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Abstract Oxidized phospholipids (OxPL) are abundant
in atherosclerotic plaques. They are also bound to circu-
lating plasminogen after myocardial infarction (MI), and
their binding to plasminogen may accentuate fibrinolysis.
We sought to assess whether circulating levels of plas-
minogen and OxPL bound to plasminogen (OxPL-PLG)
increase following acute MI and whether this increase
differs between atherothrombotic (Type 1) and non-
atherothrombotic (Type 2) MI. We measured circulating
levels of plasminogen and OxPL-PLG at 0, 6, 24, 48 h, and
>3 months (stable state) following acute MI and following
an angiogram for stable coronary artery disease (CAD).
Forty-nine subjects met the criteria for acute MI, of whom
34 had clearly defined atherothrombotic (n = 22) or non-
atherothrombotic (n = 12) MI; 15 patients met the criteria
for stable CAD. Mean baseline levels of plasminogen and
OxPL-PLG were lower in the acute MI group than in the
stable CAD group (9.75 vs 20.2, p < 0.0001 for plas-
minogen and 165.5 vs 275.1, p = 0.0002 for OxPL-PLG)
and did not change over time or between time points,
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including the 3-month follow-up. Mean baseline levels of
plasminogen and OxPL-PLG were also lower in
atherothrombotic (Type 1) than in non-atherothrombotic
(Type 2) MI subjects (8.65 vs 12.1, p < 0.03 for plas-
minogen and 164.5 vs 245.7, p = 0.02 for OxPL-PLG),
and this relationship did not change over time or between
time points. Plasminogen and OxPL-PLG were lower in
patients presenting with an acute MI than in those with
stable CAD and also in those with atherothrombotic MI
(Type 1) vs. those with non-atherothrombotic MI (Type 2).
These findings persisted at a median follow-up of 3 months
post-MI. The association of plasminogen and OxPL-PLG
with acute MI, particularly atherothrombotic MI (Type 1),
could reflect a reduced fibrinolytic capacity, associated
with an increased risk of atherothrombotic events differ-
entiating stable CAD from unstable CAD and
atherothrombotic MI (Type 1) from non-atherothrombotic
MI (Type 2). Additional study with a larger sample size is
warranted.
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Abbreviations

AAA Abdominal aortic aneurysm
ACS Acute coronary syndrome
ApoB Apolipoprotein B

BP Blood pressure

CABG Coronary artery bypass graft

CAD Coronary artery disease

CEA Carotid endarterectomy

CVD Cardiovascular disease

EDTA Ethylenediamine tetraacetic acid

ELISA Enzyme-linked immunosorbent assay

ECG Electrocardiogram

LBBB Left bundle branch block

MI Myocardial infarction

MPG Myocardial perfusion grade

OxPL Oxidized phospholipids

OxPL-PLG Oxidized phospholipids bound to
plasminogen

PAI-1 Plasminogen activator inhibitor-1

PCI Percutaneous coronary intervention

PLG Plasminogen

STEMI ST-segment elevation myocardial infarction

TIA Transient ischemic attack

TIM1 Thrombolysis in myocardial infarction

tPA Tissue plasminogen activator

Introduction

Acute myocardial infarction (MI) remains a leading cause
of death worldwide [1]. It is diagnosed most often by the
combination of an increase in the circulating levels of
proteins (typically cardiac troponin) that leak from the
necrotic myocardium, with at least one of the following:
symptoms of ischemia, electrocardiographic changes con-
sistent with ischemia, imaging evidence of new loss of
viable myocardium, or the identification of an intracoro-
nary thrombus by angiography or autopsy [2]. While cir-
culating levels of cardiac proteins such as cardiac troponin
are specific indicators of myocardial necrosis, the levels of
these proteins often do not increase to diagnostic values for
several hours after the start of an acute MI [3]. Therefore,
current diagnostic criteria for acute MI often fail to identify
patients before the induction of irreversible myocardial
necrosis. Moreover, circulating levels of cardiac proteins
report myocardial necrosis, which is the outcome of the
triggering event, rather than the cause and therapeutic
target itself (i.e., plaque disruption and ensuing
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atherothrombosis). Hence, these measurements cannot
distinguish  tissue necrosis caused by coronary
atherothrombosis from other causes of necrosis such as
demand ischemia or stress cardiomyopathy [4]. Although
patients with atherothrombotic (Type 1) MI derive sub-
stantial benefit from current anticoagulant and antiplatelet
therapies, many patients with non-atherothrombotic (Type
2) MI would be expected to experience only the bleeding
risks, without the clinical benefits. Therefore, in patients
presenting with symptoms suggestive of acute MI, the
ability to identify an atherothrombotic MI prior to sub-
stantial myocardial necrosis (troponin release) and to
quickly  distinguish  atherothrombotic ~ from
atherothrombotic MI would materially increase treatment
safety and effectiveness for these patients.

Atherothrombotic MI is triggered by the disruption of
plaques, followed by the formation of an occlusive
thrombus. Therefore, the event ideally could be detected
prior to irreversible myocardial necrosis, either by an
increase in blood levels of plaque constituents or by sys-
temic changes indicating atherothrombosis. Vulnerable
plaques are lipid-rich lesions that contain large amounts of
oxidized phospholipids (OxPL) [5-9]. Although most
oxidized lipids remain sequestered within the vessel wall,
small amounts of OxPL covalently bound to apolipoprotein
B (apoB), lipoprotein(a) [10, 11], and plasminogen are also
present in the circulation [12, 13]. Circulating levels of
OxPL bound to apoB have been found to be positively
associated with the presence and extent of angiographically
documented coronary and peripheral arterial disease [14].
Furthermore, OxPL bound to apoB has been reported to
increase in both plasma and distal protection devices after
percutaneous coronary, carotid, and peripheral intervention
and in the days to months following an acute MI [7, 10, 11,
14, 15].

