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Abstract Left ventricular remodeling appears to be a critical
link between cardiac injury and the development and progres-
sion of heart failure with reduced ejection fraction (HFrEF).
Several drug and device therapies that modify and reverse the
remodeling process in patients with HFrEF are closely asso-
ciated with improvement in clinical outcomes. Reverse re-
modeling, including partial or complete recovery of systolic
function and structure, is possible but its determinants are
incompletely understood. Methods to predict reverse remod-
eling in response to therapy are not well defined. Though non-
invasive imaging techniques remain the most widely used
methods of assessing reverse remodeling, serum biomarkers
are now being investigated as more specific, mechanistically
driven, and clinically useful predictors of reverse remodeling.
Biomarkers that reflect myocyte stretch and stress, myocyte
injury and necrosis, inflammation and fibrosis, and extracel-
lular matrix turnover may be particularly valuable for
predicting pathophysiologic changes and prognosis in individ-
ual patients. Their use may ultimately allow improved appli-
cation of precision medicine in chronic HF.
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Introduction

By recent estimates, chronic heart failure (HF) affects nearly 6
million adults and costs approximately $31 billion annually in
the USA alone [1]. There are several evidence-based drug and
device therapies that improve left ventricular (LV) systolic
function and overall clinical outcomes in patients with HF
with reduced ejection fraction (HFrEF), while no such thera-
peutic options have proven benefits in HF with preserved
ejection fraction (HFpEF) [2–4]. The subset of patients with
HFrEF that experiences partial or complete recovery of sys-
tolic function represents a clinical phenotype that may be dis-
tinct from that of HFrEF without recovery and will be the
focus of this report [5, 6]. This phenotype is not well under-
stood and there are limited data regarding the underlying bi-
ology, natural history, prognosis, and need for long-term ther-
apies in patients with recovery of LV systolic function. It
would be useful to define strategies to predict myocardial
recovery and identify patients in whom recovery may occur.
Additionally, timely identification of those who are not likely
to recover may lead to earlier acceleration of therapies to op-
timize and ultimately alter clinical outcomes.

Definitions of Reverse Remodeling and Myocardial
Recovery

HFrEF is a broad phenotypic description of cardiac dysfunc-
tion and symptoms, which describes an end result of systolic
dysfunction due to a variety of etiologies. In this pathway to
HF, LV remodeling appears to be a critical link between car-
diac injury and the development and progression of HFrEF.
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LV remodeling describes typically adverse changes in LV
composition and structure that occur in response to mechani-
cal stress or injury and neurohormonal activation, eventually
leading to altered LV geometry and abnormal function. Such
changes on the molecular, cellular, and interstitial levels are
marked by cardiomyocyte hypertrophy, abnormal excitation-
contraction coupling and contractile function, and alterations
in the extracellular matrix (ECM) [7]. Therapies with the
greatest impact on clinical outcomes in HF are those that
modify the underlying pathophysiological process of LV re-
modeling; in fact, drug and device therapies with proven clin-
ical benefit in HFrEF lead to reverse remodeling, character-
ized by reduction in LV volumes and mass and improvement
in systolic function [2–4].

While there is no gold standard definition of reverse re-
modeling or myocardial recovery, Mann et al. have proposed
the best used definition to date that structural recovery involv-
ing partial reversal of changes in cardiomyocyte biology and
ECM composition reflects Breverse remodeling^ or
Bmyocardial remission,^ while Bmyocardial recovery^ im-
plies the normalization of both cardiac structure and function,
with freedom from clinical HF events [7, 8]. However, the
term reverse remodeling is broadly used in the literature to
describe any degree of cardiac structural recovery, including
full myocardial recovery, and will be used as such here.
Reverse remodeling appears to be a central surrogate marker
of future clinical outcomes [9], and early recognition may
have important implications for therapeutic decision-making.

Methods of Assessing Reverse Remodeling

The most well-established methods of assessing reverse re-
modeling and phenotyping HF patients are based on non-
invasive imaging techniques that evaluate changes in LV ge-
ometry and function [10]. LV ejection fraction (LVEF) is the
most commonly used parameter for assessment of cardiac
function, and both end-systolic and end-diastolic LV volumes
have been even more closely linked with response to therapy
and prognosis [11]. There is no universal imaging definition of
reverse remodeling, but many studies have used statistically
significant increases in LVEF or decreases in LV dimensions
or volumes, while others have defined cut-offs for increases in
LVEF (by 5–20 %) and/or decreases in LV dimensions or
volumes (by 10–20 %) with a change ≥15 % often being
considered significant [12].

