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Abstract

Aims Chronic heart failure (HF) is a common disease and one of the leading causes of death worldwide. Heart failure with
preserved ejection fraction (HFpEF) and with reduced ejection fraction (HFrEF) are different diseases with distinct as well as
comparable pathophysiologies and diverse responses to therapeutic agents. We aimed to identify possible pathobiochemical
signalling pathways and biomarkers in HFpEF and HFrEF by using a broad proteomic approach.

Methods and results A total of 180 biomarkers in the plasma of a representative subgroup (71 years old) of HFpEF (70%
female) with a left ventricular ejection fraction (LVEF) > 50% and HFrEF (18% female) with an LVEF < 40% patients
(n = 127) from the Prevalence and Clinical Course of Diastolic Dysfunction and Diastolic Heart Failure (DIAST-CHF) trial were
examined and compared with a healthy control group (n = 40; 48% female). We were able to identify 35 proteins that were
expressed significantly different in both HF groups compared with the control group. We determine 29 unique proteins
expressed in HFpEF and 33 unique proteins in HFrEF. Significantly up-regulated trefoil factor 3 (TFF3) and down-regulated
contactin-1 could be identified as previously unknown biomarkers for HF. However, TFF3 is also a predictive factor for the
occurrence of a cardiovascular event in HFpEF patients. In HFpEF, serine protease 27 was found at reduced levels for the first
time, which could offer a new therapeutic target. Additionally, network analyses showed a special role of platelet-derived
growth factor subunit A, Dickkopf-related protein 1, and tumour necrosis factor receptor superfamily member 6 in HFpEF
patients, whereas perlecan and junctional adhesion molecule A stood out in the HFrEF group. Overall, signalling pathways
of metabolic processes, cellular stress, and iron metabolism seemed to be important for HFrEF, whereas for HFpEF, oxygen
stress, haemostasis, cell renewal, cell migration, and cell proliferation are in the foreground.

Conclusions The identified proteins and signalling pathways offer new therapeutic and diagnostic approaches for patients
with chronic HF.
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Introduction due to an increasing life span and associated increases in car-

diovascular comorbidities and risk factors. HF can be classi-
Heart failure (HF) affects 1-3% of the adult population fied according to the left ventricular ejection fraction (LVEF)
worldwide.® An increase in prevalence is to be expected in HF with preserved ejection fraction (HFpEF) with an LVEF
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of >50%, HF with mildly reduced ejection fraction (HFmrEF)
with an LVEF between 41% and 49%, or HF with reduced ejec-
tion fraction (HFrEF) with an LVEF < 40%.% Nearly 50% of all
HF patients present with HFpEF, which in turn is accompa-
nied by a high hospitalization rate.>*

HFpEF and HFrEF represent two distinct disease entities
with different pathophysiologies.>® Whereas HFrEF is charac-
terized by systolic dysfunction and a strong involvement of
the renin-angiotensin-aldosterone system (RAAS) and sympa-
thetic nervous system,” HFpEF is typically associated with
left ventricular (LV) hypertrophy, fibrosis, and a diastolic
dysfunction.® This might arise from a number of comorbidities
(age, obesity, hypertension, diabetes mellitus, chronic kidney
disease, sleep apnoea, and atrial fibrillation), which generate
a pro-inflammatory status that leads to microvascular endo-
thelial dysfunction, cardiometabolic and structural abnormal-
ities, and oxidative stress in the heart.>°™** still, the patho-
physiology of HFpEF is not fully understood, in part because
of the heterogeneity of the underlying causes. In addition,
HFpEF affects more women than men.'? Also, different ther-
apy strategies are needed: Although established pharmaco-
logical agents and devices show an improvement in symptoms
and prognosis in HFrEF, this is only the case for inhibition of
the sodium glucose cotransporter Il in HFpEF.**™** Likewise,
no HFpEF-specific suitable biomarkers are known for monitor-
ing diagnosis, course, and prognosis in this pathological
condition.*® HFpEF is thus a very heterogeneous, multifacto-
rial disease with a complex pathophysiology that is deter-
mined in particular by its comorbidities. Proteomic studies
were carried out in HFpEF patients in order to gain a more de-
tailed insights into the pathophysiology and to develop possi-
ble biomarkers or therapeutic approaches, but depending on
the method used, the results were often conflicting.®*%17"~*°

