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Abstract

Aims Endothelial cell vascular endothelial growth factor receptor 2 (VEGFR-2) plays a pivotal role in angiogenesis, which
induces physiological cardiomyocyte hypertrophy via paracrine signalling between endothelial cells and cardiomyocytes. We
investigated whether a decrease in circulating soluble VEGFR-2 (sVEGFR-2) levels is associated with poor prognosis in patients
with chronic heart failure (HF).

Methods and results We performed a multicentre prospective cohort study of 1024 consecutive patients with HF, who were
admitted to hospitals due to acute decompensated HF and were stabilized after initial management. Serum levels of sSVEGFR-2
were measured at discharge. Patients were followed up over 2 years. The outcomes were cardiovascular death, all-cause death,
major adverse cardiovascular events (MACE) defined as a composite of cardiovascular death and HF hospitalization, and HF hos-
pitalization. The mean age of the patients was 75.5 (standard deviation, 12.6) years, and 57% were male. Patients with lower
SVEGFR-2 levels were older and more likely to be female, and had greater proportions of atrial fibrillation and anaemia, and
lower proportions of diabetes, dyslipidaemia, and HF with reduced ejection fraction (<40%). During the follow-up, 113 cardio-
vascular deaths, 211 all-cause deaths, 350 MACE, and 309 HF hospitalizations occurred. After adjustment for potential clinical
confounders and established biomarkers [N-terminal B-type natriuretic peptide (NT-proBNP), high-sensitivity cardiac troponin |,
and high-sensitivity C-reactive protein], a low sVEGFR-2 level below the 25th percentile was significantly associated with
cardiovascular death [hazard ratio (HR), 1.79; 95% confidence interval (Cl), 1.16—2.74] and all-cause death (HR, 1.43; 95% Cl,
1.04-1.94), but not with MACE (HR, 1.11; 95% Cl, 0.86-1.43) or HF hospitalization (HR, 1.03; 95% Cl, 0.78-1.35). The
stratified analyses revealed that a low sVEGFR-2 level below the 25th percentile was significantly associated with
cardiovascular death (HR, 1.76; 95% Cl, 1.07-2.85) and all-cause death (HR, 1.49; 95% Cl, 1.03-2.15) in the high-NT-proBNP
group (above the median), but not in the low-NT-proBNP group. Notably, the patients with high-NT-proBNP and low-sVEGFR-
2 (below the 25th percentile) had a 2.96-fold higher risk (95% Cl, 1.56—5.85) for cardiovascular death and a 2.40-fold higher risk
(95% Cl, 1.52—-3.83) for all-cause death compared with those with low-NT-proBNP and high-sVEGFR-2.
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Conclusions

A low sVEGFR-2 value was independently associated with cardiovascular death and all-cause death in patients

with chronic HF. These associations were pronounced in those with high NT-proBNP levels.
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Introduction

Despite current advances in therapy, heart failure (HF)
remains a leading cause of hospitalization and mortality
worldwide, and its prevalence is progressively increasing in
aging societies. HF is a clinical syndrome with several under-
lying aetiologies. Basic studies have demonstrated that
dysfunction of angiogenesis is a major cause of the pathogen-
esis and progression of advanced HF, regardless of the
aetiology?: cardiac tissue growth is angiogenesis-dependent,
and disruption of coordinated cardiac hypertrophy and angio-
genesis causes the transition from adaptive cardiac hypertro-
phy to decompensated HF.>*