Currently, transthoracic echocardiography is the imaging
modality of choice for assessment of LV remodeling in both
clinical and research applications, primarily due to its relative-
ly low cost, safety, and broad availability. Estimates of LVEF
and LV volumes using 2-dimensional echocardiography may
be subject to variability due to technical limitations and
operator-dependent errors, and though contrast-enhanced
echocard iog raphy and rea l - t ime 3-d imens iona l

echocardiography have improved accuracy and reproducibil-
ity, their use is limited by the lack of widespread availability
[13, 14].

Cardiac magnetic resonance (CMR) imaging provides
greater spatial and temporal resolution, and contrast-
enhanced CMR with assessment of late gadolinium enhance-
ment has been shown to predict reversibility of adverse LV
remodeling [15]. On the basis of these observations and
others, CMR is considered the gold standard for non-
invasive measurement of functional and volumetric parame-
ters. Its use as a research tool and in clinical practice has
grown in recent years, but its general applicability remains
limited by cost and availability of specialized expertise.

A major limitation of these current methods of assessing
remodeling and reverse remodeling is that they rely on the
identification of overt structural changes, which may occur
late in the course of disease progression and potentially out-
side the window for therapeutic intervention; earlier recogni-
tion of these processes could significantly alter therapeutic
approaches and improve clinical outcomes. Furthermore, al-
though these imaging techniques can demonstrate changes in
cardiac structure and function or identify the presence of fi-
brosis, neither echocardiography nor currently used CMR
techniques can fully reflect the underlying biology of remod-
eling or reverse remodeling. It would be useful, therefore, to
identify additional surrogate markers that reflect uniquemech-
anistic pathways of remodeling or reverse remodeling earlier
in the disease process.

Cardiac Biomarkers Associated with Reverse Remodeling

The clinical use of serum biomarkers in HF management,
including for the identification of LV remodeling, has in-
creased in recent years. The most clinically useful biomarkers
meet the following criteria: they are easy to obtain with accu-
racy and precision, relatively inexpensive, easily interpreted,
provide consistent and generalizable information, add knowl-
edge beyond what is already available, and most importantly,
reflect underlying biological processes [16].

Several HF biomarkers, most notably the natriuretic pep-
tides (NPs), have demonstrated clinical utility in HF and play
important roles in its diagnosis and management [17–19].
There are limited clinical data, however, regarding the use of
biomarkers to predict reverse remodeling, and this is an area
that is still under active investigation.

Biomarkers of particular interest are those that highlight
major biological processes underlying HF pathogenesis and
remodeling, such as (1) markers of myocyte stretch and stress
(e.g. B-type natriuretic peptide and its amino-terminal pro-
peptide equivalent); (2) indicators of myocyte injury (e.g. car-
diac troponins T and I); (3) markers of inflammation and fi-
brosis (e.g. soluble suppression of tumorigenicity 2, galectin-
3); and (4) extracellular matrix proteins (e.g. matrix
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metalloproteinases, tissue inhibitors of metalloproteinases,
and collagen-related serum peptides).

Myocyte Stretch and Stress: Natriuretic Peptides

The NPs, B-type natriuretic peptide (BNP), and its amino-
terminal pro-peptide equivalent (NT-proBNP) are secreted
from cardiomyocytes in response to myocyte stretch due to
increased pressure or volume. They have both been
established as useful biomarkers for the diagnosis of HF, for
determining prognosis, and potentially for monitoring re-
sponse to and guiding therapy [20]. Concentrations of NPs
decrease with proven HF treatments and lower achieved con-
centrations are associated with improved clinical outcomes
[21].

A subgroup analysis of 116 patients with serial echocardio-
grams in the ProBNP Outpatient Tailored Chronic Heart
Failure (PROTECT) study, a trial to evaluate the use of NT-
proBNP-guided chronic HF management, explored the rela-
tionship between NT-proBNP and LV remodeling. Final
achieved NT-proBNP concentration after 10 months of ag-
gressive HF management was positively correlated with final
LV end-diastolic and LV end-systolic volume indices and in-
versely correlated with final LVEF; in multivariable analysis,
achieved log-NT-proBNP concentrations were predictive of
the direction and magnitude of LV remodeling. In addition,
NT-proBNP-guided therapy was associated with improve-
ment in LVEF, LVend-diastolic volume index, E/e’, and right
ventricular systolic function and pressure [22]. Furthermore,
NT-proBNP non-responders (failure to achieve NT-proBNP
≤1000 pg/mL following HF therapy) often did not improve,
or improved to a lesser extent than did responders, inmeasures
of LV remodeling (Fig. 1) [23]. Cross-sectional CMR imaging
studies of patients with HFrEF of ischemic etiology have sim-
ilarly shown that higher NT-proBNP concentrations are asso-
ciated with parameters of adverse LV remodeling and RV
dysfunction, but longitudinal analyses are lacking [24, 25].
Just as neurohormonal antagonists reduce NP concentrations,
there is evidence that cardiac resynchronization therapy (CRT)
leads to an early and sustained reduction in NT-proBNP,
which is associated with improvement in LV volumes and
LVEF [26].

