
Vol.:(0123456789)1 3

Heart and Vessels (2019) 34:1–8 
https://doi.org/10.1007/s00380-018-1207-4

ORIGINAL ARTICLE

Increased plasma xanthine oxidoreductase activity deteriorates 
coronary artery spasm

Ken Watanabe1 · Tetsuro Shishido1 · Yoichiro Otaki1 · Tetsu Watanabe1 · Takayuki Sugai1 · Taku Toshima1 · 
Tetsuya Takahashi1 · Miyuki Yokoyama1 · Daisuke Kinoshita1 · Takayo Murase2 · Takashi Nakamura3 · 
Masahiro Wanezaki1 · Harutoshi Tamura1 · Satoshi Nishiyama1 · Hiroki Takahashi1 · Takanori Arimoto1 · 
So Yamauchi1 · Tamon Yamanaka1 · Takuya Miyamoto1 · Isao Kubota1 · Masafumi Watanabe1

Received: 20 March 2018 / Accepted: 15 June 2018 / Published online: 23 June 2018 
© Springer Japan KK, part of Springer Nature 2018

Abstract
Increased reactive oxygen species (ROS) contributes to the development of endothelial dysfunction, which is involved in 
coronary artery spasm (CAS). Xanthine oxidoreductase (XOR) plays a pivotal role in producing both uric acid and ROS. 
However, the association between plasma XOR activity and CAS has not been elucidated. The aim of this study was to 
investigate whether plasma XOR activity is associated with CAS. We measured XOR activity in 104 patients suspected for 
CAS, who presented without significant coronary artery stenosis and underwent intracoronary acetylcholine provocation 
tests. CAS was provoked in 44 patients and they had significantly higher XOR activity as compared with those without 
CAS. The patients were divided into three groups based on the XOR activity. The prevalence rate of CAS was increased 
with increasing XOR activity. A multivariate logistic regression analysis showed that the 3rd tertile group exhibited a higher 
incidence of CAS as compared with the 1st tertile group [odds ratio (OR) 6.9, P = 0.001) and the 2nd tertile group (OR 3.2, 
P = 0.033) after adjustment for conventional CAS risk factors, respectively. The C index was significantly improved by the 
addition of XOR activity to the baseline model based on CAS risk factors. Furthermore, the 3rd tertile group had the high-
est incidence of severe spasm defined as total obstruction, flow-limiting stenosis, diffuse spasm, multivessel spasm, and/
or lethal arrhythmia. This is a first report to elucidate the association of plasma XOR activity with CAS. Increased plasma 
XOR activity is significantly associated with CAS.
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Introduction

Ischemic heart disease remains a major cause of morbidity 
and mortality [1]. Coronary artery spasm (CAS) is associ-
ated with the pathophysiological mechanism of ischemic 
heart disease, such as stable and unstable angina, acute 

myocardial infarction, and sudden cardiac death [2, 3]. 
Although the causes and mechanisms of CAS are multifac-
torial, endothelial dysfunction is considered to be one of the 
major underlying mechanisms [4, 5]. Reactive oxygen spe-
cies (ROS) is thought to contribute to endothelial dysfunc-
tion [6]. It has been demonstrated that increased serum lev-
els of uric acid (UA) cause endothelial dysfunction through 
the generation of ROS [7]. Xanthine oxidoreductase (XOR), 
a rate-limiting enzyme of purine metabolism, catalyzes the 
oxidation of hypoxanthine to xanthine and of xanthine to 
UA, and also generates the ROS [8, 9]. Although it has been 
reported that serum UA was an independent risk factor for 
CAS [10], it remains to be determined whether plasma XOR 
activity is associated with the incidence of CAS. The aim 
of this study was to assess the relationship of plasma XOR 
activity with CAS.
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Materials and methods

