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Abstract: Background and Objectives: Aortic valve stenosis (AS) develops with a pronounced local
inflammatory response, where a variety of growth factors are involved in the process, and may
have a pro-inflammatory and anti-inflammatory effect. The aim of our study was to elucidate
whether circulating growth factors: growth differentiation factor 15 (GDF-15), angiopoietin-2 (Ang-2),
vascular endothelial growth factor A (VEGF-A), fibroblast growth factor 2 (FGF-2), and fibroblast
growth factor 21 (FGF-21) could be proposed as clinically relevant biomarkers to improve risk
stratification in AS patients. Materials and Methods: AS patients were classified into three groups:
16 patients with mild AS stenosis; 19 with moderate and 11 with severe AS, and 30 subjects without
AS (echocardiographically approved) were selected as a control group. GDF-15, Ang-2, VEGF-A,
FGF-2, and FGF-21 were measured in plasma by the ELISA method. Results: GDF-15 levels differed
significantly not only when comparing AS patients with control groups (p < 0.0001), but also a
statistically significant difference was achieved when comparing AS patients at a mild degree stage
with control individuals. We found a strong relationship of GDF-15 levels regarding AS severity
degree (p < 0.0001). VEGF-A, FGF-2 and FGF-21 levels were significantly higher in AS patients than
in controls, but relationships regarding the AS severity degree were weaker (p < 0.02). ROC analysis
of the study growth factors showed that GDF-15 might serve as a specific and sensitive biomarker
of AS stenosis (AUC = 0.75, p = 0.0002). FGF-21 correlated with GDF-15, Ang-2, and FGF-2, but it
did not reach the level to serve as a clinically relevant biomarker of AS stenosis. Conclusions: AS is
associated with significantly increased GDF-15, VEGF-A, FGF-2, and FGF-21 levels in plasma, but
only GDF-15 shows a pronounced relationship regarding AS severity degree, and GDF-15 might
serve as a specific and sensitive biomarker of AS stenosis.

Keywords: aortic valve stenosis; growth differentiation factor 15; angiopoietin-2; vascular endothelial
growth factor A; fibroblast growth factor 2; fibroblast growth factor-21

1. Introduction

The prognostic utility of multiple biomarkers including cytokines and growth factors
has been demonstrated in heart failure patients without aortic valve stenosis (AS). Since
2010, a number of new growth factors have been identified, with both diagnostic and
prognostic relevance in AS patients. In these studies, there is practically no comparative
study of growth factors in AS patients, particularly without other cardiovascular diseases.

There is evidence that serum growth differentiation factor 15 (GDF-15) is a clinically
relevant inflammatory biomarker for several cardiovascular diseases, including hyper-
trophic cardiomyopathy [1-3]. Plasma levels of GDF-15 correlate with increased mortality
after transcatheter aortic valve replacements [4].

Inflammation and angiogenesis are two closely related processes involving not only
GDEF-15 but also angiopoietin-2 (Ang-2), vascular endothelial growth factor (VEGEF), fi-
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broblast growth factor 2 (FGF-2) and other factors. GDF-15 is involved in angiogenesis
and acute inflammation in an unstable atherosclerotic plaque [5]. Ang-2 is not only an
important proangiogenic factor, but it is also involved in the development of inflammatory
processes [6].

Pathological neovascularization is an important aspect of calcification of aortic valve
disease, in which Ang-2 activates valvular endothelial cells (VECs) and valvular interstitial
cells, promoting neovessel formation [7]. VEGF-A stimulates differentiation of myofibrob-
lasts to osteoblasts in cusps of the aortic valve [8]. Data suggest that the serum levels of
VEGF-A and Ang-2 can be directly correlated with each other [9].

FGF-2 plays a regenerative and an antifibrotic role in AS through increased matrix
remodeling, proliferation, and the inhibition of profibrotic markers [10].

Anti-inflammatory growth factors such as FGF-21 (cardiomyokine) have also been
identified. FGF-21 exerts cardioprotective effects, e.g., against cardiac hypertrophy and
cardiac inflammation [11]. Data suggest that the blood levels of FGF-21 are associated with
increased cardiovascular risk [12]. Our previous study found that circulating concentra-
tions of FGF-21 have also been increased in AS patients without coronary and peripheral
atherosclerosis [13].

