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Background and aims: In this study, we investigated whether increased renin angiotensin aldosterone system
(RAAS) activation and endothelin-1 levels are related to coronary artery calcium (CAC) score, total plaque
volume (TPV), high risk plaque, hyperemic myocardial blood flow (MBF) and coronary microvascular
dysfunction (CMD).

Methods: In a prospective, observational, cross-sectional cohort, renin as a marker for RAAS activation and
endothelin-1 were measured in peripheral venous blood of 205 patients (64% men; age 58 + 8.7 years) with
suspected coronary artery disease (CAD) who underwent coronary computed tomography angiography (CCTA),
[ISO]HZO positron emission tomography (PET) perfusion imaging and invasive fractional flow reserve (FFR)
measurements. Patients were categorized into three groups based on FFR (<0.80) and hyperemic MBF <2.3 ml/
min/g: [1] obstructive CAD (n = 92), [2] CMD (n = 26) or [3] no or non-obstructive CAD (n = 85).

Results: After correction for baseline characteristics, including RAAS inhibiting therapy, renin associated posi-
tively with CAC score and TPV, but not with hyperemic MBF (p < 0.01; p = 0.02 and p = 0.23). Patients with
high risk plaque displayed higher levels of renin (mean logarithmic renin 1.25 + 0.43 vs. 1.12 + 0.35 pg/ml; p =
0.04), but not endothelin-1. Compared to no or non-obstructive CAD patients, renin was significantly elevated in
obstructive CAD patients but not in CMD patients (mean logarithmic renin 1.06 + 0.34 vs. 1.23 £ 0.36; p < 0.01
and 1.06 + 0.34 vs. 1.16 + 0.41 pg/ml; p = 0.65). Endothelin-1 did not differ between the three patient groups.
Conclusions: Our report provides evidence that RAAS activity measured by renin concentration is elevated in
patients with coronary atherosclerosis and high risk plaque but not in patients with CMD, whereas endothelin-1
is not related to either.

1. Introduction

Stable ischemic heart disease is a multifactorial entity that consists of
either epicardial atherosclerotic coronary artery disease (CAD), coro-
nary microvascular dysfunction (CMD) or a combination thereof [1].
Both CAD and CMD are characterized by impaired myocardial perfusion
leading to inducible myocardial ischemia [2]. We hypothesized that an
increased coronary vasoconstrictive state might be involved in the
reduced myocardial perfusion observed in patients with either CAD or

CMD. To investigate this hypothesis, we assessed levels of renin as a
marker of renin angiotensin aldosterone system (RAAS) activation and
endothelin-1 in patients without obstructive CAD, patients with CAD
and patients with CMD. We chose to assess RAAS activation since it is
reported to be elevated in inflammatory diseases, most notably in
atherogenesis [3]. Moreover, RAAS activation is associated with endo-
thelial dysfunction induced CMD and RAAS inhibiting therapy has been
linked to increased capillary density [4,5]. We chose to investigate the
influence of endothelin-1, because it has been recognized as the most
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potent coronary vasoconstrictor in humans and is as such related with
endothelial dependent CMD [6]. Also, endothelin-1 is related to endo-
thelial cell injury and is reported to be elevated in patients with
atherosclerosis [7]. In this study, we aim to investigate whether RAAS
activation and circulating levels of endothelin-1 are associated with the
extent of CAD and plaque phenotype as assessed by coronary computed
tomography angiography (CCTA), the depth of myocardial ischemia by
[}°0]H,0 positron emission tomography (PET) imaging, and CMD as
defined by a normal invasive FFR measurement but abnormal [150]H20
PET perfusion.

2. Patients and methods
2.1. Patient population

This is a sub study of the Prospective Comparison of Cardiac PET/CT,
SPECT/CT Perfusion Imaging and CT Coronary Angiography With
Invasive Coronary Angiography (PACIFIC trial; Clinical Trial Registra-
tion: NCT01521468) [8]. The PACIFIC trial consists of a homogenous,
prospectively enrolled, population of 208 patients with stable chest pain
without a history of CAD and with an intermediate pre-test probability
of obstructive CAD as defined by the Diamond and Forrester criteria [9].
Patients underwent both CCTA and quantitative [150]H20 PET
myocardial blood flow. Invasive coronary angiography was performed
within two weeks after the diagnostic imaging and FFR measurements
were performed on all major coronary arteries. Peripheral venous blood
of 205 patients was drawn on the day of invasive coronary angiography.
All enrolled subjects gave written informed consent and the study was
performed in accordance with the Declaration of Helsinki. The local
ethics committee of the Amsterdam University Medical Center approved
the study.

