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1The University of Adelaide

April 28, 2020

Abstract

Background and purpose: The pathophysiology of coronary artery spasm ( CAS), with its associated ischaemic crises, is

currently poorly understood, and treatment is frequently ineffective. In view of increasing evidence that platelet- platelet

based defects may occur in CAS patients,. we investigated platelet reactivity in CAS patients and whether symptomatic crises

reflect activation of platelet-endothelial interactions. Experimental approach: CAS patients were evaluated during acute and/or

chronic symptomatic phases, and compared with healthy control subjects. Inhibition of platelet aggregation with ADP by the

nitric oxide (NO) donor sodium nitroprusside (SNP), . and plasma levels of syndecan-1 (glycocalyx shedding marker), tryptase

(mast cell activation marker), and platelet microparticles were measured. Key Results: Inhibition of aggregation by SNP was

impaired in chronic CAS, and tended to deteriorate further during symptomatic crises, while plasma levels of syndecan-1,

tryptase and platelet microparticles increased. Infusion of high dose N-acetylcysteine (NAC) plus glyceryl trinitrate rapidly

restored platelet responsiveness to SNP and decreased plasma syndecan-1 levels. The effect of NAC on platelet responsiveness

to SNP was mimicked in vitro by the H2S donor NaHS. Conversely, inhibition of enzymatic release of H2S attenuated NAC

effect. Conclusion and Implications: CAS is associated with substantial impairment of platelet NO signaling. During acute

symptomatic exacerbations, platelet resistance to NO is aggravated, together with mast cell activation and damage to both

vasculature and platelets. NAC reverses platelet resistance to NO via release of H2S, and reverses glycocalyx shedding during

symptomatic crises: this suggests that H2S donors may correct the pathophysiological anomalies underlying CAS.

Abbreviations:

ACh = acetylcholine

ADP=adenosine diphosphate

AOAA= aminooxacetic acid

CAS= coronary artery spasm

CSFP= coronary slow flow phenomenon

GTN = glyceryl trinitrate

H2 S = hydrogen sulphide

MDA= malondialdehyde

NAC =N-acetylcysteine

NO= nitric oxide

PA = Prinzmetal’s Angina
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PMP = platelet microparticle(s)

SD-1 = syndecan-1

SGC =soluble guanylate cyclase

SNP = sodium nitroprusside

TIMI = thrombolysis in myocardial infarction

1. Introduction

Coronary artery spasm (CAS, variant angina) comprises both Prinzmetal’s angina (PA: predominantly large
vessel vasospasm) (Prinzmetal et al. , 1959) and the coronary slow flow phenomenon (CSFP: predominantly
small coronary artery spasm) (Beltrame et al. , 2003). Both of these disorders are characterized by cyclic
fluctuation of symptoms, irrespective of treatment status (Waters et al. , 1983; Sakata et al. , 1996;
Kopetz et al. , 2012) and a poor symptomatic response to treatment with sublingual nitrates (Ninomiya
et al. , 2008; Morikawa et al. , 2010). CAS occurs frequently, but represents an ongoing clinical challenge
both diagnostically and therapeutically (Teragawa et al. , 2018). These difficulties are compounded by
incomplete understanding of the pathogenesis of CAS and of its typically cyclical symptomatic course.
Previous investigations have generally focused on potential anomalies in vascular reactivity. Although it has
always been assumed that the pathogenesis of CAS relates primarily to increased constrictor stimulation
and/or responsiveness of coronary vascular smooth muscle, prophylactic treatment with L-channel calcium
antagonists (to diminish responses to vasoconstrictor stimuli) has yielded only limited symptomatic benefit
(Picard et al. , 2019).

Recently, there have been a number of reports suggesting that pathogenesis of CAS may extend beyond
vascular reactivity and be associated with coronary plaque erosion (Shin et al. , 2015) with associated platelet
aggregation and frank thrombosis at sites of such fissures and elsewhere within the coronary circulation in
CAS patients. Furthermore, a number of studies provided evidence of increased platelet activation and
release of platelet-derived vasoactive substances such as β-thromboglobulin (Ogasawara et al. , 1986), 5-
hydroxytryptamine (Murakami et al. , 1998), and thromboxane A2 (Lewyet al. , 1979; Robertson et al. ,
1980; Hamm et al. , 1987) detected increased concentrations of platelet aggregates in the coronary venous
circulation during symptomatic exacerbations of CAS, without evidence of this phenomenon within the
systemic circulation. However, (Miyamoto et al. , 2000)(were able to detect release of platelet aggregates
into the systemic venous circulation following induction of coronary spasm in the cardiac catheterization
laboratory with acetylcholine (ACh) provocation. Interestingly, in a wider context, it has recently been shown
that activation of platelets can induce interleukin 1β- dependent activation of endothelial cells, indicating
apotentially primary role for platelets in the pathogenesis of cardiovascular disease crises (Nheket al. , 2017).