It has been proven that AS develops with a pronounced local inflammatory response,
including lesion of the VECs that leads to calcification [14]. We hypothesized that the
manifestation of both inflammatory and anti-inflammatory growth factors is different at
various stages of development of AS and may serve as clinical biomarkers.

The aim of our study was to elucidate whether circulating growth factors—GDEF-15,
Ang-2, VEGF-A, FGF-2, and FGF-21—could be proposed as clinically relevant biomarkers
to improve risk stratification in AS patients.

2. Materials and Methods
2.1. Study Subjects

Patients and controls were included according to the echocardiographically confirmed
results, and the data were obtained using a GE VIVID 7 Dimension Cardiovascular Ul-
trasound system (GE Healthcare; GE Healthcare, Chicago, IL, USA) and Philips IE 33
Ultrasound Machine (Philips Healthcare, Amsterdam, The Netherlands). Each EchoCG
examination was evaluated by two professionals. Patients with AS were subdivided into
three groups depending on the severity grade according to current guidelines on the man-
agement of valvular heart disease and EchoCG criteria: aortic jet velocity (Vmax) (m/sec);
mean pressure gradient, PG (mmHg); aortic valve area, AVA (cm?) and indexed AVA
(cm?/m?). Data were graded as severe: Vmax >4 m/sec, PG > 40 mmHg, AVA < 1.0 cm?,
indexed AVA < 0.6; moderate: Vmax 3.04.0 m/sec, PG 20-40 mmHg, AVA 1.0-1.5 cm?,
indexed AVA 0.60-0.85; and mild: Vmax 2.5-2.9 m/sec, PG <20 mmHg, AVA > 1.5 cm?,
indexed AVA > 0.85 [15].

Exclusion criteria for all the study participants were as follows: bicuspid aortic valve,
pathologies of other valves, and rheumatic aortic valve disease (by EchoCG, history of
rheumatism); cardiomyopathies, cardiac fibrosis, and left ventricular systolic dysfunc-
tion (EF below 50%); coronary atherosclerosis; peripheral atherosclerosis (by measuring
intima-media thickness of carotid arteries, ankle-brachial index, history of peripheral
artery disease and stroke); severe, moderate and uncontrolled arterial hypertension; dia-
betes mellitus, obesity, smoking; connective tissue diseases, infectious diseases, history of
immune disease, oncological diseases; thyroid disfunction; and hypercholesterolemia and
hypertriglyceridemia, including a history of statin and fibrate use.

AS patients were classified into three groups: 16 patients with mild AS; 19 with mod-
erate AS; and 11 with severe AS, according to the 2012 European Society of Cardiology
and the European Association for Cardio-Thoracic Surgery Guidelines for the Manage-
ment of Valvular Heart Disease [16]. Thirty subjects without AS (echocardiographically
approved) were selected as a control group. The study groups were matched by age and
body mass index.
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The clinical study was approved by the Riga Stradins University (Latvia) Ethics
Committee on Research on Humans (No 12.09.2013/11). The study protocol conforms to
the Ethical Guidelines of the 1975 Declaration of Helsinki, revised in 2008.

2.2. Laboratory Assays

Study subjects” venous blood samples were collected after overnight fasting, cen-
trifuged, and stored at —80 °C. GDF-15, Ang-2, VEGF-A, FGF-2, and FGF-21 were mea-
sured in plasma by the ELISA method using a TECAN Infinite 200 PRO multimode reader
(Tecan Group, Ltd., Mannedorf, Switzerland). Concentrations of lipids, glucose, and other
routine blood biomarkers were analyzed by standard methods.

2.3. Statistical Analysis

Normal distributions of data were proved by D’Agostino and Pearson, Anderson—
Darling, and Shapiro-Wilk normality tests. Homogeneity of variances was tested using
F-tests (2 groups) or Brown-Forsythe and Bartlett’s tests. In most cases, dispersion was not
corresponded as a normal distribution; therefore, the data were analyzed by a nonparamet-
ric Mann-Whitney (MW) U test or Kruskal-Wallis (KW) H test followed by the two-stage
step-up method of Benjamini, Krieger, and Yekutieli as a post-hoc procedure, and results
were displayed as the median and interquartile range (IQR). The data represented in Table
1 had a generally normal distribution; they were subjected to ANOVA parametric analysis
with the corresponding post-test already mentioned. In a case of VEGF-A and FGF-2, the
additional qualitative analysis of Fisher’s test of proportions was applied.

