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Abstract

This review summarizes recent findings on novel biochemical plasma biomarkers in terminal heart failure patients,
which might predict an advanced mortality risk or even recovery. Moreover, we discussed the regulation of these
heart failure-related biomarkers under mechanical circulatory support.
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Introduction

Heart failure (HF) is a deleterious condition with an esti-
mated prevalence of about 1-2% in the western world and
with an incidence of 0.2-2.2% in dependency of the age
of the population. About 1-2% of the entire health care
expenditures in industrialized countries are accounted
for chronic HE In addition, patients with New York Heart
Association (NYHA) HF classification IV represent 10% of
all HF procedures but cause 70% of costs.

On the other side, live expectancy in HF is consider-
ably reduced and comparable with some forms of cancer.
Patientssufferingfromend-stage HF are ultimatelytreated
by orthotopic heart transplantation (HTx). However, the
availability of donor organs is limited leading to death on
the waiting list in a number of cases. The gap between
availability and demand of donor hearts was increasing,
that is, in Germany during the last decade. It is expected
that due to the demographic development in the western
world this lack will become even more dramatic in the
coming years.

An alternative therapeutic option for patients with
terminal HF might be the implantation of ventricular
assist devices (VAD) or even total artificial hearts (TAH).
Mechanical circulatory support (MCS) devices are

currently used as a bridge to transplant (BTT) (Figure 1),
as destination therapy (Slaughter, 2010), or in rare cases
as a bridge to recovery (BTR) (Maybaum et al., 2008).
Indeed, during the last decade VADs have been consider-
ably improved (Slaughter et al., 2009) and might be used
for destination therapy with acceptable quality of life
(Coyle et al., 2008) in coming years.

Ofnote, in the recent past a small group of patients was
transiently supported by VAD without the need of HTx
leading to the concept of BTR (Maybaum et al., 2008).
However, in clinical practice prediction of recovery under
VAD support is challenging. Dandel et al. (2005) reported
on 31 patients weaned from the device and concluded
that off-pump echo data might be reliable for the predic-
tion of sustainable recovery of VAD patients. These data,
however, represent a single center experience. Currently,
there are no commonly accepted biomarkers available,
which reliably predict recovery of these patients at the
time of device insertion.

In addition, a considerable number of patients do not
survive BTT. The timing of VAD implantation is obviously
of relevance for the survival and may also be of impact
for recovery. Up to now reliable biomarkers are also still
lacking, which predict the success rate of BTT.
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Figure 1. Schematic situs of a “first generation” ventricular assist
device (pulsatile VAD).

Therefore, this review summarizes recent findings on
novel biochemical plasma biomarkers in terminal HF
patients, which might predict an advanced mortality risk
or even recovery. Moreover, we discussed the regulation
of these HF-related biomarkers under MCS.

Brain natriuretic peptide

Brain natriuretic peptide (BNP) is a peptide hormone
released from cardiomyocytes upon mechanical stretch.
The primary transcript pre-proBNP codes for 134 amino
acids (AA). After cleavage of the leader sequence, the
resulting 108 AA proBNPis cleaved again in the N-terminal
peptide NT-proBNP (76 AA) and the C-terminal hormone
BNP (32 AA). The mature hormone BNP finally contains a
disulfide bridge leading to a cyclic peptide hormone. BNP
is transcribed within the ventricular myocardium and
has compensatory diuretic activity during HE. In HE BNP
is found in the plasma in considerable concentrations.
NT-proBNP has in comparison with the hormone BNP
a larger half-life of about 25-125min (Kroll et al., 2007),
which makes it more stable within the plasma and has no
known hormone activity. BNP clearance is mediated by
endopeptidases leading to a half-life of about 5-10min
(Pemberton et al., 2000) and is regarded to be a cardiac-
specific hormone (Bruggink et al.,, 2006), reflecting
mechanical stress on the myocardium. However, recently
itwas shown in 15 patients that even after replacement of
the terminal failing ventricles by an artificial heart (TAH),
plasma BNP levels did not reach control values of healthy
blood donors even after 30 days post-TAH implantation
(Milting et al., 2008). Thus, BNP might be secreted by
other extra-cardiac organs within the human body or
even by the atrial remains in the patient after implanta-
tion of the TAH.

Since mechanical stress is regarded as the major trig-
ger for hormone release, BNP and NT-proBNP were mea-
sured in several studies for risk assessment or diagnosis
leading to guidelines for HF testing (Tang et al., 2007).
Measurement of BNP has proven to be of clinical impact
in the evaluation of dyspnea or risk stratification for car-
diac death (Harrison et al., 2002), respectively. Recently,
Doust et al. (2005) analyzed in a meta-analysis the risk
assessment for cardiac death analyzed by plasma BNP
measurements. They evaluated 32 studies including 6878
patients and concluded that the relative risk of death is
increasing per 100 pg/mL BNP by 35-37%. Unfortunately,
the risk of death and cardiovascular events is increasing
especially with low concentrations of BNP. For instance
McDonagh et al. (2001) identified in an urban population
of 1640 individuals a significant rise of all-cause mortal-
ity, if the BNP was >17.9 pg/mL.