These findings suggest that NT-proBNP concentrations
might be useful non-invasive indicators of LV remodeling
and cardiac function. However, in the only study to date to
evaluate prediction of reverse remodeling, as defined by (1)
increase in LVEF ≥15%, OR (2) increase in LVEF ≥10% plus
decrease in LV end-systolic diameter index ≥ 20 % or in LV
end-systolic volume index ≥40 %, NT-proBNP was not found
to be an independent predictor [12]. In this study of 304 pa-
tients, investigators evaluated clinical characteristics and bio-
markers (NT-proBNP, sST2, galectin-3 and highly sensitive
cardiac troponin T), deriving and then externally validating

the ST2-R2 score for the prediction of LV reverse remodeling.
Though NT-proBNP is not included in this score, a close link
between NPs and clinical outcomes with or without concur-
rent demonstration of LV remodeling is well established and it
is possible that NP measurements are more sensitive than im-
aging techniques in reflecting response to therapy.

Myocyte Injury: Cardiac Troponins

Cardiac troponins (cTn) I and T are proteins that are specific
for myocardial injury, whether it is due to obstructive coronary
artery disease or to other etiologies of cardiac necrosis. Two
forms of troponin assays are available, conventional (clinical-
ly widely available), and highly sensitive (clinically available
in Europe, but otherwise primarily used for research pur-
poses in the United States). When measured using a highly
sensitive assay, abnormal concentrations of cTn are detectable
in almost all patients with HF, even in the absence of ischemia or
underlying coronary artery disease [27]. In chronic HF, elevated
cTn is a marker of increased risk for progressive LV dysfunction
and worse clinical outcomes with increased mortality [28–31].

Concentrations of cTn have been associated with parame-
ters of LV remodeling in HFrEF of both ischemic and non-
ischemic etiologies. In an early small study of 60 patients with
idiopathic dilated cardiomyopathy, decrease in cTnTover time
was associated with decrease in LV cavity size and increase in
LVEF by echocardiography, as well as fewer cardiovascular
(CV) events [29]. A substudy of PROTECT that included 99
patients with HFrEF of various etiologies similarly described
an association between an increase in cTnI, adverse clinical
outcomes, and deleterious LV remodeling based on echocar-
diographic parameters [32]. In another post hoc retrospective
analysis of 378 patients with myocardial infarction (MI) in the
Evaluation of MCC-135 for Left Ventricular Salvage in Acute
Myocardial Infarction (EVOLVE) study, higher concentra-
tions of cTnI 72 hours after percutaneous coronary interven-
tion predicted adverse clinical outcomes, as well as large in-
farct size and low LVEF asmeasured by SPECT imaging [33].
A more recent larger registry-based study of 1307 patients
with LVEF <45 % after MI found that lower peak cTnI was
a significant predictor of recovery of systolic function at
follow-up echocardiography [34]. A retrospective analysis of
the Prediction of ICD Treatment Study (PREDICTS), multi-
center international study found that in 231 patients with
HFrEF after MI, higher peak cTn was an independent risk
factor for persistent LV systolic dysfunction. The best-
performing model to predict recovery of LVEF to (1) >35 %
included peak cTn, LVEF at the time of MI, length of hospital
stay, prior MI, and lateral wall motion abnormalities and (2)
>50 % included peak cTn, LVEF at the time of MI, prior MI,
and ventricular fibrillation and/or cardiac arrest at presenta-
tion; these models were validated in a second cohort of 236
patients [35].
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Though these findings suggest a role for cTn as a potential
predictor of reverse remodeling, like NT-proBNP, it was not in-
dependently associated with reverse remodeling in the ST2-R2
score mentioned above [12]. A similar caveat regarding cTn’s
close link to clinical outcomes applies, however, and it may prove
to be more useful in future investigations of reverse remodeling.

Inflammation and Fibrosis: sST2 and Galectin-3

Several novel biomarkers reflect interstitial processes that are
important in LV remodeling and may provide useful informa-
tion regarding reverse remodeling and the potential for myo-
cardial recovery. Two such markers that reflect inflammation,
fibrosis, and LV remodeling are soluble suppression of tumor-
igenicity 2 (ST2) and galectin-3.