2.2. CCTA acquisition and coronary plaque analysis

CCTA was performed using a 256-slice CT scanner (Philips Brilliance
iCT, Philips Healthcare, Best, the Netherlands) with a section collima-
tion of 2 x 128 x 0.625 mm as described previously [10]. In short, prior
to the scanning protocol, sublingual nitroglycerine was administered to
all patients with metoprolol on indication, aiming for a heart rate <65
beats/min. Coronary artery calcium scoring (CACS) in Agatston units
was obtained during a single breath-hold on a noncontrast computed
tomography scan. All coronary segments with a diameter >2 mm were
assessed by an experienced reader blinded to invasive physiological
results using axial, multiplanar reformation and cross-sectional images.
Coronary artery calcium (CAC) score was calculated according to the
Agatston scoring system using Agatston units. Total plaque volume
(TPV) (mm®) was calculated by summing volumes of separate plaques
along each coronary artery. A plaque was considered high-risk if at least
2 out of 4 major adverse plaque characteristics were present, namely:
spotty calcifications (calcified plaque comprising <90° of the vessel
circumference and <3 mm in length), positive remodelling (vessel area
at the site of the maximal lesion to that of a proximal reference point,
with an index of >1.1 representing positive remodelling), low attenua-
tion (any voxel within plaque of <30HU) and napkin ring sign (plaque
core with low attenuation surrounded by a rim-like area of higher
attenuation) [11].

23. [ IEO]HZO PET imaging and assessment

The PET scans were performed using a Gemini TF64 PET/CT scanner
(Philips Healthcare, Best, The Netherlands). Patients were instructed to
refrain from intake of products containing caffeine or xanthine during
24 h prior to the scan. A 6-min dynamic scan protocol, commencing
simultaneously with an injection of 370 MBq [°0]H;0 during resting
and adenosine (140 pg/kg/min), induced hyperemic conditions. The
dynamic scan sequence was followed by a low-dose CT-scan for
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attenuation correction. In-house developed software (CardiacVUer,
Amsterdam UMC, Vrije Universiteit Amsterdam, The Netherlands)
allowed for the generation of parametric images of quantitative hyper-
emic myocardial blood flow (MBF) in ml/min/g [12] for each of the 17
left ventricle segments according to the standard American Heart As-
sociation model with standardized allocation of segments to the three
vascular territories [13]. Coronary flow reserve (CFR) was defined as the
ratio between hyperemic MBF and resting MBF. For analysis, hyperemic
MBF was used because of its greater ability to identify ischemia and
better prognostic value compared to CFR or resting MBF using [\°0]H,0
as tracer [14,15].

2.4. Invasive coronary angiography and FFR

Invasive coronary angiography was performed according to standard
clinical protocols [8]. Patients were instructed to refrain from the intake
of products containing caffeine during 24 h prior to the invasive angi-
ography. All major coronary arteries and side branches >2.0 mm were
interrogated with FFR. Operators refrained from FFR measurement in
tight lesions (>90% diameter stenosis) for safety reasons. A 0.014-inch
sensor-tipped guidewire, introduced through a 5- or 6-French guiding
catheter, was used to measure FFR. To induce maximal coronary hy-
peremia, adenosine was administered either systemically through
intravenous infusion of 140 pg/kg/min into a large vein, or intra-
coronary as a 150 pg bolus. FFR was calculated as the ratio of mean
distal intracoronary to aortic guiding pressure.

