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Abstract

Background: Myeloperoxidase (MPO) secreted by neutrophils is the enzyme that kills

bacteria and other pathogens. Acute myocardial infarction (AMI) is usually caused by

thrombosis in response to vulnerable plaque rupture. Circulating MPO was found to

be associated with increased mortality in AMI patients. However, the relationship

between MPO in thrombi and the prognosis of AMI patients remains unknown.

Hypothesis: MPO expression in thrombi is associated with the prognosis of patients

who underwent primary percutaneous coronary intervention (PCI) after AMI.

Methods: This study included 41 consecutive patients with acute ST-elevation myocar-

dial infarction, who successfully underwent primary PCI, during which we collected

thrombi remaining in the culprit artery using aspiration catheters. These thrombus sam-

ples were fixed, and immunohistochemical staining against MPO and heme oxygenase-1

(HO-1) was conducted. Enrolled patients were divided into two groups based on the

induction of thrombotic MPO, which was quantified using Image J software.

Methods: We observed that increased MPO was associated with lower left ventricu-

lar ejection fraction (LVEF) and worse LV remodeling in AMI patients. Instead,

patients with decreased thrombotic MPO induction had a considerable improvement

in LVEF 1 month after discharge (54.4 ± 2.0% vs. 61.1 ± 2.3%, p < 0.01). In the MPO

group, a reduction in the thrombotic HO-1 level contributed to the development of

adverse LV remodeling. Logistic regression showed that MPO was a considerable risk

factor for adverse LV remodeling (adjusted OR 3.70, p < 0.05).

Conclusion: MPO expression in thrombi is associated with reduced LVEF and deteri-

orated LV remodeling in AMI patients, which may be due to HO-1 suppression in

thrombi.
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1 | INTRODUCTION

Acute ST-elevation myocardial infarction (STEMI) remains one of the

leading causes of cardiovascular death worldwide. Although the trends of

cardiac mortality in developed countries have dropped in recent years,

AMI is still considered the second killer in adults in China. To date, we

already know that the pathological nature of AMI is caused by thrombi

that block the coronary arteries. Subsequent ischaemia and hypoxia in

the heart lead to symptomatic chest pain and cardiac malfunction if

revascularisation is not applied. A previous study revealed that a high

thrombus burden in culprit arteries leads to more complications and

worse outcomes.1 Patients with high thrombus burden are likely to have

more major cardiac events and in-stent restenosis after primary stenting.2

Myeloperoxidase (MPO) secreted by inflammatory cells, such as

neutrophils, is an enzyme that kills bacteria and other pathogens in

the body. It is produced in the granules of neutrophils and is a heme-

binding protein, which acts as a subfamily of peroxidases and pro-

duces hypochlorous acid (HOCl) from hydrogen peroxide (H2O2) and

chloride anion (Cl−) during the neutrophil respiratory burst.3 HOCl is

cytotoxic and kills bacteria and other pathogens when infections

occur. Rashid et al. demonstrated that MPO is a potential molecular

imaging and therapeutic target for the detection of high-risk athero-

sclerotic plaque in mice.4 A study also reported that circulating MPO

is associated with an increase in mortality in patients with AMI,5 pos-

sibly, because the HOCl produced by MPO could promote endothelial

dysfunction, apoptosis, and vascular thrombosis.6 In addition, MPO

locally contributes to thrombogenic circumstances by enhancing

endothelial cells, which release tissue factors, acting as the initial fac-

tor of the coagulation cascade. However, when thrombus forms, neu-

trophils are locked up with activated platelets, red blood cells, and

fibrin. Thus, the function of MPO in thrombus, when AMI occurs,

remains unclear. Herein, we hypothesize that the expression of MPO

in thrombi is associated with prognosis in patients who underwent

primary percutaneous coronary intervention (PCI) after AMI.

2 | MATERIALS AND METHODS

2.1 | Subjects

This study enrolled 41 patients. In the emergency department, all

patients were confirmed to have acute STEMI by symptomatology,

electrocardiography, and laboratory tests according to the guidelines

of the Joint Task Force of the European society of Cardiology.7

All procedures were performed based on the relevant ethical guide-

lines for human research, were in agreement with the Helsinki Declaration,

and were approved by the Ethics Committee of Shanghai Ruijin Hospital.

All subjects signed their informed consent to participate in this study.