Soluble ST2

ST2 is a member of the interleukin-1 receptor family with both
transmembrane (ST2L) and soluble (sST2) isoforms and is
expressed in cardiomyocytes, cardiac fibroblasts, and vascular
endothelial cells. Cell culture and animal models have shown
that sST2 is released in response to cardiomyocyte stress [36],
and other cellular and in vivo experiments of LV hypertrophy
and HF have shown that its secretion by endothelial cells is
correlated with diastolic load, as reflected by LVend-diastolic
pressure, but not with LV volumes or systolic wall stress [37].

Animal studies have suggested that paracrine interactions of
ST2 and its ligand interleukin-33 (IL-33) are part of a
cardioprotective signaling system involved in LV remodeling af-
ter myocardial injury and volume overload. IL-33 production is
mechanically induced in cardiac fibroblasts, and its interaction

with ST2L blocks pro-hypertrophic stimuli in cardiomyocytes.
A murine model demonstrated that ST2-null mice had increased
LVhypertrophy and fibrosis in response to pressure overload, and
treatment with recombinant IL-33 was protective in wild-type
mice only [38]. The same study reported that sST2 blocked the
anti-hypertrophic effects of IL-33, indicating that it functions as a
soluble decoy receptor that sequesters and inhibits IL-33 (Fig. 2).
A subsequent study demonstrated that sST2 partially inhibited the
protective effects of IL-33 against hypoxia-induced apoptosis of
cardiomyocytes and confirmed in a post-MI murine model that
IL-33/ST2 signaling decreases fibrosis and improves LV function
[39]. These data indicate that sST2 expression is induced by
cardiomyocyte stress and mitigates a cardioprotective effect of
IL-33/ST2 signaling on LV remodeling.

Clinical studies have identified sST2 as an independent pre-
dictor of adverse clinical outcomes and mortality in patients
with chronic HF [40–44] and suggested that it is particularly
powerful when used in combination with NT-proBNP [43, 45].
A head-to-head comparison of sST2 and galectin-3 in a cohort
of 876 patients with chronic HFrEF demonstrated that incorpo-
ration of sST2 into a model for all-cause mortality, already in-
cluding clinical variables and NT-proBNP, improved risk strat-
ification, while galectin-3 did not [46]. Cross-sectional echocar-
diographic analyses have demonstrated relationships between
sST2 and cardiac structure and function that complement the
basic science studies and clinical outcome results, identifying
associations between higher sST2 concentrations and greater
LV cavity size, lower LVEF, and worse RV function in diverse
patient populations [47, 48].

Longitudinal studies have provided additional insight into the
utility of sST2 as a therapeutic target or as a marker of remodel-
ing. In a cohort of 100 patients admitted with acute MI, higher

Fig. 1 Echocardiographic results
stratified on the basis of NT-
proBNP response (achieved
concentration ≤1000 pg/mL) vs.
non-response (achieved
concentration >1000 pg/mL).
Non-responders were less likely
to demonstrate favorable reverse
remodeling after a mean of
10 months of HF care. HF heart
failure, LVEDVi left ventricular
end-diastolic volume index,
LVEF left ventricular ejection
fraction, LVESVi left ventricular
end-systolic volume index, NT-
proBNP N-terminal pro-B-type
natriuretic peptide. Reproduced
with permission from [23]
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serum sST2 was correlated with lower LVEF and greater infarct
size at baseline and at 24-week follow-up; subsequent LV re-
modeling, defined as increases in LV volumes, occurred only
in those patients with high baseline sST2 and was attenuated
by treatment with eplerenone (though treatment did not lower
sST2 concentrations) [49]. A substudy of medication effects in
the 151 patients enrolled in the PROTECTstudy found that those
patients with low sST2 treated with high-dose beta-blocker had
the lowest CVevent rate [50]. Further analysis of the same cohort
demonstrated that more time spent with sST2 below a threshold

of 35 ng/mL predicted decrease in LV end-diastolic volume in-
dex, a marker of reverse remodeling [51]. Building upon these
findings, the ST2-R2 score to predict reverse remodeling ulti-
mately included sST2 in addition to other clinical variables; the
final model designated points for sST2 <48 ng/mL (3 points),
non-ischemic etiology (5 points), absence of left bundle branch
block (4 points), HF duration <12 months (2 points), baseline
LVEF <24 % (1 point), and beta-blocker treatment (2 points),
with a greater total score associated with higher likelihood of
reverse remodeling [12]. The study cohort was subsequently

Fig. 2 IL-33/ST2 signaling is cardioprotective in vivo. a Representative
H&E and Sirius red stains and b quantitative analyses of samples from
each group. ST2-null mice developed more cardiomyocyte hypertrophy
and cardiac fibrosis after TAC than did WT mice. Treatment with IL-33
significantly reduced these changes in WT mice, but not in ST2-null
mice. c Gross measurement of heart weight normalized to body weight
was cons is ten t wi th the his tomorphomet r ic ana lyses . d
Echocardiographic analysis at 4 weeks after operation demonstrated in-
creased LV mass, LV wall thickness, and reduced fractional shortening in