Furthermore, associations have been established between CAS and Kounis syndrome (Kounis et al. , 1991),
which involves episodic mast cell and platelet activation. Correspondingly, (Forman et al. , 1985) demon-
strated that a coronary artery of a CAS patient who had died following an attack was focally infiltrated with
adventitial mast cells.

There is also evidence that CAS per se is associated with more extensive inflammatory activation, although
the precise mechanisms whereby inflammation induces spasm remain uncertain (Picard et al. , 2019).
Systemic inflammatory markers, including C-reactive protein and white blood cell count, were shown by
(Ong et al. , 2015b) to be elevated during acute presentation of CAS.

CAS may be engendered in part by impairment of local or systemic generation of, and/or responsiveness
to, nitric oxide (NO), which is also the active metabolite of glyceryl trinitrate (GTN). Indeed, the “gold
standard” for definitive diagnosis of CAS requires diagnostic coronary injection of acetylcholine (ACh): the
induction of vasospasm with ACh implies a net vasoconstrictor effect, despite the NO-releasing effect of ACh.
In a murine model of coronary artery spasm, coronary vasodilator effects of ACh changed (reversibly) to
constrictor responses in the presence of thiol oxidation (Yamadaet al. , 2013), suggesting that oxidation of SH

2



P
os

te
d

on
A

u
th

or
ea

1
A

p
r

20
20

—
C

C
B

Y
4.

0
—

h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
58

57
5
91

5.
58

58
46

65
—

T
h
is

a
p
re

p
ri

n
t

an
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

at
a

m
ay

b
e

p
re

li
m

in
ar

y.

groups on the soluble guanylate cyclase (sGC) molecule might be critically important as a CAS precipitant.
Further, inherited defects of endogenous NO generation from endothelial NO synthase (NOS) have also been
implicated as potential causes of CAS (Closs et al. , 2012).

One potential link between inflammatory activation and impaired NO signaling would be inflammatory
induction of NO resistance , or diminished end-organ responsiveness to NO, including its vasodilator, anti-
aggregatory and anti-inflammatory actions (Chirkov et al. , 2001; Willoughby et al. , 2005; Chirkov et
al. , 2007; Willoughby et al. , 2012). We have previously shown that NO resistance is present in platelets
from patients with both stable and unstable angina pectoris (Chirkov et al. , 2001), and that NO resistance
may reflect increased “scavenging” of NO and/or partial inactivation of its intracellular “receptor” soluble
guanylate cyclase (sGC) (Chirkov et al. , 2007) . Evaluation of the anti-aggegatory effects of NO represents
the most convenient method for assessing responsiveness to NO in humans, and has been utilized extensively
by us to explore determinants of the presence, extent and prognostic significance (Willoughby et al. , 2005)
of NO resistance, and strategies to either ameliorate or circumvent the problem (Chirkov et al. , 2007;
Willoughby et al. , 2012).

We now report the results of an investigation into the mechanisms underlying CAS, in both its chronic
phases and during acute exacerbations, focusing on the hypotheses that CAS is engendered, at least in
part, by impairment of endogenous anti-aggregatory mechanisms, and that these anomalies are exacerbated
during symptomatic crises. The results provide evidence to support this hypothesis, shed light on the
possibility that abnormal platelet-endothelial interactions are central to the pathogenesis of CAS, delineate
the molecular mechanisms underlying both occurrence and exacerbations of CAS, and provide bases for
potential therapeutic amelioration of the condition.

