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Abstract
Heart failure (HF) is accompanied by the upregulation of bioactive signaling molecules, known as
cytokines, and a family of downstream proteases, matrix metalloproteinases (MMPs). It is now
apparent that these molecules contribute to adverse myocardial remodeling during HF. Elevated
levels of cytokines and MMPs exist in the myocardium and can subsequently spill over into the
systemic circulation. The purpose of this article is to examine clinical studies of HF that have
quantified levels of different types of cytokines, MMPs and endogenous tissue inhibitors of MMPs
in relation to this disease process. HF is a complex syndrome that can develop from various etiologies
and can be characterized into two distinct phenotypes: systolic and diastolic. This article will present
recent clinical studies that have identified significant differences between the cytokine and MMP
circulating profile of systolic and diastolic HF patients. In general, elevated levels of cytokines and
MMPs exist in systolic HF patients when compared with diastolic HF patients, whereas diastolic HF
patients have elevated levels of cytokines and MMPs when compared with controls. Therefore, future
studies distinguishing between HF phenotypes may provide more consistent results in determining
possible analytes to be used as biomarkers. Furthermore, this article will emphasize why
standardization of analytical techniques and establishment of referent cytokine and MMP levels are
necessary if these analytes are to be used as biomarkers for the diagnosis, prognosis and evaluation
of treatment in the context of HF.

Keywords
chronic heart failure; cytokines; matrix metalloproteinases; tissue inhibitors of matrix
metalloproteinases

Heart failure & biomarkers
Heart failure (HF) can be classified into two separate phenotypes: systolic HF (SHF) and
diastolic HF (DHF). SHF is characterized by a dilated and eccentrically hypertrophied left
ventricle (LV) where ejection is impaired during systole [1]. Conversely, DHF is characterized
by intrinsic abnormalities in LV relaxation and passive stiffness resulting in inadequate filling
during diastole [2]. However, DHF patients exhibit normal systolic function and have a normal
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or preserved ejection fraction (EF) [3]. SHF and DHF are significantly different in demographic
characteristics, underlying causal and pathophysiologyical mechanisms, LV remodeling and
function and mortality rate [1,3]. Owing to these many differences, it is reasonable that the
circulating biomarker profile, including cytokines and matrix metallo-proteinases (MMPs),
may be significantly different between these HF phenotypes. The diagnosis of HF is a complex
process, which is dependent on combinatorial results from medical history, physical
examination and an array of functional tests, and can progress from various diseases including
myocardial infarction, hypertrophy and cardiomyopathy. Therefore, the identification of
biomarkers to assist in diagnosing and evaluating the severity and cause of HF could provide
a more accurate and systematic method to improve evaluation and treatment. This article will
examine several aspects of cytokines and MMPs:

• Clinical studies that have quantified and identified relationships between cytokine
and MMP levels with patient functional status or prognosis;

• Differences between cytokine and MMP levels in SHF and DHF patients;

• Interactions between cytokines and MMPs;

• Analytical techniques used in the quantification of clinical studies.

Cytokines
Cytokines are a family of bioactive signaling molecules that regulate the inflammatory
response and are involved in various cardiovascular diseases, including HF [4]. Although
cytokines are pleiotropic, a simplified categorization of pro- and anti-inflammatory has been
implemented. The prototypical proinflammatory cytokine, TNF, is expressed as a pro-TNF
form and is subsequently inserted into the cellular membrane in various cell types [5]. Proteases
then solublize and release the membrane-bound TNF to bind to the two TNF-receptor (TNFR)
subtypes, TNFRI and TNFRII [6]. TNF can depress myocardial contractility by uncoupling
regulated calcium handling through both sphingosine and nitric oxide pathways [7].
Furthermore, TNF can induce myocyte apoptosis in the myocardium [8]. Following TNF
binding to the membrane-bound TNFR, a protease cleaves the extracellular domain and soluble
TNFR can be detected in the systemic circulation [6,9–14]. Other proinflammatory cytokines
include IL-1β, IL-2 and IL-6. These cytokines are involved in immune system activation and
have been shown to have negative inotropic effects on the myocardium [15]. Interestingly,
TNF and IL-1β have a synergistic relationship on inotropic effects and cytotoxicity [16]. In
addition to proinflammatory cytokines, anti-inflammatory cytokines are also present in the
myocardium [17]. The prototypical anti-inflammatory cytokine, IL-10, is expressed by
monocytes and inhibits the expression of proinflammatory cytokines TNF, IL-1β and IL-6
[18]. Furthermore, IL-10 can block the contractility effects of other cytokines by inhibiting the
production of nitric oxide [19]. Although there are currently numerous identified cytokines,
this article will only examine a few that have been well characterized in clinical studies and
have effects of the myocardium [6,7,9–14,16,19].