Natriuretic peptides were also measured in myocar-
dial samples of patients awaiting cardiac transplantation
and supported by VAD. James et al. (1995) analyzed in 13
VAD patients plasma concentrations of atrial natriuretic
peptide (ANP), which is structurally related to BNP. They
found that the plasma concentrations fell on average by
—-49% during VAD support. Myocardial immunoreactivity
was also measured pre- and post-VAD in 8 BTT patients
(Altemose et al., 1997). The authors also found that the
myocardial immunoreactivity was reduced from 28% to
4% for BNP. A comparative study on different devices
was published by Milting et al. (2001), who analyzed the
plasma BNP profiles pre- and post-VAD implantation of
four different pulsatile devices. The authors found that the
Novacor (Korfer et al., 1995) supported patients revealed
the strongest down-regulation of plasma BNP, which
could be described by a nonlinear regression model
leading to the idea that the mode of mechanical unload-
ing might be reflected by the BNP profile. In addition,
in that study BNP was reduced after VAD implantation
but did not reach control values of blood donors. Sodian
etal. (2001) published in the same year another study on
BNP in non-ischemic VAD patients stratified according
to their clinical outcome: (1) patients experiencing death
while on device (n=9), (2) patients successfully bridged
to transplantation (n=8), and (3) patients weaned from
the device due to myocardial recovery (n=4). The authors
found that BNP was significantly reduced after VAD
implantation and decreased faster in those patients, who
could be weaned from the device. The authors concluded
thatserial measurement of the BNP plasma concentration
might be predictive for myocardial recovery under VAD
support. The predictive value of BNP was also investigated
in a Japanese retrospective study on 38 VAD patients
(Mano et al., 2008). The authors found that patients who
could be weaned from the VAD without HTx had lower
fibrosis at the time of VAD implantation and lower BNP
(66 pg/mL) 3 months after VAD implantation compared
with those who did not recover (264.5 pg/mL). However,
in contrast to these observations in a case report Reiss
et al. (2005) presented data on the BNP profile pre- and
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post-VAD implantation of a patient with acute myocardi-
tis. The authors found that the BNP plasma values tran-
siently decreased within the first 3 days and re-increased
to values >1000 pg/mL for 30 days under VAD support.
The patient could finally be weaned from the device with-
out need for cardiac transplantation. Comparable results
were found by Kemperman et al. (2004), who could also
not reproduce the predictive value of BNP for recovery
of VAD patients. They measured in parallel BNP and
NT-proBNP in 15 patients receiving VAD implantation
(Kemperman et al., 2004). The authors found that plasma
BNP and NT-proBNP was stabilized 1 week to 1 month
after VAD implantation. They also found that the pre-
VAD BNP values were as twice as high and NT-proBNP
was even 10 times higher than reported for NYHA IV
patients. Bruggink et al. (2006) found that plasma BNP
and its myocardial mRNA was correlated. Both decreased
after mechanical unloading. They also identified immu-
noreactivity against BNP in cardiomyocytes, endothelial
cells, and infiltrating T cells and macrophages. Thus, the
authors presented evidence that the expression of BNP
is not restricted to cardiomyocytes within the heart. This
supports the observation that even after radical removal
of the failing ventricles BNP plasma values remain above
normal controls (Milting et al., 2008). Even though that
BNP is reduced by mechanical unloading of the failing
ventricles, in a recent report the authors of this review
found evidence in 40 VAD-supported patients that within
30 days after implantation of the device the plasma BNP
was not reduced to non-failing controls (Milting et al.,
2008). The authors also could not identify a predictive
role for death of the patients while under VAD support,
which is in agreement with the data of Sodian et al.
(2001), who also were not able to identify differences
between BTT patients and those who died under MCS
within 5 months. However, in a recent study Khan et al.
(2009) reported that NT-proBNP and growth differen-
tiation factor (GDF-15) (see below) are in combination
predictive for the mortality in HF patients. It remains to
be investigated whether this can also be found in MCS-
supported patients.

In summary, currently there is limited data available
on deteriorating HF patients supported by mechanical
assist devices, due to the low number of patients receiv-
ing this therapy. Currently, measurement of BNP for the
prediction of recovery or death under MCS is equivocal
and therefore of limited value. BNP measurements before
and after VAD implantation appear to be non-predictive
for an increased risk of death under MCS.

