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Abstract

Progressive left ventricular (LV) dysfunction induces expression of the cytokine transforming
growth factor-beta (TGFb1). Endoglin (CD105) is a TGFb1 co-receptor that is released into the
circulation as soluble endoglin (sEng). The objective of this study was to assess serum levels of
sEng in heart failure and to identify the predictive value of sEng for detecting elevated left
ventricular end-diastolic pressures (LVEDP). We measured sEng levels in 82 consecutive patients
with suspected LV dysfunction referred for determination of left heart filling pressures by cardiac
catheterization. Among these subjects sEng levels correlated with LVEDP (R=0.689; p<0.0001)
irrespective of LV ejection fraction (LVEF). Using a receiving operative characteristic (ROC)
curve, sEng levels predicted an LVEDP >6mmHg with an area-under-the-curve (AUC) of 0.85,
exceeding measured AUCs for both atrial- and brain-natriuretic peptide, currently used biomarkers
for heart failure diagnosis (ANP:0.68; BNP:0.65, p<0.01 vs sEng respectively). In 10 subjects
receiving medical therapy for heart failure guided by invasive hemodynamic monitoring,
decreased pulmonary capillary wedge pressure was associated with a reduced sEng level (R=0.75,
p=0.008). Finally, compared to 25 healthy controls, sEng levels were elevated in subjects with
suspected LV dysfunction (3589+588 vs 4257+966 pg/mL, respectively, p<0.005) and correlated
directly with New York Heart Association class (NYHA; R=0.501, p<0.001). In conclusion,
circulating levels of sEng are elevated in patients with increased LVEDP and NYHA class,
irrespective of LVEF. Soluble endoglin levels also decrease in association with reduced cardiac
filling pressure after diuresis. These findings identify circulating SEng as a sensitive measure of
elevated left heart filling pressure.
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Background

Methods

Endoglin (CD105)is a 180-kDA Type III TGFb1 co-receptor that promotes binding of
TGFbl and TGFb3 to a Type II TGFb-receptor (1). In vascular tissue, endoglin modulates
downstream TGFbl1 signaling and regulates vascular tone (2). In cardiac tissue, endoglin is
expressed by endothelial cells, fibroblasts in the connective tissue surrounding muscular
fibers, and in fibroblast-like stromal cells of valve leaflets, while cardiac myocytes fail to
demonstrate significant endoglin expression (3). Endoglin expression in heart failure has not
been explored. The extracellular domain of endoglin can be released into the circulation as
soluble endoglin (sEng), and has been associated with increased systemic vascular resistance
observed in preeclampsia (4) and fibro-proliferative disorders (5-8). Since progressive heart
failure is associated with increased systemic vascular resistance, increased TGFb1 activity,
and cardiac fibrosis (9-11), we postulated that sEng levels may be increased in association
with elevated LV filling pressure and may provide a sensitive, non-invasive measure of
cardiac pressure overload. To explore this hypothesis, we prospectively measured sEng
serum levels in patients referred for cardiac catheterization due to suspected LV dysfunction.
Soluble endoglin levels significantly correlated with LV filling pressures and were more
sensitive and specific predictors of cardiac pressure overload than biomarkers such as atrial-
natriuretic peptide (ANP) or BNP. These findings suggest that elevated levels of sEng may
serve as a marker of increased LV filling pressure.

