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Abstract Comprehensive diagnostic criteria, accurate prog-
nostic indicators, and effective treatment for patients with
heart failure and a preserved ejection fraction (HFpEF)
represent a critically important unmet need in cardiovascular
medicine. Novel approaches to fill this unmet need are
likely to be facilitated by targeting the underlying and
unique pathophysiologic mechanisms that characterize pa-
tients with HFpEF. Two possible targets include hemody-
namic overload evidenced by increased LV diastolic
pressure (LVDP) and myocardial fibrosis evidenced by in-
creased extracellular matrix fibrillar collagen. The measure-
ment of LVDP and fibrosis generally requires either
invasive procedures and/or complex and sophisticated im-
aging techniques. However, biomarkers measured in the
plasma have been shown to accurately reflect changes in
hemodynamic load and myocardial fibrosis and may have
important application to the management of patients with
HFpEF. The purpose of this review is to describe current
and future applications of biomarkers in the management of
patients with HFpEF.
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Diagnosis, Prognosis, and Management of HFpEF:
Critical Unmet Needs

Diagnostic Criteria

Patients with heart failure (HF) can be divided into those with
heart failure and a reduced ejection fraction (HFrEF) and those
with heart failure and a preserved ejection fraction (HFpEF).
Criteria necessary to make the diagnosis of HFpEF have been
proposed both by the Heart Failure Society of America and the
European Society of Cardiology. These criteria include symp-
toms and signs of heart failure, normal left ventricular (LV)
volume, preserved EF (usually >50 %), evidence of diastolic
dysfunction, and the absence of any non-cardiac cause for
symptoms and signs. The use of these criteria has not been
universally implemented, consensus on their use is incom-
plete, and their specificity has not been confirmed. Thus, the
establishment of diagnostic criteria remains an unmet need.
As described below, biomarkers that indicate the presence of
diastolic dysfunction may help to facilitate and enhance the
specificity and utility of these diagnostic criteria in HFpEF.

Prognosis

The prevalence of HFpEF (>50 % of all HF patients) con-
tinues to increase [1]; prognosis remains grim. HFpEF pa-
tients have a devastating 5-year mortality rate (approaching
60 %), costly morbidity (50 %, 6-month hospitalization
rate), and debilitating symptoms (maximum myocardial ox-
ygen consumption, MVO2, averaging 14 ml/gm/min) [1–5].
Predictors of morbid and mortal outcomes in HFpEF remain
incompletely defined. Clinical, structural, and functional
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indices have been proposed. When present, LV remodeling
and diastolic dysfunction portend poor outcomes. However,
the frequency distribution of these finding varies in HFpEF
populations, and these finding also occur in patients with
antecedent or comorbid conditions such as hypertension,
diabetes, and advanced age. Thus, the development of prog-
nostic indices with necessary specificity remains an unmet
need; biomarkers may help to fill this need.

Management

To date, standard HF therapy shown to be effective in
HFrEF has not been shown to reduce morbidity or mortality
in HFpEF patients [17–21]. In fact, recent HF guidelines
have concluded that “no treatment has yet been shown,
convincingly, to reduce morbidity or mortality in patients
with HFpEF” [22]. Therefore, current treatment remains
empiric, targets antecedent and comorbid diseases, and pre-
vention and reduction of volume overload. This review
explores possible novel developmental directions in the
management of HFpEF which are based on biomarker direct-
ed selection of patient populations and guided management
approaches.

Pathophysiology: Targets for Novel Therapeutic Strategies

As described above, comprehensive diagnostic criteria, ac-
curate prognostic indicators, and effective treatment of
HFpEF represent a singularly important unmet need in
cardiovascular medicine. Novel approaches to fill this
unmet need are likely to be facilitated by targeting the
underlying and unique pathophysiologic mechanisms that
characterize patients with HFpEF. While there are some
features of the clinical HF syndrome that are shared by all
HF patients regardless of ejection fraction (EF), there are
clear and specific differences in cardiovascular structure and
function between HFpEF and HFrEF [6–16]. The patho-
physiological mechanisms that cause the development of
HFpEF are reflected in changes in LV relaxation and filling,
LV structural remodeling and geometry, and changes in LV
and vascular compliance. Patients with HFpEF have normal
LV end-diastolic volume, normal (or near normal) EF and
chamber systolic properties, commonly have concentric re-
modeling of either the LV chamber or cardiomyocytes,
decreased LV diastolic distensibility, and diffuse myocardial
fibrosis [6–16]. While each of these mechanisms are impor-
tant and contribute to the development of HFpEF, two
consensus targets include hemodynamic overload evidenced
by increased LV diastolic pressure (LVDP) and myocardial
fibrosis evidenced by increased extracellular matrix (ECM)
fibrillar collagen. The measurement of LVDP and fibrosis
generally requires either invasive procedures and/or com-
plex and sophisticated imaging techniques. However,

biomarkers measured in the plasma have been shown to
accurately reflect changes in hemodynamic load and myo-
cardial fibrosis and may have important application to the
management of patients with HFpEF.