ST2-null mice. Treatment with IL-33 reduced hypertrophy only in WT
mice. IL-33 caused no significant change under non-stress conditions
in vivo. Scale bar 10 μm. White and black bars indicate sham-operated
and TAC, respectively. *P < 0.05 versus non-operated control (b, d) or
sham-operated WT (c); §P < 0.05 versus the same treatment in WT;
†P < 0.05 versus sham in the same group; #P < 0.05. C non-operated
control, LV left ventricular, TAC transverse aortic constriction, WT wild
type. Adapted with permission from [38]
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expanded to include 569 patients from three international co-
horts, in whom the ST2-R2 score appropriately predicted reverse
remodeling and also provided information about mortality [52].

Galectin-3

Galectin-3 is a β-galactoside-binding lectin that is secreted by
activated cardiac macrophages during phagocytosis. Its role in
cardiac fibrosis was first described in a rat model of hypertensive
HF, in which progression to HF was associated with increased
expression of galectin-3 in hypertrophied hearts [53]. Galectin-3
was primarily found in activated myocardial macrophages, with
binding sites in cardiac fibroblasts and the ECM. It induced
cardiac fibroblast proliferation and reduction in LVEF in associ-
ation with altered collagen production, marked by an increased
ratio of collagen type I compared to type III (the two most abun-
dant collagen components of the ECM).

In another murine model of aldosterone and high-salt-treated
rats, galectin-3 overexpression was associated with increased
collagen type I synthesis, vascular hypertrophy, inflammation,
and fibrosis, which were reversed by treatment with
spironolactone or modified citrus pectin [54]. Aldosterone treat-
ment increased galectin-3 expression, inflammation, and colla-
gen type I inwild-typemice but not in galectin-3-nullmice; these
data suggested that galectin-3 is required for vascular inflamma-
tory and fibrotic response to aldosterone, and furthermore, may
be reversed by mineralocorticoid receptor antagonist (MRA) ad-
ministration. Similarly, in a mouse model of hyperaldosterone-
and hypertension-induced cardiac fibrosis, BNP expression was
blunted and galectin-3 expression was increased; treatment with
eplerenone reversed these findings [55]. Another study found
that angiotensin II infusion or transverse aortic constriction
caused LV hypertrophy, fibrosis, and systolic dysfunction in
wild-type mice, while galectin-3-null mice developed LV hyper-
trophy without fibrosis or dysfunction [56]. In the same study,
pharmacologic inhibition of galectin-3 in hypertensive rats atten-
uated fibrosis and LV dysfunction and resulted in downregula-
tion of collagen production (both type I and type III) and also
attenuated the progression of cardiac remodeling in a mouse
model of increased afterload. On the basis of these findings
and other confirmatory experiments, galectin-3 has been impli-
cated in the progression of HF via mediation of cardiac fibrosis
and ECM remodeling and has also been identified as a therapeu-
tic target or marker for the reversal of fibrosis in HF.

Several clinical trials have shown that galectin-3 is associated
with adverse outcomes andmortality in patients with chronic HF
[57–60], though galectin-3 is a more powerful prognostic indi-
cator in HFpEF than in HFrEF [61], and this association appears
to be attenuated in the presence of NT-proBNP [62, 63]. As noted
previously, a head-to-head comparison of sST2 and galectin-3
suggested that sST2 provides additive predictive information for
all-cause mortality in combination with clinical variables and
NT-proBNP, while galectin-3 does not [46]. There are other data

suggesting that galectin-3 concentrations predict changes in LV
volumes and LVEF, but studies have been conflicting. In the
PROTECT substudy, higher galectin-3 concentrations at serial
measurements were associated with adverse CV events, while
lower galectin-3 concentrations were associated with increase
in LVEF at follow-up echocardiography at a mean of 10 months;
no significant effects of medications on galectin-3 levels were
observed, however [60]. Similarly, in a study of 240 patients with
HF (97%with HFrEF) who underwent serial echocardiography,
lower baseline galectin-3 concentration was associated with de-
crease in LVend-diastolic volume at 3 months, even after adjust-
ment for clinical risk factors [64]. These findings are in contrast,
however, to an earlier study in which higher galectin-3 levels
were associated with all-cause mortality in patients with chronic
HFrEF, but there were no relationships between galectin-3 and
echocardiographic indices including LVend-diastolic volume in-
dex and LVEF [65]. Similarly, in a cohort of 100 patients with
acuteMI and LV systolic dysfunction, baseline galectin-3 had no
correlation with LVEF or LV volumes as measured by CMR, or
with change in any of these parameters between baseline and
24 weeks [66]. Galectin-3 was not included in the recently de-
veloped ST2-R2 score for reverse remodeling, as it was not
independently associated with improvement in remodeling pa-
rameters when other clinical variables and biomarkers were
added to the multivariable model [12].

