time 
of blood extraction.

The following variables were collected for all of the 
patients at admission: (i) age and sex; (ii) past medical history 

including hypertension, diabetes, dyslipidemia, prior stroke/
transient ischemic attack, and coronary artery disease; (iii) 
tobacco and alcohol consumption; (iv) previous treatments; 
(v) poststroke modified Rankin Scale score and National Insti-
tute of Health Stroke Scale score; (vi) stroke etiology after 
the diagnostic work-up including at least a 24-h electrocardio-
gram, echocardiogram, and ultrasound carotid examination; 
and (viii) results of blood test including lipid profile (Table 1). 
In addition, all patients had a brain imaging with computed 
tomography and/or magnetic resonance. Carotid stenosis 
was graded using the North American Symptomatic Carotid 
Endarterectomy Trial approach in patients with a computed 
tomography-angiography available and by hemodynamic cri-
teria using ultrasound.

Healthy controls were recruited during the same period, 
were older than 50 years, and presented no prior cardiovascu-
lar disease. A carotid ultrasound was performed routinely to 
all healthy subjects to rule out the presence of asymptomatic 
high degree stenosis in both the internal carotid artery and an 
electrocardiogram to rule out silent ischemic heart disease and 
atrial fibrillation.

Outcome and Follow‑Up

Standardized follow-up assessments were performed on day 
90 and, from then, every 6 months until the study terminated 
(1-year follow-up). During the follow-up, we registered any 
recurrent ischemic stroke defined as a new sudden onset of 
persistent or transient neurological deficit or death due to sus-
pected vascular origin. Recurrent strokes were assessed by a 
stroke neurologist to minimize the inclusion of stroke mimics.

Serum and Plasma Collection

After giving informed consent, blood samples were collected 
by venipuncture within 7 days (n = 30) and at 1 year of fol-
low-up (long-term; n = 6) after ischemic stroke onset. Sam-
ples were centrifuged at 2000 × g (4ºC; 15 min), aliquoted, 
and stored at − 80ºC until analyzed. Serum and plasma sam-
ples were divided into two groups characterized by the degree 
of internal carotid artery stenosis (measured at admission by 
Doppler ultrasound or computed tomography angiography): (i) 
low- or moderate-grade stenosis (LMGS; < 70%) and (ii) high-
grade stenosis (HGS; ≥ 70%). Also, an extra blood tube was 
extracted and sent to Sant Pau Central Laboratory Analysis for 
routine biochemical determinations (Table 1).

Animals

Male non-consanguineous Oncins France 1 mice (2 to 
4-months-old, n = 62) were obtained from Charles River 
(Sant Cugat del Vallès, Spain). Mice were housed at the 
animals’ facility under constant temperature (20 ± 2ºC) and 
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humidity conditions, 12:12-h dark/light cycle, and provided 
with food and water ad libitum. All procedures were per-
formed in accordance with the Spanish Legislation (RD 
53/2013) and with the Guide for the Care and Use of Labo-
ratory Animals, published by the US National Institutes of 
Health (NIH Publication 85–23, revised 1996). Experiments 
were approved by the Ethics Committee of the Universitat 
Autònoma de Barcelona (approval code: FJA-eut/01).

Tissue Preparation

Mice were euthanized under isoflurane (5% mixed with 0.8 
L/min O2) by exsanguination via direct cardiac puncture. 
Common carotid arteries were gently dissected and placed 
in oxygenated (95% O2, 5% CO2) icecold Krebs–Henseleit 
solution (KHS; NaCl 112 mM, KCl 4.7 mM, CaCl2 2.5 mM, 
KH2PO4 1.2 mM, MgSO4 1.2 mM, NaHCO3 25 mM and 
glucose 11.1 mM) and cleaned free of fat and connective 
tissue.

Carotid Artery Reactivity

Carotid segments (1.5 mm in length) were mounted onto a 
four-channel wire (40 µm) myograph (model 620 M; Danish 
Myo Technology, Aarhus, Denmark) under isometric con-
ditions, filled with ice-cold KHS and gassed with 95% O2 
and 5% CO2, as reported [25]. After a 30-min stabilization 
period at 37ºC, arteries were stretched to a resting tension of 
2.45 mN, as described [26]. Then, arteries were allowed to 

equilibrate for a further 45 min and were exposed twice to a 
K+-enriched KHS (containing 100 mM KCl). After wash-
ing, vessels were preincubated (45 min) in the absence (no 
serum; internal control) or presence (1%, 3%, and 10% vol-
ume/volume in KHS) of serum from control healthy donors 
or ischemic stroke patients. Endothelial-dependent vasodila-
tations to acetylcholine (ACh; 0.1 nM-10 µM) were assessed 
in arteries precontracted with the thromboxane A2 stable 
analog 9,11-dideoxy-11α,9αepoxymethanoprostaglandin 
F2α (U46619) to achieve 70–100% of KCl 100-mM con-
traction. Preliminary studies demonstrated that right and left 
common carotid arteries were equally responsive to ACh 
(results not shown).