Study subjects

The present study enrolled 107 consecutive patients sus-
pected for CAS, who presented with resting chest pain at 
midnight or early in the morning, who had no significant 
coronary artery stenosis and underwent coronary angiog-
raphy with acetylcholine (Ach)-provocation test between 
June 2008 and October 2016. We defined significant coro-
nary artery stenosis as ≥ 50% diameter narrowing by coro-
nary angiography. We excluded 3 patients who had been 
administered with XOR inhibitors. A total of 104 eligible 
patients were included for analysis. The major coronary risk 
factors, including hypertension, dyslipidemia, diabetes mel-
litus, body mass index (BMI), and smoking were assessed. 
Smoking included both current and past smokers. Medica-
tions, including angiotensin-converting enzyme inhibitors/
angiotensin II receptor blockers (ACEIs/ARBs), calcium-
channel blockers (CCBs), statins, antiplatelet drugs, nitrates, 
and nicorandils were investigated before diagnosis of CAS 
by Ach-provocation test. Baseline data were obtained on the 
basis of medical records or history of medical therapy. The 
study protocol was approved by the Yamagata University 
Ethics Committee and all patients provided their written 
informed consent.

Induction of coronary spasm

Coronary angiography with Ach-provocation test was per-
formed according to the CAS guideline by the Japanese Cir-
culation Society [11]. The administration of CCBs, nitrates, 
nicorandils, and other vasoactive drugs was withdrawn for 
at least three days before performing the Ach-provocation 
test. Provoked CAS was defined as a reduction of at least 
90 percent of luminal diameter narrowing with accompany-
ing symptoms of chest pain and/or ischemic ST-segment 
changes on the electrocardiogram as compared with that 
following administration of intracoronary nitrates. Further-
more, we classified the patients with CAS into moderate 
spasm and severe spasm. Severe spasm was defined as total 
obstruction, flow-limiting stenosis, diffuse spasm, multives-
sel spasm, and/or onset of lethal arrhythmia, such as ven-
tricular fibrillation and complete atrioventricular block.

XOR activity assay

Blood samples were collected in the early morning before 
coronary angiography with Ach-provocation test. XOR 
activity assay was performed using stable isotope-labeled 
substrate and liquid chromatography–triple quadrupole 

mass spectrometry (Sanwa Kagaku Kenkyusho Co., Ltd, 
Japan) [12]. We divided the patients into tertiles according 
to XOR activity: low XOR group (26.3 pmol/h/mL, inter-
quartile range (IQR) 15.6–28.7, n = 34), middle XOR group 
(43.4 pmol/h/mL, IQR 37.2–51.0, n = 35), high XOR group 
(123.0 pmol/h/mL, IQR 72.2–158.0, n = 35). We compared 
the presentation of coronary risk factors, cardiac function, 
the serum markers, and medications among the three groups.

Statistical analysis

The results are expressed as the mean ± standard deviation 
for continuous variables and percentages for categorical 
variables. Skewed values are presented as the median and 
IQR. Correlation between XOR activity and UA was ana-
lyzed by single linear regression analysis. We used t tests 
and Chi-square tests to compare continuous and categorical 
variables, respectively. If the data were not normally distrib-
uted, the Mann–Whitney U-test was employed. Differences 
among groups were analyzed by analysis of variance. Com-
parison of plasma XOR activity among the three groups was 
performed by the Kruskal–Wallis test. Conventional CAS 
risk factors, including age, smoking, high-density lipopro-
tein cholesterol (HDL-C), low-density lipoprotein choles-
terol (LDL-C), UA, and high-sensitivity C-reactive protein 
(hs-CRP), were entered into a multivariate logistic model 
to identify independent CAS risk factors [5, 10, 13]. We 
calculated the C index, net reclassification index (NRI), and 
integrated discrimination index (IDI) to measure the qual-
ity of improvement for correct reclassification following the 
addition of XOR activity to the conventional risk model. A 
P value of < 0.05 was considered statistically significant. All 
statistical analyses were performed with a standard software 
package (JMP version 12; SAS Institute, Cary, NC, USA).

Results

Comparison of clinical characteristics 
among the XOR groups

Table 1 shows baseline characteristics according to the XOR 
groups. The high XOR group had the highest plasma levels 
of triglycerides and UA among the three groups. The high 
XOR group was younger with often more males as compared 
with the other groups. There were no significant differences 
in the prevalence rates of hypertension, dyslipidemia, diabe-
tes mellitus and cigarette smoking, left ventricular end-dias-
tolic diameter, and left ventricular ejection fraction among 
the three groups. There were positive correlations between 
the plasma XOR activity and the levels of UA (r = 0.212, 
P = 0.031) and triglycerides (r = 0.217, P = 0.028), and 
negative correlation between the XOR activity and age 
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(r = − 0.197, P = 0.045), respectively (Fig. 1). The use rate 
of CCBs was the lowest in the low XOR group.

