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Background: Categorization as a cytochrome P450 (CYP) 2C19 poor metabolizer (PM) is reported to be an inde-
pendent risk factor for cardiovascular disease. Epoxyeicosatrienoic acids (EETs) are metabolites of arachidonic
acid by CYP2C19 epoxygenases and anti-inflammatory properties, especially in microvascular tissues. We exam-
ined the impact of CYP2C19 polymorphisms and EETs on the patients with microvascular angina (MVA) caused
by coronary microvascular dysfunction.

Methods and results: We examined CYP2C19 genotypes in patients with MVA (n = 81). MVA was defined as ab-
sence of coronary artery stenosis and epicardial spasms, and the presence of inversion of lactic acid levels be-
tween intracoronary and coronary sinuses in acetylcholine-provocation test or the adenosine-triphosphate-
induced coronary flow reserve ratio was below 2.5. CYP2C19 PM have two loss-of-functon alleles (*2, *3). We
measured serum dihydroxyeicosatrienoic acid (DHET) as representative EET metabolite.

In MVA, the patients with CYP2C19 PM were 34.6% and high sense C-reactive protein (hs-CRP) levels in CYP2C19
PM were significantly higher than that of non-PM group (0.165 £ 0.116 vs. 0.097 & 0.113 mg/dL, P = 0.026).
Moreover, DHET levels in CYP2C19 PM were significantly lower than that of non-PM (10.4 £ 4.58 vs. 15.6 &
11.1 ng/mL, P = 0.003 (11,12-DHET); 12.1 £ 3.79 vs. 17.3 £ 6.49 ng/mL, P = 0.019 (14,15-DHET)).
Conclusions: The decline of EET owing to CYP2C19 variants may affects coronary microvascular dysfunction via
chronic inflammation.

© 2017 The Authors. Published by Elsevier Ireland Ltd. This is an open access article under the CC BY-NC-ND license
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1. Introduction

Microvascular angina (MVA) is caused by coronary microvascular
dysfunction, which can arise from chronic inflammation [1-3].
Epoxyeicosatrienoic acids (EETs) have been suggested to be anti-
inflammatory [4] and potent vasodilators in the canine coronary micro-
circulation [5], raising the possibility that low levels of EETs may cause
microvascular dysfunction in humans.

EETs are endothelium-derived hyperpolarizing factors (EDHFs) gen-
erated from metabolism of arachidonic acid by cytochrome P450 (CYP)
2C19 epoxygenases [6,7].

Endothelial hyperpolarization mediated by the opening of the potas-
sium and calcium (KCa) channels is originally, recognized as the impor-
tant initiating step for EDH mediated vasodilation [8]. Node et al.
reported that EETs prevented leukocyte adhesion to the vascular wall
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by a mechanism involving inhibition of transcription factor, nuclear
factor-xB and IkB kinase. The inhibitory effects of EETs were indepen-
dent of their membrane-hyperpolarizing effects, suggesting that these
molecules play an important non-vasodilatory role in vascular inflam-
mation. Thus, EETs have been suggested to be anti-inflammatory prop-
erties [4]. Moreover, EETs act as potent vasodilators in canine coronary
microcirculation [5]. It is associated that low levels of EETs may cause
microvascular dysfunction via inflammation in humans.

Previous evidence has suggested that CYP enzymes not only play an
important role in vascular tone, but are also associated with a higher
risk of cardiovascular disease [9-13]. CYP2C19 is expressed in human
endothelial cells, and enzymatic activity varies according to the number
of CYP2C19 loss-of-function (LOF) alleles (*2, *3). CYP2C19 poor
metabolizers (PM) have two LOF alleles (*2/*2, *2/*3, or *3/*3), and
non-PM have none or one LOF allele (*1/*1, *1/*2, or *1/*3) [8,14].

Bertrand-Thiebault et al. reported that the blood levels of inflamma-
tory markers (interleuikin-6 and hs-CRP) were significantly increased
in CYP2C19 PM [15]. Furthermore, CYP2C19 variants are an indepen-
dent risk factor for diabetic retinopathy [ 16] and coronary artery disease

2352-9067/© 2017 The Authors. Published by Elsevier Ireland Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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(CAD) [17] in humans. It is associated that the low levels of EETs with
CYP2C19 variants cause increases in inflammatory markers, diabetic
retinopathy, and CAD.