Recently, Leibundgut et al. reported that, relative to
healthy controls and subjects with stable coronary artery
disease (CAD), OxPL bound to plasminogen (OxPL-PLG)
increases in the days after an acute MI [13]. They also
found that the presence of OxPL on plasminogen facilitates
fibrinolysis in vitro, implicating OxPL-PLG in the patho-
physiology of atherothrombotic, as opposed to non-
atherothrombotic, acute MI [13]. Prior studies have shown
that circulating levels of OxPL bound to apolipoprotein
B-100, which reflect primarily the OxPL present on
lipoprotein(a), rise acutely during acute MI and immedi-
ately following percutaneous coronary intervention in
patients with stable CAD and during recanalization of
chronic total occlusions [10, 11, 16, 17]. Nevertheless, it
remains unclear whether acute atherothrombotic MI results
in immediate release of OxPL and whether this release
could be an early index of plaque rupture or thrombus
formation that might be useful in distinguishing

non-
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atherothrombotic from non-atherothrombotic acute MI. To
assess this possibility, we prospectively measured the basal
levels as well as the change in plasminogen and OxPL-
PLG in subjects with acute MI and in those with
stable CAD undergoing coronary angiography. In addition,
we compared the levels and change in plasminogen and
OxPL-PLG in subjects with an atherothrombotic (Type 1)
MI and those with a non-atherothrombotic (Type 2) MI,
categorized according to the novel and stringent criteria
developed for this study.

Methods
Enrollment population

Following institutional review board approval, participants
were recruited from two hospitals in Louisville, Kentucky,
between March 2012 and August 2013 and followed
prospectively. Subject of two types were sought for
enrollment: those with suspected acute MI and those with
suspected stable CAD. All participants provided written
informed consent.

Enrollment criteria for both groups required that each
patient be >18 years of age and scheduled for coronary
angiography within 48 h. Subjects who received fibrinol-
ysis were not eligible. Those enrolled in the suspected
acute MI group must have reported ischemic symptoms
lasting >10 min, within 24 h of enrollment, and had to
meet at least one of the following four criteria: (1) new or
presumably new ST-segment depression >0.1 mV; (2)
elevated troponins or CK-MB levels within 24 h of
enrollment; (3) >1 mm ST-segment elevation in >2 con-
tiguous electrocardiogram (ECG) leads; or (4) >1 mm ST-
segment depression in V1 and V2 (posterior wall infarct).
Subjects considered for enrollment in the suspected
stable CAD group were required to have presented for
angiography as an elective procedure. Patients in the sus-
pected stable CAD group were excluded on the basis of any
one of the following criteria: (1) hospitalization for acute
coronary syndrome (ACS) or clinical instability within
4 weeks prior to planned enrollment; (2) coronary artery
bypass graft (CABG) surgery within 1 year prior to plan-
ned enrollment; (3) percutaneous coronary intervention
(PCI) within 12 weeks prior to planned enrollment; (4)
stroke within 12 weeks prior to planned enrollment; (5)
presence of unstable angina or symptoms refractory to
maximal medical therapy; (6) presence of significant co-
morbidities likely to cause death within 2 years; or (7)
significant active history of substance abuse within 5 years
of enrollment. Subjects were asked to decline enrollment if
they would not be able to return to the medical campus for
a 3-month stable follow-up.

Enrolled subjects were given a written appointment with
instructions on how to complete the study follow-up prior
to leaving the hospital. They also received a reminder
phone call from the study nurse or principal investigator
approximately 1 week prior to the scheduled follow-up.
Appointments were changed when necessary to accom-
modate the subjects’ schedules, and transportation was
arranged if needed. Study follow-up appointments were
scheduled to coincide with the subjects’ medical care
appointments when possible and preferred by the subjects.
Parking vouchers were given to all subjects who used paid
parking.

History, physical exam, clinical laboratory,
and ECG data

All subjects were evaluated by study personnel, and each
subject’s history, physical examination results, clinical
laboratory data, and ECG data were collected prior to
measurement of plasminogen or OxPL-PLG. The subject’s
medical records were used to aid in the collection of per-
tinent medical history. A single study physician (APD)
read all ECGs in accordance with a priori study guidelines.
Standard laboratory data (troponin, creatinine, blood cell,
and platelet counts) were obtained from the treating hos-
pital clinical laboratory at standardized study time points:
at the time of the angiogram (T0) and 6 (T6), 24 (T24), and
48 (T48) hours post-angiogram (unless the subject was
discharged from the hospital prior to this time point).
Follow-up history, physical exam results, and laboratory
data were collected at a single follow-up (TF/U) visit 3 to
12 (median, 3.27) months after the procedure or hospital-
ization for acute MI, when the subject was in a
stable condition.

Biochemical analyses

The cohort was constructed to maximize the chance for
discovering new biology related to acute MI; therefore,
samples were collected at multiple time points, including a
follow-up when the subject was in a stable state. Enroll-
ment sample collection via an arterial sheath took place at
the time of coronary angiography after a 5-10 mL waste
draw. All available follow-up samples (T6, 24, 48 h, and
>3 months) were collected from a peripheral vein,
preferably a virgin vein, without a tourniquet (maximum
pressure of <40 mmHg via blood pressure cuff), using a
21G needle, after >10 ml of clinical blood collection
(waste draw), and into a tube containing ethylenediamine
tetraacetic acid (EDTA). Sample processing time was rig-
orously standardized. Plasminogen and OxPL-PLG were
measured by a blinded, independent laboratory (University
of California, San Diego) as described previously [10]. In
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brief, to measure plasminogen levels, microtiter well plates
(Dynex Technologies, Chantilly, Virginia) were incubated
with a mouse monoclonal anti-human plasminogen anti-
body (Meridian Life Science, Saco, Maine) at 5 pg/ml
overnight at 4 °C; the plates were than washed, and human
plasma was added (1:32,000 dilution). Plasminogen was
detected with biotinylated guinea pig anti-human plas-
minogen antibody in a chemiluminescence enzyme-linked
immunosorbent assay (ELISA). OxPL-PLG was deter-
mined in a similar manner using biotinylated EO6 anti-
body, but at a plasma dilution of 1:400. The assay’s limit of
quantification was 0.01-500 nanoMPC, with a coefficient
of variance of 3.1-4.8 nanoMPC. This assay normalized all
wells to the same amount of plasminogen and therefore
measured OxPL independent of plasma plasminogen
levels. All measurements were performed in triplicate.