Biomarkers in HFpEF that Reflect Pathophysiology

Biomarkers include proteins, peptides, and microRNAs
that can be measured in the plasma and can be shown
to represent changes in myocardial structure or function
that reflect underlying pathophysiologic processes [23].
In this article, biomarkers that reflect changes in hemo-
dynamic load and fibrosis in patients with HFpEF will
be reviewed.

Hemodynamic Load

LVDP can be directly measured by cardiac catheterization.
LVDP can be non-invasively estimated using echocardio-
graphic, Doppler and Tissue Doppler echocardiographic
methods, measurements of blood volume, and thoracic im-
pedance. Neither these direct or indirect methods are easily
applicable across a wide spectrum of clinical care, particu-
larly in the outpatient setting, nor is their frequency of
measurement currently sufficient to manage the rapidly
changing hemodynamic status of HFpEF patients. However,
plasma biomarkers such as the natriuretic peptides reflect
hemodynamic load and can be measured relatively inexpen-
sively, repetitively, and both in a point of care setting and at
home setting [24]. Evidence to support this application and
its utility in the management of HFpEF will be one purpose
of this review article.

Myocardial Fibrosis

Myocardial fibrosis can be directly quantitated by myocar-
dial biopsy and assessment of collagen volume fraction.
Diffuse myocardial fibrosis can be non-invasively assessed
using MRI late gadolinium enhancement and T1 mapping
[25]. However, like the methods used to measure LVDP,
these invasive and non-invasive methods have significant
limitations. Fortunately, plasma biomarkers have been iden-
tified that reflect changes in collagen homeostatic mecha-
nism responsible for fibrosis and the presence and extent of
myocardial fibrosis. For example, matrix metalloproteinases
(MMP), tissue inhibitors of MMPs (TIMPs), and collagen
processing proteins collagen propeptides and collagen
telopeptides reflect changes in collagen homeostasis and
the transition from antecedent diseases like hypertension to
clinically symptomatic HFpEF [26, 27]. Galectin-3 and ST-
2 reflect the general extent of fibrosis and the severity of
HFpEF [28–34]. Evidence to support this biomarker
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application and its utility in the management of HFpEF will
be a second purpose of this review article.

Change in Biomarkers versus Diastolic Pressure-Volume
Relationship

These two sets of biomarkers may have both independent
and interdependent value in HFpEF. That is, because they
reflect different but related aspects of the pathophysiology
of HFpEF, they may be used separately or in combination.
For example, myocardial fibrosis results in an overall shift
in the position and slope of the diastolic pressure-volume
curve indicating an overall increase in LV chamber stiffness
(Fig. 1). Changes in chamber stiffness occur over a longer
time period and should be detected by changes in biomarkers
that reflect fibrosis. By contrast, changes in volume status may
change the instantaneous operating stiffness (end diastolic
pressure-volume ratio) along a given pressure-volume rela-
tionship (Fig. 1). Changes in operative stiffness occur over a
shorter time period and will likely be reflected by changes in
biomarkers that reflect LVDP. Finally, these factors may be
interdependent; an increase in fibrosis will result in an increase
in vulnerability to develop increased operative stiffness.

Natriuretic Peptides: Use in Assessment
of Hemodynamic Overload

The best characterized biomarkers in patients with HFpEF
are the natriuretic peptides: B-type natriuretic peptide (BNP)
and N-terminal pro-BNP (NT-proBNP) [35–45]. Circulating
levels of these proteins are elevated in patients with HFpEF
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Fig. 1 Changes in plasma biomarkers may reflect changes in the left
ventricular (LV) diastolic pressure versus volume relationship (DPVR).
Solid line represents a normal DPVR; dashed line represents the DPVR
in patients with heart failure with a preserved ejection fraction
(HFpEF). One mechanism that results in an increase in LV diastolic
stiffness and a shift upwards and to the left of the DPVR is the
development of fibrosis. Biomarkers such as Galectin 3 (Gal-3) may
be reflective of this process. A change in hemodynamic load can result
in an increase in the instantaneous operative stiffness and shift the
diastolic pressure versus volume coordinants to a steeper portion of the
DPVR. Biomarkers such as brain natriuretic peptide (BNP) may be
reflective of this process. Adapted from Zile et al. [13]

All HF Patients HFpEF PatientsFig. 2 Direct relationship
between left ventricular end
diastolic pressure (EDP) or end
diastolic wall stress (EDWS)
and brain natriuretic peptide
(BNP) for all heart failure (HF)
patients and patients with heart
failure with a preserved ejection
fraction (EF). From Iwanaga et
al. [46]
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as compared to subjects without HF, but are lower than
levels seen in patients with HFrEF. In patients with HFpEF,
increased BNP is directly related to increased LV diastolic
filling pressure and end diastolic wall stress [46]. As shown
in Fig. 2, there is a direct linear relationship between BNP
and LVDP; the relationship is even more robust between
BNP and LV diastolic wall stress. In addition, BNP and NT-
proBNP fall when LVDP decreases in response to volume
reduction. Therefore, natriuretic peptide levels are an accu-
rate reflection of ambient LVDP.