Galectin-3

Galectin-3 (also known as Mac-2, CBP-35, or LBP) belongs
to -galactoside-binding proteins with a preference for
lactose and N-acetyl lactosamine (Ochieng et al., 2004).
Galectin-3 binds to a wide array of extracellular matrix
(ECM) proteins such as tenascin, fibronectin, and lami-
nin due to its carbohydrate recognition domain (CRD)
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and collagen-like protein domains (Ochieng et al., 2004).
Galectin-3 is lacking a signal sequence, which is essential
for the classical secretory pathway. It is therefore a cyto-
plasmic protein, which is also found within the nucleus.
However, galectin-3 can be secreted via non-classical
pathways (Hughes, 1999). There are a number of cell types
thatexpress galectin-3 such as neutrophils, macrophages,
mast cells, lung, stomach, colon, uterus, and ovary (Kim
et al., 2007). In the myocardium, the galectin-3 expres-
sion level is almost undetectable in cardiomyocytes,
whereas cardiac fibroblasts express higher levels of this
lectin (Sharma etal., 2004). Recently, Schroen et al. (2004)
identified strong up-regulation of galectin-3 mRNA in
a rat model of renin-dependent hypertension proceed-
ing later to HE. In further studies, Sharma et al. (2004)
found that myocardial galectin-3 was increased in those
rats, which progress to HE They also found that infusion
of galectin-3 into the pericardium-induced myocardial
collagen deposition and remodeling. A profibrotic effect
of galectin-3 was also identified for hepatic fibrosis and
myofibroblast differentiation (Henderson et al., 2006)
and in a rat model treated by the naturally occurring
antifibrotic peptide N-acetyl SDKP (Liu et al., 2009). Thus
there is experimental evidence that galectin-3 might be a
culprit biomarker, which is involved in fibrosis induction
and myocardial remodeling (de Boer et al., 2010).

In the clinical setting, galectin-3 was found to be
increased in the plasma of HF patients presenting in
the emergency department. In a recent report, van
Kimmenade et al. (2006) measured in a previously
reported cohort of the PRIDE study (Januzzi et al., 2005)
comparative data on NT-proBNP and galectin-3. Of note,
galectin-3 was not correlated to the NYHA classifica-
tion of 599 patients and it was also of lower specificity
and sensitivity to identify HF within the cohort in com-
parison with NT-proBNP (ROC analysis for NT-proBNP
and galectin-3: 0.94, P<0.0001 and 0.72, P<0.0001). The
optimal cutoff for 80% specificity and 52% sensitivity
was 6.88ng galectin-3/mL. The AUC difference between
NT-proBNP and galectin-3 was highly significant
(P<0.0001). However, the ROC for the 60 days mortality
or recurrent HF was for galectin-3 AUC 0.74 (P<0.0001)
versus AUC 0.67 (P<0.009) for NT-proBNP. The adjusted
multivariate analysis revealed that galectin-3 was supe-
rior to NT-proBNP. The rates of death or recurrent HF
were highest in patients with combined elevation of
galectin-3 and NT-proBNP (van Kimmenade et al., 2006).
Thus, although NT-proBNP was in this study superior to
diagnose HE galectin-3 was a stronger predictor of short-
term mortality.

The predictive value of galectin-3 was also analyzed
in a recent Dutch study of Lok et al., who analyzed 232
patients with chronic HF (NYHA III-1V) (Lok et al., 2010).
The authors found by ROC analysis for the mortality
within the study population an AUC of 0.612 (P=0.004)
for galectin-3, which was comparable with NT-proBNP
(AUC 0.611). The highest product of sensitivity and speci-
ficity was found with 17.72 ng galectin-3/mL.
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Shah et al. (2010) recently published data from 115
acutely decompensated HF patients. Of note, galectin-3
was the strongest predictor for the 4 years mortality, when
compared by multivariate analysis including echocardio-
graphic indices. Patients with galectin-3 levels >14.97 ng/
mL had a hazard ratio of 5.5 (Shah et al., 2010).

Response to treatment was investigated in terminal HF
patients with need for MCS. In 55 patients with deterio-
rating HE galectin-3 was measured pre- and post-device
implantation versus blood donor controls (mean 4.07 ng/
mL). Galectin-3 was significantly increased in HF patients
(mean 11 ng/mL). Although there is ample experimental
evidence that galectin-3 is involved in fibrosis develop-
ment (Sharma et al., 2004; Henderson et al., 2006; Liu
et al., 2009), mechanical unloading (n=40) or removal of
the failing ventricles (n=15) did not reduce the plasma
levels of galectin-3. However, patients not surviving VAD
support had significantly elevated plasma concentrations
of galectin-3 at the time of VAD implantation compared
with those patients who could be bridged to transplanta-
tion (Milting et al., 2008). These data could recently be
confirmed in a larger cohort of 151 VAD patients (Erkilet
et al., 2010). The ROC analysis for death under VAD
support provided comparable data to previous reports
with an AUC for galectin-3 of 0.64 (P=0.009). These data
deserve further investigation, since galectin-3 might be a
useful biomarker for prediction of mortality in severe HF
patients even under MCS.