Vascular endothelial growth factor (VEGF) is a key cytokine
in angiogenesis.”> The VEGF family consists of five members
[VEGF (or VEGF-A), placental growth factor, VEGF-B, VEGF-C,
and VEGF-D] and three tyrosine kinase receptors (VEGFR-1,
-2, and -3). Among the pathways involving these members,
the VEGF/VEGFR-2 pathway plays a major role in angiogene-
sis. A recent study demonstrated that crosstalk between the
endothelial cell VEGFR-2 and cardiac myocyte ErbB signalling
pathways coordinates cardiac myocyte hypertrophy with an-
giogenesis, and thereby contributes to physiological cardiac
growth.® A soluble form of VEGFR-2 (sVEGFR-2) is generated
by proteolytic hydrolysis of membrane-bound VEGFR-2 or by
alternative splicing,””® and sVEGFR-2 can be measured in se-
rum and plasma by immunoassay.’ Circulating levels of
sVEGFR-2 were reported to serve as a surrogate biomarker
of VEGF-mediated tumour growth in patients with various
cancers.'®*? However, the clinical significance of sVEGFR-2
in patients with chronic HF (CHF) is unknown. We therefore
performed a multicentre prospective cohort study to investi-
gate the prognostic value of serum sVEGFR-2 levels in pa-
tients with CHF.

Methods
Study population

The PREHOSP-CHF study (Development of Novel Biomarkers
to Predict REHOSPitalization in Chronic Heart Failure) is a na-
tionwide, multicentre prospective cohort study to determine
the predictive value of possible novel biomarkers related to

angiogenesis or lymphangiogenesis for cardiovascular (CV)
events in patients with CHF (UMIN Clinical Trials Registry:
UMINO000021657). We enrolled 1065 patients with HF, who
were admitted to hospitals due to acute decompensated HF
and were stabilized after initial management, between
December 2015 and October 2017 in the 21 National Hospital
Organization institutions across Japan. The present study was
conducted by nationally certified cardiologists. Acute decom-
pensated HF was defined by the modified Framingham
criteria. The exclusion criteria are described in the Supporting
Information (Supplemental Methods section). After excluding
41 patients who were subsequently found to be ineligible (31
patients) or who withdrew consent (10 patients), a total of
1024 patients were included in the analyses. The study was
approved by the central ethics committee of the National
Hospital Organization headquarters and each institution’s
ethical committee. All of the patients provided written in-
formed consent.

Exposures, sample collection, and biomarker
measurement

The primary predictor was the serum level of sVEGFR-2 at the
time of nearest discharge. The serum levels of sVEGFR-2,
VEGF, and high-sensitivity C-reactive protein (hs-CRP) were
measured with specific, commercially available ELISA kits ac-
cording to the manufacturers’ instructions: sVEGFR-2 and
VEGF were measured using a Quantikine kit (R&D Systems,
Minneapolis, MN), and hs-CRP was measured with a CyclLex
kit (Medical & Biological Laboratories [MBL], Nagano,
Japan).®® These assays were performed by an investigator
masked to the sources of the samples. The serum levels of
N-terminal pro-brain natriuretic peptide (NT-proBNP) were
measured using a validated, sandwich electrochemilu-
minescence immunoassay (Elecsys; Roche Diagnostics,
Indianapolis, IN). The sensitivities of the assays for VEGF,
SVEGFR-2, and hs-CRP were 5.0, 4.6, and 28.6 pg/mL, respec-
tively. The inter-assay/intra-assay coefficients of variation of
ELISA for VEGF, sVEGFR-2, and hs-CRP were <9%/<7%,
<7%/<5%, and <6%/<4%, respectively. The sensitivity of
the assay for NT-proBNP was 5 pg/mL, and the assay coeffi-
cients of variation at values of the measuring range
(5-35 000 pg/mL) were <10%. The high-sensitivity cardiac
troponin | (hs-cTnl) values were measured using a cardiac
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troponin assay (Architect Stat High-sensitive Troponin I;
Abbott Laboratories, Abbott Park, IL). The limit of detection
in this assay is 1.9 pg/mL (range, 0-50 000 pg/mL) and the
99th percentile cut-off is 26.2 pg/mL. Additional details are
described in the Supporting Information (Supplemental
Methods section).