Matrix metalloproteinases
Matrix metalloproteinases are a family of zinc-dependent proteolytic enzymes that degrade all
components of the extracellular matrix (ECM) [20]. The ECM is the structural component of
the myocardium, and is continuously being synthesized and degraded [21]. However, during
various cardiovascular diseases or following a myocardial infarction, a shift in the natural
balance can result in myocardial remodeling. While myocardial remodeling may initially be
compensatory, long-term effects on the myocardial structure and function may promulgate HF
[22]. MMPs are categorized into subgroups depending on substrate specificity. The MMPs that
have been measured in HF clinical studies include: collagenases (MMP-1 and -8), gelatinases
(MMP-2 and -9) and stromelysins (MMP-3) [20]. MMPs are expressed as zymogens by a
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variety of cell types that are resident in the myocardium [22]. MMPs are not only capable of
degrading the ECM components, but also play a role in regulating bioactive signaling pathways
by selectively processing cytokines and their respective receptors [23]. Therefore, it is
necessary not only for the synthesis of MMPs to be highly regulated, but also the MMP activity.
MMP activity is regulated by endogenous tissue inhibitors of MMPs (TIMPs), which bind to
MMP in a 1:1 stoichiometric ratio. There are currently four known TIMPs, which are expressed
in various cell types and have been detected in the circulation [24,25]. However, most clinical
studies in the context of HF have focused on TIMP-1 and -2 [26–30].

Cytokine & MMP interactions in cellular & animal models
While cytokines and MMPs have independent effects on the myocardium, past in vitro and
animal studies have identified the ability of cytokines to regulate the transcription and synthesis
of various MMPs [31–36]. For example, TNF over-expression in mice led to increased protein
levels of MMP-2 and -9 and TIMP-1 [31,32]. Regulation of MMP synthesis includes several
transcription factors that are downstream of cytokine signaling. Specifically, in fibroblasts,
IL-1β stimulation has been reported to increase protein levels of MMP-2 and -9, which were
attenuated with the inhibition of the transcription factor NF-κB [34]. Similarly, IL-6 can induce
the expression of MMP-1 in macrophages mediated through transcriptional regulation of
activator protein-1 and NF-κB [35]. By contrast, the anti-inflammatory cytokine IL-10
suppressed MMP-2 synthesis by signaling through the activating transcription factor 3 and
binding to the cAMP-responsive element of the MMP-2 gene [36].