On admission, all subjects underwent medical examinations and

completed a questionnaire on their personal and medical issues,

including age, medical history, and medication use. Subjects were

excluded from this study if they had cancer, renal failure, liver disease,

or inflammatory and/or autoimmune disease. Family history of

cardiovascular disease, hypertension (systolic blood

pressure > 130 mmHg or diastolic blood pressure > 90 mmHg or tak-

ing antihypertensive drug), diabetes (fasting glucose plasma concen-

trations higher than 7.0 mM or 11.0 mM after 2 h of oral glucose

intake or diabetic drug treatment), and dyslipidemia (plasma low-

density lipoprotein cholesterol concentrations >4.3 mM).

2.2 | Primary PCI and aspiration thrombectomy

Patients underwent primary PCI if they had acute STEMI and ischemic

symptoms of <12 h, had acute STEMI and ischemic symptoms <12 h,

had contraindications to fibrinolytic therapy, or had STEMI and cardio-

genic shock. Blood samples were collected before the primary PCI proce-

dure, and circulating MPO levels were detected using an ELISA kit

(Abcam, ab119605). During PCI, coronary angiography revealed that all

enrolled subjects had a high thrombus burden in the culprit arteries. Aspi-

ration thrombectomy was performed as before8 with a Thrombuster II

aspiration catheter (Kaneka, Osaka, Japan) or Export AP aspiration cathe-

ter (Medtronic, Minneapolis, MN). The aspirated thrombi were carefully

flushed with saline, fixed in 10% (v/v) paraformaldehyde, and finally

embedded in paraffin. Cross-sections (5 μm) were transferred onto slides

and stained using rabbit polyclonal anti-MPO antibody (Abcam, ab9535;

dilution 1: 200, Cambridge, UK) and anti-heme oxygenase-1 (HO-1) anti-

body (Stressgen SPA-895; dilution 1:100, San Diego, CA). Finally, avidin-

biotin-horseradish peroxidase was used for detection (Vectorstain Elite

ABC kit; Vector Laboratories, Burlingame, CA). As negative controls, the

rabbit serum was used as a primary antibody. An upright light microscope

(Olympus, Tokyo, Japan) was used to capture images, and positive MPO

and HO-1-stained areas were carefully quantified and labeled using the

Image J software. The ratio of the positively stained area to the whole

thrombus area was calculated. In this study, for MPO staining, we consid-

ered the ratio of the positively stained area and the whole thrombus

area ≥ 50% as MPO+, otherwise as MPO-.

2.3 | Statistical analysis

Statistical analysis was performed using GraphPad Prism 8.0. Individ-

ual means of different groups were compared by one-way analysis of

variance, followed by post hoc Newman–Keuls tests. To take uneven

variances into account, for comparisons between groups of unequal

numbers, Welch's correction for Student's t-test was used. Paired or

unpaired t-tests and chi-square tests were used as appropriate. A

value of p < 0.05 was considered statistically significant. Finally, signif-

icant variables were entered into a logistic regression equation to test

factors that predict LV remodeling (LVEF improvement ≥10%).

2.4 | Follow-up after primary PCI

All enrolled patients took prescribed standard medications (including

dual antiplatelet, angiotensin-converting-enzyme inhibitors, and beta-
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blockers) after discharge. We performed follow-up echocardiography

(echo) at 1 month and 3 months to evaluate left ventricular

(LV) remodeling. The parameters measured included LV ejection frac-

tion (LVEF), LV diastolic end diameter (LVDED), LV systolic end diam-

eter (LVSED), LV diastolic end volume (LVDEV), and LV systolic end

volume (LVSED).

3 | RESULTS

We successfully conducted MPO and HO-1 immunochemical staining

and found that all subjects were positive in MPO and HO-1 staining

(Figure S1). The enrolled patients were divided into two groups

(MPO- and MPO+) based on their induction of MPO in thrombi. The

clinical manifestations of the two groups are shown in Table 1. No dif-

ferences were found in age, hypertension, diabetes, and dyslipidemia

between the two groups. Even before the primary PCI, the levels of

circulating CK-MB were similar, and a reduction in CK-MB level was

observed in the MPO- group (207.1 ± 45.6 vs. 280.8 ± 45.1,

p < 0.05). On the contrary, the CK-MB level was increased in the

MPO+ group (315.1 ± 48.6 vs. 212.5 ± 41.2, p < 0.05). Although not

significant, patients in the MPO- group were likely to have lower cir-

culating MPO level (709.3 ± 99.7 vs. 1065.0 ± 349.3) and N-terminal

brain-type natriuretic peptide (NT-pro-BNP; 1016.4 ± 249.8 vs.