Study endpoints

The endpoints in the analyses were CV death, all-cause death,
major adverse cardiovascular events (MACE) defined as a
composite of CV death and HF-related hospitalization, and
HF-related hospitalization. Causes of death were adjudicated
after consideration of all the available information and were
classified according to the following pre-specified groups:
CV death and non-CV death. CV death included death related
to HF, acute coronary syndrome, stroke, and other vascular
disease, and sudden death. Sudden death was defined as
death related to fatal arrhythmia or unexplained death in a
previously stable patient. Patients were followed up over
2 years. At the end of the follow-up period (Day 720), survival
status and detailed information about MACE were available
in 1009 patients (follow-up rate, 98.5%).

Statistical analysis

We divided the patients into quartiles according to their base-
line SVEGFR-2 levels. The categorical variables are presented
as numbers and percentages and were compared using a ){2
test. The continuous variables are expressed as mean with
standard deviation or median with interquartile range. On
the basis of their distributions, the continuous variables were
compared using ANOVA or the Kruskal-Wallis test. The P
values for trends across the groups were calculated using
the Cochran—Armitage test for categorical variables and the
Jonckheere—Terpstra test for continuous variables. The cumu-
lative incidences of clinical outcomes were estimated by the
Kaplan—Meier method and Cox proportional hazard regres-
sion. For competing risk analyses, we used the Fine and Gray
model to estimate the subdistribution hazard ratio (HR). The
relationships between the baseline biomarker levels and the
outcomes were investigated with the use of Cox proportional
hazard regression. In our prior exploratory study of 254 CHF
patients, the incidence of MACE over a 2 year follow-up pe-
riod was 29.1% in a low sVEGFR-2 group (below the median)
and 17.3% in a high sVEGFR-2 group. To realize 99% power
for MACE, we estimated that a sample size of 785 patients
was required. We increased this sample size by 20% to ac-
count for potential loss to follow-up, arriving at a final sample
size of 1050 patients with an expected MACE incidence of 242
patients. We therefore included no more than 24 variables for
the statistical analysis, because that was the highest number

of variables supported by the anticipated incidence of MACE.
We used four sets of models to confirm the consistency of the
association between sVEGFR-2 levels and clinical events:
Model 1, adjusted for age, sex, body mass index, and tradi-
tional CV risk factors (i.e. hypertension, diabetes, and
dyslipidaemia), as well as established risk factors for HF [i.e.
prior HF hospitalization, left ventricular dysfunction defined
as an ejection fraction (EF) < 40%, and NYHA class 3/4];
Model 2, adjusted for the covariates included in Model 1
and other CV risk factors [i.e. coronary artery disease, old
myocardial infarction, atrial fibrillation (AF), chronic kidney
disease (CKD, defined as an estimated glomerular filtration
rate of less than 60 mL/min/1.73 m?), anaemia (defined as
haemoglobin levels of less than 13 g/dL in male participants
and 12 g/dL in female participants), chronic obstructive
pulmonary disease, and cerebrovascular disease]; Model 3,
adjusted for the covariates included in Model 2 and prescrip-
tion of renin—-angiotensin system inhibitors (RAS-1), beta
blockers, loop diuretics, and mineral corticoid receptor
antagonists (MRA); and Model 4, adjusted for the covariates
included in Model 3 and CV biomarkers [NT-proBNP, hs-cTnl,
and hs-CRP (>1 mg/L)].

Subgroup analyses were performed based on the indepen-
dent determinants for sVEGFR-2 level in the multiple regres-
sion analysis, EF category (HFpEF: HF with preserved EF
(>50%); HFmrEF: HF with mid-range EF (40-49%); and HFrEF:
HF with reduced EF [<40%]), and aetiology of HF (ischaemic
or non-ischaemic).

All statistical tests were two-sided, and P < 0.05 was
considered significant. Analyses were performed using JMP
version 12 (SAS Institute, Cary, NC) and R, version 3.4.4
(R Foundation for Statistical Computing, Vienna, Austria).