Because HFpEF patients have a smaller LV cavity and
thicker LV walls, their end diastolic wall stress is much lower
than in HFrEF, even in the setting of high diastolic pressures,
thus, producing a lower stimulus for BNP production. On
average, HFpEF patients presenting with acute decompensated
heart failure (ADHF) have a BNP value of 100–500 pg/ml vs.
HFrEF patients with 500–1,500 pg/ml.

In addition, other factors, independent of LVDP and
diastolic stress also affect BNP levels in HFpEF patients.
For any given LVDP in HFpEF patients, BNP levels are
lower in obese patients and higher in women, older patients,
and patients with concomitant pulmonary disease (chronic
obstructive disease, pulmonary hypertension, pulmonary
embolus) and renal dysfunction. For example, expected
values on BNP in obese patients with decompensated
HFpEF with a body mass index > 35 Kg/m [2] will be
significantly lower than the values mentioned above and
may be close to the upper normal partition value. Because
patients with heart failure have significant co-morbidities
(including those that affect the right ventricle) HFpEF pa-
tients with pulmonary hypertension may have elevated BNP
levels even when they are compensated. There is significant
daily variability in BNP levels in otherwise stable patients
which makes the determination of what constitutes a signif-
icant increase or decrease more challenging; however, re-
cent advances in modeling of serial measurements is likely
to address this challenge [40].

Thus, within the limitations described above, natriuretic
peptide levels should have practical application to diagnos-
tic, prognostic and management issues in HFpEF.

Natriuretic Peptides: Use in Diagnosis and Prognosis

Natriuretic Peptides as Diagnostic Criteria

The diagnostic criteria specified in current HF guidelines for
HFpEF includes invasive or non-invasive assessment of
LVDP such as an increased LA volume index > 40 ml/m
[2], LVEDP > 16 mmHg, and PCWP >15 mmHg [22]. This
requirement is based on epidemiologic studies, randomized
clinical trials and mechanistic studies demonstrating signif-
icant abnormalities in diastolic function in patients with

HFpEF. In addition, studies using implantable hemodynam-
ic monitors (IHM) in patients with HFpEF have demonstrat-
ed that LVDP is increased even when HFpEF patients are
considered compensated; LVDP further increases signifi-
cantly when HFpEF patients make the transition to ADHF
[47].

Like LVDP, BNP and NT-proBNP have become critical
components of the diagnostic criteria for HFpEF proposed in
HF guidelines [22]. In addition, BNP and NT-proBNP have
become essential inclusion criteria in RCTs in HFpEF. The
standard partition values for diagnostic criteria of BNP=
100 pg/ml and NT-proBNP =800 pg/ml have been suggested
to support the diagnosis of HFpEF [22].

Natriuretic Peptides Predict Prognosis

Recent studies showed that both baseline LVDP and change in
LVDP from baseline predict future HF events (Fig. 3) [47, 48].
Like LVDP, baseline values of NT-proBNP and change in NT-
proBNP from baseline have prognostic value in patients with
HFpEF (Fig. 4) [44, 45]. Thus, there are similar predictive
patterns using LVDP and natriuretic peptides.Furthermore, in
the Champion trial (CardioMEMSHeart Sensor AllowsMon-
itoring of Pressure to Improve Outcomes in NYHA Class III
Heart Failure Patients) management of HFpEF based on
knowledge of LVDP resulted in a 152 % decrease in pressures
and a 52 % decrease in HF events (both p<0.001 vs. control)
(Fig. 5) [49]. These data justify LVDP as practical therapeutic
target. Thus, LVDP represents an important diagnostic and
prognostic index and may be useful in developing novel
management strategies in HFpEF. There is a remarkable par-
allel between these applications of LVDP to HFpEF and
application of natriuretic peptides to HFpEF.

Natriuretic Peptides: Use in Guided Management

Beyond their diagnostic and prognostic capabilities, tailor-
ing therapy based on BNP values may also be efficacious.
Three recent studies Habit, Protect and Battlescarred
suggested that BNP or NT-proBNP measured in an outpa-
tient setting (every 1–3 months) or measured daily at home
was both feasible and efficacious in guiding treatment in
patients across an EF spectrum [40, 41, 43]. In these studies,
increased values of BNP were treated by augmenting diure-
sis and lowering LVDP. For example, Protect was an inves-
tigator initiated, prospective randomized study in HF
patients with an EF≤40 % (mean 28±9 %) [42]. Total CV
events were lower and time to first CV event was longer in
patients in whom NT-proBNP was used to guide treatment
compared with patients in the standard of care group in whom
NT-proBNPwas not used to guide treatment. In Habit I (Heart
failure assessment with BNP in the home) patients with an EF
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median 30 % and IQR 20-45 %, daily home BNP testing was
feasible and changes in BNP corresponded to significant
changes in risk of CV event [40]. These concepts will be
further tested in HABIT II in which management using BNP
in patients across an EF spectrum will determine whether a
strategy to lower baseline BNP<200 pg/ml or lowest level
attainable and/or prevent or respond to rise in BNP on CV
events will be tested.