In a prospective, observational study, we enrolled 82 consecutive patients referred for
evaluation of suspected LV dysfunction by right and left-sided heart catheterization
regardless of LV ejection fraction (EF) at Tufts Medical Center. Patients under 18 years of
age and those presenting with an acute coronary syndrome, pregnancy, active or remote
cancer, renal failure (estimated glomerular filtration rate <30), liver transaminases >2 times
the upper limit of normal, non-sinus rthythm, or perceived interference with standard clinical
care were excluded. All eligible patients who agreed to enroll had blood sampled at the time
of arterial sheath insertion for diagnostic catheterization. LVEF was assessed by
echocardiography or ventriculography at the time of catheterization. Data from the medical
record and results of other blood tests were collected for subsequent analysis with SigmaStat
3.1 software. To study whether sEng levels reflect diuresis-induced reductions in cardiac
filling pressure during medical therapy for heart failure, we enrolled 10 patients with
systolic heart failure as defined by a pulmonary capillary wedge pressure >16mmHg and
LVEF<50%, in whom follow-up pulmonary artery (PA) catheter measurements were
deemed clinically necessary for hemodynamic monitoring after in-patient diuretic therapy.
The same exclusion criteria listed above were applied to patients referred for follow-up right
heart catheterization. Blood sampling was performed at the time of initial PA catheter
placement, then 48 hours after in-patient therapy. At each time point, sEng, BNP, and ANP
levels were measured. Control subjects consisted of 25 healthy, volunteers with no prior
medical history, no active medical problems, and currently taking no medications as
recorded by a screening questionnaire. Subjects were required to be between 21 and 80 years
of age. Serum samples were obtained as a one-time lab draw in our clinical research center.
All physicians were blinded to the results of the serum analysis. The institutional review
board of Tufts Medical Center approved this study and all patients provided written
informed consent. Blood samples were collected using serum separator tubes and allowed to
clot for 30 minutes prior to centrifugation at 2000 x G for 15 minutes. Serum samples were
immediately stored at —20° C. Human sEng, ANP, and BNP levels were measured in each
serum sample in duplicate using commercially available quantitative sandwich enzyme
immunoassay kits (Soluble Endoglin: R&D Systems; ANP and BNP: Phoenix
Pharmaceuticals) according to the manufacturers instructions. The intra-assay and inter-

Am J Cardiol. Author manuscript; available in PMC 2012 May 16.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuepy Joyiny Yd-HIN

Kapur et al.

Results

Page 3

assay coefficient of variation for each protein assay were: sEng: 3% and 6%, respectively;
BNP: 8% and 4%, respectively; and ANP: 11% and 5%, respectively.

All values are expressed as the mean and standard deviation (SD). Differences between
means were detected by Wilcoxon rank-sum test with two-tailed p values < 0.05. Soluble
endoglin data were normally distributed, however, because the natriuretic peptide data were
not normally distributed, log BNP and log ANP were used in the correlations and regression
models. Stepwise multiple regression analysis was performed to examine predictors of
LVEDP in LVD. Variables entered into the model included: age, sex, BSA, hypertension,
diabetes, hypercholesterolemia, active tobacco use, and history of MI. Stepwise multiple
regression analysis was further performed to examine biomarkers as predictors of LVEDP in
all patients. Variables entered into the model included: sEng, ANP, and BNP. Blockwise
multiple regression, using the enter method, was also employed to examine sEng as a
predictor of LVEDP after entering BNP, ANP, NYHA class and LVEF into a single block.
Stepwise multiple regression analysis was also performed to examine predictors of sEng.
Variables entered into the model included: age, sex, BSA, hypertension, diabetes,
hypercholesterolemia, active tobacco use, and history of MI. In a separate model,
medication history was examined for the prediction of sEng levels. Medications entered into
the model included: aspirin therapy, beta-blockers, ACE inhibitors, calcium channel
blockers, angiotensin receptor blockers, aldosterone antagonist, anti-lipidemics, and
diuretics. To evaluate the value of sEng, BNP, and ANP measurements in the diagnosis of
heart failure, we compared the sensitivity, specificity, and accuracy of each biomarker with
measurements of LVEDP. Finally, we constructed receiver-operating-characteristic curves
to illustrate various cutoff values of sEng, ANP, and BNP. A p-value <0.05 was considered
significant. Statistical analyses were performed using SigmaStat Software.