2. Methods

2.1 Patients and control subjects: selection

The investigation compared patients with known CAS, either due to underlying large vessel spasm (PA; n =
39) or to the CSFP (n = 24). In all cases this diagnosis was made at coronary angiography, which showed
the absence of haemodynamically significant stenoses in epicardial coronary arteries plus either:-

(a) Inducible coronary artery spasm with intracoronary injection of 25 to 100 μg of ACh, with a positive test
being defined on the basis of a > 75% reduction in luminal diameter (either focal or diffuse) together with
onset of chest pain (Ong et al. , 2012)

or (b) Presence of CSFP, defined as TIMI-2 flow in at least one major epicardial vessel (Beltrame et al. ,
2002; Beltrame et al. , 2003).

All patients (n = 63) were subjected to elective peripheral venous blood sampling during chronic treatment
of their angina. However, in 16 cases, sampling was also performed during presentation to hospital with
prolonged pain, implying the onset of an acute exacerbation. In such cases, blood samples were taken
before initiation of emergency treatment measures, 2-12 hours thereafter, and 2 -6 weeks post resolution of
symptoms, in order to compare these 3 phases of the disease process.

Treatment during the acute phase of the disease consisted of the intravenous infusion of GTN at the low
rate of 2.5μg/min, utilizing non-adsorptive tubing, together with N-acetylcysteine (NAC, 10 g per 24 hours),
which has been shown to potentiate the vasodilator (Horowitz et al. , 1983) and anti-aggregatory (Loscalzo,
1985) effects of NTG, and which has been shown to suppress cyclical coronary vasoconstriction and associated
phasic platelet aggregation in a canine model of coronary artery spasm (Foltset al. , 1991).

Healthy control subjects (n= 31) were recruited by advertisement. Clinical characteristics of patients and
control subjects are summarized in the Table.

In patients undergoing coronary angiography, blood sample collection was carried out at least 20 minutes
post contrast injection. Blood was taken by venesection into plastic tubes containing1:10 volume of citrate
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anticoagulant (2 parts of 0.1 M citric acid to 3 parts of 0.1 M trisodium citrate, pH 5) for platelet aggregation
studies, and into EDTA Vacutainer tubes for plasma syndecan-1 and tryptase assays.

All human studies were performed in accordance with the Declaration of Helsinki. The study was approved
by the Institutional Human Research and Ethics Committee, and informed consent was obtained from all
subjects.

2.2 Platelet aggregometry

Aggregation in whole blood was examined utilizing a 4-channel Model 700 impedance aggregometer (Chrono-
Log, Havertown, Pennsylvania, USA) according to the manufacturer’s specifications, and the experimental
protocol applied was as described by us previously (Nooney et al. , 2015). In brief, tests were performed at
37°C and a stirring speed of 900 rpm. Blood samples were diluted two-fold with normal saline (final volume 1
mL) and pre-warmed for 5 min at 37°C. Aggregation was induced with ADP (final concentration of 2.5 μM).
The NO donor sodium nitroprusside (SNP, 10 μM) was added to samples 1 min before ADP. Aggregation
was monitored continually for 7 min, and responses were recorded for electrical impedance in ohms. Results
obtained from aggregometry assays with respect to responses to SNP were evaluated as a percentage of the
extent of maximal aggregation in the presence and absence of SNP, and reported as percent inhibition of
aggregation. For in vitro experiments examining effects of hydrogen sulphide (H2S) on anti-aggregatory
responses to SNP , NAC and the H2S donor NaHS were added 15 minutes and 2 minutes, respectively,
prior to ADP. Inhibitors of H2S formation [aminooxyacetic acid (AOAA, 0.5 mM) and D,L-propargylglycine
(PAG, 3.3 mM)] were pre-incubated with blood samples for 15 minutes prior to ADP.

2.3 Syndecan-1 assay:

Plasma concentrations of the glycocalyx component syndecan-1 (SD-1), a marker of glycocalyx shedding
activated by acute inflammation (Mulivor et al. , 2004; Nieuwdorp et al. , 2006) , were determined by
ELISA (Abcam biotechnology, UK). Assay was performed according to the manufacturer’s instructions.
Briefly, standards and samples were prepared and were pipetted into a 96- well plate coated with primary
antibody for SD-1. The plate was incubated at room temperature for 60 min on a mechanical shaker
followed by a wash step and addition of the enzyme streptavidin-HRP. Finally, a color-forming substrate
for that enzyme was added in each well and incubated again for 15min in the dark, then absorbance was
assessed using a spectrophotometer (Bio-Rad, USA) at 450nm wavelength.