Natriuretic Peptides as Targets of Therapy

Natriuretic peptide levels themselves may also serve as a target
for therapy in patients with HFpEF. Natriuretic peptide levels
could be increased either by preventing their degradation by
neutral endopeptidases (such as in the Paramount Study) or by
using IVor SC infusion of BNP itself (such as in the Chronic
Administration of Subcutaneous Brain Natriuretic Peptide [SQ

BNP] on the Left Ventricular, Renal and Humoral Function
and on the Integrated Response to Acute Sodium Loading
study, nct 00405548) [50–53]. This review will focus on the
Paramount study: Prospective comparison of ARNI vs. ARB
on Management of Heart Failure with Preserved Ejection
Fraction. PARAMOUNT was a phase 2, randomized,
parallel-group, double-blind multicenter trial in patients with
NYHA class II-III HFpEF (EF>45 %), and NT-proBNP>
400 pg/mL [50]. 149 patients were assigned to LCZ696
(an angiotensin receptor and neprilysin inhibitor, 200 mg BID)
or 152 patients to valsartan (160 mg BID) for 36 weeks. The
primary endpoint was change in NT-proBNP from baseline to
12 weeks. At 12 weeks LCZ696 significantly reduced NT-
proBNP by ∼15 % compared with valsartan (p=0.005). At 36
weeks LCZ696 significantly reduced LA volume by ∼5 %
compared with valsartan (p=0.003). LCZ improved NHYA
class vs. valsartan (p=0.05). LCZ696 was well tolerated with
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Fig. 3 a Patients with heart
failure and a preserved ejection
fraction (HFpEF) have
increased LV diastolic pressure
(indexed here as estimated
pulmonary artery diastolic
pressure, ePAD) when
considered compensated by
their physician and have further
increases in pressure when they
develop acute decompensated
heart failure requiring hospital
admission (from Zile et al.
[47]). b Both baseline LV
diastolic filling pressure and
changes in filling pressure are
sensitive predictors of future
ADHF events (from Stevenson
et al. [48])
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adverse effects similar to those of valsartan. Whether these
effects would translate into improved outcomes will be tested
in a large randomized trial (PARAGON-HF).

Biomarkers Reflecting Collagen Homeostasis: Use
in Assessment of Myocardial Fibrosis

Role of ECM in Progression from PO to HFpEF- Animal
Models

The most common antecedent and co-morbid disease processes
that lead to the development of HFpEF include pressure-
overload (PO) conditions such as hypertension and aortic ste-
nosis. While other metabolic conditions such as diabetes can
contribute to the development of HFpEF, PO will be the

primary focus in this review. Despite significant advances in
diagnosis and management, PO remains one of the most im-
portant risk factors for the development of CV disease and a
leading cause of CV morbidity and mortality. PO results in
significant changes in LV structure and function, collectively
termed myocardial remodeling [8]. This remodeling includes
significant changes in cardiomyocytes, fibroblasts and the ex-
tracellular matrix (ECM), all of which contribute to structural
remodeling and diastolic dysfunction of PO. Initially, PO leads
to the development of LV chamber hypertrophy (LVH) [53,
54]. Once established, PO-induced LVH has significant long
term consequences because it serves as a major independent
risk factor for the development of myocardial fibrosis and HF,
particularly HFpEF. Animal models of PO that reflect
important elements of clinical HFpEF have shown that this
remodeling process follows a temporal pattern [53, 54].

NT-pro BNP (pg/mL)                   < 133 134 – 338 339 – 963 > 964
Median NT-pro BNP (pg/mL) 73 214 551 1720
# of Patients 870 867 873 870
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Fig. 4 a Baseline values of NT-
Pro BNP have significant
prognostic value and predict
morbid and mortal outcomes.
The higher the baseline value of
nt-proBNP, the higher endpoint
rate of the primary and
heart failure endpoint in
the I-Preserve study (From:
McKelvie et al. [44]). b Change
form baseline values of NT-Pro
BNP have significant prognos-
tic value and predict morbid
and mortal outcomes. Data
from the I-Preserve study
indicated that the directional
change in NT-proBNP
predicted primary and heart
failure outcome rates
(From Jhund et al. [45])
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Initially, in response to a PO stimulus, rapid and progressive
cardiomyocyte hypertrophy occurs during a period of relative
compensation. During this initial phase, ECM fibrillar colla-
gen is not significantly increased and diastolic function par-
ticularly diastolic distensibility remains normal. Once the
level of hypertrophy reaches a steady state increase, ECM
fibrillar collagen accumulation occurs together with the de-
velopment of diastolic dysfunction, decreased distensibility,
and decompensation. These pathophysiologic processes de-
fined in animal models have relevance to the structural, func-
tional and clinical progression that occurs in hypertensive
heart disease (HHD).