ST2

The interleukin-1 receptor family member ST2 is
expressed as a transmembrane (ST2L) and soluble iso-
form (sST2) (Arend et al., 2008). Expression of the iso-
forms is regulated by two different promoters (Iwahana
et al., 1999). Plasma levels of sST2 were described to
be elevated in inflammatory diseases such as chronic
obstructive pulmonary disease (COPD), pneumonia, and
sepsis, as well as in cardiac and renal diseases (Brunner
et al., 2004; Shimpo et al., 2004; Mueller et al., 2008;
Rehman et al., 2008; Sabatine et al., 2008; Dieplinger
et al., 2009). Plasma ST2 level has been investigated in a
number of different cardiovascular disease entities. In a
multicenter trial including 810 acute myocardial infarc-
tion (AMI) patients, serum ST2 concentrations at baseline
predicted mortality and development of new congestive
HF by 30 days (Shimpo et al., 2004). These data were sup-
ported by a clinical trial investigating circulating ST2 lev-
els in 1239 ST elevation myocardial infarction (STEMI)
patients (Sabatine et al., 2008). In this cohort, ST2 was
a significant predictor of cardiovascular death and HF
independently of baseline characteristics. Furthermore,
the investigators postulated that the combination of ST2
and NT-proBNP significantly improves risk stratification
in STEMI patients. In HF, expression of ST2 mRNA and
protein is markedly up-regulated in the myocardium
and the soluble receptor isoform becomes detectable in
serum (Weinberg, 2003). In addition, it has been shown

in a cohort of 139 HF patients that the change of serum
ST2 levels is an independent significant (P=0.048) pre-
dictor of subsequent mortality or transplantation in
severe chronic HF (NYHA class I1I to IV) (Weinberg et al.,
2003). A trial investigating serum biomarker concentra-
tions in acute HF demonstrated a significant correlation
between ST2 and disease severity (P<0.001), left ven-
tricular ejection fraction (r=-0.134; P=0.014), the pres-
sure overload biomarker BNP (r=0.293; p<0.001), and
the biomarker of inflammation C-reactive protein (CRP)
(r=0.429; P<0.001) (Rehman et al., 2008). Furthermore,
the investigators found higher ST2 levels at presentation
among patients who died by 1 year. A recently published
trial demonstrated that ST2 is only moderately elevated
in HF patients, which display no or only weak signs of
inflammation assessed as serum IL-6 and CRP levels
(Dieplinger et al., 2009). In this investigation, ST2 cor-
related better with plasma IL-6 and CRP concentrations
than with BNP. The authors therefore postulated that ST2
is not up-regulated in HF due to pressure overload alone
but rather due to inflammatory processes. Unfortunately,
the impact of these observations is limited by the small
cohort size of HF patients (N=15) investigated in this
study. Nevertheless, the association between ST2 eleva-
tion and the inflammatory status of the patient has been
shown before, for example in the trial of Rehman et al.
(2008). In contrast to the aforementioned trials, which
investigated ST2 in acute HF, Ky et al. (2010) assessed the
use of ST2 as a biomarker in 1141 chronic HF patients.
Over the mean follow-up period of 2.8 years, 160 patients
died and 107 underwent HTx. Increased ST2 levels were
associated with a significantly increased risk of death or
HTx (P<0.0001). Individuals in the highest ST2 tertile
displayed an increased risk of adverse outcomes com-
pared with the lowest tertile (HR 3.2; 95% CI: 2.2-4.7;
P<0.0001).

To the best of our knowledge, there is no data available
describing the impact of serum ST2 levels pre- and post-
VAD support or TAH transplantation, respectively, for the
survival of MCS so far. Whether ST2 has the potential to
be the basis for therapeutic decisions in daily routine in
order to improve medical care and thereby prognosis of
the patient has to be demonstrated in further trials and
clinical practice.

Matrix metalloproteinases

Matrix metalloproteinases (MMP) constitute a group of
zinc- and calcium-dependent endopeptidases, which
are able to degrade ECM components and modulate the
function of a variety of endogenous proinflammatory and
vasoactive molecules (Chow et al., 2007; Page-McCaw
et al., 2007; Manicone and McGuire, 2008). Besides the
regulation of normal physiological processes (Gill et al.,
2008), MMPs are also involved in pathomechanisms of
cardiovascular, inflammatory, and oncological diseases
(Rydlova et al., 2008). More than 20 MMPs were described
so far, with MMP-2 (gelatinase A) and MMP-9 (gelatinase
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B) being the most relevant MMPs in cardiovascular
disease. Transcription of MMP-2 and MMP-9 can be
induced by a variety of stimuli, which leads to secre-
tion of latent preforms (Van Wart et al., 1990; Birkedal-
Hansen et al., 1993; Manicone and McGuire, 2008). The
proteolytic activity of MMP-2 and MMP-9 is regulated by
cleavage of the propeptide and through inhibition of the
active enzyme by endogenous inhibitors of matrix met-
alloproteinases (tissue inhibitors of metalloproteinases
[TIMPs]) or o.2-macroglobulins (Clark et al., 2008; Ogata
et al., 1992). Structural reshaping of the myocardium in
HF involves collagen breakdown and resynthesis, which
ismainly controlled by the activity of MMP-2 and MMP-9.
Therefore, local and circulating concentrations of MMP-2
and MMP-9 might serve as biomarkers to assess status of
tissue remodeling in HE.