Table 1. Basic data of individuals in the control group and patients in the aortic valve stenosis (AS) groups.

Controls Mild Aortic Moderate Aortic Severe Aortic
=30 Valve Stenosis Valve Stenosis Valve Stenosis
= n=16 n=19 n=11
. Male 6 (20) 1(6) 8 (42) 7 (64)
Gender (%) Female 24 (80) 15 (94) 11 (58) 4(36)
Age (years) Mdn 70 72 74 69
ge (years (IQR) (60-75) (66-75) (65-79) (60-75)
29.53 27.18 27.02
1 BMI _Valll\l/i (Vﬂzs?o)ntrol é7'1907) (4.97) (4.76) (4.04)
p : : p=0.16 p=0.19 p=0.30
79.89 78.09
25V (mL) p-va111\1/£ ose é;'gg) 72;i 00 (20.45) (17.39)
. : : p=0.45 p=0.12
57.58 61.32 57.73
3 EF (%) _Valli %S]C)gntrol (6614%12) (9.79) (8,24) (8,65)
b : : p=0.17 p=0.17 p=015
39.26 4236 41.97
4gv1 _Valll\i %S‘C)O)ntml (ﬁ;}g) (8.39) (11.67) (9.99)
P : : p=0.38 p=051 p=0.11

1 BMI—body mass index, weight in kilograms divided by the square of the height in meters (kg/ m?); 2 SV—stroke volume, measured by
left ventricular outflow method; > EF—ejection fraction, measured by Simpson’s method; # SVI—stroke volume index, the relationship
between the stroke volume and size of the persons’ body surface area (mL/m?).

The correlation analysis was performed to determine the relationships between the
studied growth factors and to clarify whether there were some associations between the
severity of AS and the concentration of these factors. For better visualization of the direction
of these associations, linear regression lines have been added on the corresponding scatter
graphs. A p-value of less than 0.05 (p < 0.05) was considered statistically significant for all
statistical tests.
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The performance of the study biomarkers was assessed using receiver-operating char-
acteristic (ROC) curves, sensitivity, specificity, and negative and positive predictive values.
The p-value was reported for the area under the curve (AUC) for the best cut-off level.
Diagnostic tests were assessed by this classification: 0.90-1 = excellent; 0.80-0.90 = good;
0.70-0.80 = fair; 0.60-0.70 = poor; and 0.50-0.60 = fail.

Statistical power calculations were performed with the GraphPad StatMate application.
All graphical images and statistical analyses were performed using GraphPad Prism 9.0 for
MacOS software (GraphPad Software, San Diego, CA, USA).

3. Results
3.1. Patient Characteristics

The basic data of the subjects included in the study are presented in Table 1. The
average ages of patients in all aortic stenosis groups and in the control group were similar,
and the mean body mass index (BMI) did not differ between the groups. The groups
were similar regarding the mean values of the ejection fraction (EF) determined by the
Simpson’s method and the stroke volume index (SVI) measured by the left ventricular
outflow method, as well as according to the inclusion and exclusion criteria.

3.2. GDF-15 Level Differences between the Patient Groups

Patients with AS had significantly higher levels (p = 0.0001) of GDF-15 compared to
the controls (Figure 1A). GDF-15 levels were higher in the mild degree (p = 0.02), but the
highest difference was reached between severe AS (p < 0.0001) compared to the controls
(Figure 1B). The correlation analysis revealed a strong positive relationship (p < 0.0001) of
GDF-15 levels regarding the degree of AS severity (Figure 1C).

B
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Figure 1. Plasma GDF-15 levels: (A) comparison of GDF-15 concentrations in control subjects and aortic valve stenosis (AS)
patients; (B) comparison of GDF-15 concentrations in control subjects and AS patients with 3 different severity degrees;
(C) correlation between plasma GDF-15 levels and the severity of AS (the gray line indicates a positive relationship).
MW—Mann-Whitney U test; KW—Kruskal-Wallis test; rp—Pearson’s correlation coefficient.
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3.3. VEGF-A Level Differences between the Patient Groups

VEGF-A levels had a statistically significant difference (p = 0.01) between controls
and AS patients (Figure 2A); however, regarding AS severity groups, a level of statistical
significance (p = 0.015) was reached only between controls and patients with mild AS
(Figure 2B). The correlation analysis showed a weak positive relationship (p = 0.017) of
VEGF-A levels regarding the degree of AS severity (Figure 2C).