To remove the influence of nitric oxide synthase (NOS) 
and cyclooxygenase (COX), the effects of the nonselective 
NOS inhibitor Nω-nitro-l-arginine methyl ester (L-NAME; 
300 µM), the nonselective COX inhibitor indomethacin 
(10 µM), or COX-1 and COX-2 selective inhibitors SC-560 
(0.3 µM) [27] and NS-398 (1 µM) [28], respectively, were 
determined by adding each treatment 30 min before ACh-
induced responses. It is described that more than 95% of 
COX-1 activity is inhibited with 0.3 µM SC-560, whereas 
more than 40% of COX-2 activity remains up to 100 µM 
SC-560 [27]. Besides, the NS-398 inhibitory concentration 
50 values for COX-1 are > 100 μM [28]. Finally, to study 
smooth-muscle sensitivity to NO, arteries were exposed to 
increasing concentrations of the NO donor sodium nitro-
prusside (SNP; 0.1–100 µM).

Table 1   Clinical characteristics of patients

n/a, not applicable; NIHSS, National institute of Health stroke scale; HDL, high-density lipoprotein; LDL, low-density lipoprotein.*P < 0.05 
vs. LMGS by χ2test; # P < 0.05 vs. LMGS by unpaired Student’s t test

Baseline characteristics Control 
(n = 20)

Stroke patients 
(total) (n = 30)

Stroke patients P value

LMGS (n = 20) HGS (n = 10)

  Age (mean ± SEM) 73.8 ± 1.3 73.9 ± 2.0 72.0 ± 2.3 77.7 ± 3.6 0.174
  Current smoking, % (n) 0 (0) 77 (23) 80 (16) 80 (8) 1
  Hypertension, % (n) 75 (15) 83 (25) 95 (19) 60 (6)* 0.015
  Diabetes, % (n) 20 (4) 50 (15) 45 (9) 60 (6) 0.439
  Obesity, % (n) 10 (2) 13 (4) 15 (3) 5 (1) 0.704
  Dyslipidemia, % (n) 25 (5) 60 (18) 55 (11) 70 (7) 0.429
  Alcohol, % (n)
Carotid revascularization, % (n)

0 (0)
n/a

13 (4)
16.7 (5)

15 (3)
0 (0)

5 (1)
50 (5)*

0.704
0.018

  NIHSS score at admission, median [IQR] n/a 2.5 [1.00–4.75] 3.0 [1.00 −5.00] 2.0 [0 − 4.0] 0.409
  Glucose [mg/dl] (mean ± SEM) - 137.1 ± 11.0 144.3 ± 14.4 122.7 ± 16.2 0.486
  Total cholesterol [mg/dl] (mean ± SEM) 181.6 ± 7.9 147.4 ± 6.7 147.8 ± 9.7 146.7 ± 7.4 0.939
  Triglycerides [mg/dl] (mean ± SEM) 123.5 ± 13.65 108.5 ± 7.4 98.6 ± 9.6 125.4 ± 10.0 # 0.021
  HDL cholesterol [mg/dl] (mean ± SEM) 50.32 ± 2.3 38.5 ± 2.2 40.0 ± 2.9 36.3 ± 2.4 0.383
  LDL cholesterol [mg/dl] (mean ± SEM) 104.9 ± 7.9 88.6 ± 6.1 90.7 ± 9.2 85.1 ± 6.7 0.667

Follow-up characteristics
  Recurrent stroke or vascular death, % (n) n/a 37 (11) 25 (5) 60 (6) 0.108



144	 Translational Stroke Research (2024) 15:140–152

1 3

Measurements of Circulating Inflammatory 
Molecule Concentrations in Plasma

Plasma concentrations of sICAM-1, sVCAM-1, FKN, inter-
leukin (IL)-1 β, IL-6, and tumor necrosis factor (TNF)-α, 
which have been previously involved in endothelial dysfunc-
tion, were measured using Luminex xMAP® technology 
with a MILLIPLEX® MAP multiplexed assay kit (Merck 
Millipore, Burlington, Massachusetts, USA) following the 
protocol provided by the manufacturer, as described [17]. 
The xPONENT version 3.1 (Luminexcorp) and MILLI-
PLEX® Analyst Version 3.5 (Merck Millipore) were used 
for acquisition and data analysis, respectively.

