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Abstract
Background/Objectives—Insufficient blood supply to the heart results in ischemic injury
manifested clinically as myocardial infarction (MI). Following ischemia, inflammation is
provoked and related to the clinical outcomes. A recent basic science study indicates that
complement factor MASP-2 plays an important role in animal models of ischemia/reperfusion
injury. We investigated the role of MASP-2 in human acute myocardial ischemia in two clinical
settings: (1) Acute MI, and (2) Open heart surgery.

Methods—A total of 187 human subjects were enrolled in this study, including 50 healthy
individuals, 27 patients who were diagnosed of coronary artery disease (CAD) but without acute
MI, 29 patients with acute MI referred for coronary angiography, and 81 cardiac surgery patients
with surgically-induced global heart ischemia. Circulating MASP-2 levels were measured by
ELISA.
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Results—MASP-2 levels in the peripheral circulation were significantly reduced in MI patients
compared with those of healthy individuals or of CAD patients without acute MI. The hypothesis
that MASP-2 was activated during acute myocardial ischemia was evaluated in cardiac patients
undergoing surgically-induced global heart ischemia. MASP-2 was found to be significantly
reduced in the coronary circulation of such patients, and the reduction of MASP-2 levels
correlated independently with the increase of the myocardial necrosis marker, cardiac troponin I.

Conclusions—These results indicate an involvement of MASP-2 in ischemia-related necrotic
myocardial injury in humans.
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Introduction
Prolonged regional myocardial ischemia manifests clinically as myocardial infarction (MI),
with atherosclerosis of the coronary arteries being the most common cause. Global heart
ischemia, which affects the entire organ, can occur during cardiac surgical procedures that
employ aortic cross-clamping (AXCL).

Once myocardial ischemia has occurred, limiting the extent of tissue injury is critical. While
minimizing the duration of ischemia is the first priority, evidence from basic and clinical
research suggests that inhibition of the inflammation provoked by ischemia improves the
outcome [1–3]. For example, several complement factors of the innate immune system have
been associated with acute inflammation after ischemia [4–6], and complement inhibitors
have been tested in preclinical studies [7–9]. However, limited positive results were
obtained with the few inhibitors subjected to clinical trials [6]. A possible explanation is that
downstream components in the complement pathway, e.g., C3 or C5, were targeted, leaving
earlier activators unaffected. Activation of earlier complement factors may modulate other
pathways such as coagulation cascades [10], influencing the outcomes of heart ischemia [11,
12].

The three pathways in the complement system, classical, alternative and lectin, converge to
activate C3 which enters a common cascade resulting in the deposition of a membrane-
attack-complex on targets and release of C3a and C5a, chemoattractants for inflammatory
cells.

Specific initiators are involved in each pathway, i.e., mannan-binding lectin (MBL) and
ficolins in the lectin pathway. MBL and ficolins circulate in complexes with one of three
MBL-associated serine proteases (MASPs) [13, 14], MASP-2 being the major player. The
MASP-2 is activated when MBL or ficolins bind to certain carbohydrate patterns on
pathogens [15–17]. The activated MASP-2 then cleaves C4 and C2 to form the C3
convertase, C4b2a. MASP-1 alone is insufficient to activate lectin pathway, as it fails to
cleave C4, but may facilitate MASP-2 activation through C2 [18, 19]. The activations of
MASP-1 and MASP-2, which are regulated by C1-inhibitor [20–22], ultimately lead to
activation of complement C3.

A recent basic science study indicates that MASP-2 plays an important role in animal
models of ischemia/reperfusion injury, and inhibition of MASP-2 protects mice from tissue
injury [23]. Whether MASP-2 plays a similar role in humans is still unknown.