Serum cardiac troponin I concentrations were measured
by either of two independent CLIA-approved laboratories,
the University of Louisville or KentuckyOne Jewish
Hospital. The Ortho Vitros 5600 assay was used to measure
cardiac troponin I in subjects receiving treatment at the
University of Louisville Hospital. For this assay, the 99 %
cut-off level for a healthy population was 0.035 ng/ml with
a coefficient of variation (CV) <10 %. This assay further
defined 0.12 ng/ml as the most efficient (more specific)
cut-off point for the diagnosis of acute MI. The Beckman
Access assay was used to measure cardiac troponin I in
subjects receiving treatment at KentuckyOne Jewish
Hospital. For this assay, the 99 % cut-off level for a
healthy population was 0.04 ng/ml, but a CV < 10 % was
not achieved until 0.06 ng/ml. This assay defined 0.5 ng/ml
as the most efficient (more specific) cut-off point for the
diagnosis of acute MI.

Coronary angiographic assessment

Angiograms were examined in a blinded fashion for all
subjects by the Johns Hopkins Quantitative Angiographic
Core Laboratory. The criteria for identifying and quanti-
fying coronary thrombosis and atherosclerotic burden were
jointly developed by the Core lab and the study team from
existing published data [18-25].

Histological data

Coronary aspiration, with intent to retrieve the culprit
coronary thrombosis, is standard of care in ST-segment
elevation myocardial infarction (STEMI) patients. Aspira-
tion attempt was left to the discretion of the subject’s
treating interventional cardiologist. All samples from
aspiration attempts were strained, immediately preserved in
formalin, and sent to CVPath Institute, Inc., Gaithersburg,
Maryland, for blinded histological evaluation by a
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pathologist specialized in the analysis of coronary throm-
bosis [26, 27].

Study cohort

The following strict a priori criteria were used to define
the study analysis groups: Acute MI was defined as a
clinical event in a subject presenting to the cardiac
catheterization laboratory for a non-elective procedure,
with a cardiac troponin I greater than the most efficient
diagnostic cut-off point as specified by the assay manu-
facturer (several-fold higher than the 99 percentile for a
healthy population for both assays used in this study) and
meeting Joint ESC/ACCF/AHA/WHF criteria [2] for an
acute MI (Table 1). Patients with stable CAD were
identified as those presenting for an elective cardiac
catheterization with a past medical history of atheroscle-
rosis, as evidenced by CABG, PCI, stroke/transient
ischemic attack (TIA), carotid endarterectomy (CEA),
peripheral artery bypass procedure, abdominal aortic
aneurysm (AAA) repair, or >50 % stenosis in 1 or more
coronary vessels on enrollment angiogram. Additional
criteria included normal thrombolysis in myocardial
infarction (TIMI) flow and myocardial perfusion grade
(MPG) in all vessels as well as pre- and post-procedure
cardiac troponin I <99 % for a healthy population specific
to the assay used (Table 1). Subjects who did not meet
either stable CAD or acute MI criteria were eliminated
from the study in order to limit confounding from mis-
classification and produce an ideal cohort for discovering
new biochemical/clinical characteristics related to acute
MI (Fig. 1).

Acute MI was further stratified into atherothrombotic
(Type 1) and non-atherothrombotic (Type 2) MI. Because
no national guidelines exist for differentiating
atherothrombotic (Type 1) and non-atherothrombotic
(Type 2) MI, we developed novel conservative (stringent)
criteria (Table 1) to eliminate borderline cases from our
analysis and limit confounding from misclassification, with
the goal of identifying biological characteristics related to
acute atherothrombotic MI (Fig. 1). Our criteria expand
upon those previously proposed by our group [28] and now
include a combination of prospectively collected historical,
physical, electrocardiographic, histological, biochemical,
and angiographic (blinded core lab assessment) data that
we believe are more robust than any other published cri-
teria for distinguishing Type 1 and Type 2 MI [29-35]. The
definition of atherothrombotic MI included the criteria for
acute MI criteria as well as (1) the presence of a histo-
logically confirmed (by blinded pathological assessment)
coronary thrombus O to 4 days old, (2) a 50 to 100 %
stenosis in the vessel in which thrombus was recovered, (3)
ST elevation in the territory supplied by the vessel in which




Circulating levels of plasminogen and oxidized phospholipids bound to plasminogen...