To determine whether sEng levels correlate with LVEDP, serum levels were measured by
ELISA in 82 consecutive patients referred for cardiac catheterization to evaluate LV filling
pressures regardless of LVEF. The clinical characteristics of study subjects were categorized
according to LVEDP and are presented in Table 1. There were significant group differences
in age, gender, prevalence of hypertension, smoking, diuretic use, creatinine and blood urea
nitrogen (p<0.05). Among catheterization subjects, LVEDP directly correlated with LVEF
(R:—0.588 ; 12:0.346 ; p<0.005). When categorized according to LV filling pressure, patients
with a LVEDP 216 mmHg had significantly higher sEng levels compared to individuals with
a LVEDP <16 (p<0.001, Figure 1A). After adjusting for aforementioned group differences
in age, gender, prevalence of hypertension, smoking, diuretic use, creatinine and blood urea
nitrogen with ANCOVA, sEng remained higher in patients with LVEDP >16 compared to
patients with LVEDP < 16 (adjusted means: LVEDP < 16 = 3848 pg/mL vs. LVEDP 216 =
4786 pg/mL; p<0.001). When grouped according to LVEF, study subjects with a low LVEF
(<50%) had significantly higher sEng levels than patients with a LVEF >50% (p<0.0001,
Figure 1B). Soluble endoglin levels correlated directly with elevated LVEDP in patients
with either LVEF>50% (R=0.51, p<0.01) or LVEF<50% (R=0.50, p<0.01). When grouped
by both variables, namely LVEF and LVEDP, sEng levels were significantly increased in
subjects with elevated LVEDP>16 irrespective of LVEF (Figure 1C), suggesting that levels
of sEng are also elevated in patients with cardiac pressure overload and preserved LV
function.

We next compared the sensitivity of sEng levels for predicting an elevated LVEDP to that of
currently available biomarkers of heart failure including ANP and BNP. Study subjects with
an elevated LVEDP >6mmHg exhibited increased ANP and BNP levels compared to

subjects with a low LVEDP (ANP: 48435 vs 26+14 ng/mL, p=0.01; BNP: 14+8 vs 107 ng/
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mL, p=0.03). Both ANP and BNP directly correlated with NYHA classification (ANP:
R=0.298, p<0.01; BNP: R=0.309, p<0.01). Among study subjects, ANP levels correlated
significantly with both LVEDP (p<0.01) and LVEF (p<0.01), while BNP levels correlated
significantly with LVEDP (p=0.05), but demonstrated a weaker correlation with LVEF
(p=0.09). In contrast, sEng levels exhibited a significant correlation with increased LVEDP
(p<0.001) and inverse correlation with LVEF (p<0.001) (Table 2). Univariate regression
plots for sEng, ANP, and BNP versus LVEDP are shown in Figure 2. sEng levels further
demonstrated a significant correlation with ANP levels (R=0.234, p=0.03), however did not
significantly correlate with BNP levels (p>0.05) among study subjects.

According to stepwise multiple regression, significant demographic predictors of LVEDP
included a history of diabetes, hypertension and myocardial infarction. Overall, the model
accounted for 17.7% of the variance in LVEDP. In a separate analysis, significant biomarker
predictors of LVEDP included sEng (accounting for 39% of the variance) and ANP
(accounting for an additional 3.2% of the variance) [Table 3]. Overall, the model accounted
for 43% of the variance in LVEDP. According to blockwise multiple regression, a block
consisting of BNP, ANP, NYHA class and LVEF accounted for 51% of the variance in
LVEDP (p < 0.001). sEng accounted for a significant incremental 10% of the variance in
LVEDP above that accounted for by these traditional predictors (p < 0.001). We next
examined predictors of serum sEng levels among study subjects. Demographic predictors of
sEng included a history of hypertension (accounting for 6.4% of the variance; p = —0.646,
SE =0.231,95% CI = -1.107 — —-0.185, p=0.007) and diabetes (accounting for 5.7% of the
variance; B = 0.556, SE = 0.253, 95% CI = 0.052 — 1.061, p=0.031). No other co-morbidity
was identified as a significant predictor of sEng. With respect to medication history,
diuretic-use was a significant predictor of sEng (accounting for 19% of the variance; p =
0.836, SE = 0.262, 95% CI = 0.308 — 1.363, p=0.003). No other medication was identified
as a significant predictor of sEng. Using a receiving operative characteristic (ROC) curve,
sEng levels predicted a LVEDP 216 with an area-under-the-curve (AUC) of 0.851,
exceeding the predictive value of either ANP (AUC: 0.68, p<0.01 vs sEng) or BNP (AUC:
0.65, p<0.01 vs sEng). Soluble endoglin also exhibited higher sensitivity, a greater negative
predictive value and superior accuracy compared to BNP or ANP for predicting an elevated
LVEDP (Figure 3).