Thus, we examined the incidence and impact of CYP2C19 variants in
MVA by measuring serum hs-CRP and dihydroxyeicosatrienoic acid
(DHET) as representative EET metabolite in patients with MVA.

2. Methods
2.1. Study population

From April 2009 to January 2015, 1489 consecutive, hemodynami-
cally and symptomatically stable patients with suspected angina were
registered and underwent angiography in Kumamoto University Hospi-
tal. We excluded patients with possible heart failure (left ventricular
ejection fraction <50%), previous diagnoses of CAD, left ventricular hy-
pertrophy (defined as >12-mm left ventricular wall thickness in echo-
cardiography), severe hypertension (HT) (>160/110 mm Hg), valvular
heart disease, and malignant diseases. In addition, patients with elevat-
ed white blood cell counts (>9000) and/or serum hs-CRP (>0.5 mg/dL)
were excluded to avoid the potentially confounding effects of occult in-
fection or other systemic inflammatory diseases on hs-CRP levels.

After filtering, 1356 patients were enrolled in this study. Vasoactive
drugs, including calcium-antagonists, angiotensin converting enzyme
inhibitors, angiotensin receptor blockers, and nitrates were withdrawn
atleast 5 days before patients entered this study; sublingual nitroglycer-
in was withdrawn within 24-h before entering the study. Patients with
HT were defined as >140/90 mm Hg. Patients with diabetes mellitus
(DM) were defined as those with a 2-h glucose tolerance test
>200 mg/dL, a fasting glucose level >126 mg/dL, an HbAlc score
>6.5%, physician-diagnosed diabetes and/or the use of diabetic medica-
tion, and chronic kidney disease (CKD) testing with an estimated glo-
merular filtration rate <60 mL/(min - 1.73 m?). Dyslipidemia (DLP)
was defined as low-density lipoprotein >140 mg/dL, high-density lipo-
protein <40 mg/dL, or triglyceride >150 mg/dL.

All procedures will be conducted in accordance with the Declaration
of Helsinki and its amendments. The study protocol has been approved
by the human ethics committee of each institution and written

informed consent will be obtained from each patient or from the family
of the patient.

2.2. Definition of MVA

All MVA cases experiencing chest pain and ischemic changes in the
electrocardiogram (ECG) in the exercise stress test underwent cardiac
catheterization. We defined the MVA was not only without epicardial
spasm but also lactic acid levels between intracoronary and coronary si-
nuses in ACh-provocation test were increase, or adenosine
triphosphate-induced coronary flow reserve ratio (ATP-CFR) was
below 2.5 if lactic acid levels were decrease (Fig. 1) [2,18,19].

Acetylcholine-provocation test and measurement of the ATP-CFR
ratio were conducted according to the Japanese Circulation Society
guidelines [20]. Measuring ATP-CFR scores was also used to diagnose
microvascular coronary dysfunction in non-obstructive CAD [21,22].

2.3. Intracoronary acetylcholine-provocation test

The method of intracoronary ACh-provocation test was described in
detail previously [23-26]. In brief, incremental doses (20, 50, and 100
pg) of ACh chloride were injected into the left coronary artery over a pe-
riod of 30 s each, and CAG was performed 1 min after the start of each
provocation. The doses of ACh were administered at 5-min intervals.

Subsequently, 50 pg of ACh was injected into the right coronary ar-
tery without the FloWire™, followed by CAG. After the administration
of intracoronary isosorbide mononitrate (ISDN) and CAG at an interval
of 10 min, adenosine triphosphate (ATP; 150 yg/kg per minute) was ad-
ministered via the central vein until maximal hyperemia was achieved
for the calculation of ATP-CFR. ATP-CFR was calculated with the follow-
ing formula: Hyperemia average peak velocity (APV)/Post-ISDN APV
[27].