2.4 Plasma tryptase assay:

Total plasma tryptase assay was carried out in plasma samples collected from patients in both acute and
chronic phases of CAS. Samples were analyzed by SA Pathology (Adelaide, Australia) utilizing UniCAP
tryptase assay (Pharmacia Diagnostics, Uppsala, Sweden), via a fluorescence enzyme immunoassay protocol.

2.5 Platelet microparticles (PMP):

Plasma concentrations of PMP (Siljander, 2011) were assayed in both stable CAS and during symptomatic
crises, and compared with concentrations in control subjects.

Blood (8ml) was collected into citrate-containing cell preparation tubes (CPT Vacutainer, Becton Dickinson),
centrifuged at room temperature at 1700g for 30 minutes and the supernatant diluted with an equal volume
of phosphate buffered saline (PBS) and re-centrifuged multiple times (10mins @500g, 2mins@10000g and
finally 45mins @17000g) to isolate a microparticle pellet, as previously described (Pope et al. , 2016). After
re-suspension (1ml PBS containing 1% fetal calf serum, 2.5mM calcium), microparticles were incubated
with Fc blocking agent for 10 minutes (0.1ml; Miltenyi Biotec). Aliquots (0.1ml) were then incubated
with fluorescently labelled antibodies (BV421-Annexin V (5μl), APC-CD41 (20μl); Becton Dickinson) for
30 minutes at room temperature before addition of counting beads (25μl Accucount blank particles [8.0-
12.9μm]; Spherotec) and analyzed via flow cytometry (BD FACS Canto II, Becton Dickinson). Sizing and
specificity controls were used to identify populations of microparticles (1 μm) positive for Annexin V and
platelet microparticles (CD41) staining.
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2.6 Oxidative stress evaluation:

Malondialdehyde (MDA) concentrations in plasma were utilized as indices of systemic oxidative stress, and
quantified by liquid chromatography-tandem mass spectrometry (LC-MS/MS).

2.7 Statistical methodology.

Data were presented as mean values with standard error of mean, or median with interquartile ranges for
non-Gaussian data. Unless otherwise stated, one way ANOVA was utilized to assess the differences in
distribution among groups with quantitative dependent variables and the Chi-square test for categorical
variables. Differences in platelet anti-aggregatory responses to SNP between control subjects and patients
were evaluated using ANOVA followed by Bonferroni test, and the measured differences within the patients’
blood/plasma samples during acute and chronic or acute and post-NAC phases were assessed by Student’s
paired t-test. Data comparisons for SD-1 concentrations (acute, with/without NTG/NAC therapy and
chronic) and control subjects also utilized ANOVA with post-hoc specific comparisons (Bonferroni test) or
Student’s paired t-test as appropriate. All tests were 2-tailed and data were expressed as mean ± SEM, unless
otherwise stated; p values [?] 0.05 were considered statistically significant. Data analyses were performed
using SPSS 23 version software.

3. Results

3.1 Patient/control subject characteristics

In general, this was a middle-aged group of individuals, as summarized in the Table: Patients and control
subjects were of similar ages, with a small majority of females. Patients were more likely than control subjects
to have histories of hypertension and hyperlipidemia. Patients were typically evaluated during treatment
with L-channel calcium antagonists for prophylaxis of angina pectoris. Demographics (data not shown) did
not vary significantly according to the type of CAS (PA versus CSFP).

3.2 Platelet reactivity during quiescent (“chronic”) phase: CAS patients exhibit hyper-reactivity and im-
paired responses to SNP

Stable CAS patients exhibited significantly greater aggregability to ADP than control subjects: - mean
responses were 8.7 +- 0.3 vs 6.5 +- 0.3 ohms (p < 0.0001). Conversely, there was substantial hypo-
responsiveness to SNP. Mean inhibition of ADP-induced platelet aggregation by SNP was 15.7 +- 1.8 vs.
32.6 +- 3.9% in patients and control subjects respectively (p < 0.0001; Fig. 1 ).

However, both pro-aggregatory and anti-aggregatory effects did not vary significantly according to the type
of CAS diagnosed at coronary angiography. Responses to ADP were 8.9 +- 0.3 and 8.3 +- 0.5 ohms for PA
versus CSFP respectively (p = NS), and anti-aggregatory effects of SNP, compared in Fig.1 , were virtually
identical.