2.5. Patient categories

By combining the FFR with hyperemic MBF, the study population
was stratified into three different patient categories: [1] if FFR is
abnormal in at least one coronary artery, the patient has obstructive
epicardial CAD [2]. If hyperemic MBF is abnormal, but FFR is normal,
CMD likely explains the hypoperfusion [3]. If both hyperemic MBF and
FFR are normal, the patient was considered to have no or
non-obstructive CAD [16,17]. A hyperemic MBF <2.30 ml/min/g in at
least two adjacent segments and FFR <0.80 were considered abnormal
[18,19]. Subtotal lesions and chronic total occlusions were scored as an
abnormal FFR.

2.6. Endothelin-1 and renin analysis

Patients were fasting for at least 12 h, resting for at least 10 min, and
sitting in an upright position before blood sampling was performed. The
samples were drawn in the morning to avoid the influence of the
circadian rhythm. Samples were centrifuged at 3500¢ for 15 min and
stored at —80 °C. None of the samples were thawed and refrozen before
analysis. Renin was quantified as a measure of RAAS activation using a
radioimmunometric assay as reported by Ramsay et al. (Cisbio, Saclay,
France) [20]. Endothelin-1 was measured using a Quantikine
enzyme-linked immunosorbent assay (ELISA; R&D systems, Minneap-
olis, USA) [20].

2.7. Statistical analysis

Continuous variables are expressed as mean + SD or median
(interquartile range) where appropriate. Categorical variables are pre-
sented as frequencies with percentages. Normality of data was examined
by means of QQ-plots. In the case of skewed data, data were log trans-
formed to allow for parametric testing. The independent sample’s T-test
was used to compare means for continuous variables between two
groups and the chi-square test for categorical variables. Means of the
three patient categories were compared using one way analysis of
variance (ANOVA). In case the overall F-test for the ANOVA was sig-
nificant, post hoc pairwise comparisons between patient categories were
performed with Bonferroni correction for multiple comparisons. The



R.A. Jukema et al.

relation between endothelin-1 and renin, CAC score, TPV and hyperemic
MBF was assessed by Pearson’s correlation coefficient. An analysis
adjusted for baseline characteristics, and RAAS inhibiting therapy was
additionally performed using multivariable linear regression. A p-value
<0.05 was considered statistically significant. All analyses were per-
formed using IBM SPSS (SPSS Statistics 26, IBM, Armonk, New York).

3. Results
3.1. Study population

['0]H,0 PET imaging and (quantitative) plaque analysis were
available in 199 out of 205 patients. All 205 patients underwent coro-
nary angiography with invasive FFR measurements. The majority of
patients were male (64%), on average 58 + 8.7 years old and 76 patients
(37%) used a RAAS blocker. As expected, renin levels were higher in
patients using RAAS inhibitors (mean logarithmic 1.32 + 0.41 vs. 1.05
+ 0.30 pg/ml; p = 0.01). Baseline characteristics are given in Table 1, 2
and 3.

3.2. The association with atherosclerosis and plaque morphology

Renin was associated with CAC score (Pearson r = 0.22; p < 0.01)
and TPV (Pearson r = 0.23; p < 0.01) (Fig. 1). Correlation plots for the
relation between renin and CAC score and TPV stratified for RAAS in-
hibitor use are given in Fig. 2, showing correlations in the same direction
but somewhat smaller ones in patients not using RAAS inhibitors.
Endothelin-1 was not found to be associated with CAC score (Pearson r
= 0.07; p = 0.33) or TPV (Pearson r = 0.04; p = 0.55) (Fig. 3). Fig. 4
shows higher renin levels in patients with high risk plaque compared to
patients without high risk plaque (mean logarithmic renin 1.25 + 0.43
vs. 1.12 + 0.35 pg/ml; p = 0.04). In patients on RAAS inhibiting
medication, renin was elevated in those with high risk plaque (n = 13)
compared to patients without high risk plaque (n = 61; mean logarith-
mic renin 1.57 + 0.55 vs. 1.27 + 0.36 pg/ml; p = 0.02). This difference
was not seen for patients not using RAAS inhibiting medication (mean
logarithmic renin 1.12 + 0.30 vs. 1.02 £ 0.30 pg/ml; p = 0.10 for high
risk plaque and no high risk plaque, respectively). After correction for
baseline characteristics including sex and the use of RAAS inhibitors,
increased levels of renin remained independently associated with CAC