Analytical detection of cytokines & MMPs
Many different techniques were used in past clinical studies to quantify circulating levels of
cytokines and MMPs in HF patients (Table 1). The most common method utilized in clinical
studies is ELISA [13,26,27,29,37–46]. Initial clinical studies using ELISAs were limited in
cytokine and MMP analysis owing to categorical reporting: detectable versus nondetectable
data [47,48]. The development of more sensitive ELISAs has overcome this challenge;
however, measuring single analytes still requires larger volumes of sample. Therefore, a novel
technique, multiplex suspension array, was developed to simultaneously quantify multiple
analytes with greater sensitivity and has been validated with traditional ELISAs [49,50].
Multiplex suspension array uses flow cytometry for the identification and quantification of
analytes by using primary antibodies conjugated to fluorescent microbeads and biotinylated
secondary antibodies [49]. However, both ELISA and multiplex suspension arrays use
antibodies that may not differentiate between the free forms of MMPs, the pro- or active form,
or the inactive TIMP-bound MMPs. Some clinical studies have used gelatin zymography to
distinguish between pro- and active forms of MMPs [51]. However, active MMPs do not
circulate in the vasculature but are complexed to proteins such as albumin and α-
macroglobulins, as well as TIMPs [22]. The use of electrophoresis can cause the disruption of
these formed complexes, and results may not be indicative of the net proteolytic activity.
Therefore, the measurement of MMP activity in the serum or plasma is problematic and
presents difficulties in interpreting the data. However, the total levels of MMP and TIMP types
may provide a reference value of relative abundance. Furthermore, gelatin zymography is
difficult to analyze owing to the presence of multiple protein structures of an MMP type in the
circulation. Variations in cytokine and MMP levels between clinical studies may also be due
to the inconsistent analysis of serum or plasma [52,53]. Levels of cytokines, MMPs and TIMPs
were elevated in serum when compared with plasma owing to the presence of
polymorphonuclear neutrophils and platelets during the clotting process. These cells are
capable of releasing both preformed cytokines and MMPs, which are not indicative of the
disease state [52,53]. Previous studies have also demonstrated that the type of anticoagulants,
such as citrate, ethylenediaminetetraacetic acid or heparin, can significantly alter MMP and
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TIMP levels measured in plasma [52]. Inconsistencies in techniques used to analyze cytokines
and MMPs along with the lack of established referent levels have been problematic for the
interpretation and direct comparison of clinical studies. However, these methods utilized in
clinical HF studies can provide a directional change in cytokine and MMP levels. Individual
analyte concentrations for the clinical studies are presented in the Supplementary Table 1 &
Supplementary Table 2 (see online www.futuremedicine.com/toc/bmm/3/5).

Clinical studies for profiling cytokine & MMPs
Cytokines in systolic heart failure

Many clinical studies have reported the circulating levels of cytokines in SHF patients (Table
2) [9,10,14,46,48,54–57]. The most consistently elevated cytokine is TNF and the respective
TNFRs, TNFRI and TNFRII [9,10,14,46,54,55]. Furthermore, past studies have identified
relationships between circulating levels of TNF, TNFRI and TNFRII, and clinical status. For
example, circulating levels of TNFRI and TNFRII directly correlate with New York Heart
Association (NYHA) functional class [11,58] and negatively correlate with cardiac index [9].
Other negative correlations in HF patients have been reported: TNFRI levels with EF [9], and
TNF and TNFRII levels with 6-min walk distance [58]. In a large study by Deswal et al., the
relationship between cytokine levels and all-cause mortality in HF patients was examined.
Levels of TNF, TNFRI and TNFRII were significantly elevated in nonsurvivors when
compared with survivors (Figure 1) and were independent predictors of mortality in HF patients
[11–13]. Following a myocardial infarction, elevated levels of TNF, TNFRI and TNFRII were
independent predictors of patient mortality or the development of new-onset HF [59]. However,
some clinical studies have reported that elevated levels of TNF, TNFRI and TNFRII were only
observed in severe HF patients (NYHA class III and IV) [13,48,60]. Munger et al. reported no
statistical difference in serum TNF levels between HF patients and controls; however, TNF
levels significantly correlated with LV fractional shortening [44]. This early study by Munger
et al. utilized a cytotoxicity assay to determine serum TNF levels, which may explain the
inconsistent results when compared with other studies that were analyzed by ELISA [44].