3.3 Acute exacerbation of symptoms is associated with further impairment of NO/sGC sig-
naling.

Evaluation of putative changes in aggregability and responses to SNP between chronic and acute (pre-NAC
treatment) phases was made via paired analyses (n = 14; Fig. 2 ). There was a trend (p = 0.06) towards
decline in responses to SNP during acute phases of CAS.

3.3 Plasma syndecan-1 and tryptase concentrations increase during acute symptomatic crises

We next evaluated potential differences between plasma SD-1 and tryptase concentrations during the acute
phase of CAS and those in control subjects, in order to determine whether endothelial glycocalyx shedding
was activated, and whether mast cell activation might play a role in this process. During acute exacerbations,
SD-1 plasma concentrations were four-fold higher (p < 0.0001) than those in control subjects, and also
substantially higher than those seen in the same patients during clinically quiescent periods (p < 0.0001)
(Fig. 3A) .
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In view of previous evidence linking activation of mast cells with CAS (Forman et al. , 1985; Kounis et al.
, 1991), we measured tryptase concentrations in plasma samples from the same patients during chronic and
acute phases of CAS. There was a small but consistent increase in plasma tryptase concentrations during
acute phases (n = 10; p = 0.03, Fig. 3B ).

However, plasma concentrations of MDA, an index of systemic oxidative stress, did not vary significantly
between control subjects (n = 9; 3.05 +- 0.06 μM) and patients during either chronic (3.24 ± 0.15μM) or
acute (3.09 ± 0.15 μM) phases of CAS (n = 9 for each phase).

3.4 Symptomatic crises in CAS patients are associated with formation of PMPs.

PMPs (also known as microvesicles) are particles of less than 1μm diameter which are split from platelet
cell membranes under conditions of platelet activation or apoptosis, and interact with vascular endothelium
to modulate both inflammatory changes and eventual (Pope et al. , 2016; Rosinska et al. , 2017). In our
experiments (Fig. 4 ), plasma PMP content varied according to group of subjects/patients (ANOVA: p =
0.03), and increased significantly (p = 0.02, Bonferroni post hoc test) among patients evaluated during the
acute phase of CAS (Fig. 4 ).

3.5 GTN/NAC infusion reverses both platelet resistance to NO and SD-1 release during acute
phases of CAS.

Anti-aggregatory effects of SNP were studied in whole blood samples obtained from CAS patients in acute
crises, before and during (2-12 hrs) GTN/NAC intravenous infusion (Fig. 5 ). Following the initiation
of infusion of GTN/NAC, platelet aggregation in response to ADP decreased marginally from 10.6 ± 0.5
to 9.1 ± 0.5 ohms (p = 0.05). Furthermore, GTN/ NAC therapy significantly augmented anti-aggregatory
responses to SNP (n = 11; p = 0.003, Fig. 5A ).

There was a substantial fall in plasma SD-1 concentrations post onset of GTN/NAC treatment (n = 6; p =
0.002; Fig. 5B ).

3.6 Effects of NAC on SNP responses are mediated by formation of H2S

In vitro , in blood samples from patients with chronic CAS, NAC induced concentration-dependent poten-
tiation of the anti-aggregatory effects of SNP. Similar effects were more potently induced by the direct H2 S
donor NaHS (p < 0.01 for both) (Fig. 6 ).

We then assessed the potential impact of inhibitors of H2S formation [PAG (3.3mM) and AOAA (0.5mM)]
on NAC-induced potentiation of the anti-aggregatory effects of SNP . There was a significant diminution of
SNP effect, both with PAG (p = 0.0002) and with AOAA (p = 0.001: Fig. 7 )