A *p=0.01 B
(F1)
* p=0.007 "p=0015
1 000 (MW 1 0003 (F1
5]
®e
) ) e A
@ (]
100{ @ 100; S ?80 %
- - ]
£ £
2 2 .
10 103 B—S4° pedeg® P9
1 . - 1
control AS control mild moderate severe
AS severity
C
10,000
*p=0.0173
rp = 0.2724
1 000
|
£ & pe o o%
S 100 'd" oo
g B 8% .o
10 A . ® °p %o
1 T

control mild moderate severe
AS severity

Figure 2. Plasma VEGF-A level: (A) comparison of VEGF-A concentrations in control subjects and aortic valve stenosis (AS)
patients; (B) comparison of VEGF-A concentrations in control subjects and AS patients with 3 different severity degrees;
(C) correlation between plasma VEGEF-A levels and the severity of AS (the gray line indicates a positive relationship). MW—

Mann-Whitney U test; F—Fisher’s exact test (small gray numbers show counts of cases with VEGF-A concentration < 15
and >15 pg/mL); rp—Pearson’s correlation coefficient.

3.4. FGF-2 Level Differences between the Patient Groups

We revealed that the FGF-2 level in AS patients compared to controls was increased
(p = 0.035) (Figure 3A), but we did not find any statistically significant differences between
controls and patient groups with different degrees of AS (Figure 3B), although the correla-

tion analysis showed a weak positive relationship (p = 0.012) of FGF-2 levels regarding the
AS severity degree (Figure 3C).
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Figure 3. Plasma FGF-2 level: (A) comparison of FGF-2 concentrations in control subjects and aortic valve stenosis (AS)
patients; (B) comparison of FGF-2 concentrations in control subjects and AS patients with 3 different severity degrees;

(C) correlation between plasma PGF-2 levels and the severity of AS (the gray line indicates a positive relationship).
MW—Mann-Whitney U test; rp—Pearson’s correlation coefficient.

3.5. FGF-21 Level Differences between the Patient Groups

FGF-21 levels were significantly (p = 0.014) increased in patients with AS compared
to control subjects (Figure 4A), but we did not find any statistically significant differences
between controls and patient groups with different degrees of AS (Figure 4B), although

the correlation analysis showed a weak positive relationship (p = 0.02) of FGF-21 levels
regarding AS severity degree (Figure 4C).
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Figure 4. Plasma FGF-21 level: (A) comparison of FGF-21 concentrations in control subjects and aortic valve stenosis (AS)
patients; (B) comparison of FGF-2 concentrations in control subjects and AS patients with 3 different severity degrees;

(C) correlation between plasma PGF-21 levels and the severity of AS (the gray line indicates a positive relationship).
MW—Mann-Whitney U test; rp—Pearson’s correlation coefficient.

3.6. Ang-2 Level Differences between the Patient Groups

In this study, we did not reveal significant differences between controls and AS
patients (Figure 5A), or any statistically significant differences between the control group
and patient groups at different stages of AS (Figure 5B), but the correlation analysis showed

a weak positive relationship (p = 0.02) of Ang-2 levels regarding the degree of AS severity
(Figure 5C).
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Figure 5. Plasma Ang-2 level: (A) comparison of Ang-2 concentrations in control subjects and aortic valve stenosis (AS)
patients; (B) comparison of Ang-2 concentrations in control subjects and AS patients with 3 different severity degrees; (C)
correlation between plasma Ang-2 levels and the severity of AS (the gray line indicates a positive relationship). rp—Pearson’s

correlation coefficient.