The Prevalence and Clinical Course of Diastolic Dysfunction
and Diastolic Heart Failure (DIAST-CHF) study is a multicentre,
non-interventional, observational study with a follow-up of
10 years and detailed information about the clinical course,
medical history, and echocardiographic data of the patients.°
The aim of our study was to use biomarker profiling in HFpEF
and HFrEF patients in comparison with a healthy control group
to identify unique biomarkers and in turn potentially involved
pathophysiological pathways that could possibly represent di-
agnostic approaches and may help to develop novel therapeu-
tic ways. In a subgroup of the DIAST-CHF cohort, we measured
a large set of biomarkers in plasma samples of HFpEF and
HFrEF patients, as well as in healthy volunteers, and compared
these using network, pathway, and comparative analyses.

Material and methods

Study group

The DIAST-CHF study is a non-interventional multicentre ob-
servational study and part of the national German Compe-

tence Network Heart Failure project,” in which over 1935
participants aged between 50 and 85 years were enrolled.
Details on the recruitment have been published previously.?°
Outpatients were recruited in six centres from 2004 to 2006,
with a follow-up from 2004 to 2016. The majority of patients
were enrolled at the University Medical Center Gottingen
(UMG) or the Charité-Berlin University of Medicine (Ger-
many). The participants received a 10 year follow-up in which
mortality and hospitalizations were recorded and categorized
as cardiovascular or non-cardiovascular by two independent
cardiologists. Inclusion criteria were the presence of at least
one risk factor for chronic heart failure (CHF) (e.g. hyperten-
sion, diabetes mellitus, sleep apnoea syndrome, or athero-
sclerotic disease) or a manifest CHF, according to patient’s
medical history. Exclusion criteria were logistical reasons for
non-participation or refusal to participate in the study. At
the beginning of the trial, the subjects received a detailed
physical examination, echocardiography, a detailed recording
of the medical history and medication, ECG, and physical ex-
amination tests [6 min walk test and Short Form-36 (SF-36)
score].?*?® The diagnosis of CHF was determined on the basis
of the patient’s medical history or based on the Framingham
diagnostic criteria.?* The patients were retrospectively classi-
fied according to the echocardiographic results as HFrEF
(LVEF < 40%) or HFpEF (LVEF > 50% and echocardiographic
findings of LV diastolic dysfunction like left atrial volume
index > 34 mL/m? or LV mass index > 115 g/m? for men or
>95 g/m? for women or E/e’ > 13 or mean €’ septal and lat-
eral wall < 9 cm/s).?>?® Patients with HFmrEF (LVEF 41-
49%) were excluded from this study. Additionally, a group
of older healthy volunteers, also originally recruited in the
DIAST-CHF study, was also included in this study as a control
group and received the same examinations as mentioned
above. Healthy was defined as absence of cardiac symptoms
(e.g. dyspnoea on exertion or angina), absence of any cardiac
disease (e.g. atrial fibrillation or coronary artery disease), and
freedom from hypertension and diabetes.

Peripheral venous blood was drawn after resting for at least
15 min in supine position, centrifuged directly, and stored at
—80°C for further analysis. Creatinine measurements were
carried out at the UMG. For this study, a subgroup was ran-
domly selected from the existing DIAST-CHF cohort with 89
HFpEF and 38 HFrEF patients. These were compared with a
healthy older control group (n = 40) from the DIAST-CHF co-
hort for all further protein analyses. The DIAST-CHF trial and
this retrospective subgroup study were conducted according
to the World Medical Association Declaration of Helsinki and
approved by the UMG Ethics Committee.