4. Discussion

CAS remains a serious clinical problem because, despite recent progress including apparent improvement
in the diagnostic process (Elbadawi et al. , 2019), it remains under-diagnosed, its epidemiology is poorly
understood, there is no consensus as to its precise pathogenesis, and because the only well-validated pro-
phylactic treatment modality, that of calcium antagonists, yields only moderate symptomatic improvement.
The importance of constrictor hyperactivity, in general, to the pathophysiology of CAS, and its link to vas-
cular endothelial dysfunction, has recently been summarized (Ong et al. , 2015a) and is beyond dispute.
However, there is also increasing evidence that platelet-based impairment of circulatory homeostasis may be
involved (Robertson et al. , 1980; Ogasawara et al. , 1986; Murakami et al. , 1998). In the current study,
we investigated whether abnormal platelet reactivity is present in CAS patients and whether symptomatic
crises reflect platelet-endothelial interactions. In the current study, we sought to delineate the demographics
of patients with CAS, to understand its pathophysiology, and that of the episodic crises which characterize
the condition, and to identify a potential “screening test” for acute episodes (to distinguish such episodes
from “non-cardiac chest pain”).
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A central basis for our undertaking the current study was continuing uncertainty about the pathogenesis of
CAS, despite increasing evidence of vascular hyporesponsiveness to NO (Folts et al. , 1991; Yamada et al.
, 2013), inflammatory activation (Ong et al. , 2015b) (sometimes involving mast cell activation (Forman et
al. , 1985; Kounis et al. , 1991)), a tendency for intracoronary thrombi to be formed at sites of (ill-defined)
plaque “erosion” (Shin et al. , 2015), and potentially activation of platelet aggregation (Hamm et al. , 1987;
Miyamoto et al. , 2000).

In a series of ex vivo and in vitro experiments, we have now shown that patients with CAS have hyperaggre-
gable platelets which exhibit marked impairment of the anti-aggregatory effects of the NO donor SNP, even
during the chronic phases of the disorder. This finding almost certainly has parallels within coronary vascu-
lar smooth muscle, which represent the basis for the precipitation of CAS by intracoronary ACh injection
(Goto et al. , 1999) . Thus our findings provide a basis for regarding CAS as a combined, biochemically-
based disorder of NO signaling (rather than of NO generation in most cases), differentially affecting both
the coronary vasculature and circulating platelets in individual patients (Crea et al. , 2017). Importantly,
the current findings appear to apply equally for patients with macrovascular (PA) or microvascular (CSFP)
types of CAS.

Platelet aggregatory responses to ADP were greater, and their inhibition by SNP was impaired, in chronic
CAS patients relative to control subjects. During symptomatic crises, platelet responses to SNP tended to
decrease further, together with substantial release of SD-1 (implying acute damage to the vascular glyco-
calyx as a contributing factor incremental to endothelial dysfunction). The damaged glycocalyx provides
an environment favouring platelet adhesion/activation, with consequent release of pro-constrictor autacoids,
such as thromboxane A2 and serotonin, which in turn may contribute to coronary vasoconstriction. This is
accompanied by elevated plasma tryptase concentrations (implying mast cell activation) and formation of
PMPs, the most abundant type of circulating microparticles, the generation of which implies platelet acti-
vation and apoptosis (Rosinska et al. , 2017) . Overall, these data provide strong evidence that CAS crises
are associated with mast cell activation and both vascular and platelet damage, and thus provide a basis for
the potential diagnostic utility of SD-1 assay for exclusion of “non-cardiac pain” in patients presenting with
acute episodes of CAS.

The finding that intravenous infusion of GTN/NAC reversed the anomalies of platelet SNP responses and of
plasma SD-1 concentrations was novel, even though a therapeutic effect based on potentiation of responses
to NO was certainly consistent with previous clinical (Pasupathy et al. , 2017) and physiological (Horowitz et
al. , 1983; Loscalzo, 1985) studies with GTN/NAC. Although no controlled clinical observations were made
of the impact of GTN/NAC infusion on resolution of symptoms, it seems, from the rapid fall in plasma SD-1
concentrations associated with this treatment, that there was associated cessation of acute vascular damage
(Mulivor et al. , 2004). These data are reminiscent of the findings of (Foltset al. , 1991) in a canine model of
intimal injury to the circumflex coronary artery. These investigators demonstrated that NAC potentiated the
effects of GTN in reversing cyclical coronary flow reductions, which resulted from periodic platelet adhesion
to the injured vessel wall.

The performance of exploratory in vitro studies shed completely new light on the mechanism of beneficial
effect of NAC in a number of acute cardiovascular disease states, with the revelation that potentiation
of SNP anti-aggregatory effects by NAC was inhibited in the presence of antagonists (Paul et al. , 2012)
of the enzymatic release of H2S from cysteine. Although NAC is known to be a potential donor of H2S
(DiNicolantonio et al. , 2017; Bankhele et al. , 2018), and there is also some evidence that H2S and NO may
have synergistic effects under some circumstances (Altaany et al. , 2013; Zhou et al. , 2016) , the current
findings represent the first data to suggest that previously described potentiation of the effects of NO donors
by high doses of NAC (Horowitz et al. , 1983; Loscalzo, 1985) may be primarily mediated by H2S release.