Statistical Analyses

Characteristics of the patients are presented as mean ± stand-
ard error of the mean (SEM) for continuous variables, as 
median [interquartile range (IQR)] for skewed continu-
ous variables and as percentages for categorical variables. 
Patients were divided according to the degree of carotid ste-
nosis into two groups: HGS ≥ 70% and LMGS 30 and 69%. 
Comparisons between patients and healthy subjects and 
between patients with HGS vs. LMGS were performed using 
the Student’s t test or Kruskal–Wallis test for continuous 
variables and the Chi-square test for categorical variables.

Animals’ data are expressed as mean ± SEM of the num-
ber (n) of animals in each group (shown in figure legends). 
Vasodilator responses to ACh and SNP are expressed as a 
percentage of the tone generated by U46619 pre-contrac-
tions. Nonlinear regression (sigmoid curve fitting, variable 
slope) was performed to obtain maximal responses (Emax) 

and sensitivity (pEC50) in the vasodilator responses curves 
to ACh and SNP. Testing for normality was systematically 
performed before selecting the appropriate statistical test. 
Student’s t test was used to compare two groups and one-way 
ANOVA to compare three or more groups. Statistical analy-
sis was performed with GraphPad Prism version 8.3 (San 
Diego, California, USA) software. Statistical significance 
was set as P < 0.05.

Results

Serum from Stroke Patients Impairs ACh‑Induced 
Relaxations, Which Is More Pronounced After 
Incubation with Serum from Patients with a Vascular 
Event

Clinical features of stroke patients and age- and sex-matched 
healthy controls are shown in Table 1. Endothelium-depend-
ent ACh-induced relaxations were significantly reduced (i.e., 
lower Emax; P < 0.0001) in mice carotid arteries incubated 
with 10% serum from patients with a recent (within 7 days 
from stroke onset) ischemic stroke, compared to arteries that 
were not exposed to serum (Fig. 1A; Table 2) or arteries that 
were exposed to 1% and 3% stroke serum (Supplementary 
Fig. 1; Supplementary Table 1). Consequently, concentra-
tion of 10% of serum was chosen for further experiments. To 
determine whether this effect was associated with a xenoge-
neic response to human serum, we incubated mice carotid 
arteries with serum from healthy donor patients, which did 
not cause any effect on ACh responses as compared with 
arteries not exposed to serum (Fig. 1B; Supplementary 

Fig. 1   Effects of ischemic 
stroke serum on acetylcho-
line relaxations in male OF-1 
mice common carotid arter-
ies. Concentration–response 
curves to acetylcholine in mice 
carotid arteries incubated in the 
absence (no serum) or presence 
(10%) of ischemic stroke serum 
(A), healthy control serum (B), 
or serum from stroke patients 
that suffered or not from an 
event (stroke recurrence or 
vascular death) (C). The results 
are mean ± SEM for n = 11–26 
(no serum), n = 20 (healthy 
control serum), n = 30 (acute 
stroke serum), n = 19 (no event), 
n = 11 (event)
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Table 2). Therefore, we used arteries not incubated with 
serum as internal control group for further experiments.

To explore the potential translational significance of the 
stroke serum-induced impairment of ACh responses in mice 
carotid arteries, samples were divided in two cohorts based 
on patient’s outcome, i.e., occurrence or not of vascular 
event (stroke recurrence or vascular death) during follow-
up. The results show that serum from stroke patients with a 
vascular event induced greater ACh vasodilator dysfunction 

(i.e., lower Emax) than serum from stroke patients with no 
vascular events during the follow-up (P < 0.0001 stroke 
serum with event vs. no serum; P < 0.001 stroke serum with 
event vs. stroke serum with no event) (Fig. 1C; Table 3).