2.4. Angiographical identification of epicardial spasm
A positive finding for coronary spasm on CAG in the ACh test is de-

fined as “transient, total, or sub-total occlusion (>90% stenosis) of a cor-
onary artery.” In addition, a definite diagnosis of vasospastic angina

’ Suspected angina in stable patients ‘ n = 1356 (2009-2015)

n=1022

Initial coronary angiography

—>| Obstructive coronary artery disease

’ Suspected non-obstructive coronary artery disease ‘ n=334

Intracoronary acetylcholine-provocation
test and measurements of lactate in the
coronary circulation

—

Epicardial spasm (+)

Epicardial spasm (-) n=121

Transcardiac lactate production ‘

Negative n =51

Positive
n=70
(a)

ATP-CFR > 2.5
Abnormal Normal

(b)

Epicardial VSA ’

Microvascular Angina (MVA) ‘

Non-IHD

n=213

n=81

n =40

Fig. 1. Diagnostic flowchart. The definition of the patients with MVA is shown. ATP-CFR, adenosine triphosphate-induced coronary flow reserve; VSA, vasospastic angina; IHD, ischemic

heart disease.
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requires simultaneous signs or symptoms of myocardial ischemia
(angina pain and ischemic ECG change).

2.5. Lactate measurement in ACh-provocation test

To assess myocardial ischemia on the basis of the detection of in-
creased lactate production in the coronary circulation, paired blood
samples were collected simultaneously from the aortic root (LAR) and
the coronary sinus (LCS) by using a coronary sinus catheter at 3 time
points: baseline, 1 min after delivery of 100 pg of ACh via the left coro-
nary artery, and after administration of ISDN. The lactate production
ratio was calculated with the following formula: (LAR-LCS)/LAR x 100
(%).The ratio is positive in healthy subjects while a negative ratio is a
definite marker of myocardial ischemia [25].

2.6. Genotyping

Genomic DNA was extracted from whole blood using the DNA Ex-
tractor WB kit (Wako Pure Chemical Industries, Ltd., Japan), using a
modified version of the protocol described by Richards et al. [28]
CYP2C19*2 (681G>A) and *3 (636G>A) are thought to account for
>99% of LOF alleles generating null-activity enzymes in the Japanese
population [29,30]. Therefore, subjects were divided according to their
CYP2C19 genotypes into two groups: PM with two LOF alleles (*2/*2,
*2/*3, or *3/*3) and non-PM, consisting of EM (extensive metabolizer)
lacking CYP2C19*2 and CYP2C19*3 (CYP2C19*1/*1) and IM (intermedi-
ate metabolizer) with one LOF allele (*1/*2 or *1/*3).

2.7. 11,12 and 14,15-DHET measurement

We measured serum 11,12 and 14,15- DHET in patients with MVA (n
= 42) with agreement. Blood samples were collected simultaneously
from the coronary sinus by using a coronary sinus catheter. DHET is a
representative metabolite of soluble epoxide hydrolase-mediated

metabolism of EETs, and reflects the levels of EET. Serum 11,12 and
14,15-DHET levels were measured using an ELISA kit (Detroit R&D,
Inc, USA).

Mixture of 1.0 mL serum and 1.0 mL ethyl acetate was centrifuged at
2000 rpm for 10 min. Upper organic phases were collected and evapo-
rated to dryness with nitrogen gas. Dried sample was dissolved in
2 mL 20% KOH and incubated for 1 h at 50 °C. Formic acid was added
to adjust pH to 5.5, then equal amount of ethyl acetate was applied
and centrifuged at 2000 rpm for 10 min at room temperature. The
upper phase was collected and dried up again. We reconstituted collected
sample with 20 L, the proceeded to the ELISA reaction.

2.8. Statistical analyses

Continuous variables are expressed as mean + SD and compared
using an unpaired t-test or Mann-Whitney's U test, as appropriate. Cat-
egorical variables were expressed as numbers or percentages and com-
pared using the chi-squared test or Fisher's exact test. P-values <0.05
were regarded as statistically significant. SPSS software, Version 21.0
(IBM Institute Inc., USA) was used for all statistical analyses.