Plasma biomarker measurements

A selection of 184 biomarkers were measured in heparinate
plasma of 167 patients belonging to the DIAST-CHF study
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using the Olink technology (Olink, Uppsala, Sweden). The
biomarkers were part of the cardiovascular Il and Ill panel
(CVDII and CVDIII panel), a preselection made by the Olink
company of known proteins that have an association with
cardiovascular diseases (Olink). The biomarkers were
measured from 1 pL of heparinate plasma using a high-
throughput multiplex immunoassay using proximity exten-
sion assay technology. Here, oligonucleotide-labelled anti-
bodies bind in pairs to the target proteins. The resulting
PCR target sequences are then amplified and detected using
quantitative real-time PCR, using the Fluidigm BioMark HD
System (Fluidigm, South San Francisco, CA, USA). The Ct
values are converted into a log2 normalized value, the Nor-
malized Protein eXpression (NPX, an Olink arbitrary unit)
using company’s own process. The NPX scale is inverted com-
pared with the Ct value, which means that increased NPX
values speak for a high protein expression but do not provide
absolute protein concentrations. Details about the procedure
are available online (www.olink.com). Only samples passing
the Olink quality control and measurements exceeding the
respective limits of detection were included in our analysis.
A total of 180 proteins above the detection limit could be
found in our samples, which were further analysed in the
study. Four proteins with more than 60% missing values have
been discarded from our analysis [SLAM family member 7
(SLAMF7), pappalysin-1 (PAPPA), melusin (ITGB1BP2), and
poly [ADP-ribose] polymerase 1 (PARP-1)]. A complete list
of all measured proteins (including all abbreviations) and
their expression levels can be found in the Supporting Infor-
mation, Table S1.

Statistics

Protein levels below the limit of detection were imputed
using Regression on Order Statistics.?” Only protein levels
that were recorded as ‘Passed’ have been considered in the
analysis. Distribution plots for all the proteins were gener-
ated and visually examined.

Clinical metadata was summarized per group by absolute
and relative frequencies or mean * SD and median (interquar-
tile range) as appropriate. Protein abundance levels were
modelled between the groups and compared using contrast
tests. The variance estimation was moderated across proteins
using limma.?® P-values have been corrected for multiple
testing by Benjamini—Hochberg to control the false discovery
rate (FDR).

For the comparisons HFpEF vs. control as well as HFrEF vs.
control, overrepresentation analyses for gene ontology (GO)
terms were conducted.?® The overlap of differential proteins
in HFpEF vs. control and HFrEF vs. control was visualized in a
Venn diagram.

In order to determine possible interactions between bio-
markers in the two HF groups, pairwise protein—protein cor-

relations were calculated using Kendall’'s t. Only strong
(t > 0.6) and significant and unique protein—protein correla-
tions, which occurred exclusively in HFpEF or HFrEF, without
overlapping between the two groups or with the control
group, were considered. As significant correlations, only
those with P-values below a cut-off adjusted for multiple
comparisons were retained. Following Tromp et al., the
cut-off was determined as 0.05/([PC x PC — 1]/2), where
PC = 62 was the number of principal components cumula-
tively explaining >95% of the observed variance.’® The
retained group-specific correlations are shown in a network
diagram.

Cardiovascular event was defined as cardiac death, hospi-
talization for cardiovascular reasons, acute myocardial infarc-
tion, new onset of HF, or stroke. Time to the first cardiovascu-
lar event was modelled with death for other reasons as
competing risk. For all proteins, cause-specific hazards have
been modelled via Cox regression. For both events (cardio-
vascular event and death of other reason), the resulting
hazard ratios are presented with 95% confidence intervals
and associated P-values. For the cardiovascular events, the
P-values have been adjusted for multiple testing using
Benjamini—Hochberg. This analysis was conducted on the full
cohort as well as separately in the HFpEF and HFrEF
subgroups.

Due to the screening character of this study, both raw and
adjusted P-values are reported for the differential protein
analyses. The significance level was set to o = 5% for all statis-
tical tests. All analyses were performed with the statistic soft-
ware R (Version 3.6.1).