65

Table 1 Study phenotype criteria

Study Phenotype

Criteria

Troponin (ng/ml)

Histology Presentation

Blinded Angiographic
Assessment

Stable CAD
(n = 15)

Acute MI (n = 49)

Atherothrombotic
MI (n = 22)

non-
Atherothrombotic
MI (n = 12)

Ortho Vitros
5600 Assay:

“Peak” Troponin
Level < 0.035

Beckman Access

““peak”
Troponin
Level < 0.04

Ortho Vitros
5600 Assay:
“Peak” Troponin
Level > 0.12
Beckman Access
““peak”
Troponin
Level > 0.5
Ortho Vitros
5600 Assay:

“Peak” Troponin
Level > 0.12

Beckman Access
““peak”
Troponin
Level > 0.5
-and-

>30 % increase
in troponin
from TO to T6
Ortho Vitros
5600 Assay:
“Peak” Troponin
Level > 0.12
Beckman Access
““Peak”
Troponin
Level > 0.5

Elective coronary angiogram

History of CVD: CABG, PCI,
CVA/TIA, CEA, PAD or
AAA procedure —or
angiographic criteria

Non-elective coronary
angiogram

Clinical presentation consistent
with WHF/ECC/ACC/AHA
Universal definition of AMI

Histologically confirmed coronary
thrombus 0—4 days old by
blinded pathological
assessment.

Non-elective coronary
angiogram

Clinical presentation consistent
with WHF/ECC/ACC/AHA
Universal definition of AMI

Clinical presentation consistent
with WHF/ECC/ACC/AHA
Universal definition of AMI

No histologically confirmed
thrombus recovered.

Satisfies ALL criteria below:

1. > 50 % stenosis in one or
greater epicardial vessel
(only required if no history
of CVD)

2. TIMI flow = 3 (all
vessels)

3. TIMI MPG = 3 (all
vessels)

Stenosis in the vessel which
thrombus was recovered of
50-100 %

-and-

ST elevation in territory
supplied by the vessel in
which thrombus was
recovered.

Satisfies ALL 5 criteria
below, in all vessels:

1. < 50 % stenosis
2. No filling defect

3. Simple Ambrose lesion
morphology

4. TIMI flow = 3
5. TIMI MPG = 3

CAD coronary artery disease, MI myocardial infarction, T/MI thrombolysis in myocardial infarction, MPG myocardial perfusion grade, CABG
coronary artery bypass grafting, PCI percutaneous coronary intervention, CVA cerebral vascular accident, T/A transient ischemic attack, CEA
carotid endarterectomy, PAD peripheral artery disease, AAA abdominal aortic aneurysm

the thrombus was recovered, and (4) an elevated troponin
and >30 % increase in troponin between TO and T6 h
(Table 1). Non-atherothrombotic MI was defined as meet-
ing the criteria for acute MI, but with (a) no recovery of a
histologically confirmed thrombus, and (b) satisfaction of
all of the following five criteria in all vessels: <50 %
stenosis, no filling defect, simple Ambrose lesion mor-
phology, TIMI flow = 3, and TIMI myocardial perfusion
grade (TIMI MPG) = 3 (Table 1).

Statistical analysis

Baseline subject characteristics were summarized by study
group. For categorical characteristics, frequencies and
percentages are reported, along with Fisher’s exact test
p-values, to compare distributions by study group. For
continuous characteristics, mean and standard deviation are
reported, along with the appropriate statistical test for
comparing the study groups. In addition to visual
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80 Subjects Enrolled

A

26 suspected stable CAD

Eliminated:
6 No stenosis >50% & No
history of ASCVD

5 Troponin >99% pre or post
cath

Primary analysis

15 Stable CAD subjects

A

54 suspected acute M|

Eliminated:
4 Intermediate troponin

1 Clinical presentation not
consistent with Universal
definition of AMI

49 Acute Ml subjects

A

v

23 Thrombus recovered

26 No thrombus recovered

1 No STE

Eliminated: —

Eliminated:
13 >50% stenosis
1 Filling defect

Sub-group analysis

subjects

22 Atherothrombotic Ml

12 Non-Atherothrombotic
MI subjects

Fig. 1 Enrollment and analysis cohorts

inspection of histograms, Shapiro-Wilk tests were con-
ducted for continuous characteristics to determine whether
any of the characteristics were not approximately normally
distributed. P values derived from Student’s ¢ test are
reported for study group comparisons, unless the homo-
geneity of variances assumption was not met or the vari-
able was not approximately normally distributed. In the
first case, a Welch’s ¢ test was conducted; in the second, a
Wilcoxon rank-sum test was used.

Study outcomes were evaluated using repeated measures
analysis of variance (ANOV A)—conducted separately for
plasminogen and OxPL-PLG. The repeated measures
ANOVA models included fixed effects for group, time
point, and group x time point as well as a random effect
for study subject. The inclusion of these fixed effects
allowed for testing: (1) whether mean analyte levels dif-
fered by study group; (2) whether analyte levels differed
across time points; and (3) whether time-course differed by
study group. The P-values corresponding to Type III SS
F-tests are reported for determining statistical significance.
For the primary analysis comparing the acute MI and
stable CAD study groups, TO, T6, and TF/U measurements
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were used. For the subgroup analysis comparing the
atherothrombotic (Type 1) MI and non-atherothrombotic
(Type 2) MI subgroups, TO, T6, T24, and TF/U measure-
ments were used. The random effect for study subject
assumed a compound symmetry covariance structure.
Statistical power for both the primary and acute MI sub-
group analyses was retrospectively calculated using the
observed analyte means, variances, and group sizes [36].

To identify potential confounders in the repeated mea-
sures analysis, the relationships between the analytes and
baseline cohort characteristics were examined. Values for
signed rz, where r is the Pearson correlation coefficient, are
presented to show the magnitude, direction, and signifi-
cance of associations between a characteristic and an
analyte at baseline. To determine whether plasminogen and
OxPL-PLG were significantly collinear, despite OxPL
measurements being made on a standardized amount of
plasminogen, signed 7> for the two analytes was computed
by time point.

Statistical analyses were conducted in SAS 9.4 (SAS
Institute Inc., 2013); graphics were generated in base R
version 3.0.2 (R Core Team, 2013). The manuscript is in
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compliance with the STROBE (& MOOSE) guidelines for
observational studies.