Serum from HGS Stroke Patients Induces a Greater 
Impairment of Carotid Artery Vasodilation Than 
Serum from LMGS Stroke Patients

To investigate the influence of carotid plaque size on ACh 
vasodilator dysfunction induced by stroke serum, samples 
were divided in two groups based on the following grade 
of carotid artery stenosis: < 70% stenosis (LMGS serum) 
and ≥ 70% stenosis (HGS serum). Hypertension was more 
frequent in the LMGS vs. HGS group (Table 1). In addi-
tion, levels of triglycerides were significantly higher in HGS 
vs. LMGS stroke patients. Of note, compared to the LMGS 
group, HGS stroke patients showed a higher percentage 
(60% vs. 25%) of incidence of recurrent stroke or vascular 
death and a significantly higher percentage (50% vs. 0%) of 
carotid revascularization.

Incubation of carotid arteries with either LMGS or HGS 
stroke serum significantly reduced the maximum vasodilator 
response to ACh in comparison with vessels (control) not 
exposed to serum (Fig. 2A; Table 4). Importantly, serum 
from HGS stroke patients further reduced (P < 0.01) the 
maximum response to ACh compared to LMGS stroke 
serum (Fig. 2A; Table 4).

To elucidate whether the observed deleterious effects of 
HGS stroke serum (within 7 days from stroke onset) were 
maintained over time, s obtained 1 year after stroke onset 
decreased ACh relaxations (i.e., lower Emax; P < 0.01) to a 
similar extent than HGS stroke serum obtained within 7-days 
poststroke (Fig. 2B; Table 5). These results indicate that the 
capacity of HGS stroke serum to induce mice carotid artery 

Table 2   Potency (pEC50) and maximal response (Emax) were obtained 
from concentration–response curves of acetylcholine (ACh) in mice 
carotid arteries in the absence (no serum) or presence (10%) of stroke 
serum

The results are mean ± SEM and number of vessels is shown in 
parentheses. ****P < 0.0001 versus no serum by unpaired Student’s t 
test

No serum (26) Stroke serum (30)

pEC50 7.89 ± 0.05 7.99 ± 0.09
Emax 85.54 ± 1.49 72.81 ± 2.04****

Table 3   Potency (pEC50) and maximal response (Emax) were obtained 
from concentration–response curves of acetylcholine (ACh) in mice 
carotid arteries in the absence (no serum) or presence (10%) of 
serums from patients who suffered or not from an event (stroke recur-
rence or vascular death)

The results are mean ± SEM and number of vessels is shown in 
parentheses. *P < 0.05; ****P < 0.0001 vs. no serum; ###P < 0.001 vs. 
stroke serum with no event by 1-way ANOVA followed by Tukey’s 
posttest

No serum 
(26)

Stroke serum with 
no event (19)

Stroke serum with 
event (11)

pEC50 7.89 ± 0.05 7.94 ± 0.10 8.09 ± 0.15
Emax 85.54 ± 1.49 78.56 ± 2.58* 63.03 ± 3.04****###

Fig. 2   Concentration–response curves to acetylcholine in male OF-1 
mice common carotid arteries in the absence (control) or presence 
(10%) of ischemic stroke serum. Vessels were exposed to serum 
from ischemic stroke patients (within 7  days poststroke) with low-
to-moderate degree (LMGS stroke serum) or high-degree (HGS 

stroke serum) carotid stenosis (A) and with HGS stroke serum from 
the same patients obtained within 7 days or at 1-year poststroke (B). 
The results are mean ± SEM of (A) n = 26 (control), 20 (LMGS stroke 
serum), 10 (HGS stroke serum), and of (B) n = 6 (HGS stroke serum 
7 days) and n = 6 (HGS stroke serum 1 year)
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vasodilator dysfunction is maintained until 1 year after the 
stroke episode.

HGS Stroke Serum Does Not Alter SNP‑Induced 
Vasodilation

At this stage, we were interested in evaluating the molecular 
mechanisms involved in mice’s carotid artery ACh vaso-
dilator dysfunction caused by HGS stroke serum (within 

7 days from stroke onset). Firstly, we performed concen-
tration–response curves to the NO donor SNP to evaluate 
smooth muscle cell-dependent relaxations. Arteries incu-
bated with HGS stroke serum exhibited similar levels of 
relaxation to SNP than control vessels, suggesting that com-
promised ACh relaxations induced by HGS stroke serum 
indicate endothelium dysfunction (Supplementary Fig. 2; 
Supplementary Table 3).