Table 1

Baseline characteristics; mean + SD or N (%).
Characteristics N = 205
Male 131 (64%)
Age, years 58.3 + 8.7
BMI, kg/m? 27.0 + 3.8
Cardiovascular risk factors
Diabetes mellitus 33 (16%)
Hypertension 96 (47%)
Hypercholesterolemia 81 (40%)
Current smoker 40 (20%)
Family history of CAD 106 (52%)
Medication

Acetylsalicylic acid
Beta-blocker

178 (87%)
132 (64%)

Calcium channel blocker 61 (30%)
ACE-inhibitor 40 (20%)
Angiotensin-II receptor blocker 36 (18%)
Statin 158 (77%)
Symptoms

Typical AP 71 (35%)
Atypical AP 72 (35%)
Aspecific chest pain 62 (30%)

ACE: angiotensin converting enzyme; AP: angina pectoris; ARB:
angiotensin II receptor blocker BMI: body mass index; CAD: coronary
artery disease.
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Table 2
Baseline imaging and laboratory characteristics; mean + SD, median (inter-
quartile range) or N (%).

Baseline imaging and laboratory characteristics per N = 205

patient

Laboratory parameters

Endothelin-1 (pg/ml) 2.11 (1.50-2.47)

Logarithmic endothelin-1 (pg/ml) 0.29 + 0.15

Renin (pg/ml) 13.49 (7.97-22.88)
Logarithmic renin (pg/ml) 1.15 £+ 0.37

['0]1 H,0 PET

Global hMBF (ml/min/g) 2.74 £ 1.10

Ischemic PET (<2.3 ml/min/g)
CCTA

High risk plaque

Napkin sign

Low attenuation plaque

Spotty calcifications

Positive remodelling

106 (52.5%)

47 (22.9%)
20 (9.8%)

59 (28.8%)
27 (13.2%)
52 (25.4%)

Total plaque volume (MM?>) 319.30
(72.78-707.93)
Coronary artery calcium score (HU) 170.10

(10.00-486.70)
Invasive coronary angiography

Obstructive CAD (FFR <0.80 or (sub)total lesion) 98 (47.8%)

CAD: coronary artery disease; CCTA: coronary computed tomography angiog-
raphy; hMBF: hyperemic myocardial blood flow; HU: hounsfield unit; PET:
positron emission tomography.

score and TPV (Table 4). Endothelin-1 levels did not differ between
patients with and without high risk plaque (mean logarithmic
endothelin-1 0.30 + 0.15 vs. 0.29 + 0.16 pg/ml; p = 0.83, Fig. 5).

3.3. The association with global hyperemic MBF

A weak to moderate negative correlation was seen for renin levels
and global hyperemic MBF (Pearson r = —0.19; p < 0.01, Fig. 1). This
correlation was seen in both patients using a RAAS inhibitor and patients
not using a RAAS inhibitor (Fig. 2). After correction for baseline char-
acteristics and RAAS inhibiting therapy, renin was not independently
associated with global hyperemic MBF (p = 0.23, Table 4). Endothelin-1
was not related to global hyperemic MBF (Pearson r = 0.01; p = 0.85,
Fig. 3).

3.4. Relation to coronary microvascular dysfunction and obstructive CAD

Fig. 6 shows that renin was elevated in patients with FFR based
obstructive CAD (n = 92; 45.3%) when compared to no or non-
obstructive CAD patients (n = 85; 41.9%, mean logarithmic renin 1.23
+ 0.36 vs. 1.06 + 0.34 pg/ml; p < 0.01). Renin was not significantly
elevated in CMD patients (n = 26; 12.8%) compared to patients with no/
nonbstructive CAD (mean logarithmic renin 1.16 + 0.41 vs. 1.06 + 0.34
pg/ml; p = 0.65). Endothelin-1 levels did not differ between patients
with obstructive CAD, CMD or with no or non-obstructive CAD (mean
logarithmic endothelin-1: 0.29 + 0.15, 0.27 + 0.14 and 0.30 + 0.16 pg/
ml; p = 0.64). The same results were found if patients were categorized
based on an abnormal FFR (<0.80) and abnormal global hyperemic left
ventricle perfusion <2.65 ml/min/g.