Association between the XOR activity and coronary 
artery spasm

CAS was provoked in 44 patients and they had signifi-
cantly higher XOR activity as compared with those with-
out CAS (Fig. 2). Univariate and multivariate logistic 
regression analyses were performed to assess factors pre-
dicting the incidence of CAS (Table 2). In the univariate 

analysis, only the plasma XOR activity was associated 
with the incidence of CAS. Conventional CAS risk factors, 
such as smoking, UA, and hs-CRP, were not associated 
with the incidence of CAS. Male gender and low HDL-C 
tended to be associated with CAS, but the difference did 
not reach statistical significance. Multivariate analysis 
revealed that XOR activity was associated with CAS after 
adjustment for conventional CAS risk factors. The high 
XOR group was associated with the highest risk of CAS 
after adjustment for conventional CAS risk factors (Fig. 3).

Table 1   Comparison of clinical 
characteristics among the three 
groups based on XOR activity

Data are expressed as mean ± SD, number (percentage), or median (interquartile range)
ACEIs angiotensin-converting enzyme inhibitors, ARBs, angiotensin II receptor blockers, BMI body mass 
index, BNP B-type natriuretic peptide, CCBs calcium-channel blockers, eGFR estimated glomerular filtra-
tion rate, HbA1c hemoglobin A1c, HDL-C high-density lipoprotein cholesterol, hs-CRP high-sensitivity 
C-reactive protein, LDL-C low-density lipoprotein cholesterol, LVEDD left ventricular end-diastolic diam-
eter, LVEF left ventricular ejection fraction, NAG N-acetyl-beta-d-glucosamidase, UA uric acid, UACR​ 
urine albumin/creatinine ratio, XOR xanthine oxidoreductase

Variables Low XOR
n = 34

Middle XOR
n = 35

High XOR
n = 35

P value

Age (years old) 67 ± 11 64 ± 10 60 ± 14 0.046
Men/women 8/26 20/15 28/7 < 0.001
BMI (kg/m2) 23.0 ± 3.5 24.1 ± 3.5 24.2 ± 3.8 0.373
Hypertension, n (%) 18 (53) 21 (60) 20 (57) 0.838
Dyslipidemia, n (%) 16 (47) 10 (29) 14 (20) 0.275
Diabetes mellitus, n (%) 3 (9) 2 (6) 4 (11) 0.689
Smoking, n (%) 12 (35) 20 (57) 15 (43) 0.178
Echocardiographic data
 LVEDD (mm) 47 ± 6 48 ± 5 49 ± 6 0.271
 LVEF (%) 68 ± 10 68 ± 6 65 ± 11 0.479

Blood examination
 Triglycerides (mg/dL) 102.5 (77.5–111.0) 111.5 (74.8–172.3) 150.0 (93.0–205.0) 0.005
 LDL-C (mg/dL) 109.7 ± 26.3 102.5 ± 25.5 112.7 ± 29.2 0.283
 HDL-C (mg/dL) 61.2 ± 19.3 55.5 ± 12.3 53.4 ± 11.9 0.081
 HbA1c (%) 5.5 ± 0.4 5.7 ± 0.9 5.6 ± 0.6 0.480
 eGFR (mL/min/1.73 m2) 75.4 ± 16.1 80.0 ± 18.6 78.7 ± 21.7 0.597
 UA (mg/dL) 4.7 ± 1.3 5.5 ± 1.1 5.8 ± 1.4 0.001
 hs-CRP (mg/dL) 0.035 (0.019–0.093) 0.040 (0.018–0.125) 0.060 (0.027–0.131) 0.854
 Log BNP (pg/mL) 1.4 ± 0.4 1.3 ± 0.4 1.3 ± 0.5 0.546