Other proinflammatory cytokines have been quantified in HF patients, such as IL-1β, IL-2
receptor (IL-2R) and IL-6. IL-1β levels were elevated in patients with more severe HF (NYHA
class III and IV) compared with controls in a study by Testa [48]. However, in a smaller study
by Aukrust et al., IL-1β levels were not statistically different between HF and control groups
[9]. Interestingly, the plasma range for IL-1β levels reported by Aukrust (0.3–2.8 pg/ml) were
significantly lower than the range reported by Testa (4–50 pg/ml) [9,48], reiterating the need
to establish cytokine referent levels. IL-2R levels were elevated in HF patients with dilated
cardiomyopathy compared with ischemic heart disease, and correlated to LV volume and
clinical course [56]. However, Testa et al. reported that circulating IL-2R levels were not
statistically different between HF patients with ischemic heart disease and controls [48]. These
results exemplify the importance of HF etiology in altering specific circulating cytokine levels.
IL-2R levels also significantly correlated with NYHA functional class and exercise tolerance
in HF patients [44]. Similarly, elevated levels of IL-6 have also been reported in HF patients
compared with healthy controls [9,46,48,55]. IL-6 levels were negatively correlated with 6-
min walk distance [58] and LVEF [44,58], and directly correlated with pulmonary artery
resistance [9] and NYHA functional class [9,54,58]. In HF patients, IL-6 levels were also an
independent predictor of mortality [11,12,60]. Maeda et al. measured IL-6 levels in HF patients
following 3 months of optimized treatment and the presence of elevated IL-6 levels was an
independent predictor of mortality [61]. Similarly, elevated IL-6 levels, following an acute
myocardial infarction, were also an independent predictor for patient mortality or the
development of new-onset HF [59,62]. Interestingly, the anti-inflammatory cytokine (IL-10)
levels were elevated in HF patients when compared with healthy controls [9,55,57]. However,
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the increase in anti-inflammatory cytokine levels is not adequately proportional to the elevated
proinflammatory cytokine levels to provide an overall beneficial effect in HF patients [9,57].

Cytokines in diastolic heart failure
While there are many clinical studies that have quantified the circulating cytokines in SHF, a
cytokine profile in DHF has only recently been examined (Table 2) [28,63,64]. Niethammer
et al. compared cytokine levels in HF patients with reduced EF and preserved EF (SHF and
DHF, respectively) [64]. TNF levels were elevated in the SHF group, but there were no
differences between the DHF group and controls. TNFRI levels were elevated in the SHF group
when compared with the DHF group and controls, with greater levels in the DHF group than
the controls. Furthermore, TNFRII and IL-6 levels were elevated in both HF groups when
compared with the controls, with no differences between the SHF and DHF groups. IL-10
levels were elevated in the SHF group when compared with the DHF group and controls.
Although not reaching significance, there was a trend of elevated IL-10 levels in the DHF group
when compared with the controls [64]. A larger study by Dunlay et al. identified that elevated
TNF levels were a predictor of HF mortality independent of patient categorization by HF
phenotype: SHF or DHF [63]. Similar to Niethammer’s study, Dunlay observed a trend
between the levels of TNF and LVEF, although this trend did not reach statistical significance.
These studies have identified that the cytokine profile is different in DHF patients when
compared with SHF patients and, generally, cytokine levels were observed to be greater in
SHF patients.

MMPs in systolic heart failure
Past clinical studies have quantified various circulating levels of MMPs and TIMPs in SHF
patients (Table 2) [26–28,37,38,41,43,45,50]. MMP-1 levels were increased in SHF patients
when compared with controls in several studies [26,38,65]. Furthermore, elevated levels of
MMP-1 were a negative independent predictor of 6-min walk distance [45]. Conversely, a few
studies have reported MMP-1 levels were decreased compared with healthy controls and were
an independent predictor of cardiac end points (i.e., death, hospitalization and transplant)
[41,43]. MMP-1 levels can be altered with the presence of comorbidities, such as diabetes
metallitus and atrial fibrillation, which have been associated with lower MMP-1 levels when
compared with healthy controls [41,43,66,67]. MMP-8 levels were decreased in HF patients
compared with controls [37]. The circulating levels of gelatinases, MMP-2 and -9, have also
been well characterized in HF patients. MMP-2 levels were elevated in SHF when compared
with healthy controls (Figure 2) [27,40,42,51]. MMP-2 levels were correlated with LV volume
and fractional shortening, and NYHA classifications [27]. Furthermore, MMP-2 levels were
an independent predictor of mortality in SHF patients [40]. Similarly, clinical studies have
reported elevated circulating MMP-9 levels in SHF patients compared with healthy controls
(Figure 2) [40,42,51]. Following a myocardial infarction, MMP-9 levels were greater in
patients who developed HF [39]. By contrast, there are also reports that there are no differences
between circulating levels of MMP-9 in SHF and control groups [27,28]. The discrepancies
between these studies are not explained by variations in severity, HF etiology or age. Further
studies are necessary to elucidate the MMP-9 profile in HF patients. MMP-3 levels were
elevated in SHF secondary to dilated cardiomyopathy, negatively correlated with changes in
the LV dimensions and independently predictive of cardiac events (death and hospitalization)
[42]. Furthermore, MMP-3 levels were elevated in patients who developed HF following an
acute myocardial infarction [50]. By contrast, MMP-3 levels were not statistically different
between hypertrophic cardiomyopathy patients and controls [27]. The endogenous inhibitors
of MMPs have also been quantified in the circulation of HF patients [27,40,41,51]. Specifically,
patients with SHF had higher levels of TIMP-1 than healthy controls (Figure 2) [27,28,38,
40,41,51]. Interestingly, elevated TIMP-1 levels were also an independent predictor of the
development of HF in patients following an acute myocardial infarction [39]. The balance
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between the levels of TIMP-1 and other MMPs have been examined and related to functional
status or disease prognosis. Likewise, the MMP-1: TIMP-1 ratio was also elevated in SHF
patients when compared with controls, and correlated with LV volume and function [38].
Inversely, the TIMP-1: MMP-1 ratio correlated negatively with peak oxygen consumption
(VO2) levels [41]. Fewer clinical studies have included the analysis of TIMP-2 levels. In
hypertrophic cardiomyopathy, plasma TIMP-2 levels were elevated in SHF when compared
with controls [27]; however, when comparing HF with any etiology, there was no difference
between TIMP-2 levels between HF patients and controls [51].