Results

Eighty subjects were enrolled in this study. To limit mis-
classification, subjects with indeterminate diagnosis were
eliminated from further analysis. A total of 49 patients met
the criteria for an acute MI, of which a subset had clearly
defined atherothrombotic (n = 22) MI or non-atherothrom-
botic MI (n = 12), and 15 patients met the criteria for
stable CAD (Table 1; Fig. 1). Excluding any constrained
differences resulting from the enrollment criteria, several
risk factors differed significantly between individuals in the
acute MI group and those with stable CAD. The prevalence
of smoking and heart rate on presentation was higher among

Table 2 Baseline subject characteristics for primary analysis

acute MI subjects, whereas body mass index (BMI) and
prevalence of hyperlipidemia and diabetes were higher
among the subjects with stable CAD (Table 2). Excluding
constrained differences resulting from the enrollment crite-
ria, the time from presentation to angiogram, the peak tro-
ponin, and the baseline glucose values differed between
individuals in the atherothrombotic MI group and those in
the non-atherothrombotic MI group (Table 3).

For our primary analysis, estimated mean plasminogen
was significantly lower in MI subjects (9.75 mg/dL; 95 %
CI 8.1-11.4) than in stable CAD subjects (20.2 mg/dL;
95 % CI17.3-23.2) (p < 0.0001; Fig. 2). The plasminogen
level did not change significantly between time TO, T6, and
T/FU for either the acute MI or stable CAD subjects
(p = 0.69); furthermore, the delta in plasminogen levels
between the acute MI and stable CAD patients was not
significantly different at TO, T6, and T/FU (p = 0.06). The

Variable Acute MI Group Stable CAD Group p value
(N = 49) N =15
Age (mean £ SD) years 58.6 = 14.4 61.3 £89 0.49
Males (%) 65.3 533 0.54
Caucasian race (%) 77.6 93.3 0.09
Current smoker (%) 53.1 20.0 0.04
Currently consumes alcohol (%) 32.7 46.7 0.37
History of dyslipidemia (%) 46.9 86.7 0.01
History of diabetes mellitus (%) 10.2 40.0 0.03
History of hypertension (%) 61.2 93.3 0.06
History of atherosclerosis (%) (MI, CAD, PCI, CABG) 38.8 100.0 <0.0001
History of congestive heart failure (%) 8.2 6.7 1.00
History of chronic renal failure (%) 8.2 0.0 0.28
History of stroke (%) 10.2 0.0 0.33
HR at time of presentation (mean + SD) 85 66 <0.0001
MAP at time of presentation (mean £ SD) 102.8 + 24.7 91.4 £ 143 0.09
BMI at time of presentation (mean + SD) 275 £ 7.24 33 + 7.08 0.02
Time (h) elapsed presentation to angiogram (median £ IQR, range) 3.5+ 16.0, 36 20+1.0,3 0.21°
Baseline troponin (mean + SD, range) mg/dL 5.59 £ 10.83, 55.3 0.009 £ 0.003, 0.01 <0.0001°
Peak troponin (mean £ SD, range) 33.5 £ 379, 150.3 0.008 £ 0.004, 0.01 <0.0001°
Glucose at baseline (mean + SD, range) 142.1 4+ 56.5, 285 131.6 &+ 30.6, 107 0.35%
Creatinine at baseline (mean + SD, range) 1.13 + 0.79, 4.34 0.92 £+ 0.17, 0.66 0.10*
ST elevation on EKG at baseline 63.3 0.0 <0.0001
At least one vessel with >50 % coronary stenosis on enrollment 73.5 40.0 0.03
angiogram
Aspirin use at time of enrollment (%) 89.8 86.7 0.66
P2Y 12 Inhibitors use at enrollment (%) 53.1 50.0 0.77

MI myocardial infarction, CAD coronary artery disease, PCI percutaneous coronary intervention, CABG coronary artery bypass grafting, HR
heart rate, SBP systolic blood pressure, DBP diastolic blood pressure, MAP mean arterial pressure, BMI body mass index, ACE-I angiotensin

converting enzyme inhibitor
4 Welch’s t-test
® Wilcoxon rank-sum test
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Table 3 Baseline subject characteristics for acute MI subgroup analysis

Variable Type 1 MI (N = 22) Type 2 MI (N = 12) p value
Age (mean + SD) years 58.7 £ 15.1 56.3 + 16.6 0.67
Males (%) 72.7 41.7 0.14
Caucasian race (%) 86.4 66.7 0.21
Current smoker (%) 45.5 50.0 1.00
Currently consumes alcohol (%) 36.4 333 0.78
History of dyslipidemia (%) 54.5 333 0.30
History of diabetes mellitus (%) 9.1 0.0 0.53
History of hypertension (%) 45.5 75.0 0.19
History of atherosclerosis (%) (MI, CAD, PCI, CABG) 40.9 33.3 0.73
History of congestive heart failure (%) 0.0 8.3 0.35
History of chronic renal failure (%) 4.5 8.3 0.43
History of stroke (%) 4.5 25.0 0.12
HR at time of presentation (mean + SD) 87.4 £27.2 88.3 £ 275 0.93
MAP at time of presentation (mean + SD) 104.1 + 19.8 95.4 4+ 26.9 0.29
BMI at time of presentation (mean + SD) 275+ 74 27.8 £ 6.7 0.90
Time (hours) elapsed presentation to angiogram (median £ IQR, range) 1.0 £ 1.0, 13.0 18.0 + 9.5, 30.0 <0.0001°
Baseline Troponin (mean + SD, range) mg/dL 7.8 £ 149, 55.3 24 +29,9.8 0.76"
Peak troponin (mean £ SD, range) 51.6 £ 41.2, 145.7 11.6 £ 22.0, 68.2 0.0002°
Glucose at baseline (mean + SD, range) 166.5 + 58.9, 246 118.0 + 47.7, 182 0.01*
Creatinine at baseline (mean £ SD, range) 0.98 + 0.43, 2.38 1.21 £+ 1.07, 3.80 0.50*
ST Elevation on EKG at baseline 100.0 25.0 <0.0001
At least one vessel with >50 % coronary stenosis on enrollment angiogram 100.0 0.0 <0.0001
Aspirin use at time of enrollment (%) 86.4 91.7 1.00
P2Y 12 Inhibitors use at enrollment (%) 45.5 50.0 1.00