Importantly, there have thus far been no studies in humans
demonstrating that medications associated with reverse remod-
eling can improve galectin-3 levels. In the CMR study men-
tioned above, aldosterone blockade with eplerenone was associ-
ated with a rise in galectin-3 concentration [66], and in a
substudy of the Controlled Rosuvastatin Multinational Study in
Heart Failure (CORONA), aldosterone antagonist use was asso-
ciated with higher galectin-3 concentration [67], but both studies
may be underpowered to assess for these drug effects. Most
recently, a substudy of Heart Failure: A Controlled Trial
Investigating Outcomes of Exercise Training (HF-ACTION)
and a substudy of PROTECT both found no interaction between
galectin-3 and clinical treatment effects of MRA [68, 69]. Some
studies have observed that patients with elevated baseline
galectin-3 were less likely to respond to medical therapy, specif-
ically to angiotensin II receptor blockers (ARBs) and statins [58,
67]. In the context of CRT, however, data are conflicting. In a
substudy of 654 patients with mildly symptomatic HF in the
Multicenter Automatic Defibrillator Implantation Trial with
Cardiac Resynchronization Therapy (MADIT-CRT), elevated
baseline galectin-3 was an independent predictor of adverse clin-
ical outcomes and identified patients who derived a larger benefit
from CRT [70], while in another substudy of the Cardiac
Resynchronization in Heart Failure (CARE-HF) trial of patients
with HFrEF and cardiac dyssynchrony, elevated galectin-3 was
associated with adverse long-term outcomes and increased LV
end-systolic volume, but concentrations did not change over
18 months of follow-up and did not predict response to CRT
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[71]. In patients with advanced HF requiring mechanical circu-
latory support, baseline galectin-3 levels were elevated and sig-
nificantly higher in those who later died, but did not decrease in
response to therapy by 30 days post-implantation [72].

Before galectin-3 can be used either as a marker of clinical
response or as a marker of reverse remodeling, the answer to
whether or not galectin-3 concentration changes in response to
therapy must be more precisely defined. Clinical trials have
identified the utility of galectin-3 as a marker of increased risk,
however, and elevated galectin-3 may identify a particularly
high-risk phenotype that is refractory to available therapies.

Extracellular Matrix Proteins: MMP9, TIMP1, BMP1,
PICP/PIIINP

ECM components are constantly deposited and degraded; imbal-
ance in these processes can lead to abnormal LV remodeling and
subsequent LV systolic dysfunction. The alterations in ECM
composition are marked by dysregulated collagen homeostasis
and increase in type I collagen deposition, as well as cardiac
fibroblast proliferation and activation that ultimately leads to re-
duced cardiac compliance, chamber dilation, cardiomyocyte hy-
pertrophy, apoptosis, and fibrosis [73]. Fibrosis occurs in re-
sponse to cardiomyocyte stress, such as pressure or volume over-
load, neurohormonal activation, and ischemia/infarction. Some of
the key enzymes and inhibitors involved in these processes have
been identified as potential markers of reverse remodeling and
myocardial recovery, a select group of which is described here.

MMP9 and TIMP1

Matrix metalloproteinases (MMPs) are a family of zinc-
dependent endopeptidases that are responsible for tissue remod-
eling by degrading structural elements of the ECM and process-
ing other non-ECM substrates. MMP9, first termed 92-kDa
type IV collagenase or gelatinase B, is one of the family mem-
bers that can cleave collagen; it is secreted by several different
types of cells, including neutrophils, macrophages, and fibro-
blasts. It is positively regulated by multiple factors and is
inhibited by tissue inhibitors of metalloproteinases (TIMPs);
TIMP1 inhibits both pro-MMP9 and its active form [74].