4. Discussion

This is the first study that provides an overview of the influence of
RAAS activation and endothelin-1 on CAD in relation to calcified coro-
nary atherosclerotic plaque, high risk plaque, hyperemic MBF and cor-
onary microvascular dysfunction in stable chest pain patients. The main
findings can be summarized as follows: higher levels of circulating renin
indicative of RAAS activation are associated with CAD ranging from
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Table 3

Baseline characteristics per patient group.
Characteristics Obstructive CAD n = 92 CMD n = 26 Non-obstructive CAD n = 85 p value
Male 79 (86%) 18 (69%) 33 (39%) <0.01
Age, years 589 +7.7 58.5 + 8.6 57.9 £ 9.6 0.73
BMI, kg/m2 27.2+ 3.6 26.9 +£3.9 26.8 £ 3.9 0.77
Cardiovascular risk factors
Diabetes mellitus 18 (20%) 6 (23%) 8 (9%) 0.10
Hypertension 42 (46%) 16 (62%) 38 (45%) 0.30
Hypercholesterolemia 45 (50%) 12 (46%) 23 (27%) <0.01
Current smoker 15 (16%) 8 (31%) 17 (20%) 0.26
Family history of CAD 47 (51%) 12 (46%) 45 (53%) 0.83
Medication
Acetylsalicylic acid 84 (92%) 21 (81%) 72 (85%) 0.16
Beta-blocker 65 (71%) 16 (62%) 51 (60%) 0.26
Calcium channel blocker 29 (32%) 8 (31%) 24 (28%) 0.87
ACE-i/ARB 35 (39%) 10 (39%) 31 (37%) 0.96
Statin 78 (86%) 18 (69%) 60 (71%) 0.03
Symptoms
Typical AP 38 (41%) 10 (39%) 23 (27%) 0.13
Atypical AP 28 (30%) 10 (39%) 33 (39%) 0.47
Aspecific chest pain 26 (28%) 6 (23%) 29 (34%) 0.49

BMI: body mass index; ACE-i: angiotensin converting enzyme inhibitor; AP: angina pectoris; ARB: angiotensin II receptor blocker; AP: angina pectoris; CAD: coronary

artery disease; CMD: coronary microvascular dysfunction.

calcified plaque burden to adverse plaque characteristics but not with
CMD, whereas endothelin-1 was not found to be associated with any of
these parameters of atherosclerosis or CMD.

Studies have shown that the beneficial effect of RAAS inhibition is
greater than expected by their ability to lower blood pressure alone [21].
Indeed, the renin-angiotensin II pathway has been considered a potent
modulator of oxidative stress, coronary inflammation and endothelial
dysfunction. Injured arteries recruit inflammatory cells by angiotensin II
and these inflammatory cells produce angiotensin II, resulting in a
positive feedback loop that accelerates atherosclerosis [3]. In fact, it is
not completely unraveled to which extent locally produced
renin-angiotensin contributes to the development of atherosclerosis
compared to its uptake from the systemic circulation. Interestingly, we
found that renin levels were significantly elevated in patients with high
risk plaque, a finding in keeping with a previous experimental study
conducted with ApoE knockout mice, which showed that angiotensin II
induced atherosclerotic plaque vulnerability [22]. Our study adds to the
body of existing literature that increased systemic renin levels were
associated with total atherosclerotic burden as reflected by total CAC
score, TPV, and more frequent high risk plaque features on CCTA.

Multiple studies have shown that RAAS activation is related to hy-
peremic MBF and endothelial independent CMD. A placebo controlled
study using [1°0]H,0 PET derived myocardial perfusion demonstrated a
significant improvement of myocardial blood flow in ischemic regions of
symptomatic chest pain patients (n = 18) after ACE inhibition quinap-
rilat was administered intravenously [23]. More recently, a small (n =
14) NH3 PET study showed a significant improvement of hyperemic
myocardial perfusion in hypertrophic cardiomyopathy patients with