Results
Baseline characteristics

The distribution of sSVEGFR-2 values is shown in Figure S1. We
divided the patients into four groups based on the quartile of
the sVEGFR-2 levels (Quartile 1: sVEGFR-2 < 5259 pg/mL;
Quartile 2: 5259 pg/mL < VEGFR-2 < 6120 pg/mL; Quartile
3: 6120 pg/mL < sVEGFR-2 < 7210 pg/mL; and Quartile 4:
SVEGFR-2 > 7210 pg/mL). The baseline characteristics of the
entire cohort and of the patients divided into quartiles of
SVEGFR-2 levels are shown in Tables 1 and S1. Patients with
Quartile 1 sVEGFR-2 levels were older and had higher rates
of female sex, lower body mass index, AF, and anaemia, while
they had lower prevalence of diabetes and dyslipidaemia
compared with those with Quartiles 2—-4 sVEGFR-2 levels.
Prevalence of HFpEF was higher in those with Quartile 1
SVEGFR-2 levels than in those with Quartiles 2—-4 sVEGFR-2
levels.
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In simple regression analyses, the sVEGFR-2 level was in-
versely correlated with EF, and positively correlated with
the VEGF levels, but it was not significantly correlated with
the levels of established CV biomarkers (NT-proBNP, hs-cTnl,
and hs-CRP) (Table S2). Stepwise multiple regression analysis
revealed that independent determinants of the sVEGFR-2
level were lower age, male gender, presence of diabetes,
absence of AF and anaemia, and higher levels of NT-proBNP
(Table S2).

Incidence of outcomes and Cox regression
analyses

During the 720 day follow-up, a total of 113 (11.0%) CV
deaths, 211 (20.6%) all-cause deaths, 350 (34.2%) MACE,
and 309 (30.2%) HF-related hospitalizations occurred
(Table 2). Figure 1 shows the cumulative incidence of
outcomes and unadjusted Cox proportional HRs according
to quartiles of sVEGFR-2. The patients with Quartile 1
SVEGFR-2 levels showed the greatest risks of CV death
[P = 0.01; HR, 1.54; 95% confidence interval (Cl), 0.96-2.51
(vs. Quartile 2); HR, 1.75; 95% Cl, 1.07-2.91 (vs. Quartile 3);
HR, 2.32; 95% Cl, 1.37-4.09 (vs. quartile 4)] and all-cause
death [P = 0.004; HR, 1.51; 95% Cl, 1.06-2.18 (vs. Quartile
2); HR, 1.57; 95% ClI, 1.09-2.26 (vs. Quartile 3); HR, 1.94;
95% Cl, 1.32-2.87 (vs. quartile 4)], but did not show a signif-
icantly higher risk of MACE (P = 0.7) or HF-related hospitaliza-
tion (P = 0.97) than the other quartile groups. In contrast,
quartiles of VEGF were not significantly associated with the
risk of CV death, all-cause death, MACE, or HF-related hospi-
talization (Figure S2). Because there was an apparent thresh-
old effect between Quartile 1 and Quartile 2 in the incidence
of all-cause death and CV death, sVEGFR-2 was modelled as a
dichotomous variable in subsequent analyses by applying a
threshold of Quartile 1 vs. Quartiles 2—4. In competing risk
analyses, the patients with Quartile 1 sVEGFR-2 also showed
significantly higher incidence of CV death than those with
Quartiles 2—4 (HR, 1.77; 95% Cl 1.21-2.56), but not that of
MACE (HR, 1.13; 95% Cl, 0.89-1.43) or HF-related hospitaliza-
tion (HR, 1.00; 95% Cl, 0.77-1.29) (Figure S3).