3. Results

A total of 1356 patients were enrolled in this study, and 334 patients
were defined as non-obstructive coronary artery disease after initial
coronary angiography. Finally, 81 patients were defined as having
MVA after an acetylcholine-provocation test, the measurement of lac-
tate in the coronary circulation, and ATP-provocation (Figs. 1, 2). In
the clinical characteristics, there is no significant differences between
CYP2C19 PM group and non-PM group (Table 1). Fig. 3 shows that the
incidence rates of CYP2C19 genotypes (PM and non-PM) were 34.6%
and 65.4%, respectively, in the MVA patients. The levels of hs-CRP
were significantly higher in CYP2C19 PM group than that of non-PM
group (0.165 + 0.116 vs. 0.097 4 0.113 mg/dL, P = 0.026) (Fig. 4). In

Chest pain (+), ECG changes (+), Coronary artery stenosis (-), Spasm in angiography (-)

Control shot

* : coronary sinus catheter
=: Flow Wire
=: Pacing lead

Chest pain (-) &> (+)

(a) Lactate production (+)

control 100y ACh ISDN
Ao/CS (mg/dl) 5.4/39 46/56 5.1/4.0
LER (%) 27.7 -21.7 215

(Lactate in Ao [mg/dl]) — (Lactate in CS [mg/dI])

LER (lactate extraction ratio) (%) =

(Lactate in Ao [mg/dI])

No spasm in angiography

(b) Lactate production (-) and CFR<2.5

X100

Flowire monitor

Fig. 2. Cases of MVA. (a) No coronary artery stenosis in angiography, no epicardial spasms and have inversion of lactic acid levels between intracoronary and coronary sinuses in ACh-
provocation test. (b) No coronary artery stenosis in angiography, no epicardial spasms and without inversion of lactic acid levels between intracoronary and coronary sinuses (no
transcardiac lactate production) in ACh-provocation test and adenosine triphosphate-induced coronary flow reserve ratio (ATP-CFR) was below 2.5. The transcardiac lactate
production ratio then becomes positive during coronary circulation. LER, lactate extraction ratio; Ao, aorta; CS, coronary sinus.
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Table 1
Clinical characteristics of PM and non-PM group.
Non-PM n = 53 PMn = 28 P-value

Age (years) 64.1 +£ 11.5 66.1 + 17.9 0.573
Male (%) 29 (53.7) 9(32.1) 0.063
BMI (kg/m?) 242 + 427 22.8 + 3.35 0.207
Body weight 62.4 + 11.92 59.9 + 13.58 0.293
Current smoker (%) 6(12.0) 4(14.3) 0.792
Hypertension (%) 32(59.3) 19 (67.9) 0.446
Dyslipidemia (%) 33 (61.1) 13 (46.4) 0.204
Diabetes mellitus (%) 14 (25.9) 4(14.3) 0.227
CKD (%) 13 (24.1) 6(21.4) 0.788

Data are means =+ SDs.
BMI, Body mass index; CKD, Chronic kidney disease.

the levels of serum 11,12 and 14,15-DHET, the levels of serum 11,12 and
14,15-DHET in CYP2C19 PM were significantly lower than that of non-
PM (10.4 £ 4.58 vs. 15.6 4+ 11.1 ng/mL, P = 0.003 (11,12-DHET); 12.1
+ 3.79 vs. 17.3 + 6.49 ng/mL, P = 0.019 (14,15-DHET) (Fig. 5A,B).

4. Discussions

Our results show that the decline of EET owing to CYP2C19 PM is one
possible cause of MVA via chronic inflammation.

In this study, the incidence rates of CYP2C19 PM were 34.6% in pa-
tients with MVA. In general, in among Caucasians, the group with
CYP2C19 PM was 2-3%, and in Asians, including Japanese subjects, the
rate was approximately 15-20% [9,10,12,13,31]. That is possible that
CYP2C19 PM impacts with the pathogenesis of MVA.