MMPs in diastolic heart failure
A recent study has examined the use of circulating MMPs and TIMPs in the diagnosis of DHF
in hypertensive patients [30]. MMP-2 and -9 levels were significant predictors of DHF. Using
a cutoff level (1585 ng/ml), the predictive values of MMP-2 levels had 91% sensitivity and
76% specificity for DHF [30]. Similarly, Ahmed et al. reported that elevated levels of TIMP-1
(>1200 ng/ml) were predictive of DHF in hypertensive patients [29]. Lopez et al. compared
the circulating levels of MMP-1 and TIMP-1 between SHF and DHF patients [26]. MMP-1
levels were elevated in the SHF and DHF groups when compared with controls, with greater
levels in the SHF group than the DHF group. Similarly, elevated levels of TIMP-1 were
observed in both SHF and DHF groups when compared with controls. However, TIMP-1 levels
were greater in the DHF group than the SHF group. Thus, the ratio between MMP-1 and
TIMP-1 levels was elevated in the SHF group and also inversely correlated with LVEF [26].
Noji et al. reported that MMP-2 levels were significantly elevated in SHF patients when
compared DHF patients, and negatively correlated with fractional shortening [27]. Frantz et
al. reported similar elevated levels of TIMP-1 in both SHF and DHF patients when compared
with controls. Circulating TIMP-1 levels correlated with HF severity (Figure 3) and were an
independent predictor of all-cause mortality risk [28]. TIMP-2 levels were greater in the SHF
group when compared with the DHF group, but there was no difference between the DHF
group and controls [27]. Furthermore, TIMP-2 levels correlated negatively with fractional
shortening and positively with LV dimensions [27]. These studies have identified significant
differences in the balance of circulating MMPs and TIMPs between the two phenotypes of HF,
SHF and DHF. Overall, the MMP:TIMP ratio tends to be higher in SHF patients when
compared with DHF patients.