Figure 2 shows the unadjusted and adjusted HRs of low
SVEGFR-2 levels below the 25th percentile for the various
outcomes. After adjusting for traditional risk factors, a low

Table 2 Incidence of events according to quartiles of sVEGFR-2

SVEGFR-2 level below the 25th percentile was significantly
associated with the risk of CV death, but not with the risk
of all-cause death, MACE, or HF-related hospitalization
(Figure 2, Model 1). After additional adjustment for other po-
tential clinical confounders, a low sVEGFR-2 level below the
25th percentile was significantly associated with the risk of
CV death, but not with the risk of all-cause death, MACE, or
HF-related hospitalization (Figure 2, Model 2). Even after
additional adjustment for medications for HF, these associa-
tions were consistent (Figure 2, Model 3). Importantly, after
additional adjustment for established CV biomarkers, a low
SVEGFR-2 level below the 25th percentile was significantly
associated with the risk of CV death (HR, 1.79; 95% ClI,
1.16-2.74) and all-cause death (HR, 1.43; 95% Cl,
1.04-1.94), but not with the risk of MACE (HR, 1.11; 95%
Cl, 0.86-1.43) or HF-related hospitalization (HR, 1.03; 95%
Cl, 0.78-1.35) (Figure 2, Model 4, Table S3).

Subgroup analyses

Figure 3 shows the results of subgroup analyses on the asso-
ciation of low sVEGFR-2 below the 25th percentile with CV
death and all-cause death. A low sVEGFR-2 level below the
25th percentile was significantly associated with all-cause
death in men, but not in women. The risk for CV death
tended to be higher in those with a low sVEGFR-2 level below
the 25th percentile compared with those with a high
SVEGFR-2 level in men (HR, 1.67; 95% Cl, 0.95-2.86), but
not in women (HR, 1.25; 95% Cl, 0.63-2.38).

Interestingly, a low sVEGFR-2 level below the 25th percen-
tile was significantly associated with CV death (HR, 1.76; 95%
Cl, 1.07-2.85) and all-cause death (HR, 1.49; 95% Cl, 1.03—
2.15) in the high-NT-proBNP (>50th percentile) group, but
not with either CV death (HR, 1.33; 95% Cl, 0.50-3.52) or
all-cause death (HR, 1.07; 95% CI, 0.56—1.99) in the low-NT-
proBNP group after adjustment for potential clinical con-
founders (Figure 3).

Figure S4 shows the results of Kaplan—Meier analysis based
on the subgroups of EF category. A low sVEGFR-2 level below
the 25th percentile was associated with CV death (HR, 1.99;
95% Cl, 1.20-3.22) and all-cause death (HR, 1.78; 95% ClI,
1.24-2.53) in patients with HFpEF/HFmrEF, but not in those

Event Entire cohort Quartile 1 Quiartile 2 Quartile 3 Quartile 4
CV death 113 (11.0) 41 (16.0) 28 (10.9) 25 (9.8) 19 (7.4)

All-cause death 211 (20.6) 72 (28.1) 50 (19.5) 49 (19.1) 40 (15.6)
MACE (CV death + HF hospitalization) 350 (34.2) 94 (36.7) 85 (33.2) 85 (33.2) 86 (33.6)
HF hospitalization 309 (30.2) 77 (30.1) 74 (28.9) 77 (30.1) 81 (31.6)

Variables are presented as numbers (percentages).

CV, cardiovascular; HF, heart failure; MACE, major adverse cardiovascular events defined as a composite of CV death and HF-related hos-
pitalization; sVEGFR-2, soluble vascular endothelial growth factor receptor 2.
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Figure 1 Incidence of CV death (A), all-cause death (B), MACE (C), and HF-related hospitalization (D) according to the quartiles of baseline sVEGFR-2
levels during the follow-up period. Cl, confidence interval; CV, cardiovascular; HF, heart failure; HR, hazard ratio, MACE, major adverse cardiovascular
events defined as a composite of CV death and HF-related hospitalization; Q, quartile; sSVEGFR-2, soluble vascular endothelial growth factor receptor 2.
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with HFrEF (HR for CV death, 1.29; 95% Cl, 0.65-2.41; HR for
all-cause death, 1.38; 95% Cl, 0.84-2.21).