MI myocardial infarction, CAD coronary artery disease, PCI percutaneous coronary intervention, CABG coronary artery bypass grafting, HR
heart rate, SBP systolic blood pressure, DBP diastolic blood pressure, MAP mean arterial pressure, BMI body mass index, ACE-I angiotensin

converting enzyme inhibitor
4 Welch’s t-test
°® Wilcoxon rank-sum test

estimated mean OXxPL-PLG was significantly lower in MI
subjects (165.5 nanoMPC; 95 % CI 138.3-192.75) than in
stable CAD subjects (275.1 nanoMPC; 95 %CI
226.1-324.1) (p < 0.0002; Fig. 2). OxPL-PLG levels did
not change significantly between time TO, T6, and T/FU for
either the acute MI or stable CAD subjects (p = 0.054);
furthermore, the delta in OxPL-PLG between the two
groups was unchanged at TO, T6, and T/FU (p = 0.79).
Using a repeated measures ANOVA, we had >90 % power
to detect a difference in plasminogen and OxPL-PLG over
time in acute MI and stable CAD subjects.

In our subgroup analysis, the estimated mean plas-
minogen was significantly lower in atherothrombotic (Type
1) subjects (8.65 mg/dL; 95 % CI 6.8-10.5) than in non-
atherothrombotic (Type 2) subjects (12.1 mg/dL; 95 % CI
9.5-14.6) (p = 0.03; Fig. 3). Plasminogen levels did not
change significantly between times TO, T6, T24, and T/FU
for either the atherothrombotic or non-atherothrombotic
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subjects (p = 0.15); furthermore, the delta in plasminogen
between atherothrombotic and non-atherothrombotic sub-
jects was consistent at all time points measured (p = 0.93).
The estimated mean OxPL-PLG was significantly lower in
atherothrombotic subjects (164.5 nanoMPC; 95 % CI
124.65-204.4) than in the non-atherothrombotic subjects
(245.7 nanoMPC; 95 %CI 191.7-299.8) (p = 0.02). The
OxPL-PLG level did not change significantly between
times TO, T6, T24, and T/FU for either group of subjects
(p = 0.21); furthermore, the delta in OXxPL-PLG between
atherothrombotic and non-atherothrombotic subjects was
unchanged at the time points measured (p = 0.35). Using a
repeated measures ANOVA, we had >90 % power to
detect a difference in plasminogen and OxPL-PLG over
time in atherothrombotic (Type 1) and non-atherothrom-
botic (Type 2) subjects.

The levels of both plasminogen and OxPL-PLG at
baseline were positively associated with heart rate and
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Fig. 2 Plasminogen (a) and OxPL-PLG (b) levels in acute MI and stable CAD groups at all study time points

with whether percutaneous coronary intervention (PCI)
was performed (Table 4). Moreover, a significant gender
effect was observed in baseline OXPL-PLG levels
(p = 0.04). Interestingly, while the measurement of
OxPL-PLG represented the levels of OxPL on microtiter
well plates normalized for similar concentrations of
plasminogen and was therefore independent of plasma
plasminogen levels, plasma plasminogen levels explained
21 % to 26 % of the variance of OxPL-PLG at each time
point (Table 5).

Discussion

The results of this study show that subjects presenting with
acute MI have lower levels of plasminogen and OxPL-PLG
than do subjects with stable CAD. The levels of both
analytes were consistently lower for 48 h following acute
MI and at a median follow-up of 3.2 months post-MI
(stable state). This persistent difference may be related to
differences in the thrombotic state that differentiate
stable CAD from unstable CAD and could be reflective of
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Fig. 3 Plasminogen (a) and OxPL-PLG (b) levels in atherothrombotic MI (Type 1) and non-atherothrombotic MI (Type 2) sub-groups at all

study time points

an increased risk for developing acute MI in CAD patients.
Consistent with this notion, our subgroup analysis showed
that the levels of OxPL-PLG were consistently lower in
atherothrombotic MI (Type 1) than in subjects with non-
atherothrombotic MI (Type 2), both at 48 h following acute
MI and also at a median follow-up of 3.2 months post-MI.
No significant change in OxPL-PLG from baseline levels
was observed in any study group within the first 48 h or at
more than 3 months following an acute ML
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Measurement of OXPL-PLG in our study confirmed
previous observations [13] that OxPL are bound to plas-
minogen and that, in addition to apoB and Lp(a), plas-
minogen represents a significant carrier of circulating
phospholipids. Moreover, at each time point examined, we
found that there were statistically significant correlations
between the abundance of OxPL-PLG and plasminogen
levels. This observation suggests that in patients with acute
MI or stable CAD, the availability of OxPL is not limiting
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Table 4 Association between plasminogen and OxPL-PLG and cohort characteristics