In the current study, the involvement of MASP-2 in human acute myocardial ischemia was
investigated in two clinical settings:
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i. Acute MI: The levels of MASP-2 in the peripheral blood of acute MI patients were
compared with those of healthy individuals or CAD patients without acute MI,
which served as controls to document changes induced by causes others than acute
MI.

ii. Open heart surgery: Because in clinical MI the time and extent of ischemia
precipitating events may vary greatly, a controlled form of global heart ischemia
occurring in patients undergoing cardiac surgery was investigated. MASP-2 levels
were determined in the coronary sinus blood sampled immediately before and after
global heart ischemia produced by AXCL, thus directly monitoring the coronary
circulation exiting the myocardium. In addition, peripheral blood samples were
collected to document changes induced by aspects of the surgery other than AXCL.
MASP-2 levels in the coronary and peripheral blood samples of each patient were
analyzed for correlation with the levels of cardiac troponin I (cTnI), a specific
myocardial necrosis marker, to determine whether MASP-2 levels were associated
with the extent of cardiac injury.

Methods
Healthy individuals and patients

Institutional Review Board (IRB) protocols for the study were approved both at SUNY-
Downstate Medical Center and Lutheran Medical Center.

1. . Fifty healthy individuals with no history of cardiovascular diseases or diabetes
mellitus were included as controls (through the service of Bioreclamation Inc.,
Hicksville, NY) (Table 1).

2. . Twenty-seven patients who were diagnosed of CAD but without acute MI were
selected in the study (both male and female; over 21 years old) (Table 2). These
CAD patients were served as controls to document changes induced by causes
others than acute MI. CAD on presentation was diagnosed by combining medical
history, electrocardiogram, stress testing, echocardiography and coronary
angiography. Patients with anemia, i.e., hemoglobin <7.0 mg/dl, were excluded.
Plasma samples were collected and stored frozen at −80°C.

3. . Twenty-nine patients with acute MI referred for coronary angiography to the
Cardiac Catheterization Laboratories at the two hospitals were selected in the study
(both male and female; over 21 years old) (Table 3). Acute MI on presentation was
diagnosed by combining a history of chest pain, and ST-segment elevation on ECG
(STEMI)/or cTnI level ≥1.0 ng/ml for non-ST-segment elevation MI (NSTEMI).
Patients with anemia, i.e., hemoglobin <7.0 mg/dl, were excluded. The average
time from the onset of acute MI to the blood draw for this study was about 2 days.
After centrifugation, plasma and blood cells were stored frozen at −80°C.

4. . A total of 81 adult patients undergoing elective open heart surgery with
cardiopulmonary bypass (CPB) and aortic cross-clamping (AXCL) consented to be
enrolled into the study. Procedures for myocardial protection during the surgery
were carried out as previously described [24]. Coronary sinus blood samples were
collected twice during surgery: a) 5 minutes after CPB had begun, prior to AXCL;
b) within 5 minutes after the end of AXCL. In addition, peripheral blood samples
were obtained at 7 pre-defined time points in the pre, intra, and post-operative
periods1) pre-surgery/before skin incision; 2) after skin incision/prior to
sternotomy; 3) 5 minutes after the start of CPB/before AXCL; 4) 5 minutes after
cessation of AXCL; 5) 5 minutes after CPB cessation; 6) postoperative day 1; 7)
postoperative day 2.
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Of the initial 81 patients, complete sets of coronary sinus and peripheral blood samples were
obtained from 50 patients. In each of the remaining patients, who were not included in the
study, at least 1 blood sample was missed due to the exigencies of cardiac surgery. A total of
450 blood samples were tested and included in the final analyses.

Relevant demographic parameters and the length of AXCL and CPB times for open heart
surgery were recorded. cTnI levels were determined by the SUNY Downstate Clinical
Pathology Laboratory on blood samples collected pre-surgery, immediately post-surgery, 8
hours post-surgery, and post-surgery days 1 and day 2.

Quantification of MASP-2
The plasma concentrations of MASP-2 in healthy and acute MI patients were measured by
ELISA as described previously [25]. The plasma concentrations of MASP-2 in open heart
surgery patients were measured by the ELISA kits supplied by Hycult, Netherlands,
according to the manufacturer’s protocol. The kit used the same principles as the method
used for the peripheral blood samples [25].