In this regard, the current results reinforce those of recent studies suggesting that disordered microvascular
reactivity (Levy et al. , 2019) and overt CAS (Ong et al. , 2008) may contribute to the pathogenesis of many
forms of acute coronary syndrome. Indeed, the concept that CAS is associated with coronary plaque erosion
and associated focal coronary thrombus formation in a substantial minority of cases (Ong et al. , 2015a)
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suggests that at least the acute phases of the disorder are pivotally related to vssel wall: platelet interactions.
The current clinically used definition of plaque erosion (Jiaet al. , 2017) includes the presence of thrombus
on an apparently intact coronary plaque , but such erosions have been associated with the release into blood
of vascular glycocalyx products (Quillard et al. , 2017). These data therefore are consistent with our current
findings for acute CAS.

The study has a number of limitations. First, the role of adventitial and/or systemic mast cell activation in
precipitation of acute crises remains incompletely delineated. Aggravation of platelet NO resistance during
acute crises should be studied in larger cohorts of patients. The precise mechanism(s) whereby NTG/NAC
infusion rapidly reverses the glycocalyx shedding which underlies SD-1 release remain uncertain (although
there is an implication of decreased generation of at least one “sheddase” enzyme) (Mulivor et al. , 2004),
and need both to be correlated with symptomatic effects of this treatment modality and with changes within
the cascade of matrix metalloproteinase release associated with mast cell activation. In this regard, it is
unfortunate that optical coherence tomography was not performed in CAS patients during acute presentati-
ons, in order that plaque erosion and associated focal coronary thrombosis could be diagnosed. The precise
mechanisms underlying potentiation of platelet NO signaling by H2S also remain to be elucidated, although
a recent report (Miyamoto et al. , 2017) suggests that combination of H2S and NO may lead to synergistic
vascular effects via polysulphide formation. Finally, the possibility that CAS might fundamentally represent
a disorder of H2S generation remains to be explored.

The importance of the current findings therefore rests in three main areas:-

The results reinforce previous, less definitive data, to suggest that fluctuating severity of symptoms in CAS
patients reflects, at least in parts, episodic platelet aggregation at sites of vessel wall damage and emphasize
that the pathogenesis of CAS is fundamentally related to combined impairment of vasodilator and anti-
aggregatory mechanisms. These findings, in the acute context, probably represent an indirect reflection of
the phenomenon of plaque erosion and associated thrombosis. Clinical findings of plaque erosion (Crea et
al. , 2019) and hospital admissions with CAS crises (Elbadawiet al. , 2019) are occurring more frequently.
It is also likely that there is a “grey area” of pathogenesis across the whole spectrum of acute coronary
syndromes, with plaque erosion increasingly implicated in the pathogenesis of S-T segment elevation acute
myocardial infarction (Crea et al. , 2019).

(2) The findings of substantial elevation of SD-1 concentrations during acute attacks could be utilized as a
means for provisional diagnosis of CAS in patients with prolonged chest pain who have no definitive changes
on ECG or cardiac troponin concentrations. This would reduce the possibility that CAS patients will continue
to remain undiagnosed, simply because there is no available screening test.

(3) The finding that there is likely to be an impaired H2S generation and/or a deficient NO/H2S interaction
during both the chronic and acute phases of the disorder, could be a basis for new therapeutic modalities,
both for prophylaxis and treatment of crises. Similarly, the finding of acute mast cell activation carries many
potential therapeutic implications (Siebenhaar et al. , 2018). Exploration of such therapeutic options for
CAS, coupled with an improvement in diagnostic efficiency, represents a considerable therapeutic priority.
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Figure legends

Figure 1: Inhibition of ADP-induced platelet aggregation by SNP (10μM) in whole blood samples from
healthy control subjects and patients in chronic phase of coronary artery spasm (CAS). Comparisons between
coronary slow flow phenomenon (SCFP) and Prinzmetal’s angina (PA) subgroups of patients are also shown.
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Figure 2: Comparison of the inhibitory effects of SNP (10μM) on ADP-induced platelet aggregation during
acute exacerbations of CAS, compared by paired analysis with the chronic state. There is a trend towards
further impairment of SNP responses (p = 0.06) in the acute phase.