Baseline oxPL bound to plasminogen signed r* p value Baseline plasminogen signed r* p value
SBP —0.001 0.83 —0.002 0.70
DBP —0.017 0.31 —0.018 0.29
MAP —0.008 0.48 —0.011 0.42
Heart rate —0.061 0.05 —0.068 0.04
Respiratory rate 0.000 0.96 —0.006 0.54
Height —0.039 0.12 —0.038 0.12
Weight 0.020 0.26 0.018 0.29
BMI 0.051 0.07 0.056 0.06
Gender 0.067 0.04 0.033 0.15
Race* 0.000 0.93 0.002 0.71
Diabetes 0.020 0.26 0.020 0.06
Dyslipidemia® 0.006 0.64 0.033 0.15
Smoking? 0.241 0.24 0.000 0.98
Age 0.000 0.94 0.000 0.93
Presentation time® to TO —0.009 0.47 —-0.012 0.39
Symptom onset time to TO 0.028 0.26 0.001 0.80
Baseline glucose —0.020 0.27 —0.034 0.14
Baseline platelets 0.005 0.59 0.038 0.12
Baseline creatinine —0.030 0.17 —0.008 0.47
PCI 0.060 0.05 0.145 0.002

Bolded text indicates significant at p < 0.05

Pearson correlation coefficients: ANOVA F test statistic, SBP systolic blood pressure, DBP diastolic blood pressure, MAP mean arterial pressure,

BMI body mass index

* White vs. non-white

T Yes/Borderline vs. No/Unknown
¥ Current vs. Never/Former

% Time between first hospital contact for symptoms leading to angiogram and TO blood collection

Table 5 Association between plasminogen and OxPL-PLG measured by Pearson correlation coefficient

OxPL-PLG TO OxPL-PLG T6 OxPL-PLG T24 OxPL-PLG T48 OxPL-PLG T F/U
Plasminogen TO 0.48 0.45 0.37 0.21 0.36
Plasminogen T6 0.48 0.49 0.44 0.28 0.42
Plasminogen T24 0.42 0.41 0.51 0.27 0.45
Plasminogen T48 0.37 0.19 0.39 0.50 0.39
Plasminogen T F/U 0.48 0.48 0.33 0.28 0.51

Bolded text indicates significant at p < 0.05

OxPL-PLG oxidized phospholipid bound to plasminogen, T time, F/U follow up (>3 months)

and, furthermore, that there may be a stoichiometric rela-
tionship between the extent of OxPL bound to PLG and the
abundance of plasminogen. Therefore, additional research
is warranted to evaluate the relationship of total OxPL-
PLG burden to acute MI, specifically atherothrombotic MI
(Type 1). Leibundgut et al. have reported that covalent
modification of plasminogen by OxPL facilitates clot lysis
[13]. Our novel finding that OxPL-PLG is lower in

atherothrombotic MI (Type 1) than in non-atherothrom-
botic MI (Type 2) further supports the hypothesis that
OxPL-PLG plays a clinically relevant role in clot lysis;
however, further study is required to understand the
mechanism of this increase in clot lysis time and how it
contributes to the in vivo resolution of thrombi.

The consistently lower levels of plasminogen that we
observed in patients with acute MI, as compared to those
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with stable CAD, were reflected in an earlier study by Lei-
bundgut et al [13]. and suggest that acute MI is accompanied
by a decrease in fibrinolytic activity. Our study is, to our
knowledge, the first to demonstrate lower plasma levels of
plasminogen in atherothrombotic MI (Type 1) versus non-
atherothrombotic MI (Type 2). This finding may reflect a
reduced fibrinolytic activity in atherothrombotic MI (Type 1)
when compared to non-atherothrombotic MI (Type 2). We
also found that several risk factors such as diabetes and
smoking were higher in MI than in stable CAD patients;
however, itis unlikely that lower levels of plasminogen in MI
patients could be attributed to these differences, because
diabetes has little effect on plasma plasminogen levels [37],
and smoking is associated with an increase, rather than a
decrease, in plasminogen [38]. Thus, the lower levels of
plasminogen and OxPL-PLG in Type 1 MI patients may be
related to reduced fibrinolytic capacity and an increased risk
of an atherothrombotic event, which differentiates
stable CAD from unstable CAD. As such, measurement of
plasma levels of plasminogen and OxPL-PLG may allow for
the identification of stable CAD patients who are highly
susceptible to major adverse cardiovascular events [39], and
these analytes may serve as a therapeutic target for reducing
atherothrombotic risk.

Our observation that baseline plasma levels of plas-
minogen and OxPL-PLG are lower in individuals with
acute MI than in those with stable CAD, although also
consistent with some published work [13], is at odds with
other studies. Hoffmeister et al. found no difference in
plasminogen levels in 42 subjects initially admitted to the
ICU with acute coronary syndrome and 25 subjects with
stable CAD [40]. This study was limited by the fact that 31
of the 42 acute coronary syndrome subjects were creatinine
kinase normal unstable angina patients [40]. A case—con-
trol study found that subjects presenting with an acute MI
had higher plasminogen than their age-matched controls
presenting for an orthopedic surgery [41]. This effect,
however, was deemed non-significant after controlling for
measures (C-reactive protein) or causes of inflammation
(smoking) [41].

The fact that the decrease in both plasminogen and
OxPL-PLG in patients with MI was sustained for
>3 months in our study is in contrast with the work of
Leibundgut et al., who found no difference in either analyte
at 4 or 7 months post-acute MI when compared to subjects
with stable CAD [13]. Prospective cohort and case—control
studies have demonstrated both positive correlation and no
correlation of plasminogen, tPA, or PAI-1 with incident
CAD and MI [41-46]. Also, in the studies that found a
positive correlation, the associations were not consistently
independent of other cardiovascular risk factors [41, 43, 45,
46]. The relationship between OXPL-PLG and risk of
future acute MI is less well studied. Our findings, if

@ Springer

confirmed in larger clinical trials, may indicate that low-
ered levels of plasminogen and OxPL-PLG are risk factors
for acute MI in subjects with clinically stable CAD. Such a
finding would be consistent with the role of plasminogen
and OxPL in facilitating the resolution of arterial thrombus
[13]. Future studies powered for cardiovascular events can
help clarify whether OxPL-PLG levels can actually predict
future outcomes in acute MI.