HGS Stroke Serum‑Induced Endothelial 
Dysfunction Is Not Prevented by NOS 
Inhibition

Nitric oxide is an important mediator of endothelium-
dependent relaxation in mice carotid arteries [25]. We used 
the nonselective NOS inhibitor L-NAME (300 µM) to evalu-
ate whether NO signaling pathway is involved in HGS stroke 
serum-induced endothelial dysfunction. As expected, NOS 
inhibition by L-NAME largely decreased carotid artery ACh 
vasodilation in all vessels (Fig. 3A; Table 6). However, HGS 
stroke serum-induced impairment of ACh relaxations was 
still observed in the presence of L-NAME, as in these con-
ditions, Emax values were still lower (P < 0.0001) than the 
control group (Fig. 3A; Table 6).

HGS Stroke Serum‑Induced Endothelial 
Dysfunction Is Prevented by COX Inhibition

It is known that altered production of COX-derived pros-
tanoids contributes to the endothelial dysfunction, and a 
robust body of evidence suggests that COX signaling par-
ticipates in the pathogenesis of atherosclerotic disease [21]. 
Thus, we subsequently incubated the vessels with the non-
selective COX inhibitor indomethacin (10 µM), which did 
not affect ACh responses in the control group. Contrariwise, 

Table 4   Potency (pEC50) and maximal response (Emax) were obtained 
from concentration–response curves of acetylcholine (ACh) in mice 
carotid arteries in the absence (control) or presence (10%) of stroke 
serum from patients with low to moderate-grade (LMGS) or high-
grade (HGS) stenosis

The results are mean ± SEM, and the number of vessels is shown 
in parentheses. *P < 0.05; ****P < 0.0001 vs. control; ##P < 0.01 vs. 
LMGS stroke serum by 1-way ANOVA followed by Tukey’s posttest

Control (26) LMGS stroke 
serum (20)

HGS stroke serum 
(10)

pEC50 7.89 ± 0.05 8.02 ± 0.10 7.92 ± 0.13
Emax 85.54 ± 1.49 77.17 ± 2.59* 64.12 ± 2.87****##

Table 5   Potency (pEC50) and maximal response (Emax) were obtained 
from concentration–response curves of acetylcholine (ACh) in mice 
carotid arteries in the absence (control) or presence (10%) of stroke 
serum from high grade stenosis (HGS) patients obtained 7  days or 
1 year after the first stroke episode

The results are mean ± SEM and the number of vessels is shown in 
parentheses. **P < 0.01 vs. Control by 1-way ANOVA followed by 
Tukey’s posttest

Control  
(6)

HGS stroke 
serum 7 days (6)

HGS stroke serum 
1 year (6)

pEC50 7.72 ± 0.16 8.06 ± 0.15 7.67 ± 0.16
Emax 85.52 ± 4.27 66.94 ± 3.2** 66.39 ± 3.44**

Fig. 3   Concentration–response curves to acetylcholine in male OF-1 
mice common carotid arteries incubated in the absence (control) or 
presence (10%) of high-grade stenosis (HGS) stroke serum. Vessels 
were treated with the nonselective NO synthase inhibitor, L-NAME 

(300  µM) (A), or the nonselective COX inhibitor, indomethacin 
(indo, 10 µM) (B). The results are mean ± SEM of n = 6 (A) and n = 5 
(B) per group
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indomethacin prevented the HGS stroke serum-induced 
endothelial dysfunction (Fig. 3B; Table 6).

To elucidate the specific COX isoform involved in 
endothelial dysfunction, we treated vessels with the selective 
COX-1 inhibitor, SC-560 (0.3 µM), or the selective COX-2 
inhibitor, NS-398 (1 µM). Interestingly, although selective 
inhibition of either COX-1 (Fig. 4A) or COX-2 (Fig. 4B) 
did not affect ACh responses in the control group, it pre-
vented HGS stroke serum-induced endothelial dysfunction 
(Table 7).

Increased IL‑1β Levels in HGS Stroke Plasma

We reanalyzed plasma IL-1β, IL-6, TNF-α, sICAM-1, 
sVCAM-1, and FKN levels data obtained in a previous 
study [17] to test potential differences between HGS stroke 
patients (within 7 days or 1-year from stroke onset) and 

healthy controls (Fig. 5). A significant increase in IL-1β 
levels was observed in HGS stroke patients compared to 
healthy controls, an effect that was maintained 1-year after 
stroke (Fig. 5A). In contrast, the levels of the other cytokines 
and soluble adhesion molecules remained unchanged.