Results
Study group characteristics

Plasma samples of 167 patients from a subgroup of the
DIAST-CHF study were used to measure 180 proteins (Ta-
ble 1). A total of 53% of our cohort had HFpEF (n = 89) and
23% HFrEF (n = 38). The remaining 24% (n = 40) belonged
to a healthy control group. The median age in the HFpEF
group was 71 years (65; 77), in HFrEF 73 (66; 78), and in
the control group 69 (67; 73). The mean age was comparable
between the groups. The majority of HFpEF patients was
female (70%), whereas males made up the majority in the
HFrEF group (82% male). In the control group, the gender
distribution was balanced (48% women). HFpEF patients by
definition showed a higher LVEF (60% vs. 35%) and higher
E/e’ values (19 vs. 13), but also higher systolic blood pressure
(156 mmHg vs. 134 mmHg) as compared with HFrEF patients.
New York Heart Association (NYHA) functional class was not
significantly different between groups. For details, please
see Table 1.
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Table 1 Baseline characteristics of study group
Parameter Level HFpEF HFrEF Control
n 89 38 40
Age (years)
Median (IQR) 71 (65; 77) 73 (66; 78) 69 (67; 73)
Sex
Female 62 (69.7%) 7 (18.4%) 19 (47.5%)
BMI (kg/m?)
Mean + SD 305 29+ 6 26 =4
Creatinine (mg/dL)
Mean + SD 0.97 = 0.23 1.2 +0.43 0.95 + 0.17
Missing 1 0 36
LVEF (%)
Mean *= SD 60 * 6.6 34 £ 57 60 £ 5.6
Blood pressure systolic (mmHg)
Mean * SD 156 = 23 134 = 21 135 17
Blood pressure diastolic (mmHg)
Mean * SD 81 * 12 75 £ 10 74 = 12
Heart rate (b.p.m.)
Mean * SD 70 =12 71 £ 14 72 £ 12
Diabetes mellitus
Yes 27 (30.3%) 14 (36.8%) 0 (0.0%)
CAD
Yes 19 (21.3%) 21 (55.3%) 0 (0.0%)
Arterial hypertension
Yes 81 (91.0%) 32 (84.2%) 1 (2.5%)
Atrial fibrillation
Yes 8 (9.0%) 9 (23.7%) 0 (0.0%)
NYHA class
| 1 8 NA
I 2 11 NA
i 2 6 NA
v 0 1 NA
Missing 84 12 40
E/e’
Mean * SD 19+x44 1377 9.1 =34

BMI, body mass index; CAD, coronary artery disease; E/e’, ratio of mitral early diastolic flow velocity over tissue Doppler lateral mitral an-
nular lengthening velocity; HFpEF, heart failure with preserved ejection fraction; HFrEF, heart failure with reduced ejection fraction; IQR,
interquartile range; LVEF, left ventricular ejection fraction; NA, not applicable; NYHA, New York Heart Association.

Baseline characteristics of the study group (89 HFpEF, 38 HFrEF, and 40 healthy patients), a subgroup of the Prevalence and Clinical Course
of Diastolic Dysfunction and Diastolic Heart Failure (DIAST-CHF) trial, are presented.

Biomarker profile in heart failure with preserved
ejection fraction and with reduced ejection
fraction vs. control

The biomarker profile was compared between HFpEF and
HFrEF patients against the control group (Figure ). In both
HF groups combined, 36 proteins showed a significantly dif-
ferential expression vs. the control group.

Of these, 14 proteins were significantly up-regulated com-
pared with the control group and 22 were down-regulated. Af-
ter adjusting for multiple testing, 13 proteins remained signif-
icant in the up-regulated group and 14 in the down-regulated
group. The proteins with the highest expression difference vs.
control were N-terminal prohormone brain natriuretic peptide
(NT-proBNP), brain natriuretic peptide (BNP), galectin-4
(Gal-4), galectin-9 (Gal-9), and growth differentiation factor
15 (GDF-15). In contrast, the down-regulated proteins were
paraoxonase (PON3), epidermal growth factor receptor
(EGFR), growth differentiation factor 2 (GDF-2), contactin-1
(CNTN1), and interleukin-1 receptor-like 2 (IL1RL2).

In the next step, we focused on proteins exclusively
expressed in both HF entities separately compared with the
control group. The HFpEF patients had 28 unique proteins
that showed different expression levels to the control group
and the HFrEF patients had 32. In the HFpEF group, 5 of these
were significantly overexpressed [NF-kB essential modulator
(NEMO), angiopoietin-1 (ANG-1), leptin (LEP), plasminogen
activator inhibitor 1 (PAl), and matrix metalloproteinase 9
(MMP-9)] and 23 were down-regulated. After adjustment, 3
proteins (NEMO, ANG-1, and LEP) remained significantly
overexpressed and 16 showed lower expression. The most
significantly less expressed were thrombomodulin (TM), ser-
ine protease 27 (PRSS27), matrix metalloproteinase 3
(MMP-3), and placenta growth factor (PGF). In contrast, 29
unique proteins showed higher expression in HFrEF com-
pared with the control group and only 3 were
down-regulated [follistatin (FS), monocyte chemotactic pro-
tein 1 (MCP-1), and integrin beta-2 (ITGB2)]. After adjust-
ment, 14 proteins remained significantly overexpressed and
none were significantly down-regulated. The most signifi-
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Figure 1 Venn diagram of significantly altered protein expressions in heart failure with preserved ejection fraction (HFpEF) and with reduced ejection
fraction (HFrEF) compared with the control group. A total of 180 biomarkers expression levels are measured in the HFpEF, HFrEF, and healthy control
groups. Thirty-six proteins are significantly (P < 0.05) changed in both HFpEF and HFrEF. From these, 14 proteins are higher and 22 are lower expressed
compared with control. Twenty-eight proteins are significantly chanced to the control group exclusively in HFpEF (5 with higher and 23 with lower
expression). Thirty-two proteins are significantly chanced to the control group exclusively in HFrEF (29 with higher and 3 with lower expression).
The proteins are sorted in descending order according to their level of significance. For a detailed list of protein expression levels and abbreviations,
see Supporting Information, Table S1. *Significant after adjustment for multiple testing.