5000 4000
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3000— .
2000 |
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CMD after 6 months of treatment with perindopril [24]. Indeed, we
found a relation between renin and coronary atherosclerosis (i.e. more
coronary calcium and/or plaque) and one would expect a lower perfu-
sion in patients with atherosclerosis. In univariable analysis, we found a
weak to moderate relation between renin and global hyperemic MBF,
however, this relation was not significant after correction for covari-
ables. Although we did not find a convincing relation between renin and
myocardial perfusion, we cannot exclude this relationship either based
on the results of the univariable analysis. Nevertheless, a large overlap is
seen between renin levels of patients with and without a large athero-
sclerotic burden, high risk plaque, myocardial ischemia and CMD, which
may in part be attributed to the complex interaction of renin-angiotensin
IT with cardioprotective cytokines such as adiponectin [25].
Endothelin-1 is the most potent endogenous vasoconstrictor hitherto
discovered, and several studies have linked it to development of
atherosclerosis and CMD. Elevated levels of endothelin-1 were seen in
limb ischemia, coronary graft failure and at plaque sites with high
macrophage content. Interestingly, its vasoconstrictor effects are more
potent in the coronary vascular bed owing to the unique adaptive
characteristics of the coronary microvasculature to epicardial flow in
comparison to other arterial sites. A study by Lerman and colleagues
demonstrated a significant correlation between plasma endothelin-1
and the number of sites of atherosclerotic disease involvement (r
0.89; p < 0.001) in symptomatic atherosclerotic patients [7]. In addi-
tion, in a study of 510 patients, serum endothelin-1 levels were inde-
pendently associated with coronary calcifications in symptomatic chest
pain patients, and Reriani et al. showed, in a double blind placebo
controlled trial, that endothelial function improved after endothelin-A
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Fig. 1. Renin and its correlation with the coronary artery calcium score (A), total plaque volume (B) and global hyperemic MBF (C) on a per patient basis.

MBF: myocardial blood flow; HU: hounsfield units.
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Fig. 2. Renin and its correlation with the coronary artery calcium score (A), total plaque volume (B) and global hMBF (C) on a per patient basis, split for patients
using RAAS inhibitors.

hMBF: hyperemic myocardial blood flow; HU: hounsfield units; RAAS: renin angiotensin aldosterone system.
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Table 4
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The association between patient variables and coronary calcium score, total plaque volume and global hyperemic MBF.

Calcium score TPV Global hyperemic MBF
Patient variables Stand Unstand beta (95% CI) P Stand Unstand beta (95% CI) P Stand Unstand beta (95% p
Beta value beta value beta CI) value
Demographics
Male 0.22 324.62 (141.70-507.54)  <0.01 0.33 359.56 (217.02-502.09)  <0.01 —0.53 -1.22 (-1.49 to <0.01
—0.95)
BMI (per kg/m? increase) 0.14 27.17 (2.75-51.59) 0.03 0.11 15.20 (—3.82 to 34.21) 0.12 0.07 0.02 (-0.02 to 0.06)  0.26
Age (per year increase) 0.32 25.61 (15.64-35.58) <0.01 0.29 18.03 (10.20-25.86) <0.01 -0.19 —0.02 (—0.40 to <0.01
0.01)
RAAS inhibition 0.03 40.52 (—-192.12 to 0.73 -0.11 —116.25 (—298.06 to 0.21 0.17 0.39 (0.04-0.74) 0.03
272.16) 65.57)
Cardiovascular risk factors
Diabetes mellitus 0.18 337.68 (86.52-588.83) <0.01 0.08 117.59 (—76.86 to 0.23 —0.08 —0.25 (—0.63 to 0.19
312.04) 0.13)
Hypertension —0.03 —41.84 (—257.86 to 0.70 0.05 48.49 (—119.53 to 0.57 —-0,19 —0.41 (—0.74 to 0.01
174.18) 216.52) —0.09)
Hypercholesterolemia 0.08 101.96 (—78.23 to 0.27 0.13 138.03 (—3.18 to 0.06 -0.15 —0.34 (—0.61 to 0.02
282.16) 279.25) —0.06)
Current smoker —0.07 —123.57 (-343.48 to 0.27 0.02 24.98 (—145.01 to 0.77 —0.06 —0.17 (—0.50 to 0.31
96.35) 194.97) 0.16)
Vasoactive substances
Log renin (per pg/ml 0.21 392.04 (137.67-646.41)  <0.01 0.18 249.86 (51.58-448.13) 0.02 —0.08 —0.23 (—0.62 to 0.23
increase) 0.15)