MMP-2

The failing heart displays an increased expression of
MMP-2 on mRNA and protein levels (Polyakova et al.,
2010; Gomez et al., 1997; Greene et al., 1996). Prognosis
of HF patients seems to be correlated with MMP-2 levels
(George et al., 2005). In addition, a correlation between
the severity of HE as defined by NYHA class, and plasma
levels of MMP-2 has been shown in human patients
(Yamazaki et al., 2004; Ahmed et al., 2006). In previous
surveys, the myocardial mRNA expression profile of
MMPs and TIMPs of end-stage HF patients was examined
revealing an increased MMP-2 mRNA content in patients
with deteriorating HF and need for MCS in comparison
with electively transplanted patients (Felkin et al., 2009).
Another study investigating MMP-2 gelatinolytic activity
(zymography) in 14 dilated cardiomyopathy (DCM) and
16 ischemic cardiomyopathy (ICM) patients at the time of
VAD implantation and again during HTx was published in
2001 (Li et al., 2001). The investigators found that MMP-2
activity did not change during cardiac unloading by VAD.
In contrast, the MMP-9 activity was decreased in 86.7%
patients post-VAD compared with the baseline activity
(p<0.05). In addition the pro-MMP-9 tissue content was
significantly decreased by VAD (P<0.05). A recent trial
investigated plasma MMP-2 concentrations in terminal
HF patients (n=55) who required VAD, before and 30
days after implantation of VAD or TAH (Milting et al.,
2008). MMP-2 plasma concentrations at the time of VAD
implantation were not significantly different from those
of blood donors, whereas significantly higher MMP-2
concentrations were observed in those patients receiv-
ing a TAH. The implantation of VADs or TAHs did not
influence MMP-2 plasma concentrations. In contrast,
a more recent trial, which investigated whether reverse
remodeling of the myocardium occurs upon VAD sup-
port, demonstrated an increased MMP-2 mRNA expres-
sion and increased MMP-2 activity after unloading of the
heart compared with pre-VAD (Bruggink et al., 2007).
These contradictory reports raise the question whether
an increased MMP activity in the myocardium, induced
by VAD support, is desired to remove excessive collagen,
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which accumulated in the course of the disease, or
whether an increase of, for example, MMP-2 expression
and activation leads to further deleterious remodeling?

Interestingly, a study of Martos et al. (2009) suggests
that MMP-2 can also be useful to identify patients with HF
with preserved ejection fraction (HF-PEF) and diastolic
dysfunction (DD). Based on observations in 85 hyperten-
sive patients with HF-PEF and/or DD, the investigators
found that serum MMP-2 concentrations are significant
predictors of HF-PEF (ROC-AUC=0.91, P<0.01) and DD
(ROC-AUC=0.73, P<0.05). Based on a serum MMP-2
cutoff of 1585 ng/mL, HE-PEF can be predicted with 91%
sensitivity and 76% specificity. The authors concluded
that serum MMP-2 may be more appropriate to identify
patients with HF-PEF than BNP.

MMP-9

Numerous studies showing altered MMP-9 mRNA or
protein expression in the diseased myocardium had
been published so far (for a review, Spinale, 2007). In
contrast, only few investigators assessed circulating
levels of MMP-9 or gelatinolytic activity of the endo-
peptidase. Nevertheless, Li et al. (2001) studied MMP-9
activity (zymography) in 30 patients suffering from
DCM or ICM at the time of VAD implantation and again
at explantation of the device. The MMP-9 activity was
decreased in 86.7% patients post-VAD compared with
the baseline activity (P<0.05). In addition, the pro-
MMP-9 tissue content was significantly decreased by
VAD (P<0.05). This suggests that cardiac unloading by
VAD leads to reduced ECM breakdown in the myocar-
dium. A recent study investigated the prognostic value
of plasma MMP-9 concentrations in patients with sys-
tolic HF due to ICM or non-ICM (Buralli et al., 2010).
In this study, multivariate analysis revealed that the
ratio of mitral E peak velocity and averaged e’ veloc-
ity (E/€’), left ventricular ejection fraction (EF), and
plasma MMP-9 are significant independent predictors
of death (hazard ratio 1.11, P=0.0028; 0.92, P=0.017;
1.01, P=0.027, respectively). Survival rate in patients
displaying MMP-9 levels >89.9ng/mL was signifi-
cantly decreased (P<0.0001). The authors concluded
that assessment of plasma MMP-9 concentration can
complement the prognostic value of echocardiographic
parameters in patients with systolic HE.

Tissue inhibitors of metalloproteinases

The activity of MMPs is controlled by expression and
secretion, by proteolytic activation of proenzymes and by
the TIMPs. So far, the TIMP family consists of four mem-
bers. TIMPs bind MMPs in a stoichiometric 1:1 ratio and
thereby block access of substrates to the catalytic domain
of the endopeptidases. TIMP-1, TIMP-2, and TIMP-4
are secreted proteins, whereas TIMP-3 as a membrane-
bound TIMP is restricted to the ECM. In the context of
secreted biomarkers in HF, TIMP-1 and TIMP-4 are the
most frequently discussed TIMP family members.
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TIMP-1