HFpEF HFrEF
NEMO* FGF-23* IGFBP-7
ANG-1* TNF-R1* FABP2
LEP* BMP-6* CHI3L1
PAI PI3* RETN
MMP-9 TRAIL-R2* CA5A
TNFRSF11A* JAM-A
CD4* THBS2
U-PAR* HO-1
PRSS8* SPON1
2 8 36 3 2 AGRP* IL-6
ACE2* FGF-21
CsTB* CTsL1
™* Lot 5t 14t 291 TIM* CEACAMS
PRSS27* LTBR* L —— —— e | CCL3* HAOX1
MMP-3* IL1-RT1* 23 * 22 ‘ 3 * VSIG2
PGF* IL1-RT2*
CTRC* t-PA
SoD2* FAS
TF* SELP
PECAM-1* MEPE
KLK6* IDUA
MERTK* Notch3 FS
MCP-1* CDH5 MCP-1
SCF* ITGB2
PON3* CDA40-L* NT-proBNP* IL-1ra*
EGFR* IL-17RA* BNP* TFF3*
GDF-2* ADAM-TS13* Gal-4* PRELP*
CNTN1* Protein BOC Ll Gal-9* FABP4*
IL1IRL2* AP-N GDF-15* PAR-1*
CASP-3* TIE2 REN* PSP-D
TFPI* 1gG Fc receptor II-b ADM* HSP27
CAL1A1* CXCL16 TGM2*
TLT-2* uPA
SRC* BLM hydrolase
TR-AP*

cantly up-regulated were fibroblast growth factor 23 (FGF-
23), tumour necrosis factor receptor 1 (TNF-R1), bone mor-
phogenetic protein 6 (BMP-6), elafin (PI3), and TNF-related
apoptosis-inducing ligand receptor 2 (TRAIL-R2).

A GO term (biological processes) overrepresentation anal-
ysis of associated proteins showed in HFpEF these following
terms as the top 10 significantly overrepresented (Figure 2):
negative regulation of biological processes, regulation of cell
death, regulation of cell migration, negative regulation of cel-
lular processes, response to oxygen levels, haemostasis, and
regulation of apoptotic processes and cell migration. The
top 10 GO terms overrepresented in HFrEF were regulation
of system processes, morphogenesis of branching structure,
ion homeostasis, response to corticosteroid, cellular nitrogen
compound metabolic processes, and cellular amide metabolic
processes.

In conclusion, processes of cell renewal, cell death, and cell
movement were represented in patients with HFpEF,
whereas metabolic, growth-promoting, and other cell growth
processes were signified in HFrEF, but also processes of cell
stress and iron metabolism (Figure 2).

Protein—protein correlations

In order to determine possible interactions between bio-
markers in the two HF groups, pairwise protein—protein cor-
relations were conducted. Significant unique protein—protein
correlations, which occurred exclusively in HFpEF or HFrEF,
without overlapping between the two groups or with the
control group, were shown in a network analysis (Figure 3).
The significant protein—protein correlations, exclusive to the
HFpEF group, show an important role for the following pro-
teins: platelet-derived growth factor subunit A (PDGF-A) and
Dickkopf-related protein 1 (Dkk-1), which are correlated in
one network and tumour necrosis factor receptor superfam-
ily member 6 (FAS), which forms another main hub. In the
HFrEF group, PDGF-A seems to be correlated with C-X-C motif
chemokine 1 (CXCL1). Perlecan (PLC), adrenomedullin (ADM),
and TRAIL-R2 were identified to be key proteins that form a
close correlation. Another main hub is the junctional adhe-
sion molecule A (JAM-A), together with tumour necrosis fac-
tor receptor superfamily member 14 (TNFRSF14) and trefoil
factor 3 (TFF3). There is a significant connection between