Discussion

Circulating pro-inflammatory factors released before and 
after stroke may influence vascular tone in a way that can 
impair stroke outcomes. In this inflammatory scenario, 
severe atherosclerotic plaque carotid stenosis may lead to 
an increased risk of further cerebrovascular events. The pre-
sent study shows that exposure of carotid arteries from male 
nonischemic mice with serum from males who have recently 
had an ischemic stroke induces endothelial dysfunction, an 

Table 6   Potency (pEC50) and maximal response (Emax) were obtained 
from concentration–response curves of acetylcholine (ACh) in mice 
carotid arteries in the absence (control) or presence (10%) of acute-

stroke serum from patients with high-grade (HGS) stenosis and 
treated with L-NAME (300 µM) or indomethacin (10 µM)

The results are mean ± SEM and number of vessels is shown in parentheses. ****P < 0.0001 vs. control by 1-way ANOVA followed by Tukey’s 
posttest

L-NAME Indomethacin

Control (6) HGS stroke serum (6) Control (5) HGS stroke serum (5)

pEC50 6.72 ± 0.28 7.26 ± 0.91 7.94 ± 0.10 7.41 ± 0.14
Emax 48.21 ± 5.71 10.51 ± 3.63**** 88.42 ± 2.90 (5) 85.35 ± 4.00

Fig. 4   Concentration–response 
curves to acetylcholine in male 
OF-1 mice common carotid 
arteries in the absence (control) 
or presence (10%) of high-grade 
stenosis (HGS) stroke serum. 
Vessels were treated with the 
selective COX-1 inhibitor, 
SC-560 (0.3 µM) (A), or the 
selective COX-2 inhibitor, 
NS-398 (1 µM) (B). Data are 
presented as mean ± SEM of 
n = 5 (A and B) per group

Table 7   Potency (pEC50) and maximal response (Emax) were obtained 
from concentration–response curves of acetylcholine (ACh) in mice 
carotid arteries in the absence (control) or presence (10%) of acute-

stroke serum from patients with high-grade (HGS) stenosis and 
treated with SC-560 (0.3 µM) or NS-398 (1 µM)

The results are mean ± SEM and number of vessels is shown in parentheses

SC-560 NS-398

Control (5) HGS stroke serum (5) Control (5) HGS stroke serum (5)

pEC50 7.86 ± 0.08 7.58 ± 0.22 7.77 ± 0.18 7.67 ± 0.19
Emax 82.88 ± 2.08 88.55 ± 5.63 79.75 ± 4.70 (5) 83.44 ± 5.03
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effect that is linked to further adverse clinical events. Nota-
bly, we show for the first time that these detrimental effects 
of serum are more marked in stroke patients with HGS and 
are linked to increased COX activation in the carotid artery 
wall. These HGS stroke-induced effects occur in an environ-
ment of enhanced circulating levels of IL-1β, which sug-
gests a link between severe carotid narrowing, inflammation, 
and carotid artery endothelial dysfunction. We propose that 
locally targeting increased COX activity in the carotid artery 
wall may be a promising strategy to limit stroke pathophysi-
ology in patients with severe stenosis.

The fact that serum from ischemic stroke patients induces 
endothelial dysfunction may have clinical significance in 
patients with adverse vascular events during the follow-up 

(stroke recurrence or vascular death), whose serum was able 
to promote more marked carotid artery endothelial dysfunc-
tion. One limitation of the present study is that, although 
tissue baths to measure isometric tension are a widely used 
method for the “ex vivo” assessment of endothelial func-
tion, they do not completely reflect the “in vivo” scenario, 
where the circulating factors mainly affect the luminal face 
of the vessel. Nevertheless, the present findings agree with 
previous literature that indicates endothelial dysfunction 
has a predictive value for clinical adverse events [29]. In 
the plaque environment, endothelial dysfunction may result 
in endothelial cell detachment that may expose the suben-
dothelial matrix, which in conjunction with local neutro-
phil-induced protease production, can enhance the risk of 

Fig. 5   Concentration of circulating inflammatory molecules in 
healthy control plasma and in plasma from patients with high-grade 
stenosis (HGS stroke plasma) obtained within 7  days or at 1-year 
poststroke. The levels of IL-1β (A), IL-6 (B), TNF-α (C), sICAM-1 
(D), sVCAM-1 (E), and fractalkine (F) are shown. Data highlighted 

