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BACKGROUND: Alterations in microRNA (miRNA) ex-
pression patterns in whole blood may be useful bio-
markers of diverse cardiovascular disorders. We pre-
viously reported that miRNAs are significantly
dysregulated in acute myocardial infarction (AMI) and
applied machine-learning techniques to define miRNA
subsets with high diagnostic power for AMI diagnosis.
However, the kinetics of the time-dependent sensitivity
of these novel miRNA biomarkers remained unknown.

METHODS: To characterize temporal changes in the ex-
pressed human miRNAs (miRNome), we performed
here the first whole-genome miRNA kinetic study in
AMI patients. We measured miRNA expression levels
at multiple time points (0, 2, 4, 12, 24 h after initial
presentation) in patients with acute ST-elevation myo-
cardial infarction by using microfluidic primer exten-
sion arrays and quantitative real-time PCR. As a pre-
requisite, all patients enrolled had to have cardiac
troponin T concentrations �50 ng/L on admission as
measured with a high-sensitivity assay.

RESULTS: We found a subset of miRNAs to be signifi-
cantly dysregulated both at initial presentation and
during the course of AMI. Additionally, we identified
novel miRNAs that are dysregulated early during myo-
cardial infarction, such as miR-1915 and miR-181c*.

CONCLUSIONS: The present proof-of-concept study pro-
vides novel insights into the dynamic changes of the
human miRNome during AMI.
© 2012 American Association for Clinical Chemistry

The early and sensitive diagnosis of acute myocardial
infarction (AMI)6 is crucial for risk stratification of
chest pain patients and guidance of therapy. Of the
many biomarkers proposed for AMI diagnosis, cardiac
troponin T (cTnT) or cTnI are the preferred diagnostic
markers for the detection of myocardial necrosis owing
to their cardiospecificity and superior sensitivity (1, 2 ).
Recently, we and others have further increased the an-
alytical sensitivity of the troponin assays, allowing an
even earlier and more sensitive AMI diagnosis (3, 4 ).
As a consequence, risk stratification in acute coronary
syndrome (ACS) patients has markedly improved by
use of the high-sensitivity assays (5, 6 ). Despite these
major advancements, troponin-based AMI diagnosis
still requires loss of myocardial cell integrity and leak-
age of cardiac constituents, which is a rather late event
in the pathophysiological cascade of AMI. In the past
there have been numerous attempts to detect biomark-
ers that reflect disease processes in ACS which precede
coronary artery occlusion, such as plaque inflamma-
tion and rupture, activation of coagulation, or severe
myocardial ischemia (7–11 ). However, none of the
biomarkers proposed provided the required preana-
lytical and analytical characteristics and hence all failed
to translate into routine clinical practice.

MicroRNAs (miRNAs) are small noncoding nu-
cleotides that influence the expression of a wide variety
of target genes (12, 13 ). They not only regulate physi-
ological mechanisms, such as differentiation, prolifer-
ation, or apoptosis, but also enable the cell to adapt to
pathophysiological conditions like ischemia, hypertro-
phy, or arrhythmias (14 –18 ). Hence, miRNAs might
also serve as noninvasive biomarkers for cardiovascu-
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lar disorders (19 –21 ). miRNA signals derived either
from whole blood or plasma/serum may reflect differ-
ent disease pathways in ACS. Although serum miRNA
changes in ACS are considered to result predominantly
from cardiomyocyte necrosis, miRNA patterns in
whole blood may also reflect pathophysiological
changes in noncardiac cell types.

In a genomewide approach, we recently reported
alterations of all of the expressed miRNAs (miRNome)
in unfractionated peripheral blood of AMI patients
(20 ). A total of 121 miRNAs were found to be signifi-
cantly dysregulated in AMI. However, these were single
point measurements and blood samples, obtained at
different times after the onset of symptoms. Therefore,
we embarked on the current proof-of-concept study to
investigate the kinetic changes of the whole blood
miRNome in the early stage of suspected myocardial
infarction at 5 predefined time points using microflu-
idic primer extension arrays and to replicate the results
by using an independent methodology in an indepen-
dent cohort of early-stage AMI patients (22 ). We hy-
pothesized that miRNA patterns may not only indicate
myocardial cell necrosis, as reflected by cTnT, but also
provide independent, early diagnostic information.