Role of ECM in Progression from PO to HFpEF- Clinical
HHD

Patients with hypertension can be categorized into 3 staged
groups: 1) those with hypertension but no structural remodel-
ing, 2) those with hypertension and structural remodeling (such
as LVH) but no significant diastolic dysfunction and no HFpEF
and 3) those with hypertension, LVH, diastolic dysfunction and
HFpEF [55]. In this second phase of HHD there is little or no
significant increases in ECM collagen content. The transition to
the third phase HFpEF in HHD is associated with if not caused
by a change in collagen homeostasis that leads to fibrosis. Once
fibrosis develops in patients with PO, mortality and morbidity
significantly increase. For example, studies usingMRI technol-
ogy to evaluate diffuse fibrosis in patients with aortic stenosis
have shown that 5 year mortality is predicted by the extent of
myocardial fibrosis present [25]. Therefore, identifying patients
in each of the 3 stages of HHD described above, differentiating

thosewith andwithout structural remodeling, diastolic dysfunc-
tion and HFpEF, and assessing ECM collagen processes repre-
sent an important and novel target for development of
diagnostic, prognostic and therapeutic strategies in patients with
HFpEF and the antecedent PO conditions that lead to HFpEF.
There are a number of proteins, peptides and microRNAs that
have been shown to reflect collagen homeostasis that hold
promise as biomarkers that can play important roles in these
novel strategies [55–59]. The role that these biomarkers play in
collagen homeostasis are described below.

Collagen Composition

Myocardial fibrillar collagen is primarily composed of collagen
I and III. Changes in collagen I may make the larger contribu-
tion to diastolic dysfunction and HFpEF because it has the
higher stiffness properties, occurs in higher proportion and
increases in response to PO. The regulatory control mecha-
nisms are similar for both collagen I and III, therefore they will
be considered together, but biomarkers specific to each will also
be discussed. Fibrillar collagen content results from the balance
in the following processes: procollagen synthesis, postsynthetic
procollagen processing, post-translational collagen cross-
linking and collagen degradation (Fig. 6A).

Collagen Synthesis

Collagen is synthesized as a procollagen molecule primarily in
myocardial fibroblast (Fig. 6B). Procollagen is secreted into the
ECM space where it must undergo a series of ordered sequen-
tial post-synthetic processing steps that are sensitive to both

Cumulative Hospital Admissions
Freedom From First HF Hospitalization

or All-Cause Mortality

39% Rate HF Hospitalizations 

150% PA diastolic pressure

n # Rate HF 
Hosp

Rate HF 
Hosp Tx

Rate HF 
Hosp Ctl

p-value

HFpEF 119 52% 0.16 0.33 <0.001

HFrEF 431 23% 0.36 0.47 <0.007

Fig. 5 Results of the
CHAMPION trial
demonstrating a reduction in
cumulative hospital admissions
and increase in freedom from
heart failure (HF)
hospitalizations or all-cause
mortality in HF with a reduced
ejection fraction (HFrEF) and
HF preserved EF (HFpEF)
patients. From Abraham et al.
[49]
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temporal and spatial parameters that create a mature cross-
linked insoluble collagen fibril [60–62]. Procollagen is secreted
as a soluble molecule with an NH2- (N) and a COOH (C)-
terminal propeptide attached. Removal of these propeptides is
the first of a number of essential steps that lead to efficient
incorporation of soluble collagen into insoluble collagen fibrils.

Collagen Processing

First, enzymatic cleavage of the C-terminal propeptide by bone
morphogenic protein-1 (BMP) 1 (enhanced by procollagen C-
proteinase enhancer) is required [62]. The rate of release of the C-
terminal propeptide and its concentration in plasma as PICP

Fibroblast

Mature Collagen Fibril

Post-Translational
Modification

Synthesis Degradation

Post- Synthetic Processing

Procollagen

a

Lysyl
Oxidase

ADAMTS
2 & 14

BMP-1

Fibroblast

PCPE-1

Mature Insoluble Collagen Fibril

Procollagen Processing to Mature Fibril

ProCollagen

b

Fig. 6 a Four major
determinants of collagen
homeostasis: procollagen
synthesis, procollagen
processing, collagen post-
translational modification,
collagen degradation. b Steps
necessary to process a soluble
procollagen molecule to
insoluble collagen fiber
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(procollagen I C-terminal propeptide) and PIIICP (procollagen I
C-terminal propeptide) reflect collagen synthesis. Second, enzy-
matic cleavage of the N-terminal propeptide by ADAMTS-2/3
(A Disintegrin-like and Metalloproteinase Domain with
Thrombospondin Type Motif) is required. The rate of release
of the N-terminal propeptide and its concentration in plasma as
PINP (procollagen I N-terminal propeptide) and PIIINP
(procollagen I N-terminal propeptide) reflect collagen synthesis.

Collagen Fibril Assembly

After the C and N terminal propeptides are cleaved, the
resulting collagen molecules undergo covalent cross-link for-
mation to form insoluble fibrils. The cross-links are formed
spontaneously by oxidized reactive aldehydes on lysine and
hydroxylysine catalyzed by the enzymes lysyl oxidase and
hydroxylysyl oxidase. After this initial cross-linking, additional
non-enzymatic cross-links can be formed by advanced
glycation end product (AGE) formation. Increase AGE induced
cross-links have been shown to result from PO. Signaling by
AGEs through the receptor for AGEs (RAGE) has been shown
to result in profibrotic pathway activation. Soluble RAGE
(sRAGE), and AGE modified albumin can be measured in
the plasma.