ESC Heart Failure 2023; 10: 200-210
DOI: 10.1002/ehf2.14167



Biomarker profiles in heart failure with preserved vs. reduced ejection fraction

205

Figure 2 Gene ontology (GO) term overrepresentation in heart failure with preserved ejection fraction (HFpEF) and with reduced ejection fraction
(HFrEF) compared with control. The top 10 overrepresented GO terms (biological processes) in either HFrEF (red) vs. control or HFpEF (blue) vs. con-
trol. X-axis shows —log10 of the P-value, the text next to the bars gives the P-value, and the dashed lines indicate a P-value of 0.05.
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the networks via a JAM-A and PLC protein—protein
correlation.

Predictive biomarkers in heart failure with
preserved ejection fraction and with reduced
ejection fraction for a cardiovascular event

Using the 10 year follow-up data, the measured biomarkers
could also be analysed with regard to their predictive ability
for a cardiovascular event. Considered in all groups, 19 bio-
markers could be identified that were significantly associated
with the occurrence of a cardiovascular event in the course of
the study. After P-value adjustment, only Gal-4 was signifi-
cant. However, we then analysed the biomarkers in the re-
spective subgroups. In HFpEF, 17 biomarkers were associated
with the occurrence of a cardiovascular event. After P-value
adjustment, five biomarkers remained significant: TFF3, Gal-
4, proprotein convertase subtilisin/kexin type 9 (PCSK9), uro-
kinase-type plasminogen activator (uPA), and superoxide mi-
tochondrial dismutase (SOD2). In contrast, in HFrEF, 18 bio-

markers were predictive of a cardiovascular event, but after
statistical adjustment, no significant protein remained.

Discussion

We were able to identify 35 proteins that were expressed sig-
nificantly different in both HF groups compared with the con-
trol group. We were also able to determine 29 unique pro-
teins expressed in HFpEF and 33 unique proteins in HFrEF.
Network analyses showed a special role of PDGF-A, Dkk-1,
and FAS in the HFpEF, whereas PLC and JAM-A stood out in
the HFrEF. Overall, signalling pathways of metabolic pro-
cesses, cellular stress, and iron metabolism seemed to be im-
portant for HFrEF, whereas for HFpEF, oxygen stress,
haemostasis, cell renewal, cell migration, and cell prolifera-
tion are in the foreground. Predictive biomarkers for a cardio-
vascular event for HFpEF could also be identified.

We found similarly altered proteins in both HF groups com-
pared with the control group. They seem to be relevant in the
pathology of both HF entities and could generally be used for

ESC Heart Failure 2023; 10: 200-210
DOI: 10.1002/ehf2.14167



206

A. Eidizadeh et al.

Figure 3 Network analysis of exclusive protein—protein correlations in heart failure with preserved ejection fraction (HFpEF) and with reduced ejection
fraction (HFrEF). Protein—protein correlations in the HFpEF, HFrEF, and control groups are analysed in a network analysis. Significant correlations ex-
clusive in HFpEF and HFrEF are shown. The size of the node represents the importance of the node in the network. The thickness of the lines between

the nodes represents the correlation coefficient.

Correlations exclusive to HFpEF

Correlations exclusive to HFrEF

POGHEUbunt A @

TNF‘HA

the diagnosis or prognosis of CHF. Some of these biomarkers
that we found higher expressed in both HF groups are already
known and described (like BNP, NT-proBNP, galectins, or GDF-
15).2%3%733 However, we were also able to identify possible
new biomarkers: TFF3 was identified as significantly increased
in HF. So far, only one other proteomic-based study has iden-
tified TFF3 as a possible biomarker for HF and associated it
with the outcome.>* We also confirm that TFF3 is predictive
of outcome, although interestingly in our study, this was only
true for the HFpEF patients, emphasizing the importance of
TFF3 as a new biomarker. TFF3 is a peptide that is responsible
for cell repair and is released through tissue damage, such as
in gastrointestinal tissue and skeletal muscles.® Serum TFF3 is
already being discussed as a biomarker in other diseases, such
as colorectal cancer.®®