Leibundgut et al. [13], reported that both plasminogen
and OxPL on plasminogen rise rapidly in the first month
after MI and then decline toward baseline. However, we
found no evidence of an increase in the levels of plas-
minogen or OxPL-PLG after acute MI or acute
atherothrombotic MI (Type 1). Potential explanations for
the disparate results between the two studies include dif-
ferences in the timing of sample collection and in cohort
characteristics. In their study, Leibundgut et al. collected
samples on enrollment, at the time of hospital discharge
(approximately 4 days), and 30, 120, and 210 days after
enrollment [13]. In contrast, our study was designed to
evaluate changes that occur very early after acute MI;
therefore, it is possible that we failed to measure an
increase in OxPL-PLG that occurs >48 h post-MI but
diminishes thereafter in the following months (prior to our
average follow-up measure at 3.3 months). A delayed
elevation of plasminogen has been demonstrated in sub-
jects with unstable angina [47]. If that is the case, the delay
in elevation occurs after thrombus formation has been
incited and after treatment decisions have been made for an
acute MI. Therefore, the utility of such a delayed elevation
as a single diagnostic test will be limited, given the lack of
change peri-MI and the level of overlap in plasminogen
and OxPL-PLG ranges in acute MI, stable CAD,
atherothrombotic MI, and non-atherothrombotic MI,
despite the differences in mean value. However, our find-
ings indicate that further research is warranted to evaluate
the utility of these analytes, in combination with other
factors, for the early diagnosis of acute MI and for distin-
guishing atherothrombotic and non-atherothrombotic MI.

Misclassification of subjects into study groups (acute MI
versus stable CAD) could have been a source of bias or
variability in the results between our studies and those of
other investigators. Our methodology for the classification of
subjects into study groups was designed to create “ideal”
circumstances for identifying new biological characteristics
related to acute MI. Toward this end, we required subjects to
meet very conservative criteria for membership in either the
acute MI or the stable CAD study group and eliminated
borderline cases from our analysis (Table 1; Fig. 1). We also
further evaluated atherothrombotic MI (Type 1) versus non-
atherothrombotic MI (Type 2), given the biology of plas-
minogen and its potential relationship to atherothrombotic
but not non-atherothrombotic MI. Again, we defined very
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conservative criteria for membership into the atherothrom-
botic or non-atherothrombotic subgroups and eliminated
borderline cases in order to limit bias from misclassification
(Table 1; Fig. 1). Other published criteria for the classifi-
cation of atherothrombotic (Type 1) and non-atherothrom-
botic (Type 2) MI rely almost exclusively on physicians’
retrospective review of clinical data alone, with only one
study evaluating coronary angiography in all subjects clas-
sified as non-atherothrombotic MI [29, 30, 32-35]. Our cri-
teria for the classification of atherothrombotic (Type 1) and
non-atherothrombotic (Type 2) MI expand upon criteria we
previously introduced [28], to now include prospective col-
lection of historical, electrocardiographic, biochemical,
angiographic (blinded core lab evaluation) and histological
data. We believe these criteria are superior to all other cri-
teria proposed to date and will serve to facilitate further
research on atherothrombotic (Type 1) and non-
atherothrombotic (Type 2) MI.

Previous studies have shown that serum plasminogen
levels are significantly influenced by age, gender, body
mass index, physical activity, cholesterol, smoking, alcohol
use, inflammation, and serum triglycerides [41, 48-50]. In
our study, we found an association between OxPL-PLG
levels, gender, heart rate, and PCI. The influence of mul-
tiple factors other than acute MI on plasminogen and
OxPL-PLG levels may explain the disparate results
between studies. A notable difference between our study
and that of Leibundgut et al. [13] is the composition of the
acute MI subjects in the cohort of each study. The cohort in
our study included 49 subjects (65 % males) meeting a
priori criteria for acute MI, whereas MI subjects in the
cohort of Leibundgut et al. comprised only 8 subjects (all
males).

Limitations

In the acute phase of this study, our measures of plas-
minogen and OxPL-PLG did not extend beyond 48 h,
limiting our ability to directly compare our data to prior
research demonstrating an increase in these analytes at a
mean of 4 days post-MI. However, the present study was
designed to identify very early biological events associated
with acute MI; therefore, a delayed elevation of these
analytes would make attribution to the precipitating
pathophysiology of acute MI unlikely. While ours is the
largest study of OxPL-PLG in subjects with acute MI to
date, the sample size is still limited, particularly in the
exploratory subgroup analyses. Examination of our find-
ings in a larger cohort is warranted. Finally, this study does
not have long-term follow-up data on cardiovascular events
and is therefore unable to evaluate these analytes as pre-
dictors of events in stable CAD and post-MI patients.

Conclusion

In summary, we report here a sustained suppression of both
plasminogen and OxPL-PLG in patients with acute MI
versus stable CAD and atherothrombotic MI (Type 1)
versus non-atherothrombotic MI (Type 2). This finding
may be related to the underlying pathobiology that differ-
entiates stable CAD from wunstable CAD and
atherothrombotic MI (Type 1) from non-atherothrombotic
MI (Type 2), indicating that lowered plasminogen and
OxPL-PLG may be a risk factor for acute atherothrombotic
MI (type 1) in patients with clinically stable CAD. This
finding warrants further exploration in larger outcome
studies. Because we found that the levels of both plas-
minogen and OxPL-PLG were modestly, but significantly,
correlated, the usefulness of OxPL-PLG as an independent
diagnostic or prognostic test also needs to be evaluated in
larger studies. Finally, we have introduced novel criteria
for defining atherothrombotic (Type 1) and non-
atherothrombotic (Type 2) ML
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