Statistical analysis
The plasma levels of MASP-2 from each patient and their relevant clinical parameters were
entered into a Microsoft Excel database. All data were expressed as mean ± standard
deviation (STEDV), and statistical analyses were performed using SPSS 18 Software (SPSS
Inc., Chicago, IL). One-way ANOVA test was used to analyze the statistical differences of
MASP2 levels among groups of acute MI patients, healthy individual, and CAD patients
without acute MI. Post hoc Dunnett T3 test was used when the equality of variances was not
met (Levene’s test was used to determine the homogeneity of variances). Paired t-test with
two tails and unequal variances was used to analyze the statistical differences of MASP2
levels between time points of open heart surgery. Box-charts were plotted using SigmaPlot
10 software (Systat Software, Point Richmond, CA). Potential correlation between the levels
of MASP-2 and the post-operation levels of cTnI were analyzed by Spearman’s Rho
nonparametric correlation. Correlation analyses were performed with cTnI levels
immediately after surgery, except variables at post-operation day 1 and 2 were correlated
with the respective cTnI at post-operation day 1 or day 2. Mann-Whitney Test was used to
compare cTnI levels in patients grouped by male versus female gender, diabetes mellitus
versus non-diabetes, and current smokers versus non-smokers. The correlation of cardiac
surgery types with cTnI was carried out by Kruskal-Walis Test. Multivariate regression
analysis was used to test whether MASP-2 can independently predict post-operation cTnI
increase. Post hoc power analyses were performed using G*Power 3.1 [26].

Results
MASP-2 levels in healthy individuals, CAD patients without acute MI and acute MI patients

MASP-2 levels were significantly reduced about 50% in acute MI patients (235 ± 168 ng/
ml) compared with healthy individuals (460 ± 259 ng/ml, P < 0.001) or CAD patients
without acute MI (471 ± 327 ng/ml, P < 0.01) (Fig. 1).). The post hoc power analysis
revealed 100% power for the detected difference between MI and healthy individuals, and
96% power for the detected difference between MI and CAD patients without acute MI.
There was no statistical difference between the MASP-2 levels of healthy individuals and
those of CAD patients without acute MI (P = 0.885).
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MASP-2 levels in the coronary circulation during global heart ischemia in humans
To test if the reduction of MASP-2 was caused by activation during myocardial ischemia,
we investigated the clinical scenario of the surgically-induced global heart ischemia which
occurred due to AXCL in the normal course of open heart surgery (Fig. 2).

Coronary sinus MASP-2 levels decreased by 40% during the period of AXCL (prior to
AXCL = 396 ± 306 ng/ml, after AXCL cessation = 253 ± 209 ng/ml, P < 0.001) (Fig. 2a).
The post hoc power analysis revealed 100% power for the detected difference. Note that, as
is apparent when Figure 2b, time point 1, is compared with Figure 1, these patients had
normal circulating MASP-2 levels prior to surgery (561 ± 389 ng/ml, P = 0.171).

MASP-2 levels were also significantly lower in the peripheral blood during the period of
CPB that included AXCL, compared with levels prior to surgery (Fig. 2b, time points 2 and
3 compared with time point 1; Table 4). During the period of AXCL there was a small
(12%) but significant reduction of MASP-2 in peripheral blood (prior to AXCL = 288 ± 230
ng/ml, after AXCL cessation = 254 ± 207 ng/ml, P < 0.01) (Fig. 2b, time points 3 and 4;
Table 4). The post hoc power analysis revealed 98% power for the detected difference.

Correlation between coronary MASP-2 levels and the myocardial necrosis marker cTnI
Previous clinical studies found that peripheral blood levels of the myocardial necrosis
marker cTnI increased after open heart surgery and correlated with the length of time of
AXCL and CPB [27, 28]. We confirmed that in our patients undergoing open heart surgery,
cTnI levels increased significantly following surgery (P < 0.001, paired t-test comparing
cTnI levels in each post-surgery time points with that of the pre-surgery time point) (Fig. 3).

Univariate analysis showed that among the relevant demographic and surgical variables, the
length of CPB and AXCL times correlated significantly with immediate post-surgery cTnI
levels (Table 4). Among MASP-2 levels tested at different time points, peripheral or
coronary circulations, only coronary MASP-2 levels 5 minutes after AXCL cessation
correlated inversely with post-surgery 0 hour cTnI levels (Spearman correlation coefficient
= −0.291, P = 0.045) (Table 4). The post hoc power analysis revealed 98% power for the
detected correlation.