Materials and Methods

STUDY DESIGN

Sixty consecutive patients with suspected ST-elevation
myocardial infarction (STEMI) with chest pain and
ST-segment elevation of �0.2 mV in at least 2 leads of
the 12-lead electrocardiogram or new left bundle
branch blockage (LBBB) were recruited during the
course of this study. From those 60 patients, 18 patients
met our inclusion criterion of cTnT concentration
�50 ng/L on admission as measured by a high sensitiv-
ity cTnT assay. Although the 99th percentile concen-
tration is the cutoff value of high-sensitivity cTnT (hs-
cTnT) assays in serial testing, an hs-cTnT �50 ng/L on
admission is the discriminator for myocardial infarc-
tion in our institution if a single point determination is
used. Of the 60 patients, 42 were excluded because their
admission hs-cTnT concentrations exceeded 50 ng/L
or a diagnosis of AMI was rejected on clinical grounds
and invasive angiography, e.g., due to an underlying
myocarditis or LBBB with thoracic pain of other cause.
All patients with suspected STEMI underwent imme-
diate heart catheterization and percutaneous coronary
intervention of the culprit lesion. The 21 patients of the
control group were investigated by routine coronary
angiography for suspected coronary artery disease. For
each control, a single blood sample was collected before
the invasive procedure. Controls had neither signifi-
cant coronary artery disease (�50% coronary artery
stenosis) nor increased hs-cTnT concentrations. Pa-

tients and controls had given written informed consent
and the study has been approved by the local ethics
committee.

BLOOD SAMPLING AND hs-cTnT ASSAY

Venous blood samples were obtained at initial presen-
tation to the hospital. For miRNA isolation, peripheral
whole blood samples were collected in PAXgene tubes
and RNA was extracted within 3 days as described pre-
viously (23 ). RNA integrity was tested using the Bio-
analyzer method. hs-cTnT concentrations were mea-
sured using the Elecsys high-sensitivity troponin T
assay (Roche Diagnostics) (4 ). All patients enrolled
were required to have hs-cTnT concentrations �50
ng/L at baseline, and 6 patients had hs-cTnT concen-
trations �14 ng/L, which is the cutoff for fifth-
generation troponin assays in serial testing.

miRNA EXPRESSION PROFILING

To quantify the complete miRNome in the “kinetics”
cohort, we used microfluidics microarrays in combina-
tion with a primer extension assay [MPEA (microflu-
idics primer extension assay)] (22 ). Biochips with 7
replicates of all known miRNAs (miRbase 15) (24 )
were hybridized with the unlabeled and nonamplified
RNA using the Geniom RT analyzer (febit biotech). On
top of each capture probe on the biochip, a poly-
thymidin-tail has been synthesized. Klenow polymer-
ase then binds to the hybridized miRNA/probe com-
plex and extends the miRNA with biotinylated adenins.
The signals were measured by a charge-coupled device
camera and signals were analyzed with the Geniom
Wizard software (febit). All signals were background
corrected, and the median expression of the 7 capture
probes was computed. Finally, quantile normalization
(25 ) was applied, and for all further computations the
normalized expression intensities were used.

For the replication experiments, we performed
quantitative real-time PCR as described before (in-
cluding DNase digestion) (20 ) for miRNA-1254,
-380*, -455, -566, -636, -7-1*, and -1291 using miRNA
primer assays obtained from Qiagen. The small RNA
RNU-6b served as a reference, and data were analyzed
according to the deltaCT method.