3.7. Correlations between the Study Growth Factors

In the correlation analysis between the growth factors in all study subjects (controls
and AS patients), we found that FGF-21 was more correlated because it correlated with
GDF-15 (p < 0.0001), Ang-2 (p < 0.001), and FGE-2 (p < 0.01). There were also the following

correlations: GDF-15 correlated with Ang-2 (p < 0.0001), and FGF-2 correlated with VEGF-A

(p < 0.0001) (Figure 6).
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VEGF-A| 0.01 0.7 0.4 <0.0001 0.1
FGF-21 0.001 <0.0001 0.001 0.01 0.1

Figure 6. Correlation matrix representing the strength of the association between the levels of the growth factors and
the severity (no, mild, moderate, severe) of AS (see upper first row or left first column), as well as covariances of the
factors studied. The numbers in cells (squares) show the value of the Pearson’s correlation coefficient (rp); the table below
represents the corresponding p-values.

We also found some correlations between growth factors in the groups of mild, mod-
erate, and severe AS patients. In all three patient groups, FGF-2 correlated with VEGF-A
(mild p = 0.01, moderate p = 0.0003, and severe degrees of AS p = 0.003) (Figure 7), whereas
in patients with a severe degree of AS, GDF-15 correlated with Ang-2 (p = 0.001) (Figure 8).

400-
360 © -e- Control
i e Mild AS
TEI 2:3- *p=0.0103
> 240- -~ Moderate AS
. *** = 0.0003
E 200 - Severe AS
S 160~ = p= 0.0031
o~ 120+
80—

40
0-

FGF-2, pg/mL

Figure 7. Correlation between FGF-2 and VEGF-A levels in the aortic valve stenosis patients. Asterisks show the level of
statistical significance.



Medicina 2021, 57,78

10 of 13

8 000+
o -e Control

7000 o o Mild AS
- 6000+ - Moderate AS
%1 5 000+ o- Severe AS
:1: 4 000- ** p=0.0011
1 ® Q
@ 30004 ° ©®
< o g °

2 000+ ’ P o

o %ea "Q‘ o© @ (615)
1 000+ “s.'.q 0% ¢ ®
c 1 1 1 1 1 I 1 1

NN
SEELLESLLESL S S
N A% a0 b0 60 60 A% Y o o

GDF-15, pg/mL

Figure 8. Correlation between GDF-15 and Ang-2 levels in the aortic valve stenosis patients. Asterisks show the level of
statistical significance.

Sensitivity%

3.8. ROC Analysis of the Study Growth Factors

Our findings (from the ROC analysis) suggest that all study growth factors, except
Ang-2, might serve as specific and sensitive biomarkers for AS stenosis without grading
the severity (Figure 9), although GDF-15 is more pronounced (fair level: AUC = 0.75,
p = 0.0002). It should be noted that GDF-15 showed its significance in all degrees of AS,
but most prominently in patients with severe AS (Figure 10).

GDF-15

Ang-2 VEGF-A
100
80
5% 3
= E=S
2 40 2
Q Q
n »n
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***p=0.0002 p=0.0881 **p=0.0079
0+ T T T T 1 i T T T T 1 0 T T T T 1
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
100% - Specificity% 100% - Specificity% 100% - Specificity%
FGF-2 FGF-21
100
80
2 2
2 £ 60
f 2 40
[ [
0 0
20 AUC = 0.6428 20 AUC = 0.6674
*p=10.0363 *p=0.0141
0 T T T T T 1 0; T T T T T 1
0 20 40 60 80 100 0 20 40 60 80 100
100% - Specificity% 100% - Specificity%

Figure 9. Receiver-operating characteristic (ROC) curves for growth differentiation factor 15 (GDF-15), angiopoietin-2
(Ang-2), vascular endothelial growth factor A (VEGF-A), fibroblast growth factor 2 (FGF-2) and fibroblast growth factor-21
(FGEF-21) as diagnostic markers of aortic valve stenosis in the control subjects vs. all study patients. AUC—the area under

the curve.
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Figure 10. Receiver-operating characteristic (ROC) curves for growth differentiation factor 15 (GDF-15) as a diagnostic
marker of aortic valve stenosis in the control group vs. all stenosis groups. AUC—the area under the curve.

Analyzing the significance of other growth factors by AS degrees, we found that
FGF-2 as a specific and sensitive biomarker reached a fair level only in severe degree AS
patients (fair level: AUC = 0.71, p = 0.04); VEGF-A—in mild degree AS patients (fair level:
AUC =0.70, p = 0.02); and FGF-21—in severe degree AS patients (fair level: AUC = 0.75,

p=0.02).