Urinalysis
 UACR (mg/g) 7.8 (5.4–12.6) 9.7 (5.6–19.6) 5.0 (4.3–9.7) 0.144
 Proteinuria (%) 5 (15) 6 (17) 2 (6) 0.277
 NAG (U/g) 5.7 (4.5-7.5) 5.1 (4.1-8.7) 5.3 (4.0-7.4) 0.858
 Urine pH 6.3 ± 0.7 6.0 ± 0.5 6.3 ± 0.8 0.207

Medications
 ACEIs and/or ARBs, n (%) 9 (26) 8 (23) 10 (29) 0.858
 CCBs, n (%) 8 (24) 20 (57) 18 (51) 0.009
 Statins, n (%) 9 (26) 8 (23) 8 (23) 0.922
 Antiplatelet drugs, n (%) 14 (41) 10 (29) 9 (26) 0.348
 Nitrates, n (%) 2 (6) 9 (26) 6 (17) 0.065
 Nicorandils, n (%) 3 (9) 8 (23) 6 (18) 0.264
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Increase in severity of CAS in accordance 
with an increase in XOR activity

There were 27 (26%) patients who were provoked for 
severe spasm. The plasma XOR activity was increased 
with a severity of CAS. The severe spasm patients had 
the highest plasma XOR activity among the three sever-
ity groups: non-spasm (36.2 pmol/h/mL, IQR 27.4–53.0), 
moderate spasm (51.8 pmol/h/mL, IQR 33.7–95.0), severe 
spasm (101.0 pmol/h/mL, IQR 37.2–147.0), respectively 
(P < 0.001). The proportion of the high XOR group was 
increased in parallel to an increase in severity of CAS, 
while the proportion of the low XOR group was decreased 
(Fig. 4). Representative cases documenting CAS, includ-
ing the moderate spasm and the severe spasm, by Ach-
provocation test are shown in Fig. 5.

Improvement of reclassification by adding XOR 
activity

We evaluated the improvement of C index, NRI, and IDI to 
examine whether model fit and discrimination are improved 
by adding the XOR activity to the basic predictors, such as 
age, smoking, HDL-C, LDL-C, UA, and hs-CRP. As shown 
in Fig. 6, the C index was significantly improved by the 
addition of XOR activity to the basic predictors. Both NRI 
and IDI were also significantly improved by the addition of 
XOR activity to the basic predictors (NRI 0.612; 95% confi-
dence interval, 0.237–0.986; P = 0.001 and IDI, 0.098; 95% 
confidence interval, 0.040–0.156; P = 0.001, respectively).

Discussion

Main findings

The main findings of this study were as follows: (1) high 
XOR activity was an independent risk for CAS after adjust-
ment for conventional risk factors; (2) high XOR activity 
was associated with severity of CAS; (3) the prediction 
model including XOR activity had an improved C index, 
NRI and IDI.

The impact of XOR activity on coronary artery spasm

In the present study, a significant association between con-
ventional CAS risk factors, including UA, and the incidence 
of CAS was not observed; however, the plasma XOR activity 
was an independent risk factor for the incidence of CAS. 
Furthermore, the present study showed that higher XOR 
activity was related to spasm severity.

It has been reported that elevated serum UA was related 
to metabolic syndrome, hypertension, diabetes mellitus, dys-
lipidemia, and renal dysfunction [14]. In addition to this, 

Fig. 1   The correlation between plasma XOR activity, age, triglycerides and serum UA. The correlation between plasma XOR activity and age 
(a), triglycerides (b) and serum UA (c). XOR xanthine oxidoreductase, UA uric acid

Fig. 2   The comparison of plasma XOR activity between the patients 
with CAS and those without. XOR xanthine oxidoreductase, CAS cor-
onary artery spasm
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many previous studies have shown that hyperuricemia can 
contribute to impaired endothelial function and to increased 
risk of cardiovascular disease [15, 16]. Although it was 
reported that hyperuricemia was associated with CAS [10], 
there was no significant association between serum UA and 

CAS in this study. Since UA can provide an antioxidative 
effect and be protective against oxidative stress, the role of 
UA in cardiovascular disease is still controversial [17].