Remarkably, it was also possible to identify probable new
cardioprotective proteins that were present in HF in lower ex-
pression rates than in the control group. For example, PON3
overexpressed mice were protected against cardiac hypertro-
phy, and therefore, PON3 could represent a therapeutic
target.>” Furthermore, increased PON3 concentrations in
the total cohort and in the HFpEF patients were associated
(only without statistical adjustment) with the occurrence of
a cardiovascular event in our study. Likewise, GDF-2 is also
known as bone morphogenetic protein 9 (BMP9). It is known
that GDF-2 reduces cardiac fibrosis and can improve cardiac
function in HF and is being discussed as a therapeutic
agent.®® CNTN1 could be identified as a new biomarker in

reduced expression levels in HF, and as far as we know, no
studies regarding CNTN1 and cardiovascular diseases have
been carried out yet.

In addition, we identify biomarkers that were solitary signif-
icantly changed in either HFpEF or HFrEF compared with the
control group and that could offer therapeutic or diagnostic
aims in particular for HFpEF. In HFpEF, only five proteins were
increased; those are linked to inflammation (NEMO and LEP),
regeneration, and fibrosis (PAl, MMP-9, and ANG-1). NEMO is
involved in the NF-kB signalling pathway, and because inflam-
mation plays an important role in the pathogenesis of
HFpEF,?° this could be a new possible therapeutic approach
for inhibition.*® However, MMP-9, PAI, and ANG-1 are more
involved in endothelial dysfunction and fibrotic remodelling
processes,** ™2 and because these are also decisive in the pa-
thology of HFpEF,>** they could be possible biomarkers for di-
agnosis and severity assessment.

In contrast, 23 of our investigated proteins were down-
regulated in the HFpEF patients. For example, TM was clearly
down-regulated, although it has already been shown that
TM, as a marker for endothelial damage and dysfunction, is
rather elevated in HF.*®> PRSS27 was also down-regulated,
whereof little is known and its significance in HFpEF is
completely unclear. This could be a possible new target for
further research.

Interestingly, proteins could also be found that were pre-
dictive for the occurrence of a cardiovascular event in HFpEF
patients and speak for a poorer outcome: TFF3, Gal-4, PCSK9,
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and uPA. Although the predictive power of Gal-4** and uPA?*®
is already known and that increased PCSK9 concentrations
driving HFpEF formation,*” to our knowledge, little has been
published on the biomarkers only in the context of HFpEF. It
can be said that for uPA, Gal-4, PCSK9, and TFF3 in particular,
a direct function as a predictive biomarker for a poorer out-
come and the occurrence of a cardiovascular event, espe-
cially in HFpEF patients, could probably be shown for the first
time.

Unique protein expressions were also found in HFrEF, with
29 showing higher levels and only 3 lower levels compared
with the control. For example, ITGB2 were down-regulated.
ITGB2 appears to be involved in the pathogenesis of cardiac
hypertrophy*® and in chronic inflammatory processes and
endothelial dysfunction.*® Interestingly, Tromp et al. identi-
fied ITGB2 as a specific marker for the HFpEF,'® but we only
see it down-regulated in the HFrEF. In contrast to Tromp
et al., however, we did not identify ITGB2 through a
knowledge-based network analysis but rather evaluated it di-
rectly from our data.

In contrast, FGF-23 and PI3 were expressed significantly
higher in the HFrEF group than in the control. FGF-23 is
known as a biomarker of HFpEF: Roy et al. found FGF-23
strongly expressed in HFpEF patients, correlated with fibrosis
on magnetic resonance imaging (MRI) diagnosis, and as a pre-
dictor of poor outcome.>® In our case, FGF-23 was only over-
expressed in the HFrEF, which reduces the diagnostic value of
FGF-23 for HFpEF. PI3, in turn, is a protease inhibitor with
anti-inflammatory potential, which has already been
researched as a therapeutic agent for various inflammatory
diseases and shown to protect against ischaemia—reperfusion
injury during a coronary artery bypass graft.>*>> Until now,
there were no data to PI3 in HF.