Figure S5 shows Kaplan—Meier analysis based on the
aetiology of HF (ischaemic or non-ischaemic). A low
SsVEGFR-2 level below the 25th percentile was associated with
CV death (HR, 1.99; 95% Cl, 1.28-3.03) and all-cause death
(HR, 1.66; 95% Cl, 1.18-2.29) in patients with non-ischaemic
aetiology, but not in those with ischaemic aetiology (HR for
CV death, 0.43; 95% CI, 0.12-1.27; HR for all-cause death,
1.32; 95% Cl, 0.66—-2.54).

Risk stratification by NT-proBNP and sVEGFR-2

Figure 4 shows the cumulative incidence (A and B) and
unadjusted and adjusted HRs (C) for CV death and all-cause
death in patients divided into 4 groups based on the median
of NT-proBNP and the 25th percentile of sSVEGFR-2 levels.
Notably, the high-NT-proBNP/low-sVEGFR-2 group exhibited
the highest risks of CV death and all-cause death among the
four groups, even after adjustment for potential clinical
confounders and the established CV biomarkers (Figure 4C).
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Figure 2 Multivariate Cox proportional hazard analysis for CV death, all-cause death, MACE, and HF-related hospitalization. Model 1: adjusted for age,
sex, body mass index, and traditional cardiovascular risk factors (hypertension, diabetes, and dyslipidaemia), as well as established risk factors for HF
[prior HF hospitalization, left ventricular dysfunction (ejection fraction < 40%), and NYHA class 3/4]. Model 2: adjusted for the covariates included in
Model 1 and other CV risk factors (CAD, old myocardial infarction, AF, CKD, anaemia, chronic obstructive pulmonary disease, and cerebrovascular dis-
ease). Model 3: adjusted for the covariates included in Model 2 and prescription of RAS-I, beta blockers, loop diuretics, and MRA. Model 4: adjusted for
the covariates included in Model 3 and CV biomarkers [NT-proBNP, hs-cTnl, and hs-CRP (>1 mg/L)]. AF, atrial fibrillation; BMI, body mass index; CAD,
coronary artery disease; CKD, chronic kidney disease; hs-CRP, high sensitivity C-reactive protein; hs-cTnl, high sensitivity cardiac troponin I; MRA, min-
eral corticoid receptor antagonists; NT-proBNP, N-terminal pro-brain natriuretic peptide; RAS-I, renin angiotensin inhibitor. Other abbreviations are

defined in Figure 1.

Hazard ratio (95% Cl) of sVEGFR-2 95% ClI
Outcomes for clinical events (below the 25th percentile) HR Lower Upper
CV death
Unadjusted —— 1.82 1.23 2.65
Model-1 —— 1.58 1.06 2.34
Model-2 —— 1.59 1.05 2.37
Model-3 —— 1.53 1.01 2.30
Model-4 — 1.79 1.16 2.74
All-cause death
Unadjusted —— 1.65 1.24 219
Model-1 e 1.29 0.96 1.73
Model-2 —— 1.30 0.95 1.75
Model-3 —— 1.30 0.96 1.76
Model-4 —— 143 1.04 1.94
MACE
Unadjusted —_—— 1.15 091 1.45
Model-1 1.06 0.83 1.35
Model-2 1.04 0.81 1.33
Model-3 1.04 0.81 1.33
Model-4 — 1.1 0.86 143
HF hospitalization
Unadjusted 1.04 0.80 1.34
Model-1 0.96 0.73 1.25
Model-2 0.95 0.73 1.24
Model-3 0.96 0.73 1.25
Model-4 1.03 0.78 1.35

0.2 1.0

5.0

These findings suggest the incremental prognostic value
of sVEGFR-2 in combination with NT-proBNP in patients
with CHF.