To test if the coronary MASP-2 level after AXCL cessation was independently associated
with cTnI elevation, a multivariate analysis controlling for CPB and AXCL times was
carried out (Table 5). After adjusting for these variables, the coronary MASP-2 level was
found to be an independent predictor for the elevated cTnI level at post-surgery 0 hour (P =
0.026 when the CPB time was entered into the multivariate model 1; P = 0.025 when the
AXCL time was entered into the multivariate model 2).

Discussion
MASP-2, a mediator of complement activation via the lectin pathway, was significantly
reduced in the peripheral blood in patients with acute MI compared with healthy individuals
or CAD patients without acute MI (Fig. 1).

The hypothesis, that MASP-2 was activated following myocardial ischemia, was tested in
patients whose hearts experienced controlled global ischemia produced by the surgical
clamping of the aorta during open heart surgery. The global ischemia reduced MASP-2 in
the coronary circulation by 40%, a reduction much greater than the 12% occurring in the
peripheral circulation during the time that the heart was subjected to AXCL (Fig. 2). The
greater reduction may reflect the major difference between the coronary and the peripheral
blood, which was caused by the cardiac arrest during cardiopulmonary bypass to the heart.
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Nevertheless, changes of MASP-2 levels in both coronary sinus and systemic circulation
also reflect the systemic activation of the inflammatory system induced by cardiopulmonary
bypass, in which ischemia-reperfusion is a co-player together with blood contact with
artificial surface, cardiotomy suction, endotoxin release and other stimuli.

An alternative hypothesis may also explain the lower MASP-2 levels in acute MI patients:
MASP-2 levels were low in these patients prior to the development of acute MI, e.g.
genetically defective through single nucleotide polymorphism (SNP) polymorphism. Certain
SNP in MASP2 gene has been shown to lower MASP-2 protein concentration or result in a
dysfunctional protein [29]. Future studies will help to address the potential involvement of
MASP-2 gene polymorphism in acute MI.

The coronary levels of post-AXCL MASP-2 correlated inversely and independently with the
post-surgery increase of myocardial necrosis marker, cTnI, indicating a potential
contribution of MASP-2 to necrotic cardiac injury following ischemia. To our knowledge,
this is the first report implicating MASP-2 in ischemic injury in a clinical setting. Our
independent findings in humans are in agreement with those of a recent animal study [23],
which shows that either a MASP-2 deficiency or an anti-MASP-2 Ab protects mice against
injury in both a heart and an intestinal ischemia/reperfusion model.

The independent effects of other determinants and MASP-2 on post-operative cTnI levels
were also evaluated. The correlation between coronary post-AXCL MASP-2 levels and
post-operative cTnI levels was found independent of gender, smoking and BMI. However,
the MASP-2 and cTnI correlation was dependent of age and surgical types. It is possible that
aging and types of surgical trauma may affect MASP-2 expression and the susceptibility of
myocardium to ischemia.

Clinical studies of complement in ischemic injury have generally been carried out on
samples from peripheral blood. Complement factor C3, a downstream factor of MASP-2,
was reported to be activated in peripheral circulation in patients undergoing open heart
surgery with CPB [30, 31], and was associated with pathogenic post-operation conditions
[32–36]. It has been reported that post-operative peak cTnI >13ng/ml was an independent
predictor of short and mid-term clinical outcome after cardiac surgery [37]. We analyzed the
subgroup of patients with post-operative peak cTnI > 13ng/ml and found that their coronary
post-AXCL MASP-2 levels were significantly correlated with peak cTnI levels (P = 0.011).
The rest of patients with post-operative peak cTnI < 13ng/ml did not show significant
correlation between coronary post-AXCL MASP-2 levels and peak cTnI levels (P > 0.05).
Thus, it is possible that MASP-2 levels are associated with pathogenic post-operation
conditions, and future follow up studies will help to determine such a correlation.