TIMP-1is expressed in a broad variety of cell types (Gomez
et al., 1997) and can be induced by proinflammatory
cytokines and profibrotic stimuli, such as transforming
growth factor  (TGF-3). Upon expression, TIMP-1 is able
to promote cell proliferation and may have an antiapop-
totic function (Borden et al., 1997). Failing hearts display
anincreased expression of endogenous TIMP-1 on mRNA
and protein levels (Spinale et al., 2002; Polyakova et al.
2004). In a rat model of pressure overload, induced HF
plasma TIMP-1 concentrations reflected disease severity,
assessed as left ventricular contractility (LVC), and mir-
rored response to treatment with the mineralocorticoid
receptor antagonist spironolactone (Kramer et al., 2008).
Results of different clinical trials suggest that plasma
TIMP-1 concentrations can be useful to assess disease
severity in patients suffering from hypertrophic cardio-
myopathy or HF (Noji et al., 2004). Furthermore, plasma
TIMP-1 was related to indices of LV hypertrophy and
systolic dysfunction (Sundstroem et al.2004). In addition,
a correlation between the severity of HE, as defined by
NYHA class, and plasma levels TIMP-1 has been shown
in human patients (Yamazaki et al.,2004). In contrast,
Yang et al. (2010) recently found a negative correlation
between plasma TIMP-1 concentrations and NYHA
class with TIMP-1 levels being significantly lower in HF
patients (n=39) compared with healthy controls (n=38).
It is important to mention that plasma TIMP-1 levels are
not influenced by hypertension as long as LVC is normal
(Ahmed et al., 2006). A recent trial investigated plasma
TIMP-1 concentrations in terminal HF patients (n=55)
who required VAD, before and 30 days after implantation
of VAD or TAH (Milting et al., 2008). The plasma level of
TIMP-1 was higher in VAD patients at device implantation
compared with healthy controls (n=40), with no changes
after unloading of the heart by the device. Interestingly,
in TAH patients, TIMP-1 plasma levels were significantly
increased at implantation and remained elevated after
implantation of the TAH. The latter underlines that the
myocardium is not the only source of circulating TIMP-1;
otherwise, TIMP-1 plasma levels would have been
decreased after substitution of the myocardium by the
TAH. In general, this study demonstrated that plasma
concentrations of TIMP-1 were not regulated during
mechanical unloading, at least within the first 30 days.
Most recently, TIMP-1 protein was quantified in various
forms of HF (Polyakova et al., 2010). Applying western
blot, quantitative reverse transcriptase-polymerase chain
reaction (RT-PCR), and quantitative immunofluorescent
microscopy, the authors of this study investigated fibro-
sis and collagen metabolism as well as MMP, TIMP, and
cytokine expression in dilated (n=6), ischemic (n=7),
or inflammatory (n=6) cardiomyopathies. Quantitative
immunofluorescent microscopy revealed increased
TIMP-1 protein in dilated and ischemic HF but not in
inflammatory disease. The highest TIMP-1 levels were
found in ICM (~6-fold up-regulation compared with con-
trol myocardium, P<0.05).

TIMP-4
TIMP-4, also called cardiac inhibitor of metallopro-
teinases (CIMP), is the most recently cloned member
of the TIMP family (Greene et al., 1996) and has been
found to be expressed predominantly in cardiovascular
tissues (Gomez et al., 1997; Page-McCaw et al., 2007;
Rahkonen et al., 2002). TIMP-4 was increased in inflam-
matory cardiovascular disorders (Koskivirta et al., 2006).
Interestingly, it has been shown recently that Timp-4-
deficient mice (Timp-4~/-) are more susceptible to myo-
cardial infarction but not to pressure overload induced
by aortic banding (Koskivirta et al., 2010). In addition,
(Timp-47-) mice suffer reduced cardiac function with
aging. Most studies regarding TIMP-4 show gene expres-
sion data rather than plasma or serum concentration of
the secreted protein. Nevertheless, there are a few pub-
lications describing serum/plasma concentrations of
this biomarker in cardiovascular diseases. In contrast to
most other studies that demonstrated increased TIMP-4
mRNA expression in stressed myocardium, Stroud et al.
(2005) reported decreased plasma TIMP-4 levels after
alcohol septal ablation in 16 patients suffering from
hypertrophic obstructive cardiomyopathy. Furthermore,
a recent trial showed that plasma TIMP-4 levels were
highly significantly increased in 36 pulmonary hyper-
tension (PH) patients compared with 44 healthy age
and gender-matched volunteers (healthy: 1.35+0.07 ng/
mL, PH 2.32+0.18 ng/mL, P<0.0001) (Schumann et al.,
2010). Mean plasma TIMP-4 levels were significantly dif-
ferent between patients with higher NYHA classification
(NYHAI-11vs. NYHAIII, P<0.05) and in patients display-
ing more severe right ventricular (RV) hypertrophy (no
and mild hypertrophy vs. moderate and severe hypertro-
phy, P<0.001). ROC analysis revealed that PH patients
exhibited more increased plasma TIMP-4 concentrations
than 83% of the healthy controls (AUC: 0.83, P<0.0001).
Two studies by Felkin et al. (2006, 2009) investigated the
expression of TIMP-4 mRNA in the myocardium of DCM
patients. DCM patients with deteriorating clinical status
who required VAD support (n=24) displayed 66% (+33%,
P<0.05) higher TIMP-4 mRNA expression than individu-
als with stable DCM undergoing HTx without prior VAD
support (n=7) (Felkin et al., 2006). In a second trial, the
same investigators compared myocardial TIMP-4 expres-
sion in advanced DCM patients who benefited from VAD
unloading and pharmacotherapy (r=11) with those
patients who did not develop myocardial recovery (n=>5)
(Felkin et al., 2009). TIMP-4 expression was assessed
by real-time RT-PCR at VAD implantation and again at
explantation. Among 24 ECM genes, which were assessed
in this study, only TIMP-4 mirrored the unloading of
the left ventricle by being significantly lower expressed
at explantation of the device (0.55+0.25-fold down-
regulated compared with pre-VAD, P<0.001). However,
in contrast, Li et al. (2001) found TIMP-4 protein being
unchanged during VAD support.