Regression coefficients from multivariable linear regression models with calcium score, TPV and hyperemic MBF as dependent variables. BMI: body mass index; MBF:
myocardial blood flow; RAAS: renin angiotensin aldosterone system; Stand beta: standardized beta; TPV: total plaque volume; Unstand beta: unstandardized beta.

receptor antagonist therapy [26,27]. As such, endothelin-1 has been
considered an important peptide in CMD and the coronary atheroscle-
rotic process [28]. However, the present findings are in contrast to these
prior observations as we did not find a relationship between
endothelin-1, CAC score, TPV, hyperemic MBF or CMD. Of note, locally
synthesized endothelin-1, namely in the endothelium, is 100-fold higher
compared to circulating plasma levels. This suggests a strong paracrine
mode of action of endothelin-1 enabling it to react swiftly to alternating
local hemodynamics. Our study measured systemic endothelin-1 levels
while endothelin-1 produced in the coronary vascular bed possibly plays
a decisive role in coronary atherosclerosis by stimulating the formation
of reactive oxygen species and hence coronary inflammation [28].
Despite the strong paracrine action of endothelin-1, most studies mea-
sure systemic endothelin-1 levels because therapeutic options are
focused on systemic inhibition of endothelin-1. Furthermore,
endothelin-1 stimulates cell proliferation and as such acceleration of the
atherosclerotic process [28]. Importantly, the interaction of
endothelin-1 with intracoronary produced prostaglandins and nitric
oxide has not been investigated and may in part explain the lack of as-
sociation of plasma endothelin-1 and measures of coronary atheroscle-
rosis and CMD [29]. The upcoming randomized controlled trial
Precision Medicine With Zibotentan in Microvascular Angina
(NCT04097314) should further clarify whether or not blocking the
endothelin receptor type A by administration of zibotentan improves
exercise capacity [30]. This trial will increase our understanding of the
potential role of endothelin-1 in the pathogenesis and therapeutic op-
tions pertaining to CMD.

4.1. Limitations

Our study has several limitations. Firstly, this is a cross-sectional
study with a limited sample size. By design, cross-sectional studies are
useful studies to assess associations, however, these studies cannot be
used to determine causality. Secondly, we have measured renin and
endothelin-1 at a single point in time. Caution must be taken to interpret
multifactorial biomarkers like renin and endothelin-1 in the context of
chronic diseases like atherosclerosis or CMD. Third, adenosine was used
as the hyperemic agent for PET imaging and FFR measurement. Because
adenosine is an endothelial independent vasodilator, patients with
vasospastic angina based on endothelial dysfunction could have been

classified into the no or non-obstructive CAD group. We did not perform
intracoronary acetylcholine testing to account for this. Furthermore, we
have analysed circulating, thus exocrine, renin and endothelin-1. Based
on our measurements, we cannot elaborate on the paracrine activity of
endothelin-1 and renin. Considering these inherent limitations to our
study, all results should be considered exploratory, and replication
studies are needed.
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Fig. 5. Levels of endothelin-1 depicted (mean with 95% confidence interval)
for patients with high risk plaques versus patients without high risk plaques.
ET1: endothelin-1 HRP: high risk plaque; ET1: endothelin-1.
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Fig. 6. Levels of renin and endothelin-1 (meant with 95% confidence interval) stratified by the three patient categories (mean with 95% confidence interval).
An FFR<0.80 and hyperemic MBF <2.30 ml/min/g in at least two adjacent segments ml/min/g were considered abnormal. CAD: coronary artery disease; CMD:
coronary microvascular dysfunction; ET1: endothelin-1; FFR: fractional flow reserve; hMBF: hyperemic myocardial blood flow.

4.2. Conclusions

Our report provides evidence demonstrating that in stable chest pain
patients, increased systemic RAAS activation is associated with the
extent of coronary artery calcification, total plaque volume and high risk
plaque features but not endothelial independent coronary microvascular
dysfunction. In addition, our exploratory findings indicate that circu-
lating endothelin-1 is not associated with any of these atherosclerotic
parameters nor coronary microvascular dysfunction.
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