MMP9 activity has been associated with various CV pro-
cesses, including hypertension, atherosclerosis, and MI, and is
increased in both ischemic and dilated cardiomyopathies
[75–77]. In a cross-sectional analysis of 699 Framingham
Study participants with no prior HF orMI, it was also associated
with increased LV dimensions and wall thickness in men [78].
Increased MMP9 activity is associated with compensatory hy-
pertrophy in response to hypertension and fibrosis after MI, but
studies have pointed to both beneficial and deleterious effects of
MMP9 on LV remodeling. In a murine model of MI, MMP9-
null mice had increased expression of other MMPs and TIMP1,
fewer macrophages, less collagen accumulation in the infarcted

areas, and smaller increases in LV cavity dimensions [79], and
in another similar model, MMP9-null mice had more neovas-
cularization and improved LV function [80]. Surprisingly, how-
ever, transgenic overexpression of MMP9 in mouse macro-
phages after MI was also associated with attenuated inflamma-
tory response and improved LVEF [81]. The conflicting results
suggest that imbalances between MMPs and TIMPs may be
associated with alterations in ECM degradation, contributing
to LV remodeling via regulation of both pro- and anti-
inflammatory phenotypes at different points in the disease pro-
cess. Several neurohormonal antagonists decrease MMP9 ex-
pression and activity, including beta-blockers, ACE inhibitors,
ARBs, and MRAs, indicating that its expression is modifiable
and responsive to therapeutic intervention [74].

Since the balance between levels and activities of MMP9
and TIMP1 varies depending on the stage of disease or pro-
gression of HF, they may be attractive markers to track LV
remodeling and reverse remodeling. Additional clinical data
are needed to support their use as biomarkers for this purpose.

BMP1

Fibrillar collagens types I and III are produced by cardiac fibro-
blasts and are the main collagenous components of both normal
and fibrotic cardiac tissues. They are secreted into the ECM as
procollagen precursors and require propeptide removal before
mature collagen fibrils can form and assemble. Bone morpho-
genetic protein 1 (BMP1) belongs to a family of tolloid-like
proteinases that are involved in the maturation and assembly
of fibrillar collagen by cleavage of procollagen C-terminal
propeptides and were originally called procollagen C-
proteinases (PCPs) [82, 83]. BMP1 has since been shown to
regulate various aspects of ECM assembly, including formation
of collagen cross-linking and activation of signaling molecules
such as TGF-β; these actions are controlled by substrate-
specific enhancermolecules in the absence ofmany endogenous
inhibitors [84]. The crucial role of BMP1 in the processing of
ECM proteins and collagen deposition has led to interest in its
potential use as a therapeutic target for the prevention of fibrosis
and as a biomarker of remodeling and reverse remodeling.

Several studies have linked BMP1 to cardiac fibrosis and me-
diators of fibrosis, but results have been conflicting. In a mouse
model of MI, expression of both BMP1 and secreted frizzled
related protein 2 (Sfrp2), which is proposed to enhance BMP1
activity, was increased; Sfrp2-null mice had less fibrosis and sig-
nificantly improved cardiac function [85]. A similar rat model of
MI also demonstrated that expression of BMP1 and collagen
types I and II was upregulated in areas of infarction, consistent
with the role ofBMP1 in procollagen biosynthesis andmaturation
[86]. In a series of experiments described in the same report,
however, Sfrp2 was shown to inhibit type I procollagen process-
ing and maturation, inhibit type I collagen deposition, and even-
tually significantly reduce LV fibrosis and improve LV function.
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Studies have also shown that expression of PCP enhancers in
cardiac fibroblasts is stimulated by aldosterone-induced fibrosis
and blocked by the presence of spironolactone [87, 88]. Though
inconclusive, these experiments provide evidence that BMP1 ac-
tivity may be associated with remodeling effects, and further-
more, these effects may be modified by medical therapy.

BMP1 has the potential to be a promising marker of LV
remodeling and reverse remodeling, but further understanding
of its regulation in the context of cardiac fibrosis is needed and
its clinical utility remain to be seen.

PICP and PIIINP

Two of the propeptides that are products of collagen process-
ing, C-terminal propeptide of procollagen type I (PICP) and
N-terminal propeptide of procollagen type III (PIIINP), are
markers of collagen turnover.

In patients with dilated or ischemic cardiomyopathy, serum
PIIINP was associated with collagen type III deposition and
was independently associated with mortality [89]. However,
in the substudy of CARE-HF mentioned above, like galectin-
3, PIIINP was associated with adverse outcomes, but PIIINP
concentrations were not associated with LV remodeling param-
eters or response to CRTand did not change over time [71]. In a
small study of 65 patients with hypertension, serum PICP cor-
related with the extent of collagen type I deposition assessed on
endomyocardial biopsy and was highest in those with HF, sug-
gesting that it might be a useful marker of myocardial fibrosis
[90]. There is also evidence that PICP may reflect LV remod-
eling. A recent study of 132 patients with symptomatic HFrEF
demonstrated an association between PICP and BNP levels, as
well as indices of LV cavity size and diastolic function [91]. In
another study of 48 patients who suffered an initial acute MI,
there was a sustained increase in serum PICP for up to nearly
12 months post-infarction and those patients with a greater
absolute increase from baseline had evidence of adverse LV

remodeling, including LV dilatation, lack of improvement in
LVEF, and worse diastolic function [92].