Taking into consideration the expression of the TIMP-4
gene, which is more or less restricted to cardiovascular
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tissues, plasma TIMP-4 seems to be predestined to serve
as a biomarker to monitor tissue remodeling processes
in HFE. Nevertheless, due to the limited number of studies
investigating plasma concentration of this biomarker, the
potential of TIMP-4 cannot be assessed yet. Furthermore,
additional studies investigating plasma TIMP-4 concen-
trations upon pharmacotherapy in less severe HF seems
desirable.

GDF-15

GDF-15 (also known as PDF, PLAB, PTGFB, NAG-1, and
MIC-1) is a member of the TGF-f superfamily (Bootcov
et al., 1997). Expression of GDF-15 mRNA and protein
is highly abundant in prostate and placenta, whereas
GDEF-15 expression is hardly detectable in the healthy
myocardium (Tan et al., 2000). Expression of GDF-15
mRNA and subsequent secretion of the 25 kDa disulfide-
linked dimeric protein is induced in cultured cardiomyo-
cytes on experimental ischemia/reperfusion (I/R), upon
nitrosative stress and upon stimulation with proinflam-
matory cytokines and interferon gamma (IFN-y) (Kempf
et al., 2006). In addition, GDF-15 becomes detectable in
the human myocardium after AMI (Khan et al., 2009).
It is postulated that GDF-15, such as other members of
the TGF-f family, signals via type I and type II recep-
tors, both of which are essential for signal transduction
(Wrana et al., 1994). Upon ligand binding, heterotetra-
meric complexes composed of type II and type I recep-
tors are formed (Kirsch et al., 2000; Qin et al., 2002). Type
I receptors represent actin receptor-like kinases (ALK).
Complex formation leads to transphosphorylation of
ALKs by the constitutively active type II receptor kinases
and subsequent phosphorylation of downstream targets,
such as Sma- and Mad-related proteins (SMAD) (Heldin
et al., 1997; Miyazawa et al., 2002). After activation,
SMADs form complexes, translocate into the nucleus,
and regulate transcription of various target genes, such
as type I collagen, junB, PAI-1, c-myc, and Id. Plasma
GDF-15 concentrations has been already investigated in
a broad range of cardiovascular disease entities in order
to assess utility of this new biomarker to stratify patients,
to monitor disease severity, and to predict prognosis. In
a study recruiting 1142 post-AMI patients, GDF-15 did
not only correlate with the pressure overload biomarker
NT-proBNP but also provides prognostic information
over and above clinical factors and NT-proBNP (Khan
et al., 2009). The multivariable Cox proportional hazard
model revealed that besides NT-proBNP, age, Killip class
>1, use of beta blockers, angiotensin-converting enzyme
(ACE) inhibitors, and angiotensin receptor blockers the
serum GDF-15 concentration was a significant indepen-
dent predictor of death or HE. Furthermore, patients
with NT-proBNP and GDEF-15 levels above median
displayed the highest event rate for death and HE The
authors therefore assumed that GDF-15 together with
NT-proBNP can be used to identify high-risk patients in
this indication.