Discussion

This is the first dedicated and large-scale prospective cohort
study to demonstrate that a low sVEGFR-2 level below the
25th percentile is significantly associated with the risk of CV

and all-cause mortality in patients with CHF. These
associations remain significant after adjustment for potential
clinical confounders and the established CV biomarkers of
NT-proBNP, hs-cTnl, and hs-CRP. Furthermore, the addition
of a low sVEGFR-2 level below the 25th percentile to the
model with potential clinical confounders significantly im-
proved the prediction of CV and all-cause mortality in patients
with high NT-proBNP levels. These findings suggest that the
measurement of sVEGFR-2 provides prognostic information
about CV and all-cause mortality beyond potential clinical
confounders and the established CV biomarkers in clinical
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Figure 3 Multivariate-adjusted stratified analyses of the associations of low sVEGFR-2 below the 25th percentile and the risks of CV death and
all-cause death. Data were adjusted for the covariates included in Model 3 in Figure 2. *We divided the patients according to the median of NT-
proBNP. EF, ejection fraction; LV, left ventricular. Other abbreviations are defined in Figures 7 and 2.

CV death All-cause death
Hazard ratio of sVEGFR-2 Hazard ratio of sVEGFR-2
Subgroup Sample size N (below the 25th percentile) N (below the 25th percentile)
Age
=80 years 475 82 —e— 154 —e—
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LV dysfunction (EF<40%)
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Diabetes
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No 628 63 —0— 124 —e—i
AF
Yes 533 69 —— 117 —e—i
No 491 44 —0— 94 ——i
Anemia
Yes 577 91 —8— 168 —0—
No 447 22 —e— 43 ——
NT-proBNP*
Low 512 25 —_—— 53 ——
High 512 88 —@— 158 —0—
0.1 1 10 02 1 5
settings. The strengths of our investigation include the large The underlying mechanism of the relationship between a
sample size, multicentre prospective design, and high low sVEGFR-2 value and poor prognosis in patients with CHF
follow-up rate. should be considered. VEGFR-2 is mainly expressed in
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Figure 4 Incidence of CV death (A) and all-cause death (B) according to the combination of baseline SVEGFR-2 (lowest quartile) and NT-proBNP (above
the median) levels during the follow-up period, and unadjusted and adjusted hazard ratios of the combination of sVEGFR-2 and NT-proBNP for CV
death and all-cause death (C). The covariates included in each model are shown in Figure 2. Abbreviations are as defined in Figures 1 and 2.
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endothelial cells,** and a naturally occurring sVEGFR-2 was
produced by proteolytic hydrolysis of membrane-bound
VEGFR-2 or alternative splicing of VEGFR-2.”"*®> SVEGFR-2 pro-
tein and messenger RNA were found to be present in various
tissues, including the skin, heart, spleen, kidney, ovary, and
plasma in wild-type mice.'®* The VEGF/VEGFR-2 signalling
pathway plays an important role in endothelial dysfunction,*’

which is one of the characteristic pathophysiological features
of CHF.*® Endothelium—cardiomyocyte interactions play
essential roles in CV homeostasis; deranged endothelium-
related signalling pathways have been implicated in the path-
ophysiology of HF.'® A recent study demonstrated that cross
talk between the endothelial VEGFR-2 and cardiomyocyte
ErbB signalling pathways is required for adaptive cardiac
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hypertrophy.® On the other hand, systemic vasoconstriction
associated with endothelin dysfunction has been suggested
to play a central role in HF pathogenesis: dysfunction of
the endothelium leads to increased vascular stiffness and
impaired arterial distensibility, augmenting myocardial
damage.?%?! Taken together, these findings indicate that a de-
crease in circulating sVEGFR-2 may reflect down-regulation of
membrane-bound VEGFR-2 in cardiac and systemic endothe-
lial cells, leading to a vulnerability to decompensated HF.
Further investigation is necessary to clarify the mechanistic
role of sSVEGFR-2 in HF.

In the present study, the associations of low sVEGFR-2 with
CV death and all-cause death were pronounced in patients
with HFpEF. Not only cardiac microvascular rarefaction but
also peripheral vascular dysfunction has been associated with
impairment of cardiac reserve function in HFpEF.?*"2> These
previous and our present findings may also support the idea
that a low sVEGFR-2 reflects both cardiac and vascular endo-
thelial dysfunction, leading to a deterioration of the progno-
sis in HFpEF.