Matricellular Proteins

The spatial and temporal organization of procollagen pro-
cessing in the extracellular space is critical for efficient and
effective incorporation of insoluble collagen. A number of
matricellular proteins such as SPARC, thrombospondin,
osteopontin, and others are critical in the regulation of
procollagen processing by facilitating fibril assembly, for-
mation, and collagen deposition to insoluble ECM. Each of
these matricellular proteins can be measured in the plasma.

Collagen Degradation

Insoluble collagen fibrils in the ECM undergo degradation
into collagen telopeptides. Plasma concentrations of colla-
gen telopeptides such as CITP (collagen I telopeptide) re-
flect the rates of collagen degradation and the ratio of
propeptides to telopeptides reflect collagen turn-over rate.
Degradation is caused by proteases such as MMPs. There
are now approximately 23 MMP types expressed within
humans, and the distribution, functionality, and substrates
are diverse as discussed in several broader reviews [26, 27].
Initially, the MMPs were classified based upon recognized
substrates, and while this nomenclature no longer holds
relevance, it is still commonly used to group the MMP
types. This classification scheme would include the Colla-
genases, such as MMP-1, MMP-13, and MMP-8; the
Gelatinases which would include MMP-2 and MMP-9; the

Stromelysins/Matrilysins which would include MMP-3 and
MMP-7; and the Membrane Type MMPs which would in-
clude MMP-14. MMPs are in turn regulated by TIMPs.
Each MMP and TIMP have multiple mechanisms of action
and targets for activity. While in general it is true that some
MMPs under specific circumstances primarily act to de-
grade fibrillar collagen, MMPs may also act on bioactive
molecules within the ECM that result in profibrotic path-
ways to be activated. In general, TIMPs bind to active
MMPs and inactivate their protease activity and lead to a
reduction in collagen degradation. In addition, however,
TIMPs may act on other bioactive molecules and effect
myocardial growth, fibroblast proliferation, and activity.
TIMPs increase fibroblast growth factors and stimulate
profibrotic signaling cascades and contribute to fibrosis.
MMPs and TIMPs can be measured in the plasma and have
been shown to change significantly during the development
of HHD.

Biomarkers that Reflect Collagen Homeostasis

Each of the proteins and peptides described above can be
measured in the plasma and can be used as biomarkers to assess
collagen synthesis, processing, and degradation rates. Myocar-
dial collagen content, composition, and geometry are the result
of the balance between these homeostatic mechanisms. For
example, if collagen synthesis and collagen processing are
increased (as evidenced by an increase in PICP and SPARC)
but collagen degradation is also increased (as evidenced by an
increase in CITP and MMP-13), there may be no net change in
total collagen content. In patients with HFpEF, collagen syn-
thesis, processing, and cross-linking have been shown to be
increased, while collagen degradation is decreased resulting in a
net increase in collagen content and fibrosis. Some but not all of
the potential biomarkers described above have been tested and
been found to be useful in HFpEF patients. These data are
summarized in Table 1 and discussed below in the context of
HHD. Clearly further studies are necessary.

Biomarkers that Reflect Collagen Content and Fibrosis

There are additional biomarkers such as galectin-3 and ST-2
which may reflect the degree and reversibility of fibrosis
[28–34]. Galectin-3 is a beta-galactoside-binding lectin, secret-
ed by macrophages, that may act to increase fibroblast prolif-
eration, activity, and transformation into myofibroblast. In so
doing, Gal-3 may promote a profibrotic fibroblast phenotype,
increase collagen synthesis, and enable aldosterone signaling.
ST2 is amember of the interleukin 1 receptor family; ST2 exists
in both membrane bound and soluble forms. The functional
ligand of ST2 is interleukin 33 (IL-33), a cardiac fibroblast
protein. Binding of IL-33 to membrane ST2 produced by
increased myocardial biomechanical elicits an antihypertrophic
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and antifibrotic response. This cardioprotective effect is negated
by soluble ST2which acts as a decoy, prevents binding of IL-33
to membrane-bound ST2.

Therefore, based on the information described above, these
plasma biomarkers that reflect collagen homeostasis and the
degree of fibrosis should be useful in defining the degree of
remodeling in HHD, augmenting diagnostic criteria for
HFpEF, providing prognostic information in HFpEF, and
enhancing ability to develop tailored treatment in HFpEF
(Table 1).

Biomarkers Reflecting Collagen Homeostasis: Use
in Diagnosis and Prognosis

Biomarkers Reflect Antecedent Structural Remodeling

HF guidelines emphasize the fact that hypertension treatments
aimed to prevent, identify, and regress LVH in patients with
HFpEF are the only recommendations that have “level of

evidence A” [22]. Therefore, it is important to be able to
identify the presence of structural remodeling such as LVH
and to be able to identify and/or predict the progression from
LVH to HFpEF. The plasma biomarkers discussed below
represent those that reflect changes in the collagen homeostasis
and for which there is evolving evidence that they can in fact
provide this diagnostic and prognostic information in LVH and
HFpEF. While each biomarker can be considered as a single
entity, data suggest that the predictive accuracy is significantly
increased when these biomarkers are used together in a multi-
biomarker panel. Data to support this approach with these
biomarkers are described below.