2193.0 ± 582.1) and higher incidence of single-vessel diseases (52.6%

vs. 36.4%) than their counterparts. Finally, in-hospital echo test was

performed in both groups. The results showed no differences in LVEF,

LVDED, LVSED, LVDEV, or LVSED between the two groups (Table 1).

Two deaths were recorded (one patient died from cardiogenic shock

before discharge; the other died from major cardiovascular events at

2 months after discharge).

During follow-up, we performed 100% echo test at 1 month and

85% echo test at 3 months in all enrolled patients (Table 2). A signifi-

cant difference was noted in the LVEF at 1-month follow-up

(61.1 ± 2.3 vs. 53.9 ± 2.4) between the two groups. However, other

echo parameters, including LVDED, LVSED, LVDEV, and LVSED,

remained not significantly different between the two groups. More-

over, to reveal LV remodeling after MI in these patients, we per-

formed a statistical analysis of these cardiac parameters in each group

(Figure 1(A)). Interestingly, in the MPO- group, we found a significant

increase in LVEF 1 month after discharge (61.1 ± 2.3 vs. 54.4 ± 2.0,

p < 0.01). This improvement in LVEF was caused by a slight increase

in LVDEV and a decrease in LVESD. Nevertheless, in the MPO+

group, LVEF remained unchanged 1 month after the procedure and

decreased at 3 months of follow-up (Figure 1(B)), which may be due

TABLE 1 Clinical manifestations of
enrolled patients

MPO- MPO+ p value

Patient number 19 22 n/a

Male 15 (78.9%) 19(86.3%) 0.84

Age (year) 59.8 ± 2.4 62.8 ± 2.2 0.38

Hypertension 16 (84.2%) 18 (81.8%) 0.84

Diabetes 16 (84.2%) 17 (77.2%) 0.57

Dyslipidemia 14 (73.7%) 16 (72.7%) 0.94

CK-MB pre PCI (mg/dl) 280.8 ± 45.1 212.5 ± 41.2 0.26

CK-MB post PCI (mg/dl) 207.1 ± 45.6 315.1 ± 48.6 0.31

Circulating MPO (pg/ml) 709.3 ± 99.7 1065.0 ± 349.3 0.35

NT-pro-BNP (ng/ml) 1016.4 ± 249.8 2193.0 ± 582.1 0.06

Single-vessel Disease 10 (52.6%) 8 (36.4%) 0.35

Ischemic time (h) 4.9 ± 1.6 6.3 ± 1.7 0.01

LVEF (%) 54.4 ± 2.0 53.7 ± 2.3 0.98

LVDED (mm) 52.1 ± 1.2 51.3 ± 1.3 0.66

LVSED (mm) 36.8 ± 1.2 36.2 ± 1.4 0.73

LVDEV (ml) 126.9 ± 5.4 129.9 ± 7.3 0.75

LVSEV (ml) 58.1 ± 4.0 61.0 ± 6.5 0.71

Note: A p < 0.05 is considered as significant.

TABLE 2 Echo parameters at 1 month follow-up

MPO- MPO+ p value

Patient number 18 22 n/a

LVEF (%) 61.1 ± 2.3 53.9 ± 2.4 <0.05

LVDED (mm) 53.1 ± 1.1 52.6 ± 1.4 0.82

LVSED (mm) 36.5 ± 1.3 37.5 ± 1.5 0.16

LVDEV (ml) 130.9 ± 6.9 139.5 ± 8.2 0.52

LVSEV (ml) 50.2 ± 19.6 64.7 ± 34.7 0.12

Note: A p < 0.05 is considered as significant.
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to considerable increases in LVEDV and LVESD, indicating LV enlarge-

ment and dysfunction.

Immunostaining revealed a higher level of HO-1 in thrombi col-

lected from the MPO- group than from the MPO+ group (Figure 2(A)).

Furthermore, we measured the levels of circulating total bilirubin,

which is a product of heme degradation catalyzed by HO-1. However,

we did not find any differences in terms of the levels of circulating

bilirubin between the two groups (MPO+ 14.7 ± 2.1 vs MPO-

17.6 ± 1.6, p > 0.05). Finally, we entered three parameters, including

ischemic time, MPO, and HO-1, into a logistic regression equation

after determining a 10% increase in LVEF as a cardiac improvement.