In the present study, we analyzed samples from both the coronary and peripheral blood. We
were able to distinguished between the effects of a systemic activation of complement in
blood (as a result of general surgical procedures/action of the heart-lung bypass machine)
versus global myocardial ischemia. Our results suggest a possible mechanism in myocardial
ischemia, that either regional (i.e. MI) or global (e.g. AXCL-induced in cardiac surgery)
ischemia, could expose certain self-targets to circulating lectin complement factors. The
recognition of self-targets by lectins in turn activates MASP-2, subsequently causing it to be
depleted from the circulation through the action of C1-inhibitor.

Interestingly, C1-inhibitor in the coronary sinus blood of our cardiac patients had a small but
significant decrease after AXCL (pre-AXCL = 394 ± 51 μg/ml, post-AXCL = 374 ± 53 μg/
ml, P = 0.01; data not shown). On the other hand, C1-inhibitor in peripheral blood did not
have significant change immediately before or after AXCL (270 ± 53 μg/ml vs. 276 ± 42
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μg/ml, respectively, P = 0.291; data not shown). These results support our hypothesis that
MASP-2 was activated in heart ischemia and subsequently removed by C1-inhibitor.

The role of the lectin pathway in ischemia-related conditions has been investigated in animal
models. Studies in mice indicated that a deficiency of MBL, an upstream factor of MASP-2,
protected against ischemia/reperfusion injury [38, 39]. However, clinical studies of MBL in
ischemic heart diseases, including MI, have generated conflicting reports. Some found that
the level of MBL was inversely associated with the risk of MI [40] and the outcome after MI
[41] or stroke [42]. A study of peripheral blood in open heart surgery showed that MBL
levels were decreased at 30 and 240 minutes after CPB compared with preoperative levels,
suggesting its involvement in post-operative inflammation [43]. Others reported that MBL
levels were initially normal in patients with post-MI heart failure, but were decreased at a 1
month follow-up, and that the latter may be inversely associated with a higher incidence of
re-infarction [44]. Diverging observations were also reported. High blood levels of MBL
were reported to be associated with increased risk of ischemic heart disease, myocardial
infarction, and premature death [45–47]. One clinical study showed that MBL-deficiency
was not associated with MI [48]. Further studies are needed to define the role of MBL in the
clinical development of MI or in long term recovery after MI.

In summary, we conclude that MASP-2 activation is involved in ischemia-related necrotic
myocardial injury in humans.
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Figure 1. MASP-2 in healthy individuals, CAD patients without acute MI and patients with
acute MI
MASP-2 levels were evaluated by ELISA in plasma samples from 50 healthy individuals, 27
CAD patients without acute MI and 29 acute MI patients. Statistical significances were
analyzed as described in Methods. In the box-chart, the boundary of the box closest to zero
indicates the 25th percentile, while the boundary of the box farthest from zero indicates the
75th percentile. Whiskers (error bars) above and below the box indicate the 90th and 10th
percentiles. The two filled circles above and below the box indicate the 95th and 5th
percentiles. The solid line within the box marks the median, and the dotted line marks mean
(average). *indicates a statistical significance (P < 0.05).

Zhang et al. Page 11

Int J Cardiol. Author manuscript; available in PMC 2014 June 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. MASP-2 in the coronary and peripheral circulations during global heart ischemia
induced by the aortic-cross clamping (AXCL) of open heart surgery
MASP-2 levels were determined in blood samples taken from 50 patients undergoing open
heart surgery. (a) MASP-2 levels in coronary circulation. Coronary sinus blood representing
the circulation exiting the myocardium was collected before the start of AXCL and within 5
minutes after AXCL cessation. (b) MASP-2 levels in peripheral circulation. Peripheral blood
samples were collected at the following pre-defined time points to document changes due to
surgical procedures separate from the effect of AXCL on coronary circulation: 1) pre-
surgery/before skin incision; 2) after skin incision/prior to sternotomy; 3) 5 minutes after the
beginning of CPB; 4) 5 minutes after the end of AXCL; 5) 5 minutes after CPB cessation; 6)
post-surgery day 1; 7) post-surgery day 2. Statistical significances were analyzed as
described in Methods. * indicates statistical significance of the respective time point versus
the previous time point (P<0.05). Box-charts were plotted as described in Figure 1.
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Figure 3. cTnI, a specific cardiac necrosis marker, was significantly increased for an extended
period after open heart surgery
cTnI levels in the peripheral blood were measured by ELISA in samples collected before
surgery, immediately after surgery, and on post-surgery day 1 and 2. Box-chart was plotted
as described in Figure 1. *indicates a statistical significance.
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Table 1