The hs-CRP level was significantly higher in CYP2C19 PM group than
that of the non-PM group. The decreased enzyme activity of CYP2C19
PM, which decreases the level of EETs, appears to lead to increased in-
flammation and impaired microcirculation. Measurement of 11,12-
and 14,15-DHET levels revealed that EETs were significantly lower in
CYP2C19 PM group than that of non-PM group. These results are consis-
tent with a link between the low EET increase associated with decreased
enzyme activity and the expansion of inflammation and impaired mi-
crocirculation in the CYP2C19 PM group. Spiecker et al. reported low
EET levels in a subgroup with decreased enzymatic activity by CYP2]2
genetic mutations compared with another subgroup with normal enzy-
matic activity by wild CYP2J2 genotype among the CAD patients [32].
CAD is defined as the presence of epicardial organic stenosis in above
studies, the definition of MVA, which was different from the definition

-

[J non-PM

65.4% PM

(53)

MVA
(n=81)

Fig. 3. Prevalence of CYP2C19 genotypes in MVA patients.
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Fig. 4. Comparison of hs-CRP levels between the CYP2C19 PM and non-PM. In the MVA
group, the mean hs-CRP level for CYP2C19 PM is significantly higher than that of non-PM.

of MVA in this study, but the lower EET levels in groups with LOF alleles
(CYP2C19*2 and *3, CYP2J2*7) for patients with MVA and CAD suggest
that EET has some effect in cases of epicardial or microcirculation.

Although there are several DHET isomers (8,9-DHET, 11,12-DHET,
and 14,15-DHET) from EETs [33], we measured the levels of serum
11,12 and 14,15-DHET in this study. 11,12-DHET constitutes 24% of
DHETs and14,15-DHET are 39% (largest percentage) [34]. The same
result were shown in not only 11,12-DHET but also 14,15-DHET, as
reported previously [32].

Microvascular dysfunction was reportedly observed in approxi-
mately 20% of patients who complained of chest pain but who had no
significant organic stenosis in the epicardial coronary artery [1]. In the
present study, to define MVA, not only did we perform catheterization
examinations in all the subjects but we also performed acetylcholine
provocation testing, measurement of lactic acid and ATP stress tests.
Based on these results, we rigorously diagnosed the condition of the
patients and obtained accurate results, we rigorously diagnosed the
condition of the patients and obtained accurate results with no contra-
dictions. From the group of patients in the present study who
complained of chest pain and did not present with epicardial stenosis,
MVA was diagnosed in approximately 24.2% of the patients, which
was consistent with the rate reported by previous studies [1,4].

5. Limitations

This study has a small sample size. Because we performed both car-
diac catheterization and ACh and ATP provocation tests for all enrolled
subjects to define MVA, the definition of MVA in this study is more ac-
curate than that in studies in which subjects are not subjected to ACh
and ATP provocation tests. Second, CYP2C19 PM are present in 2-3%
of Caucasians, whereas they are found in <20% of Asians, including
Japanese subjects [9,10,12,13,31]. The subjects in the present study
were limited to the Japanese patients because there is a racial difference
in CYP2C19 genotype and thus the results of this study may not be nec-
essarily applicable to other populations. Thirds, we have no discuss
about medical therapy, especially in clopidogrel. However, there is no
patients with clopidogrel therapy in MVA group. Therefore, there is no
influence on microvascular dysfunction of clopidogrel therapy in this
study. Forth, we consider that it is desirable to measure EET, EET
+ DHET, EET/DHET ratio. In the present study, we used ELISA kit, it
was difficult to measure EET itself concentration levels because pre-
served blood was hydrolyzed. We consider and discuss this study
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Fig. 5. Comparison of serum 11,12 and 14,15-DHET levels. Comparison of non-PM and PM in the MVA group. The level of 11,12 and 14,15-DHET in CYP2C19 PM is significantly lower than
that of non-PM. The box plots show the minimum, 25% quartile, median, 75% quartile, and maximum for each group.

under the consideration that DHET is equal to EET, this consideration
was also a study limitation.

6. Clinical implications

The variant of CYP2C19 genotype was associated with MVA in the
Japanese. This study thus identified reduced DHET which reflects EET
levels and hence insufficient defensive mechanism as a risk factor to be
targeted and intervened for the treatment and prevention of MVA. Re-
cently, John D. Iming et al. showed that a novel molecule inhibitor of ep-
oxide hydrolase (EH) inhibited the activity of EH and effectively restored
the EET concentration in animal models [35]. Accordingly, it is expected
that this class of drug may serve as a new therapeutic for MVA in the
future.

7. Conclusions

Our results indicate that the decline of EET owing to CYP2C19 variants
may affects coronary microvascular dysfunction via chronic
inflammation.
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