These results suggest that PICP and PIIINP concentrations
may be useful reflections of BMP1 activity and thereby com-
plement BMP1 as markers of remodeling; as is the case for
BMP1, however, additional data are needed.

Mechanical Circulatory Support

The identification of serum biomarkers for the prediction of
reverse remodeling and myocardial recovery is particularly
relevant in this era of mechanical support devices. As the rates
of left ventricular assist device (LVAD) implantation increase,
while the rates of cardiac transplantation remain relatively
stable, early stratification of patients based on their likelihood
of recovery might affect treatment strategy. No such serum
biomarkers with prognostic value in patients with refractory
cardiogenic shock requiringmechanical support have yet been
identified. In a small study of 41 patients requiring support
with extracorporeal membrane oxygenation, early measure-
ments of several prognostic HF biomarkers, including NT-
proBNP and cTnI, did not predict myocardial recovery [93].
In patients with chronic HFrEF requiring long-term LVAD
support, however, the data are more encouraging. Several
studies have demonstrated that LVAD therapy leads to de-
creases in concentrations of NT-proBNP and BNP from base-
line, in some cases correlating with decrease in LV dimensions
[94–96]. It is not clear, however, whether the reduction in NP
concentrations is due primarily to pre-operative stabilization
with medical therapy or whether it is a direct effect of LVAD-
related hemodynamic unloading [97]. Interestingly, there are
conflicting data regarding effects of LVAD therapy onmarkers
of inflammation and fibrosis. Though one recent single-center
study demonstrated a reduction in galectin-3 and ST2, along
with NT-proBNP and other serum biomarkers, after LVAD

Table 1 Strength of evidence for use of serum biomarkers to predict clinical outcomes, left ventricular remodeling, and reverse remodeling

Category Candidate biomarkers Clinical
outcomes

Left ventricular
remodeling

Reverse
remodeling

(1) Myocyte stretch and stress BNP, NT-proBNP +++ +++ ++

(2) Myocyte injury cTnT, cTnI +++ +++ ++

(3) Inflammation and fibrosis sST2 +++ +++ +++

Galectin-3 ++ ++ +

(4) Extracellular matrix proteins MMP9, TIMP1 + ++ +

BMP1 + ++ +

PICP, PIIINP + ++ +

Strength of evidence: +++ strong, ++ moderate, + weak

BMP1 bone morphogenetic protein 1, BNPB-type natriuretic peptide, cTnI cardiac troponin I, cTnT cardiac troponin T,MMP9matrix metalloproteinase
9, NT-proBNP N-terminal pro-B-type natriuretic peptide, PICP C-terminal propeptide of procollagen type I, PIIINP N-terminal propeptide of
procollagen type III, sST2 soluble ST2, TIMP1 tissue inhibitor of metalloproteinases 1

214 Curr Heart Fail Rep (2016) 13:207–218



therapy [94], others have found that these markers of inflam-
mation and fibrosis remained unchanged [95, 96]. Despite
these early findings, additional work is necessary to better
define the role of serum biomarkers in predicting reverse re-
modeling or myocardial recovery after LVAD implantation;
the existing data are not yet sufficient to recommend the use
of any specific biomarker for this application.

Conclusion

Serum biomarkers are promising tools for the prediction of
reverse remodeling in chronic HFrEF, and their potential ap-
plication to myocardial recovery is of specific clinical rele-
vance given its association with improved clinical outcomes.
Many serum biomarkers, including those reflecting myocyte
stretch and stress, myocyte injury and necrosis, inflammation
and fibrosis, and extracellular matrix turnover, have been stud-
ied in both preclinical and clinical settings. Several of these
markers are associated with prognosis in HFrEF, and a smaller
number have been linked to LV remodeling and reverse re-
modeling in studies to date. The relative strength of evidence
linking each subgroup of biomarkers to clinical outcomes, LV
remodeling, and reverse remodeling is depicted in Table 1.
Based on the data currently available, sST2 appears to be the
most promising of the biomarkers described here, specifically
in terms of its link to LV reverse remodeling demonstrated in
imaging studies; due to their close associations with clinical
outcomes, however, NPs and cTn may also prove to be of use
in the future. Additional work is necessary to better define the
utility of these and other novel candidate biomarkers. The
biomarkers that reflect mechanistic processes of myocardial
recovery are particularly important because they may allow
improved application of precision medicine, with tailoring of
therapeutic decisions to individuals based on their underlying
biology. This is an approach already routinely used in other
fields such as oncology, but has only recently begun to take
hold in HF, and is likely to form the basis of future applica-
tions of therapeutic strategies and targeted research.
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