Demographic and baseline data of 50 normal controls

Age 40 (18–61)

Gender (male %) 86%

Body mass index (kg/m2) 28 (18–47)

Smoker 80%

Diabetes Mellitus 0

Cardiovascular diseases 0

Race/Ethnics

African American 48%

Caucasian 40%

Hispanic 12%
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Table 2

Demographic and baseline data of 27 CAD patients without acute MI

Age 66 (43–92)

Gender (male %) 37%

Body mass index (kg/m2) 28 (21–37)

Smoker 25%

Diabetes 41%

Hypercholesterolemia 81%

Hypertension 96%

Previous history of MI 22%

Race/Ethnics

African American 89%

Caucasian 7%

Asian 4%
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Table 3

Demographic and baseline data of 29 acute MI patients

Age 61 (32–72)

Gender (male %) 69%

Body mass index (kg/m2) 28 (13–43)

Smoker 41%

Diabetes 41%

Hypercholesterolemia 54%

Hypertension 76%

Family history of cardiovascular diseases 28%

Diagnosis of STEMI 28%

NYHA classification (average) 1.8

CCS classification (average) 2.4

Race/Ethnics

African American 59%

Caucasian 10%

Hispanic 31%
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Table 4

Univariate analysis correlating each of the listed variables with the post-surgery cTnI levels in 50 patients
undergoing open heart surgery.§

Variables Mean ± SD Correlation coefficient P-value

Age (year) 64 ± 12 0.216 0.140

Male 69% 0.722

Body mass index (kg/m2) 28 ± 5 0.145 0.326

Left ventricle ejection fraction 43 ± 19% 0.038 0.843

Diabetes mellitus 49% 0.289

Current Smokers 27% 0.189

Cardiac Surgery Types:

 Coronary artery bypass grafting (CABG) 38%

 Valvular replacement 32% 0.191

 Combined CABG and valvular replacement 30%

Cardiopulmonary bypass (CPB) time (min) 119 ± 35 0.509 0.0002*

Aortic cross clamping (AXCL) time (min) 75 ± 31 0.383 0.007*

Coronary sinus MASP-2 levels (ng/ml):

 After CPB/before AXCL 395 ± 303 −0.218 0.137

 5 min. after AXCL cessation 253 ± 207 −0.291 0.045*

Peripheral MASP-2 levels (ng/ml):

 1. Pre-surgery/before skin incision 561 ± 389 −0.215 0.142

 2. After skin incision/Prior to sternotomy 494 ± 367 −0.236 0.106

 3. 5min after CPB start/before the start of AXCL 288 ± 230 −0.175 0.233

 4. Within 5min after AXCL cessation 254 ± 206 −0.265 0.069

 5. 5min after CPB cessation 251 ± 196 −0.257 0.078

 6. Post-surgery day 1 405 ± 274 −0.139 0.335

 7. Post-surgery day 2 537 ± 346 −0.159 0.298

§
Spearman’s correlation analyses were carried out using the cTnI levels obtained immediately after surgery (post-surgery 0 hour), except for

variables obtained at post-surgery days 1 and 2, which were correlated with the cTnI values obtained at post-surgery days 1 and 2, respectively.
Mann-Whitney Test was used to compare cTnI levels in patients grouped by male versus female gender, diabetes mellitus versus non-diabetes, and
current smokers versus non-smokers. The correlation of cardiac surgery types with cTnI levels was carried out by Kruskal-Walis Test.

*
Indicate statistical significance P < 0.05.
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Table 5

Multivariate analysis of independent predictors for post-operational cTnI levels in patients with open heart
surgery.

Variable P-Value

Model 1:

 MASP-2 (coronary; 5min post-AXCL) 0.026*

 CPB time 0.0003*

Model 2:

 MASP-2 (coronary; 5min post-AXCL) 0.025*

 AXCL time 0.005*
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