Interestingly, there were significant gender differences 
in relation to XOR activity. Among the patients without 
CAS, male patients had significantly higher XOR activity 
[51.7 (IQR 38.2–68.8) pmol/h/mL vs. 29.2 (IQR 22.4–36.9) 
pmol/h/mL, P = 0.001], while there were no significant 
gender differences in the patients with CAS [66.0 (IQR 
39.2–126.8) pmol/h/mL vs. 52.6 (IQR 24.7–155.8) pmol/h/
mL, P = 0.574]. When considering this, the association 
between XOR activity and CAS might be stronger in female 
patients than in male patients.

Pathophysiological role of XOR in the vascular 
function

XOR pathways are one of the major ROS-generating sys-
tems in the vascular vessels. XOR is present in two inter-
convertible forms, namely, xanthine dehydrogenase (XDH) 
and xanthine oxidase (XO). XDH uses nicotinamide ade-
nine dinucleotide as an electron acceptor; however, XO 
uses molecular oxygen, which is accompanied with the 

Table 2   Univariate and 
multivariate logistic regression 
analyses for predicting the 
incidence of CAS

BMI body mass index, BNP B-type natriuretic peptide, CAS coronary artery spasm, CI confidence interval, 
eGFR estimated glomerular filtration rate, HbA1c hemoglobin A1c, HDL-C high-density lipoprotein cho-
lesterol, hs-CRP high-sensitivity C-reactive protein, LDL-C low-density lipoprotein cholesterol, LVEDD 
left ventricular end-diastolic diameter, LVEF left ventricular ejection fraction, UA uric acid, XOR xanthine 
oxidoreductase
a Per 1-year increase
b Per 1-SD increase

Variables Univariate analysis Multivariate analysis

OR 95% CI P value OR 95% CI P value

Agea 1.016 0.984–1.052 0.342 1.052 1.007–1.104 0.021
Male gender 2.000 0.909–4.500 0.085
BMIb 0.937 0.622–1.405 0.752
Hypertension 1.006 0.459–2.218 0.988
Dyslipidemia 1.667 0.750–3.737 0.210
Diabetes mellitus 0.361 0.052–1.584 0.186
Smoking 1.643 0.751–3.632 0.214 1.697 0.677–4.335 0.259
LVEDDb 0.689 0.398–1.136 0.147
LVEFb 0.969 0.593–1.601 0.900
Triglyceridesb 1.310 0.882–2.016 0.181
LDL-Cb 1.181 0.796–1.769 0.409 1.191 0.740–1.916 0.468
HDL-Cb 0.676 0.424–1.026 0.066 0.668 0.373–1.127 0.134
HbA1cb 0.962 0.628–1.429 0.849
eGFRb 0.868 0.569–1.290 0.488
UAb 1.354 0.911–2.053 0.135 1.106 0.655–1.906 0.707
XORb 3.630 1.741–8.904 < 0.001 4.341 1.860–12.768 < 0.001
hs-CRPb 1.367 0.914–2.182 0.130 1.380 0.863–2.252 0.176
Log BNPb 0.723 0.472–1.080 0.115

Fig. 3   Association between the plasma XOR activity and the inci-
dence of CAS. Odds ratios relative to the first tertile are shown. XOR 
xanthine oxidoreductase, CAS coronary artery spasm
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generation of superoxide anion (O2
−) [18]. In physiologi-

cal conditions, XOR exists in its XDH form in the vascular 
endothelial cells [19, 20]. XDH can be converted to XO by 
reversible sulfhydryl oxidation or by irreversible proteolytic 
modification [21].

In coronary arteries, endothelial nitric oxide (NO) plays 
a pivotal role in maintaining a basal tone [22]. O2

− is one 
of the major species of ROS and is thought to contribute to 
impaired endothelium-dependent vasodilation in coronary 
artery [23]. Besides inactivating endothelial NO, O2

− can 
convert NO into peroxynitrate (ONOO−), which is more 
cytotoxic and damages vascular endothelium [6]. Further-
more, O2

− can contribute to uncoupling of endothelial NO 
synthase (eNOS), which produces O2

− at the expense of NO 
[21]. ONOO− is a highly reactive species and generates a 
strong oxidant capable of oxidizing sulfhydryl groups [24]. 
ONOO− facilitates converting endothelial XDH into XO, 
increasing ROS generation in the endothelial cells, which 

causes endothelial dysfunction. Conversely, XOR inhibition 
was reported to improve endothelial function [25]. There-
fore, it is plausible that XOR-derived ROS can contribute to 
the incidence of CAS via endothelial dysfunction.