While LVH is a pivotal step in the development of PO-
induced heart disease, the detection of LVH is made difficult
by several factors. First, in and of itself, the clinical disease
processes causing PO do not cause symptoms; consequent-
ly, LV remodeling may remain an unrecognized and insidi-
ous process for a prolonged period of time. Second, LVH is
not readily detectable using standard clinical means such as
a history, physical exam or ECG, but rather requires costly,

Table 1 Summary of applica-
tions of biomarkers to HFpEF Biomarker Application to HFpEF Reference

Markers of hemodynamic load

Natriuretic peptides

BNP, NT-proBNP Correlate with elevated LVEDP [46]

Support diagnosis [22]

Predict mortality, HF events [44, 45]

Guide therapy [40]

Target of therapy [50]

Markers of fibrosis

↑ sST2 Correlates with elevated LVEDP [63]

Supports diagnosis [29]

Predicts mortality, HF events [28, 64, 65]

↑ Galectin-3 Supports diagnosis [66]

Predicts mortality, HF events [31, 32, 67–69]

Collagen pro-peptides

↑ PICP, PINP, PIIINP Supports diagnosis [55, 56, 58, 70, 71]

Predicts mortality [59]

Collagen telo-peptides

↑ CITP Supports diagnosis [56, 70, 72]

Predicts HF event [73]

Matrix metallopreoteinases

↑ MMP-1 Supports diagnosis [58]

↑ MMP-2 Supports diagnosis [55, 56, 70]

↑ MMP-8 Supports diagnosis [55]

↑ MMP-9 Supports diagnosis [56, 70]

Tissue inhibitor of MMPs

↑ TIMP-1 Supports diagnosis [58]

↑ TIMP-4 Supports diagnosis [58, 74]

↑ Osteopontin Predicts mortality, HF events [59]
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specialized testing approaches, and subspecialty expertise to
perform and interpret. Therefore, a plasma biomarker profile
was developed which could be utilized to identify patients
with LVH and therefore identify patients with HHD at
highest risk to develop HFpEF. Seventeen biomarkers (ma-
trix metalloproteinase [MMP]-1, -2, -3, -7, -8, and -9; tissue
inhibitors of MMPs [TIMPs] -1, -2, -3, and −4; N-terminal
propeptide of brain natriuretic peptide (NT-proBNP);
cardiotrophin; osteopontin; soluble receptor for advanced
glycation end products; collagen I telopeptide; collagen I
NT-proBNP; and collagen III N-terminal propeptide [PIIINP])
were examined. From these, a multi-biomarker panel
which included MMP-7, MMP-9, TIMP-1, PIIINP, and
NT-proBNP provided a robust prediction algorithm for
LVH (AUC=0.80) [55]. Each of these biomarkers was
increased in patients with hypertension and LVH but no
HFpEF compared with patients with hypertension with no
LVH. These changes in collagen homeostasis likely represent
an increase in collagen turnover during the hypertrophy
process.

Biomarkers Indicating the Diagnosis of HFpEF

There is a substantial rate of progression from PO-induced
LVH to abnormal diastolic function and HFpEF. Myocardial
remodeling, particularly changes in the structure and compo-
sition of the ECM, results in abnormal LV filling, a stiff
noncompliant left ventricle, and increased diastolic pressures.
However, identification of patients with LVH who have de-
veloped this form of HFpEF is difficult, requires extensive
non-invasive and/or invasive testing, and complex algorithmic
diagnostic criteria. Therefore, a plasma biomarker profile was
developed which could be utilized to identify the patients with
HFpEF. A multi-biomarker panel (selected from the same 17
biomarkers described above) which included MMP-2, MMP-
8, TIMP-4, and PIIINP provided a prediction algorithm for
HFpEF both with good sensitivity and acceptable specificity
(AUC=0.79, Fig. 7) [55]. Thus, a different plasma MMP
profile emerged for HFpEF patients compared with LVH
patients. Specifically, plasma MMP-2 and MMP-7 were in-
creased, whereas MMP-8 levels were decreased. This likely
reflects a local shift in cell type activation as well as ECM
proteolytic events occurring in HFpEF patients. Specifically,
increased plasma MMP-2 levels may act in concert with
increased MT1-MMP and TIMP-2 to cause activation of
profibrotic pathways linked to TGF-B. Increased MMP-7
levels have been associated with the wound healing response,
are expressed in resident cells such as macrophages, and may
be indicative of local alterations in the cell types and expres-
sion patterns occurring within the ECM. In addition, the
decrease in MMP-8 in the HFpEF patients suggests a pheno-
typic change in cell types and MMP expression patterns.
MMP-8, a neutrophil collagenase, may be reflective of

changes in neutrophil synthesis and activation and result in
decreased collagen degradation. The increase in TIMP-4
levels in HFpEF would imply a further induction of a myo-
cardial profibrotic state by MMP inhibition. Taken together,
the multi-biomarker panel in HFpEF patients suggested the
presence of a shift in collagen homeostasis to a profibrotic
condition.