PRINCIPAL COMPONENT ANALYSIS

To visualize the high-dimensional distribution of
miRNAs in a 2-dimensional subspace, we applied prin-
cipal component analysis (PCA). In brief, an eigen-
value decomposition of the miRNA expression covari-
ance matrix was carried out to compute the PCs. The
first few PCs, which represent linear combinations of
the original patients’ profiles, carry the largest portion
of the overall information. In our case we computed
the first and second PC for each patient separately.
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Then, for each time point the mean from all patients
and controls and the SD of the PCs was plotted. This
type of representation is well suited to indicate proxim-
ity of miRNA expression levels at the different time
points, including those in control patients.

z SCORES OF BIOMARKER SIGNATURES

To define whether a patient has a positive or a negative
miRNA profile for AMI, an easily interpreted statistical
measure is essential. Here, classification technologies
are a common approach in the basic research field, al-
though they are not commonly used currently in clin-
ical practice. To address this point we decided to use z
scores. A z score indicates how many SDs a patient’s
biomarker value is above or below a population’s
mean. A single threshold then can be applied to deter-
mine whether patient results are positive or negative.
To extend this concept to sets of miRNAs, we consid-
ered the median z score of a selected miRNA to repre-
sent a stable estimate of the overall degree of dysregu-
lation. Hence, to compute a score for a specific patient
a, we computed a mean z score Za comprising the me-
dian z scores of all signature miRNAs. This mean mea-
surement accounts for the fact that we expect positive z
scores for upregulated miRNAs and negative z scores
for downregulated miRNAs for AMI patients. Thus,
the overall score computes as:

Za �
1

p� �
i � up

�Za,i� � �
j � down

���1�Za, j��
Here, Za,i corresponds to the z score of patient a for
each upregulated miRNAi, and Za,j corresponds to the
z score for each patient a and each downregulated
miRNAj. The overall number of miRNAs in the signa-
ture is provided by p. To make the estimation more
robust against outliers, the single z scores have been cut
at the 5% quantiles, i.e., all z scores were in the interval
between �1.645 and 1.645.

Results

STUDY DESIGN AND PATIENT CHARACTERISTICS

In this proof-of-concept study, we analyzed both serial
whole-genome miRNA measurements in a kinetics co-
hort and 1-point candidate miRNA measurements in a
replication cohort consisting of patients with STEMI
and controls without relevant coronary artery disease
or evidence for ACS (Table 1; also see Table 1 in the
Data Supplement that accompanies the online version
of this article at http://www.clinchem.org/content/
vol59/issue2). In the AMI group, more patients were
current smokers (61% and 14%, respectively, P 	
0.002). Other cardiovascular risk factors were equally
distributed between the 2 groups.

ALTERED EXPRESSION LEVELS OF SPECIFIC miRNAS ARE

DETECTABLE IN THE EARLY COURSE OF AMI

To comprehensively analyze miRNA expression
changes in patients and controls, we first applied
whole-genome miRNA measurements for all time
points (5 time points) in the kinetics cohort of 6 pa-
tients. Next, to assess the kinetic changes of expression
patterns of miRNAs, we performed a PCA of the pre-
viously identified and most strongly dysregulated AMI
miRNAs to visualize their distribution at the specific
time points in a 2-dimensional space (Fig. 1). Interest-
ingly, miRNA expression levels in AMI patients were
most distant from the controls (denoted as “ctrl” in Fig.
1) on admission (0 h). During the evolution of myo-
cardial infarction expression differences diminish, and
24 h after presentation miRNA levels in AMI patients
are almost comparable to those in the control group.

A SIGNATURE CONSISTING OF 7 miRNAS AS AN EARLY MARKER

OF AMI

We next evaluated if the most significantly dysregu-
lated miRNAs may be indicative for early myocardial
infarction. To this end, we first applied a filtering ap-
proach to the 40 most significantly dysregulated (ac-
cording to P values) previously described miRNAs and
excluded miRNAs that have low abundance. Thereby,
we removed 16 of the 40 miRNAs (40%) with a maxi-
mal expression below the limit of 50 fluorescence in-
tensity units. Of the remaining 24 markers, we com-
pared the median fold changes between AMI patients
and controls, irrespectively of the time point. We
found that 17 of the 24 miRNAs (71%) differed in pa-
tients with and without AMI, whereas the remaining 7

Table 1. Patient characteristics.