Figure 3: (A) Plasma concentrations of SD-1, evaluated in control subjects, and CAS patients in acute
and chronic phases. (B ) Ratios of individual plasma tryptase concentrations in acute phase, compared with
those in chronic phase (p = 0.03).

Figure 4: Comparison of platelet-derived microparticle (PMP) counts between CAS patients (during acute
and chronic phases) and control subjects. ANOVA: p = 0.03; Bonferroni test (acute versus chronic phases):
p = 0.02.

Figure 5: Impact of infusion of NTG/NAC in acutely symptomatic patients:- (A) Impact on ex vivo platelet
response to SNP. (B) Impact on plasma SD-1 concentrations

Figure 6: In vitro effects of increasing concentrations of NAC and of the H2S donor NaHS on anti-
aggregatory responses to SNP (10μM) in blood samples from patients in chronic phase of CAS. ANOVA: p
< 0.01 for both concentration-response relationships and effect of NaHS versus that of NAC.

Figure 7: Impacts of co-incubation in vitro with inhibitors of H2S formation [PAG (3.3mM) and AOAA
(0.5mM)] on anti-aggregatory responses to SNP (10μM)/NAC (100μM) in blood samples from patients in
chronic phase of CAS.

Table: Demographics and treatment regimens at time of assessment of coronary artery spasm patients and
control subjects recruited (p values are for control subjects vs chronic CAS patients).

Clinical characteristics Control subjects Chronic Acute p value

(n = 31) (n = 63) (n = 16)
Age (years: mean ± SD) 58 ± 9 56 ± 14 56 ± 12 NS
Gender (Male; %) 42 33 40 NS
CAD risk factors
Current smoker (%) 3 14 13 NS
Hypertension (%) 19 49 40 0.007
Diabetes (%) 3 15 13 NS
Hyperlipidemia (%) 29 53 40 0.05
Medications (%)
Aspirin 7 47 27 0.0001
β-Blockers 0 14 7 0.05
Ca++ antagonists 10 70 80 0.0001
ACE-inhibitors/ARB 23 43 33 0.07
Statins 29 47 27 0.12

ACE = angiotensin converting enzyme; ARB = angiotensin receptor blockers; CAD = coronary artery
disease;
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Figure 1: Inhibition of ADP-induced platelet aggregation by SNP (10μM) in whole blood samples from
healthy control subjects and patients in chronic phase of coronary artery spasm (CAS). Comparisons between
coronary slow flow phenomenon (SCFP) and Prinzmetal’s angina (PA) subgroups of patients are also shown.
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Figure 2: Comparison of the inhibitory effects of SNP (10μM) on ADP-induced platelet aggregation during
acute exacerbations of CAS, compared by paired analysis with the chronic state. There is a trend towards
further impairment of SNP responses (p = 0.06) in the acute phase.

Figure 3: (A) Plasma concentrations of SD-1, evaluated in control subjects, and CAS patients in acute
and chronic phases. (B ) Ratios of individual plasma tryptase concentrations in acute phase, compared with
those in chronic phase (p = 0.03).
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Figure 4: Comparison of platelet-derived microparticle (PMP) counts between CAS patients (during acute
and chronic phases) and control subjects. ANOVA: p = 0.03; Bonferroni test (acute versus chronic phases):
p = 0.02.All patients with CAS were receiving treatment with calcium channel blocking drugs, which have
been reported to inhibit release of platelet-derived microparticles (Rosinska,Lukasik and Kozubski, 2017).

Figure 5: Impact of infusion of NTG/NAC in acutely symptomatic patients:- (A) Impact on ex vivo platelet
response to SNP. (B) Impact on plasma SD-1 concentrations
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Figure 6: In vitro effects of increasing concentrations of NAC and of the H2S donor NaHS on anti-
aggregatory responses to SNP (10μM) in blood samples from patients in chronic phase of CAS. ANOVA: p
< 0.01 for both concentration-response relationships and effect of NaHS versus that of NAC.

Figure 7: Impacts of co-incubation in vitro with inhibitors of H2S formation [PAG (3.3mM) and AOAA
(0.5mM)] on anti-aggregatory responses to SNP (10μM)/NAC (100μM) in blood samples from patients in
chronic phase of CAS.

Graphical Abstract
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Coronary artery spasm (acute phase): mechanisms.

MMP = matrix metalloproteinases; NO = nitric oxide; TxA2= thromboxane A2;

5-HT = 5-hydroxytryptamine (serotonin).
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