Galectin-3 and sST-2 Predict Prognosis

The prognostic utility of the MMP, TIMP, collagen, and
matricellular biomarkers described above has not been ex-
amined. However, sST-2 and galectin-3 have been studied.
A number of studies have demonstrated that Gal-3 is in-
creased in HFpEF and predicts worse outcome in HFpEF.
Because Gal-3 is related to aldosterone signaling, a high
Gal-3 level may help identify those HFpEF patients that are
most responsive to treatment with an aldosterone antagonist.
Soluble ST2 is increased in HFpEF and is associated with
diastolic dysfunction, fibrosis, and decompensation (Table 1).

MicroRNAs

In addition to protein and peptide biomarkers, a number of
plasma microRNAs (miRs) were examined in these patient
groups. MiRs are products of non-coding genes that act to
repress protein translation. MiRs 29a, 1, 21, 133a were
increased in patients with LVH but no HFpEF. These miRs
have been associated with inhibition of myocardial fibrosis.
MiRs 29a, 1, 21, 133a returned to normal levels in patients
with LVH and HFpEF. These changes in miRs result in a
removal of the suppression of translation of proteins that
result in activation of profibrotic cascades and result in
myocardial fibrosis. MiRs have not yet been applied as
diagnostic or prognostic biomarkers in patients with HFpEF.
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Fig. 7 Receiver operator curve (ROC) analysis for plasma biomarker
detection of heart failure with a preserved ejection fraction (HFpEF).
Observed area under the curve (AUC) for HFpEF using clinical covar-
iates plus the four biomarker panel=0.79 (0.73 to 0.86). From Zile et
al. [55]
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Biomarkers Reflecting Collagen Homeostasis:
Biomarker-Guided Treatment—The Future

To date, biomarkers reflective of myocardial fibrosis and col-
lagen homeostasis have not been used to guide management of
patients with HFpEF. However, there are several factors that
make this application both reasonable and expected.

Existing pharmaceutical approaches, novel drugs under
development, and novel devices under development have
mechanisms of action that alter or are likely to alter both
collagen homeostasis and myocardial fibrosis. Therefore, bio-
marker profiling may allow individualization of treatment
approach selective to specific processes present in each patient.
One such example is the use of baseline Gal-3 levels to predict
response to aldosterone antagonism. There is a significant
positive relationship between Gal-3 levels and aldosterone
signaling. Thus, a clinical trial is being planned (Reduction in
events with galectin-3 and aldo blockade in acute heart failure,
REGAL) which will test the hypothesis that Gal-3-guided
therapy with spironolactone in patients admitted with ADHF
will decrease heart failure-related events over subsequent
90 days of post-discharge follow-up. HFpEF patients with a
high baseline Gal-3 will be selected for aldo antagonist treat-
ment. A high Gal-3 level will identify those HFpEF patients
that are most likely to be responsive to treatment with an
aldosterone antagonist. A similar approach could be applied
to selection of patients for treatment with neuromodulation
devices. Another example is the use of treatment-induced
changes in determinants of collagen homeostasis to tailor drug
dose and choice during a course of treatment. After initiation of
treatment, a change from baseline in biomarker content during
treatment could be examined. An adequate response would be
indicated if biomarker content were changed toward normal
values. The utility of the use of baseline or change from
baseline in these biomarkers would be suggested if this tailored
therapy resulted in decreased events, improved clinical status,
improvement diastolic function, and reduced fibrosis.

Unlike biomarkers of LVDP above, since a change in
fibrosis would be time dependent, not instantaneous, and
would require consideration of longer half-life of collagen
protein itself, the frequency with which these would be mea-
sured would be weekly or monthly or quarterly. It is likely that
multiple biomarkers used in combination would be most pow-
erful in creating tailored therapy. The reasons for this include
the fact that like all HF syndromes, the mechanisms causing
HFpEF are numerous and they act independently and
interdependently. This is true in HFrEF as well. For example,
evidenced-based guidelines for the treatment of symptomatic
patients with HFrEF include the use of multiple drugs and
devices that target a number of different underlying pathophys-
iologic mechanisms that have been demonstrated to cause the
development or progression of HFrEF. These facts should
inform the development of novel and effective management

strategies for HFpEF in the following manner. First, novel and
effective management of HFpEF must target these pathophys-
iologic mechanisms including treatments that alter in both
hemodynamic load and fibrosis. Second, comprehensive treat-
ment will require multiple drugs and devices that individually
target multiple independent mechanisms. This multi-targeted
approach is necessary because eachmechanism independent of
other mechanisms likely contributes to disease progression.
Therefore, HFpEF will require a multi-targeted approach that
synergistically acts to improve morbidity and mortality in
HFpEF. Therapy tailored both by the use of baseline and a
change from baselines values of biomarkers will by necessity
be based on a multi-biomarker panel approach.
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