Characteristics
AMI patients

(n � 18)
Controls
(n � 21) P

Age, years 63 (17) 60 (13) 0.6

Male/female, n/n 15/3 12/9 0.07

SBP,a mmHg 126 (31) 127 (17) 0.8

DBP, mmHg 70 (15) 74 (11) 0.3

Creatinine, mg/dL 0.97 (0.3) 0.93 (0.2) 0.6

Urea, mmol/L 5.95 (2) 5.78 (2) 0.9

Hypertension, n, % 14 (78) 15 (71) 0.7

Current smoking, n, % 11 (61) 3 (14) 0.002

Hyperlipidemia, n, % 9 (50) 14 (67) 0.3

TG, mg/dL 152 (125) 176 (98) 0.6

HDL, mg/dL 37 (8) 45 (26) 0.5

LDL, mg/dL 101 (38) 96 (38) 0.8

a SBP, systolic blood pressure; DBP, diastolic blood pressure; TG,
triglycerides.
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miRNAs (29%) showed no significant concordance.
These 17 miRNA markers, of which 2 were upegulated
and 15 were downregulated in AMI patients, showed a
high consistency between the different time points. In
detail, 5 of the miRNA markers (29%) were signifi-
cantly different in 2 of 5 time points, and a further 5
showed a discrepancy in 1 of 5 time points. Most re-
markably, the remaining 7 markers were dysregulated
in the same direction at all time points. These miRNAs
include human miR-636, miR-7-1*, miR-380*, miR-
1254, miR-455-3p, miR-566, and miR-1291 (Table 2
and Fig. 2A).

Although each of these 7 miRNAs may individu-
ally represent a promising biomarker for the early de-
tection of AMI, the analysis of the entire signature may
further increase the diagnostic power. To visualize the

diagnostic power of such a signature, we computed z
scores as described above for all patients at all time
points. As shown in Fig. 2B, the mean z scores of AMI
patients showed highest values at time points 1 and 2,
corresponding to 0 h and 2 h after presentation to the
hospital. For the last time point, the mean z scores of
the 7 miRNAs returned to almost normal values, as also
found by the PCA for all miRNAs (Fig. 1). Thus for
AMI patients values at all time points except time point
5 were significantly different from those of controls.
The respective 2-tailed P values were 0.004, 0.002,
0.013, 0.007, and 0.082, respectively.

Interestingly, the 2 earliest time points after ad-
mission were the most distinct. Although the sample
size of the kinetics cohort was rather small and hence
conclusions on the discriminatory power have to be
made carefully, we computed ROC curves for the early
AMI signature and found values for the area under the
curve (AUC) for the first and second time points of
0.89 (CI, 0.74 –1.00) and 0.92 (CI, 0.79 –1.00), respec-
tively (see online Supplemental Fig. 1).

IDENTIFICATION OF NOVEL miRNAS ASSOCIATED WITH

EARLY-STAGE AMI

In addition to the validation and temporal explora-
tion of previously identified miRNAs in AMI pa-
tients, the assessment of the whole miRNome of pa-
tients and controls represents a comprehensive
source of information for the screening of novel di-
agnostic miRNAs. After ranking all miRNAs and
time points according to P values, we additionally
found miR-1915 (Fig. 3A) and miR-181c* (see on-
line Supplemental Fig. 2) to be associated with early
AMI. Although miR-1915 showed downregulation
at all 5 time points, miR-181c* was significantly up-
regulated during AMI with the exception of the 4-h
blood samples. Other miRNAs such as miR-339-3p
(Fig. 3B) showed a slower response, with downregu-
lation beginning at the 2-h time point.
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Fig. 1. Changes in miRNA expression in AMI patients
are most evident in the early stage of myocardial
infarction.

PCA visualizing miRNA expression at all measured time
points and in comparison to a control group (ctrl).