in green squares indicate samples from the same patients. Data are 
presented as mean ± SEM of n = 20 (healthy control plasma), n = 10 
(HGS stroke plasma 7 days), and n = 5 (HGS stroke plasma 1 year); 
*P < 0.05 vs. Healthy control plasma by one-way ANOVA with Tuk-
ey’s post hoc test; #P < 0.05 one-way ANOVA
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thrombosis [11]. Notably, when stroke patients were strati-
fied by the degree of carotid stenosis, serum from HGS 
(≥ 70%) patients was able to promote greater endothelial 
dysfunction. It is worth noting that 50% of patients with 
HGS received carotid revascularization and, therefore, the 
incidence of adverse vascular events may be subject to a 
certain selection bias. Regarding plasma lipid profile, stroke 
patients only showed differences in triglycerides, whose 
increased levels are known to impair endothelial function 
[30]. However, despite no differences were observed in 
low-density lipoprotein c levels, an increased proportion of 
modified low-density lipoproteins leading to inflammation 
and endothelial dysfunction [10, 31] cannot be discarded 
and deserve future investigations. Besides, mounting evi-
dence indicates that the increased risk of recurrence in stroke 
patients with carotid stenosis cannot be explained only by 
plaque size but also by other crucial factors, such as plaque 
inflammation and lipid deposition [5, 11, 13], which could 
contribute in its turn to endothelial dysfunction.

Altered release of circulating vasoactive factors after 
stroke has been proposed as a possible contributor to 
impaired poststroke outcomes [14, 32]. Previous works 
showed that serum from stroke patients induces endothelial 
dysfunction likely because of pro-oxidative changes in male 
Wistar Kyoto rat cerebral and mesenteric arteries [19] or leu-
kocyte-derived IL-6 production in the male Sprague–Daw-
ley rat aorta [20]. Similarly, an important contributor to the 
susceptibility of stroke in atherosclerosis has been linked to 
the inflammatory response that occurs during the develop-
ment of the atherosclerotic plaque [12]. Different types of 
immune cells, namely, macrophages and T lymphocytes, and 
molecules such as lipoproteins are recruited into the intima 
and participate in the development of plaque inflammation 
[13]. For example, oxidized lipoproteins can generate vari-
ous pro-inflammatory molecules that cannot only influence 
surrounding cells to increase carotid plaque vulnerability, 
but also can be released into the circulation to amplify 
inflammation in a vicious cycle [13]. Thus, inflammation 
seems to play critical roles in both atherosclerosis and stroke 
pathophysiology, an effect that may aggravate progression of 
both diseases in a feed-forward fashion. In the present work, 
the capacity of HGS stroke serum to induce endothelial dys-
function was maintained 1 year after stroke onset, suggesting 
that the effect of serum is likely more related to the presence 
of atherosclerosis and basal chronic inflammation rather than 
stroke. The results also suggest that despite receiving clinical 
treatments during poststroke recovery (antiplatelet agents 
and/or statins), these strategies were not effective to prevent 
the observed effects mediated by serum. Altogether, the pre-
sent findings suggest that severe carotid narrowing is linked 
to greater carotid artery endothelial dysfunction, an effect 
that can potentially contribute to poststroke pathogenesis.

Plaque macrophages increase the expression of pro-
inflammatory cytokines such as IL-6, IL-1β, and TNF-α, 
which are the first-wave inflammatory cytokines that impact 
atherosclerosis substantially [11, 33]. Likewise, increased 
plasma levels of IL-1β, IL-6, and TNF-α have been reported 
in ischemic stroke patients [13]. However, contrasting 
results are available in the literature showing that this triad 
of cytokines is not always jointly upregulated [14, 34–37]. 
Discrepancies between studies may depend on different fac-
tors including differences in ischemic stroke type, severity 
of atherosclerosis and stroke, time from stroke onset, post-
stroke treatments, gender differences, or methods used for 
cytokine quantification. The present results show that HGS 
stroke patients have significantly higher circulating levels of 
IL-1β, whereas IL-6 levels only showed a trend to increase 
and TNF-α levels were unchanged. Previous studies reported 
that IL-1β levels are increased both in the plaque and plasma 
of patients with carotid vulnerable plaques [38], which is 
associated with higher risk of stroke recurrence [39]. Con-
sistent with the capacity of HGS stroke serum to induce 
endothelial dysfunction 1 year after stroke onset, IL-1β 
levels were significantly elevated at this long-term stage, 
confirming that the effect of serum is likely associated with 
atherosclerosis rather than stroke.