4. Discussion

Although both GDF-15 and Ang-2 are proangiogenic and proinflammatory factors,
their blood concentrations, correlation with other growth factors, and clinical significance
differ in AS patients. Circulating GDF-15 levels differed significantly not only when com-
paring AS patients with control groups, but statistically significant differences were even
achieved when comparing mild degree AS patients with control individuals. Although
Ang-2 levels did not differ between AS patients and controls, the correlation analysis
showed a weak positive relationship of Ang-2 levels regarding the degree of AS severity. It
should be noted that Ang-2 correlated with GDF-15. ROC analysis of the study growth
factors showed that GDF-15 might serve as a specific and sensitive biomarker for AS
stenosis (fair level), and is especially seen in patients with severe AS, but Ang-2 is not
significant. The clinical diagnostic significance of circulating GDF-15 in AS patients could
be predicted from studies on its role in several cardiovascular diseases and mortality after
transcatheter aortic valve replacement [1-4,17]. Stress conditions affect GDF-15 levels, and
this, in turn, affects the regulation of myocyte hypertrophy and is therefore associated with
the severity of hypertrophic cardiomyopathy [2]. GDF-15 serum levels have clinical utility

in patients with left ventricular hypertrophy [1].

VEGF-A and FGF-2 are predominantly angiogenic markers where VEGF-A is signifi-
cantly involved in calcific of aortic valve disease [8], while FGF-2 is involved in AS through
increased matrix remodeling, proliferation, and inhibition of profibrotic markers [10]. For
both markers, circulating levels were significantly higher in AS patients than in controls,
but only VEGF-A was increased in patients with mild AS. Although there were no other
differences in the severity of the AS degree for these two markers, VEGF-A and FGF-2
showed weak positive relationships regarding the degree of AS severity. We found that
circulating levels of VEGF-A and FGF-2 directly correlate with each other, and FGF-2 also
correlates with GDF-15 and Ang-2. Our results did not confirm the ability of these markers
to serve as specific and sensitive biomarkers of AS stenosis. Both VEGF-A and FGF-2
could play a significant pathophysiological role in the development of AS, but without a
significant increase in blood flow.

FGF-21 is an anti-inflammatory biomarker [11]. Our results suggest that FGF-21 levels
are higher than in control individuals, and the correlation analysis showed a weak positive
relationship of FGF-21 levels regarding AS severity degree (Figure 4). Interestingly, FGF-21
showed the highest number of correlations with the study growth factors—it correlated
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with GDF-15, Ang-2, and FGF-2 (Figure 6)—but it did not reach the level to serve as a
specific and sensitive biomarker of AS stenosis (Figure 9). FGF-21 is also an endocrine
factor that can be released into the circulation, and it affects angiogenesis associated with
endothelial cells [18]. FGF-21 is produced by muscle fibers, and studies have shown
that it improves skeletal muscle function [19], although FGF-21 is also produced by car-
diomyocytes in a response to various stress factors [11]. Based on research data on the
cardioprotective effect of this cardiomyokine, it can be hypothesized that FGF-21 may play
a clinical role in inhibiting the pathogenesis of AS [11,12].

There were some limitations to the study, e.g., the study groups were small, but this
was due to the use of a large number of exclusion criteria for the study participants with
the aim of reducing effects on circulatory growth factors other than AS-related factors.
Our results and correlations suggest that all five growth factors in the study are closely
related, although their blood concentrations were differentially elevated, and they had
different abilities to serve as specific and sensitive biomarkers of AS stenosis. The GDF-
15 test can be used in patients with reduced LV ejection fractions and suspected severe
aortic valve stenosis when echocardiography parameters correspond to moderate stenosis
and no additional investigations have been performed, such as stress echocardiography.
It could be used in all patients with mild aortic valve stenosis. The analysis should be
performed once a year to predict the rate of stenosis progression, and possibly the time of
surgical treatment.

5. Conclusions

AS is associated with significantly increased GDF-15, VEGF-A, FGF-2, and FGF-21
levels in plasma, but only GDF-15 show a pronounced relationship regarding the degree
of AS severity, and GDF-15 might therefore serve as a specific and sensitive biomarker of
AS stenosis.
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