© 2011 Informa UK, Ltd.
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In a smaller study with 158 patients Foley et al. inves-
tigated GDF-15 levels in NYHA class III and IV patients
requiring cardiac resynchronization therapy (CRT) (Foley
et al., 2009). Similar to what has been described before
for AMI patients, the combination of pre-CRT GDF-15
and NT-proBNP plasma concentrations were significant
predictors for mortality and morbidity in these moder-
ate to severe HF patients (HR 7.03). An early multicenter
study of Kempf et al. (2007) assessed circulating levels of
GDF-15 in 455 patients with chronic HF at various stages.
Interestingly, in this study in which patients with myocar-
dial infarction within the preceding 12 weeks of recruit-
mentwere excluded, GDF-15was closely related to NYHA
class (P<0.001, Kruskal-Wallis test). Approximately 75%
of patients presented with serum GDEF-15 concentra-
tions above the upper level in healthy elderly individuals
(1200ng/L). Mortality rate at 48 months ranged between
10% in the lowest GDF-15 quartile and 56.2% in the high-
est quartile, respectively. When data were adjusted for
NT-proBNP, renal impairment, anemia, and hyperure-
cemia, serum GDF-15 remained an independent predic-
tor of mortality (P<0.001) and added prognostic value
to the prognosis relevant parameters NYHA class, EF,
and serum NT-proBNP. Furthermore, this study verified
close correlation between NT-proBNP and GDF-15. Most
recently, Wang et al. published a cross-sectional study
designed to compare diagnostic utility of plasma GDF-15
concentrations with that of NT-proBNP in early-stage HF
patients, which do not display symptoms of the disease
(Wang et al., 2010). Based on the American College of
Cardiology (ACC)/American Heart Association (AHA)
guidelines (Hunt et al., 2005), a total of 208 patients dis-
playing stage A (hypertension and stable angina pectoris
patients), B (old myocardial infarction and LV hypertro-
phy), and C (previously symptomatic but currently non-
symptomatic HF) of early HF were recruited. Taking into
account that mortality in HF is still very high and screen-
ing strategies to detect patients at risk to develop HF are
urgently needed, studies similar to these are of significant
importance. GDF-15 plasma levels were significantly
increased in stages A, B, and C patients compared with
healthy controls. A strong correlation between GDF-15
and the left ventricular muscle index (LVMI) (P<0.001)
and EF (P<0.01) was observed, respectively. In addition,
multiple regression analyses revealed significant correla-
tions between the biomarker and left atrial diameter, left
atrial pressure, and left ventricular diastolic diameter,
respectively (all P<0.01). Taken together, the authors
suggested that GDF-15 might have potential implications
for detecting patients with cardiac structural abnormali-
ties resulting from cardiac pathology such as previous
AMI. Furthermore, the combination of GDF-15 and
NT-proBNP might be useful to monitor patients with
high risk to develop HE.

The aforementioned studies underline the potential
of GDF-15 as a predictive biomarker or as a monitor-
ing tool in the management of different heart diseases.
Nevertheless, further, in particular longitudinal studies
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havetobe enrolled in order to validate thisnew biomarker
for the use in clinical practice and as potential tool to sup-
port clinical development of new pharmacotherapies. As
far as we know, no trial has been published so far, which
investigated GDF-15 response to therapy. Furthermore,
factors besides cardiac disease that might affect differen-
tial expression and secretion of GDF-15 have to be inves-
tigated. Nevertheless, GDF-15 seems to be a promising
biomarker candidate, which might help to better manage
cardiovascular diseases in the future. Furthermore, data
for deteriorating HF patients receiving VAD as a bridge to
transplantation are currently completely lacking.

GDF-5

GDF-5, also known as bone morphogenetic protein
(BMP) 14, is a secreted member of the TGF-f3 superfam-
ily. GDF-5 exerts various functions including regulation
of cell survival, apoptosis, differentiation, and migra-
tion (Nakahara et al., 2003; Zeng et al., 2007). Similar to
GDF-15, GDF-5 signals via TGF-f receptors, but in con-
trast to the former factor, GDF-5 is postulated to signal via
Smad 1/5/8 (Nakamura et al., 1999; Coleman and Tuan,
2003). Numerous publications describe role of GDF-5 in
differentiation ofligament cells and regeneration/healing
of ligament and periodontal injuries (Hogan et al., 2010;
Kwon et al., 2010; Saiga et al., 2010; Zhong et al., 2010).

Recently, GDF-5 has been described in the context of
cardiovascular disease. In a mouse model of permanent
ligation of the left anterior descending (LAD) coronary
artery, GDF-5 mRNA was induced significantly in the
infracted area of the left ventricle 7 days post-myocardial
infarction (Zaidi et al., 2010). Myocardial GDF-5 protein
levels were elevated 7, 21, and 40 days after LAD ligation.
Unfortunately, plasma GDEF-5 levels were not assessed
in this model; therefore, the appropriateness of GDF-5
as circulating biomarker to assess, for example, dimen-
sion of the infracted area cannot be assessed based on
this study. Furthermore, the investigators showed that
GDEF-5-knockout mice displayed increased infarct scar
expansion, an increased LV dilation, and an impaired LV
contractility compared with infarcted control animals.
Therefore, an active involvement of GDF-5 in compen-
satory processes in the myocardium post-MI can be
postulated. In regard to the potential use of secreted
myocardium-derived GDF-5 as a biomarker to stratify or
monitor MI or HF patients, further studies are required.
In addition, GDF-5 data in patients experiencing deterio-
rating HF are completely lacking.

Conclusion

In conclusion, the use of novel biomarkers for the treat-
ment decisions in end-stage HF patients, who frequently
suffer from chronic heart disease, is at the very beginning.
Currently, there is not a single blood biomarker available,
which is suited for the prediction of the outcome of the
most elaborative, for the patient incriminating and last

but not least most expensive cardiovascular treatment.
In our review, we focused on those biomarkers, which
proved to be more than a biomarker candidate, since at
least some clinical data are available from the literature.
We showed that some of these biomarkers might be of
interest for further evaluation in clinical trials (i.e. ST2,
galectin-3).

However, for the introduction of biomarkers into clini-
cal practice standardized methods and large samples
sizes are needed (Poste, 2011), which might be challeng-
ing especially in patients treated with MCS.
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