Conclusion & future perspective
This article has focused on clinical studies that have observed directional changes of circulating
cytokines and MMPs in HF patients. Furthermore, this article included correlations observed
between clinical status and elevated levels of cytokines and MMPs. Specifically, TNFRI, IL-6,
MMP-2 and TIMP-1 levels were elevated in HF patients and correlated with NYHA functional
status [11,27,28,58]. Moreover, circulating levels of TNF, TNFRI, TNFRII, MMP-3 and
TIMP-1 were independent predictors of patient mortality, and the relative risk ratios are
presented in Figure 4 [11–13,28,39,59]. These clinical studies suggest that cytokines and
MMPs may be used as biomarkers for the prognosis of HF. This article has also identified
distinct differences in the circulating levels of cytokines and MMPs in DHF and SHF
phenotypes. Generally, SHF patients have greater levels of circulating cytokines (TNF, TNFRI
and IL-10) and MMPs (MMP-1 and -2) than DHF patients [26,27,64]. Results from these initial
clinical studies comparing DHF with SHF patients suggest that prospective HF clinical studies
should account for differences in HF phenotypes. Owing to the complexity of HF, a single
biomarker may not provide adequate specificity or sensitivity in HF patients. However, a
profile or specific cassette of cytokines and/or MMPs may exist, which would allow for further
biomarker development. The addition of cytokines and MMPs to multivariate analysis,
including other biomarkers involved in HF, such as neurohormones, collagen synthesis and
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degradation products, may optimize the diagnosis and prognosis of HF. Cytokines and MMPs
are involved in various disease processes, such as arthritis and cancer, or are altered in the
presence of other diseases, such as diabetes metallitus and atrial fibrillation [66–69]. Therefore,
HF comorbidities need to be considered when cytokine and MMP profiles are analyzed in the
clinical setting. Interestingly, both cytokines and MMPs can also be affected by conventional
medications used for cardiovascular diseases and, therefore, may provide an index for a
patient’s response to current HF treatment [46,70]. Past studies have attempted to inhibit the
elevated cytokines and MMPs in HF; however, clinical trials were unsuccessful, and cytokine
inhibition has resulted in increased patient mortality [71–73]. Therefore, while cytokines and
MMPs may not currently be a viable target for HF treatment, the use of these analytes as
biomarkers may assist in the diagnosis, prognosis and guidance of conventional therapy of HF.
Before cytokines and MMPs can be considered for clinical application, four critical aspects
must be addressed to optimize the direct comparison of future clinical studies: standardization
of collection method, specifically, blood collected with ethylenediaminetetraacetic acid and
plasma should be immediately separated; standardization of analytical technique, specifically,
ELISA or multiplex suspension array; establishment of referent levels for age-matched
individuals; and, most importantly, analysis of data that account for HF phenotype, severity
and comorbidities. These results suggest that cytokines and MMPs can be potentially
developed as biomarkers to diagnose, prognose or evaluate current HF treatment; however,
these analytes have yet to be tested in a clinical prospective manner.

Executive summary

Heart failure & biomarkers

• Numerous clinical studies have identified relationships between cytokines and
matrix metalloproteinases (MMPs) with patient status. However, cytokines and
MMPs are yet to be used as biomarkers for heart failure (HF).

• Possible discrepancies in clinical results may be due to differences in the patient
population, including systolic HF (SHF) and diastolic HF (DHF).

• SHF is the impaired ability of the left ventricle to eject blood during systole while
DHF is the impaired ability of the left ventricle to fill, owing to intrinsic
abnormalities in relaxation and passive stiffness.

Cytokines

• Cytokines are a family of bioactive signaling molecules that regulate the
inflammatory process and effect myocardial contractility.

• Proinflammatory cytokines include TNF, IL-1β, IL-2 and IL-6.

• Anti-inflammatory cytokines include IL-10.

Matrix metalloproteinases

• MMPs are a family of zinc-dependent enzymes that degrade the extracellular
matrix of the myocardium.

• Endogenous tissue Inhibitors of MMPs (TIMPs) inactivate MMPs.

Cytokine & MMP Interactions

• In vitro and animal models have demonstrated that cytokines can regulate the
transcription and synthesis of MMPs.

Analytical detection of cytokines & MMPs
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• Current clinical studies are also difficult to directly compare owing to variations
in techniques used to quantify circulating levels.

• Reference levels of cytokines and MMPs remain to be established.

Cytokines in clinical studies

• TNF receptors (TNFRs) and IL-6 are elevated in HF patients.

• TNF and IL-6 levels have been associated with HF severity and mortality.

Cytokines in SHF versus DHF

• TNF, TNFRI and IL-10 levels are elevated in SHF when compared with DHF.

• TNFRII and IL-6 levels are similar between SHF and DHF.

MMPs in clinical studies

• MMP-2 and -9 and TIMP-1 levels are elevated in HF patients.

• TIMP-1 levels have been associated with HF severity and mortality.

MMPs in SHF versus DHF

• MMP-1 and -2 and TIMP-2 levels are elevated in SHF when compared with DHF
patients, although TIMP-1 levels were similar.