A recent work that used samples from pooled population 
of the present observational study (NCT03218527) showed 
that plasma levels of sICAM-1, sVCAM-1, and FKN were 
independently associated with plaque inflammation [17]. 
In particular, sICAM-1 was associated with stroke recur-
rence regardless of the stenosis degree [17]. Here, we did 
not observe this expected relationship as sICAM-1, sVCAM-
1, and FKN levels were unaltered in HGS stroke patients 
respect to healthy controls. We speculate that factors such 
as the lower number of patients, different stenosis grading 
thresholds (70% vs. 50%), or the exclusion of women in the 
present study might contribute to the discrepancy. In fact, 
a major limitation of our study is that studied cohorts are 
rather small and only men were evaluated. Nonetheless, the 
present findings provide a starting point for the examination 
of the impact of severe carotid stenosis on carotid artery 
endothelial function in both gender larger cohorts.

Interleukin-1β is involved in multiple functions such as 
cell proliferation, differentiation, and apoptosis and pos-
sesses a central role in human atherosclerosis [14]. This 
cytokine triggers the release of other pro-inflammatory mol-
ecules such as IL-6 as well as pro-inflammatory prostanoids 
[11, 15]. In vessels, exposure to IL-1β exerts pro-oxidative 
actions leading to endothelial dysfunction [40]. Here, HGS 
stroke serum-induced endothelial dysfunction was not asso-
ciated with alterations in the NO signaling pathway, but with 
COX activation. An imbalance between thromboxane A2 
and prostacyclin has a critical role in the development of 
endothelial dysfunction, and activation of thromboxane A2 
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receptors has been involved in promoting these detrimental 
effects [21]. In addition, either pharmacological antagonism 
or deletion of the thromboxane/prostaglandin receptor limit 
lesion development in atherosclerosis [41]. On the other hand, 
cerebral ischemia/reperfusion-induced endothelial dysfunc-
tion in rat mesenteric resistance arteries is associated with 
increased plasma levels of IL-6 and COX activation [42]. We 
found that either nonselective or selective inhibition of both 
COX isoforms was sufficient to prevent endothelium dysfunc-
tion, which suggests a crosstalk between both COX isoforms 
in causing this effect. Overall, these findings propose that 
COX activation may act as a pathological driver of carotid 
artery endothelial dysfunction in atherothrombotic stroke. Of 
note, previous studies have shown beneficial effects of sys-
temic anti-inflammatory treatments on stroke outcomes [43]. 
However, of concern are the clinical setting observations that 
some anti-inflammatory treatments may increase the suscep-
tibility to fatal infections [15]. Additionally, the IL-1β antago-
nist canakinumab did not reduce recurrent vascular events in 
patients with stroke in the CANTOS trial [15]. The present 
work suggests that instead of blocking systemic inflamma-
tion, disrupting the consequences of the inflammatory process 
directly on the arterial wall, namely, targeting increased COX 
signaling, might be potentially safer and more effective.

Cyclooxigenase-1 has been classically considered as the 
isoform primarily responsible for homeostatic prostanoid 
synthesis, though growing evidence indicates that it can 
also play important roles in both neurodegenerative [22] and 
cardiovascular [23] disease. Thus, it is known that IL-1β 
activates COX-1 to upregulate prostaglandin E2 levels in a 
transgenic model for conditional and chronic upregulation of 
this cytokine expression in the hippocampus [44]. Besides, 
IL-1β-induced increase in prostaglandin H2 by human umbili-
cal vein endothelial cells is suppressed by selective inhibition 
of COX-2 [45]. In addition, IL-1β stimulation induces COX-2 
upregulation in different types of cells, and some studies sug-
gested that this effect could be rapid (1 h) in human vascular 
smooth muscle cells [46]. In this regard, a rapid endothelium-
dependent upregulation of COX-1 and mainly COX-2 leading 
to thromboxane A2 synthesis was observed after 1 h exposure 
to IL-1β in rat superior mesenteric arteries [47]. In that study, 
COX was more rapidly upregulated than iNOS [47], which is 
consistent with the notion that early production of prostanoids 
can subsequently stimulate iNOS expression [48].

In conclusion, the present study shows that serum from 
severe carotid artery stenosis patients with stroke can promote 
carotid artery endothelial dysfunction linked to increased 
COX activation. Endothelial dysfunction in an environment of 
severe carotid stenosis and amplified inflammation may com-
promise blood supply to the brain and predispose to plaque 
rupture, leading to a greater risk of further cerebrovascular 
events. The present findings propose that targeting increased 
COX signaling locally in the carotid artery wall may have 

therapeutic benefits for the secondary prevention of athero-
thrombotic ischemic stroke.
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