We found that MPO (adjusted odds ratio [OR] 3.70, p = 0.049) and

HO-1 (adjusted OR 0.17, p = 0.009) were significantly associated with

LVEF improvement, defined as a 10% increase in LVEF (Figure 2(B)).
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F IGURE 1 MPO in thrombi is associated
with a worse left ventricular remodeling in
patients with AMI. (A) LV remodeling between
the MPO+ and the MPO- groups at 1-month
follow-up. All enrolled patients underwent echo
test at 1-month follow-up, and findings were
compared with in-hospital results. Changes in
LVEF, LVESV, and LVEDV are displayed in the
figure (left panel, MPO-; right panel, MPO+).

Interestingly, in the MPO- group, we found a
significant increase in LVEF 1 month after
discharge (54.4 ± 2.0% vs. 61.1 ± 2.3%,
#p < 0.01). This improvement in LVEF was
caused by a slight increase in LVDEV and a
decrease in LVESD. Data are displayed as
mean ± SEM. (B) Follow-up results of LVEF
changes after primary PCI in patients with AMI.
LVEF tested by echo showed that the MPO-
group had better LVEF improvement than the
MPO+ group at 1-month and 3-month follow-
up (* p < 0.05). Data are displayed as
mean ± SEM. HO-1, heme oxygenase-1;
LVDEV, left ventricular diastolic end volume;
LVEF, left ventricular ejection fraction; LVESD,
left ventricular systolic end volume; MPO,
myeloperoxidase
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However, ischemic time (adjusted OR 0.55, p = 0.40) failed to achieve

significance.

4 | DISCUSSION

To date, we already know that atherosclerosis is an inflammatory dis-

ease. Inflammatory cells, such as neutrophils, secrete enzymes that

degrade the fibrous cap on top of the atherosclerosis plaque and sub-

sequently make the plaque vulnerable and then ruptured.9 Although

MPO is secreted locally by neutrophils, the levels of MPO in the circu-

lation have been shown to be associated with acute STEMI. Gold-

mann et al. reported that MPO levels were elevated in patients with

AMI even at 2 h before the occurrence of myocardial injury.10 Further

studies have found that MPO concentration is correlated with the

severity of coronary stenosis in patients with coronary heart dis-

eases.11 Patients with severe lesions in the coronary arteries likely

have higher levels of circulating MPO. Other studies have suggested

that MPO is a risk factor for predicting mortality after acute coronary

syndrome.12 However, none of these studies have shown the pres-

ence of MPO in thrombus that blocks culprit vessels in AMI. As neu-

trophils or macrophages secrete MPO locally, we strongly believe that

further investigation on thrombotic MPO could help us unveil insights

into its function in thrombus. Interestingly, the amount of thrombotic

MPO could, or at least partially, reflect the levels of inflammation in or

close to the ruptured plaque that caused AMI. The severity of inflam-

mation is an indication of subsequent LV remodeling that predicts

prognosis after primary PCI13. In this study, patients in the MPO+

group had increased circulating CK-MB, NT-pro-BNP, and MPO and

prolonged ischemic time. Furthermore, patients in the MPO+ group

were likely to have multivessel diseases. These findings suggest that

patients in the MPO+ group had high levels of oxidative stress and

severe inflammation, causing further myocardial damage/necrosis and

therefore being associated with a reduction of cardiac functions found

during follow-up.

LV remodeling is commonly observed in patients with AMI.14

Parameters that evaluate LV remodeling by echo are powerful predic-

tors of prognosis for these patients. In these parameters, LVESV was

reported as the major determinant of survival after recovery from

myocardial infarction.15 LV adverse remodeling, normally determined

as an increase in LVEDV, is the main cause of heart failure after an

AMI with ST-segment elevation. Reindl et al. revealed that following

primary PCI, an increase of 10% of LVEDV appeared to be associated

with the occurrence of major adverse cardiovascular events, including

all-cause death, re-infarction, stroke, and new-onset congestive heart

failure.14 Inflammation is a key component of tissue healing. Clinicians

measured inflammatory markers, for example, interleukin (IL)-1β,

before PCI, 2 days after PCI, and 7 days after PCI and found that IL-

1β levels predicted LVESV index and LVEDV index tested by cardio-

vascular magnetic resonance at 1 year.16 In our cohort, due to the

small sample size, we did not observe a significant incidence in major

adverse cardiovascular events between the two groups during the

follow-up period. Nevertheless, in the MPO+ group, patients had

increased LVEDV and decreased LVEF, which was consistent with

previous findings. This evidence suggests that even if primary PCI was

performed in both groups, the inflammatory levels indicated by

thrombotic MPO played an important role in affecting the develop-

ment of adverse LV remodeling. As a result, further understanding of

the mechanistic insights of MPO in AMI appears to be urgent.