Future perspective

• Prior to cytokines and MMPs being applied in the clinical setting, certain aspects
need to be addressed:

– Standardization of collection and analytical technique

– Establishment of referent controls

– Data analysis, which accounts for HF phenotype, severity and
comorbidities

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. In chronic heart failure patients, circulating levels of TNF, TNFRI and TNFRII were
compared between survivors (dark) and nonsurvivors (light)
TNF, TNFRI and TNFRII levels were significantly elevated in nonsurvivors when compared
with survivors. Patients were followed up to 24 months following plasma collection and all-
cause mortality was included in this study. Only systolic heart failure patients were included
in this study. Nonsurvivors: n = 62; survivors: n = 90.
*p < 0.01.
TNFR: TNF receptor.
Adapted from [11].
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Figure 2. Circulating levels of MMP-2, MMP-9 and TIMP-1 were compared between SHF patients
(dark) and age-matched healthy controls (light)
MMP-2, MMP-9 and TIMP-1 levels from SHF patients were significantly elevated compared
with the controls. SHF: n = 88; controls: n = 30.
*p < 0.05.
MMP: Matrix metalloproteinase; SHF: Systolic heart failure; TIMP: Tissue inhibitor of matrix
metalloproteinase.
Adapted from [40].
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Figure 3. Circulating levels of TIMP-1 were compared between healthy controls and heart failure
patients with NYHA classifications I, II, III and IV
The log TIMP-1 levels, adjusted for age and gender, significantly increased with increasing
NYHA classification. Both systolic and diastolic heart failure patients were included in this
study. Controls: n = 74; NYHA I, II, III and IV: n = 35, 94, 98 and 22, respectively; p < 0.001.
NYHA: New York Heart Association; TIMP: Tissue inhibitor of matrix metalloproteinase.
Adapted from [28].
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Figure 4. Hazard ratios for major adverse cardiac events for circulating levels of cytokines and
matrix metalloproteinases
TNF, TNFRI, TNFRII and IL-6 levels were independent predictors of patient mortality and
new-onset heart failure following a myocardial infarction (n = 184; p < 0.001). Similarly,
TIMP-1 levels were an independent predictor of heart failure following a myocardial infarction
(n = 404; p < 0.001). Furthermore, MMP-3 levels were independent predictors of cardiac death
or hospitalization in patients with systolic heart failure (n = 71; p < 0.0001). Each hazard ratio
is presented as mean ± 95% CI.
MMP: Matrix metalloproteinase; TIMP: Tissue inhibitor of matrix metalloproteinase; TNFR:
TNF receptor.
Adapted from [39,42,59].
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Table 2

Cytokines and matrix metalloproteinases included in clinical studies of heart failure.

Systolic heart
failure

Diastolic heart
failure Ref.

Cytokines

IL-1β ↑→ N/A [9,48]

IL-6 ↑↑ ↑↑ [9–12,44,46,48,54,55,58,60,61,64]

IL-10 ↑ ↑→ [9,45,55,57,64]

TNF ↑↑ → [9–14,28,44,46–48,54,55,58,60,61,63,64,74]

Soluble cytokine receptors

IL-2R ↑ N/A [44,48,56]

TNFRI ↑↑ ↑ [9–14,64]

TNFRII ↑↑ ↑↑ [9–13,48,58,64]

MMPs

Collagenase

MMP-1 ↑↑ ↑ [26,30,43,65]

MMP-8 ↓ N/A [37]

Gelatinase

MMP-2 ↑ ↑→ [27,29,30,37]

MMP-9 ↑ ↑→ [27–30]

Stromelysin

MMP-3 ↑ → [27,42]

TIMPs

TIMP-1 ↑ ↑↑ [26–30]

TIMP-2 ↑ → [27,29]

↑: Increase in analyte levels from referent controls; ↑↑: Robust increase in analyte levels from referent controls; ↑→: Slight increase in analyte levels
from referent controls; →: No change in analyte levels from referent controls; ↓: Decrease in analyte levels from referent controls.

IL-2R: IL-2 receptor; MMP: Matrix metalloproteinase; N/A: Not applicable; TIMP: Tissue inhibitor of matrix metalloproteinase; TNFR: TNF receptor.
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