Next, we looked at the protein—protein correlations within
the groups by performing a network analysis and identified
specific biomarker interactions exclusively for HFpEF or HFrEF
compared with the control group with different proteins act-
ing as main hubs in the network. At the HFrEF, these were es-
pecially PLC, JAM-A, and TRAIL-R2, whereas at the HFpEF,
these were PDGF-A, Dkk-1, and FAS. FAS is an expression of
a strongly inflammatory process, aggravates HF, and has al-
ready been discussed as a therapeutic objective,®*** which
fits with the pathophysiology of HFpEF. Dkk-1 is an important
regulator in the Wnt signalling pathway and is involved in
bone remodelling processes,”® rheumatic diseases, and
cancer.”® It could be shown that Dkk-1 correlates with arterial
stiffness,®” which in turn is an important factor in the patho-
physiology of HFpEF.>® Otherwise, Dkk-1 could be a new tar-
get for further research on biomarkers or therapeutic inter-
vention, like an inhibition by monoclonal antibodies. Rashid
et al. were able to show that PDGF-A overexpression in rats
after transient coronary artery occlusion showed better
wound healing and improved LV function.®® As a strong
growth factor, PDGF-A is an important promoter of cardiac fi-

brosis and hypertrophy®®®® and has therefore been

researched in a therapeutic context.®? Interestingly, in one
study, PDGF-A was found to be significantly expressed in pa-
tients with HFpEF and atrial fibrillation, in contrast to HFpEF
with sinus rhythm.?

In addition, we wanted to use the protein expression levels
found to make statements about possible signal pathways in-
volved in the two HF entities, especially in HFpEF. Searching
for overrepresentation in GO terms for biological processes
among the differentially expressed proteins showed that pro-
cesses of cell renewal, cell death, and cell movement were af-
fected in patients with HFpEF, whereas metabolic and
growth-promoting processes of cell stress and iron metabo-
lism dominated in HFrEF.

Tromp et al. examined 92 biomarkers in a similar cohort
with 809 HFpEF and HFrEF patients and saw mainly processes
of cell adhesion, leukocyte migration, inflammation, and ex-
tracellular matrix organization in HFpEF and DNA regulation,
smooth muscle proliferation, and nitric oxide biosynthesis
regulated in HFrEF.*®> Which is largely comparable with our
data, whereby we compared the groups against a healthy
control group, which means that the signalling pathways
found are clearly due to the disease and possibly comorbidi-
ties. In another study, HFpEF patients were measured for 248
biomarkers in the plasma, and primarily, inflammation
markers were found to be relevantly changed, with the hy-
pothesis that they could act as a mediator between the co-
morbidities and echocardiographic indicators of right ventric-
ular dysfunction.*® Furthermore, Sanders-van Wijk et al.
show signal pathways of leukocyte degranulation (e.g. via
GDF-15 and PLC), adherens junction organization, and plate-
let activation (e.g. via PDGF-A) as relevant in the HFpEF.
Our data, both the biomarkers presented above and the sig-
nalling pathway analyses, support the hypothesis of the in-
volvement of matrix remodelling, inflammation, fibrosis, apo-
ptosis, and cell turnover as key drivers in HFpEF.%75°

Some limitations of our study should be mentioned: We
only performed a subgroup analysis of the DIAST-CHF study.
Although the patient groups are representative of the dis-
eases and the control group has no comorbidities, the group
sizes are relatively small. The limited sample size could there-
fore reduce the validity of the proteomic analysis. In the fol-
lowing studies, the results should be evaluated in larger
groups. Especially because more HFpEF patients were exam-
ined than HFrEF patients, this could cause a bias in the jointly
changed biomarkers. Besides, only HFpEF and HFrEF patients
were examined in this study, HFmrEF patients were excluded.
HFmrEF is also a vulnerable group that should receive more
attention in further studies. Furthermore, there is an imbal-
ance between the sexes, as we have significantly more
women in the HFpEF group than in the HFrEF group. This,
in turn, is characteristic of HFpEF, as it generally occurs more
in the female sex.™ It should also be noted that some bio-
markers could present a gender-specificity regulation, which
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was not taken into account here but was recently shown in
one study.®® Another limitation is the assortment of the ex-
amined biomarkers, because commercial panels were used
here, which only represent a selection of possible pathophys-
iological pathways.

Overall, in our study, we were able to identify distinct as
well as overlapping protein expression patterns and signalling
pathways in HFpEF and HFrEF compared with a healthy con-
trol group. This may offer the potential for new diagnostic
and therapeutic approaches for patients with CHF. Our data
thus provide a basis for further investigations on specific bio-
markers for HFpEF and HFrEF.
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