Table 2. MiRNAs comprising an early biomarker signature for AMI.

miRNA Nucleotide sequence
Replication P value,
hs-cTnT <50 ng/L

Replication P value,
hs-cTnT <14 ng/L

miR-636 UGUGCUUGCUCGUCCCGCCCGCA 0.0005 0.0143

miR-7-1* CAACAAAUCACAGUCUGCCAUA 0.0108 0.0200

miR-380* UGGUUGACCAUAGAACAUGCGC 0.0036 0.0052

miR-1254 AGCCUGGAAGCUGGAGCCUGCAGU 0.0023 0.0108

miR-455-3p GCAGUCCAUGGGCAUAUACAC 0.0075 0.0539

miR-566 GGGCGCCUGUGAUCCCAAC 0.0006 0.0004

miR-1291 UGGCCCUGACUGAAGACCAGCAGU 0.3933 0.6961
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INDEPENDENT REPLICATION OF miRNAS IN EARLY-STAGE AMI

In the next step, we applied quantitative real-time PCR
measurements of the 7 AMI miRNAs in an independent
cohort of 12 AMI patients and 10 controls. This biological
and technical replication showed concordant dysregula-
tion of miRNA-1254, -380*, -455, -566, -636, and -7-1*,
all reaching statistical significance (Fig. 4A and Table 2).
Only miR-1291 did not reach significance. Very interest-
ingly, when we looked at the patient subgroup with hs-
cTnT concentrations �14 ng/L (n 	 4) we still found
significant downregulation for miR-1254, -380*, -566,
-636, and -7-1* (P � 0.05), and a tendency toward down-
regulation for miR-455, underlining the early nature of
these miRNAs.

We next computed combined z scores of the 6
miRNA signature and found significantly higher z scores
for AMI patients compared to the controls (Fig. 4B). Im-
portantly, the miRNA signature reached higher AUC val-
ues in ROC analysis than each of the single replicated
miRNAs alone (Fig. 4C; see also online Supplemental Fig.
3) consistent to the serial whole-genome measurements.

Discussion

We recently identified miRNAs as potential novel bio-
markers for AMI (20 ) and demonstrated their power
in discriminating AMI patients from control patients.
However, these single point measurements did not
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provide data regarding the kinetic changes of the novel
biomarkers or their value in early AMI diagnosis. Fur-
thermore, until the current study, these findings had
not been replicated in an independent cohort or by an
independent methodology. To investigate the kinetics
of miRNA dysregulation, we performed here the first
serial whole-miRNome expression study of which we
are aware in AMI patients. We were able to validate
AMI miRNAs in an independent patient cohort and
confirmed their discriminatory power in the early
phase of myocardial infarction. Finally, a signature of 6
miRNAs was confirmed by a replicate analysis to be
associated with AMI.

miRNAs have been shown to be associated with
cancer and its outcome, neurological disorders, and
cardiovascular diseases (19 ). However, many studies
on miRNA expression patterns in human disorders

were restricted to measurements made at a single time
point, neglecting the dynamic nature of most diseases
and the kinetics of the respective biomarkers. Hence,
the time-dependent changes of the human miRNome
in many diseases are largely unknown. Since the precise
description of the temporal changes of miRNA net-
works has marked implications when these tests are
applied in routine clinical practice, in our current ap-
proach we investigated the kinetics of the entire
miRNome in patients with AMI. We observed very dis-
tinct patterns of miRNAs in the very early phase of AMI
that resolved within the first 2 days in patients who
were treated by successful reperfusion therapy and re-
established coronary blood flow. Surprisingly, the most
significant differences of 7 miRNAs were seen at the 2
earliest time points of the kinetic analysis. Notably, at
time point 1, hs-cTnT concentrations were still �50
ng/L (cutoff for 4th-generation cTnT assays) in all pa-
tients and �14 ng/L (cutoff for the hs-cTnT assay) in 2
patients of the kinetics cohort. In the replication co-
hort, the hs-cTnT mean (SD) value was as low as 17.7
(6.8) ng/L, and in 4 patients (30%) the value was even
below 14 ng/L. Hence, these miRNAs appear to be early
indicators of AMI, and their expression may even
change before macromolecules like troponins egress
from injured cardiomyocytes; the latter possibility has
to be confirmed in larger studies that also include pa-
tients with other conditions, e.g., unstable angina or
non–ST-segment elevation myocardial infarction. To
fully understand the complete behavior of the miRNAs
described herein, it would be important to investigate
their long-term levels following AMI to determine
whether their observed dysregulation completely re-
solves. In addition to our confirmation of miRNAs ob-
served to be dysregulated in previous AMI studies, in
the current study we have identified reduced expres-
sion of miR-1915 and upregulation of miR-181c* to be
present in the very early phase of myocardial
infarction.