It has been reported that the CAS risk factor is distinct 
from that of coronary atherosclerotic stenosis, and the pre-
dilection sites are different in CAS and coronary athero-
sclerosis [26, 27]. On the other hand, it was reported that 
focal CAS is likely to occur at the sites of early stages of 
atherosclerosis [28]. Furthermore, the study using intravas-
cular ultrasound showed that atherosclerosis is present at the 
site of focal CAS, even in the absence of angiographically 
organic stenosis [29].

It has been demonstrated that XOR activity is correlated 
with hypertension, hypercholesterolemia, diabetes melli-
tus, obesity, and cigarette smoking [30]. The present study 
showed the positive correlation between plasma XOR activ-
ity and triglycerides. Considering the high XOR expression 

Fig. 4   Association between 
XOR activity and severity of 
CAS. XOR xanthine oxidore-
ductase, CAS coronary artery 
spasm

Fig. 5   Representative cases 
documenting CAS by ace-
tylcholine provocation test. a 
non-spasm, b moderate spasm, 
c severe spasm. CAS coronary 
artery spasm, ISDN isosorbide 
dinitrate
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and activity in obese adipose tissues [31], the mechanism of 
focal CAS at the site of organic stenosis might be involved in 
XOR activity. In addition to this, it was reported that XOR 
activity and quantity of UA increased in the endothelial and 
smooth muscle cells in atherosclerotic plaque [32]. Accord-
ingly, an increase of XOR activity in atherosclerotic lesions 
can cause endothelial dysfunction through decreasing 
endothelial NO production, which might lead to incidence 
of focal CAS at the site of the atherosclerosis lesion.

In addition, CAS can be induced by smooth muscle cell 
hypercontractility [5]. It has been reported that Rho/Rho 
kinase pathway plays an important role in vascular smooth 
muscle cell contraction and a Rho-kinase inhibitor is effec-
tive for the treatment for CAS [33]. Previous studies have 
shown that XOR-derived ROS can induce arterial smooth 
muscle cell proliferation and migration, and can trigger 
vasoconstriction by the up-regulation of the renin-angio-
tensin system [30].

Clinical implications

In spite of several medical treatments for CAS, including 
CCBs, nitrates, and nicorandils, it is noted that drug-refrac-
tory CAS exists in approximately 20% of patients with CAS, 
which can trigger various critical cardiac events, such as 
acute myocardial infarction, fatal arrhythmia and sudden 
death [34].

Allopurinol, a xanthine oxidase inhibitor, has been 
reported to improve not only hyperuricemia but also the 
impaired endothelial NO production by reducing vascular 

oxidative stress [25, 35]. Taking our results into considera-
tion, XOR inhibitors could have beneficial effects in sup-
pressing CAS.

To the best of our knowledge, this is the first report that 
elucidates the association of plasma XOR activity with the 
incidence of CAS. The results of the present study suggest 
that XOR plays an important role in the mechanism of CAS. 
There is the possibility that XOR could be a biomarker for 
predicting high-risk CAS. Further studies are needed to elu-
cidate whether XOR inhibitors are effective or not for the 
treatment of CAS.

Study limitations

The present study had several limitations. First, as this was 
an observational study, we could not evaluate the cause-
effect relationship between plasma XOR activity and CAS. 
Second, since we did not assess coronary artery endothelial 
function, we could not determine the association between 
endothelial dysfunction and CAS. Third, there was racial 
bias that the prevalence of CAS is higher in Japanese than in 
Caucasians. Finally, the study subjects were relatively small 
in the present investigation.

Conclusions

The present study demonstrated that increased plasma XOR 
activity is significantly associated with the incidence of 
CAS.
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