The association between a low sVEGFR-2 value and
all-cause death was significant in men, but not in women.
The risk for CV death also tended to be higher in patients with
low sVEGFR-2 compared with those with high sVEGFR-2 in
men, but not in women. These results suggest the possibility
of a sex difference in the pathophysiology of sSVEGFR-2. Previ-
ous studies suggested a sex-based difference in the endoge-
nous expression of VEGF.?®*?” Thus, systemic or CV
expression of VEGF may affect the circulating sSVEGFR-2 level
and/or its association with prognosis in CHF. Future studies
will be needed to define the mechanisms underlying the sex
difference in the association between the sVEGFR-2 level
and prognosis in CHF.

The associations of a low VEGFR-2 value with CV and
all-cause deaths became prominent when adjusting for or
stratifying based on NT-proBNP, a marker of increased left
ventricular wall stress.?® These findings may suggest that en-
dothelial dysfunction itself does not lead to HF, but in combi-
nation with an increased left ventricular wall stress, it can
lead to decompensated HF.

The VEGF/VEGFR2 signalling pathway plays a crucial role in
tumour angiogenesis®® as well as CV endothelial integrity.
Since HF was subsequently noted in 2-4% of patients with
cancers who were taking VEGF signalling pathway
inhibitors,*° it would be of interest to determine whether
the sVEGFR-2 level can predict incident HF in combination
with NT-proBNP among patients with cancer who are receiv-
ing VEGF signalling pathway inhibitors.

Study limitations

The present study has several limitations. First, the results
were derived from a prospective observational study;

therefore, they only reflect association and not causality.
Second, the sources and the detailed physiological and path-
ological roles of SVEGFR-2 have not been elucidated.” Further
investigations will be needed to answer these questions.
Third, we did not repeatedly measure the sVEGFR-2 levels
during the follow-up period. The predictive significance of a
change in sVEGFR-2 levels in patients with HF is unclear.
Fourth, we did not measure the levels of VEGF-C, a central
regulator of lymphangiogenesis, and the other ligand for
SsVEGFR-2. Recently, we demonstrated that low VEGF-C is in-
versely and independently associated with the risk of
all-cause mortality in patients with suspected or known coro-
nary artery disease.3* Future studies will define the prognos-
tic value of VEGF-C in patients with CHF. Finally, because the
PREHOSP-CHF study cohort consists exclusively of Asian indi-
viduals with HF, our results may not be generalizable to gen-
eral Asian populations, or to other ethnic groups. Despite
these limitations, the present study provides not only better
risk stratification in patients with CHF but also deeper insight
into the role of angiogenesis in the mechanisms of HF.

Conclusions

In a multicentre prospective cohort, a low sVEGFR-2 value
was independently associated with CV death and all-cause
death among patients with CHF, especially in those with high
NT-proBNP levels.
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Figure S1. Distribution of the sVEGFR-2 levels. sVEGFR-2 = sol-
uble vascular endothelial growth factor receptor 2.

Figure S2. Incidence of CV death (A), all-cause death (B),
MACE (C), and HF-related hospitalization (D) according to
the quartiles of baseline VEGF levels during the follow-up pe-
riod. VEGF = vascular endothelial growth factor,
CV = cardiovascular, MACE = major adverse cardiovascular
events defined as a composite of CV death and HF-related
hospitalization, HF = heart failure, HR = hazard ratio,
Cl = confidence interval.

Figure S3. Competing risk of death adjusted cumulative haz-
ard curves for incident CV death (A), MACE (B), and
HF-related hospitalization (C) in patients with and without
low sVEGFR-2 levels below the 25th percentile during the
follow-up period. sVEGFR-2 = soluble vascular endothelial
growth factor receptor 2, CV = cardiovascular,
MACE = major adverse cardiovascular events defined as a
composite of CV death and HF-related hospitalization,
HF = heart failure, HR = hazard ratio, Cl = confidence interval.
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