The biological functions of the miRNAs consid-
ered in the current study are still unknown. It is likely
that the miRNAs comprising the early myocardial in-
farction signature are not heart muscle specific, but
may be derived from various cell types, including in-
flammatory cells, activated thrombocytes, or damaged
endothelium. To our knowledge, none of the periph-
eral whole blood miRNAs studied here have been pre-
viously implicated for a specific disease. Some have
been described to be misexpressed in cancerous tissue
(26 ). For instance, miR-455-3p is associated with te-
mozolomide resistance in glioblastoma multiforme
(27 ), and miR-1915 modulates Bcl-2–mediated drug
resistance in human colorectal carcinoma cells (28 ).
Interestingly, miR-181c*, which we identified as a
novel marker in this study, was very recently shown to
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be dysregulated in response to cerebral ischemia in
mice (29 ). These authors found an increase of miR-181
in the ischemic core area of the brain and decreased
levels in the penumbra. In the future, detailed studies in
cellular and animal model systems, including experi-
mental AMI, will be needed to definitively determine
their origin and functional role. However, alterations
in the expression patterns of whole-blood miRNAs
seem to be rather specific for myocardial infarction.
Accordingly, in a large multicenter, multidisciplinary
study we have recently shown that miRNA expression
in patients with AMI can be easily discriminated from

miRNA expression associated with various other dis-
eases (19 ).

So far, most miRNA studies have measured spe-
cific candidate miRNAs released from damaged myo-
cardium into the serum of AMI patients. In a very re-
cently published study, for example, Devaux et al.
found miR-208b and miR-499 to be highly increased in
serum samples of patients with AMI as determined by
quantitative PCR (30 ). In another study, Wang and
coworkers showed that 4 muscle-enriched or cardiac-
specific miRNAs (miR-1, miR-133a, miR-499, and
miR208a) were upregulated in the plasma of AMI pa-
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tients (31 ) and decreased within 2 months after myo-
cardial infarction. However, the authors focused on a
single measurement within the first 12 h after the onset
of symptoms (4.8 
 3.5 h), when patients already
showed highly increased troponin concentrations.
D’Alessandra et al. found similar kinetics of cardiac
miRNA vs cardiac troponin release into circulation (32).
The authors assessed plasma levels of circulating miRNAs
in a total of 41 AMI patients. In a subgroup of 8 patients,
these investigators performed serial measurements of
both circulating serum miRNAs and troponins from 156
min up to 69 h after the onset symptoms, showing similar
kinetics for both. They found miR-1, miR-133a, and miR-
133b to be upregulated in AMI patients, with a peak level
shortly before the peak of troponin I, whereas miR-
499-5p showed a slower time course.

Because the release of molecules from damaged
myocardium into the blood may be similar for miRNAs
and proteins, miRNA determination from serum or
plasma may not provide novel information over that
given by existing biomarkers of cardiomyocyte necro-
sis. However, we hypothesized that a whole-blood ap-
proach including circulating blood cells might provide
added information (33 ) because it would reflect the
disease processes involved in the pathogenesis of ACS,
such as plaque rupture, inflammation, coagulation, or
vascular injury (34, 35 ), rather than solely detecting
myocardial necrosis. Hence, it is conceivable that ex-
pression profiles of miRNAs may provide independent
information and reflect specific disease mechanisms of
ACSs in individual patients. If this hypothesis is con-
firmed in larger trials, preventive treatment options
could eventually be selected that specifically address
plaque instability or prothrombotic activation.
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