HO-1 is one of the main protein enzymes that degrade heme in

the body.17 A previous pathological study revealed increased HO-1

levels in atherosclerotic plaques. In a clinical study, Novo et al.

showed that increased HO-1 levels led to reduced severity of coro-

nary artery diseases in patients with STEMI.18 As such, HO-1 is con-

sidered as a protective enzyme against oxidative stress that causes

cardiovascular diseases.19 Additionally, aged and ovariectomised ani-

mals exhibited a considerable increase in MPO activity, a decrease in

F IGURE 2 MPO in thrombi attenuated HO-1 induction and acted
as a risk factor predicting LV remodeling after STEMI.
(A) Immunochemical staining for HO-1 was conducted in all
thrombotic samples. Positively stained areas were carefully quantified
and labeled using Image J software. The ratio of positive HO-
1-stained area and the whole thrombus area was calculated and
compared between the MPO+ group and the MPO- group. The result
revealed that the ratio of positive HO-1-stained area was higher in

the MPO- group than in the MPO+ group (66.1 ± 4.8 vs. 23.0 ± 4.76,
# p < 0.01). Data are displayed as mean ± SEM. (B) Three variables
including ischemic time, MPO, and HO-1 were put into a logistic
regression equation after determining a 10% increase in LVEF as
LVEF improvement. The results showed that MPO was a risk factor
for LVEF improvement (adjusted odds ratio 3.70, p = 0.49).
Nevertheless, HO-1 (adjusted OR 0.17, p = 0.009) was significantly
associated with LVEF improvement, and the increase in HO-1
induction in the thrombus was related to a better prognosis. HO-1,
heme oxygenase-1; LVEF, left ventricular ejection fraction; MPO,
myeloperoxidase; OR, odds ratio; STEMI, ST-elevation myocardial
infarction
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HO-1 activity, and significant ST-segment depression displayed by

electrocardiogram.20 Our previous findings showed that the expres-

sion of HO-1 in thrombi was associated with LVEF improvement in

patients with AMI (data unpublished). A reduced HO-1 level predicted

worse cardiac functions and increased HO-1 provided protection

against cardiac injury. Similarly, in this study, we conducted HO-1

staining and found that HO-1 induction in these MPO+ patients was

decreased, which could explain our observation that MPO- patients

had better improvements in LV function and remodeling. The results

of the logistic regression also supported the finding that MPO was a

considerable risk factor for adverse LV remodeling; on the contrary,

an increase in HO-1 induction in thrombus was related to a better

prognosis. A previous animal study demonstrated that HO-1 induction

reduced apoptosis that was caused by hypoxia-reoxygenation injury

and increased proliferation and repair of cardiomyocytes in the infarct

border area at a very early stage after infarction.21 HO-1 abrogated

both proliferation and apoptosis of cardiomyocytes and attenuated

scar formation, thereby alleviating potential adverse LV remodeling.

Instead, in this study, the HO-1 reduction warranted increases in oxi-

dative stress and caused further ischaemia/reperfusion injury of

cardiomyocytes. Moreover, our data revealed that the levels of circu-

lating total bilirubin appeared similar in both groups, suggesting that

the protective roles played by HO-1 only remained locally at the ori-

gin of the thrombus. This interestingly indicated that a very small

amount of HO-1 secreted locally inhibited LV enlargement and

improved LVEF, and these benefits were able to last 3 months.

5 | STUDY LIMITATIONS

In this study, the number of enrolled patients was very limited. This

is because, according to the European society of Cardiology Guide-

lines for the management of AMI, thrombotic aspiration is only rec-

ommended for patients with high thrombus burden. In our hospital,

we did not conduct thrombectomy in every patient who underwent

primary PCI, and we therefore strongly considered this work as a

pilot study. However, before starting this study, we had carefully

performed statistical power calculations using average values and

found that the current number of enrolled patients had a 100% sta-

tistical power. Further clinical investigation with a larger sample size

must provide solid evidence in the future. In addition, follow-up was

completed at 3 months; regardless of our finding that thrombotic

MPO played an important role in the development of adverse LV

remodeling to some extent, we failed to observe the long-term

effect of thrombotic MPO on cardiovascular death or major cardiac

events. A longer follow-up is currently on-going, and future data

could help us further clarify the true functions of MPO in thrombus.

6 | CONCLUSIONS

Our findings strongly support that the inflammation indicated by

MPO may suppress HO-1 levels and worsen the recovery of cardiac

functions in patients with AMI. We conclude that the expression of

MPO in thrombi is associated with reduced HO-1 induction and

worse LV remodeling in patients with acute STEMI.
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