In a subgroup of 10 patients with systolic heart failure (LVEDP 216 and LVEF<50%)
receiving medical therapy for congestive heart failure in whom follow-up pulmonary artery
(PA) catheter measurements were deemed clinically necessary for hemodynamic
monitoring, ANOVA with repeated measures revealed a significant reduction in sEng levels
after diuresis (p=0.013). Reduced sEng levels corresponded with decreased pulmonary
capillary wedge pressure (PCWP) (Figure 4) as the percent change in sEng was strongly
associated with the percent change in PCWP (R=0.75, p=0.008).

To further characterize sEng levels, twenty-five healthy volunteer subjects without any co-
morbidities or currently taking any medications served as controls. Controls did not differ in
age, gender, or race (p>0.05) from study subjects. Compared to healthy controls, sEng levels
were significantly higher in the total group of 82 study subjects (3589+588 vs 4257+966 pg/
mL, respectively, p<0.005; Figure 5A). Soluble endoglin levels did not differ between
healthy controls and patients with LVEF >50% (3590+135 vs. 3837117 pg/mL, p =0.19)
or patients with LVEDP < 16 mmHg (3590+135 vs. 3797493 pg/mL, p = 0.22). Among
study subjects with a low LVEF<50%, sEng levels were increased regardless of whether the
underlying etiology was ischemic (n=17, 49794881 pg/mL, p<0.0001 vs controls) or non-
ischemic (n=35, 4431£1000 pg/mL, p=0.004, vs controls; Figure 5SB). A trend toward higher
sEng levels was observed in subjects with ischemic cardiomyopathy compared to patients
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with non-ischemic heart failure (p=0.06). Among study subjects, elevated sEng levels also
correlated significantly with worsening NYHA classification (r=0.501, p<0.001; Figure 5C).

Discussion

This is the first report to describe the relationship between endoglin expression and cardiac
filling pressures. Compared to healthy controls, circulating levels of sEng were significantly
increased in patients with suspected LV dysfunction referred for cardiac catheterization and
strongly correlated with predictors of mortality in heart failure such as elevated LVEDP,
reduced LVEF, and worsening NYHA class. Soluble endoglin levels were significantly
increased in subjects with elevated LVEDP irrespective of LVEF, highlighting the
association between endoglin expression and pressure overload. Furthermore, sEng levels
demonstrated superior sensitivity, specificity, accuracy, and predictive value compared to
ANP and BNP for identifying subjects with increased LVEDP. Finally, we demonstrated
that sEng levels were reduced in patients receiving medical therapy for congestive heart
failure and correlate with reduced cardiac filling pressures measured by a PA catheter.
Taken together, our findings identify elevated sEng levels as a sensitive biomarker of
increased cardiac filling pressure.

These findings have several implications. First, endoglin has been identified as a critical
regulator of the cytokine TGFb1, yet has not been studied in the context of heart failure.
While TGFb1 expression has been previously characterized in heart failure (12,13) in pre-
clinical studies, the role of endoglin in heart failure has remained largely ignored. Since
endoglin regulates vascular tone, increased sEng levels in patients with cardiac pressure
overload suggests a potentially important role for this peptide in the pathophysiology of
heart failure. Second, our findings may have important clinical implications that require
further study in a larger population of patients. For example, the ability to accurately
diagnose elevated cardiac filling pressures may reduce the need for invasive testing.
Furthermore, since sEng levels correlate well with reduced cardiac filling pressures after
diuretic therapy, this biomarker of cardiac pressure overload may be useful for monitoring
therapeutic efficacy of both mechanical and pharmacologic approaches to decompensated
heart failure. Third, in the heart, endoglin is expressed by endothelial cells, fibroblasts in the
connective tissue surrounding muscular fibers, and in fibroblast-like stromal cells of valve
leaflets, while cardiac myocytes fail to demonstrate significant endoglin expression (3, 14).
Our findings suggest that proteins such as sEng, released from the heart including
endothelial cells and cardiac fibroblasts, may exhibit enhanced clinical utility since these
cell populations are viable in later stages of heart failure (15). Since endoglin is ubiquitously
expressed by endothelial cells, we cannot exclude potential contributions to sEng levels in
heart failure from the systemic or pulmonary vasculature.

Endoglin knockout mice die at embryologic day 10-11.5 due to impaired cardiovascular
development (16), suggesting a critical role for this protein in cardiovascular development.
Furthermore, deficient endoglin expression is responsible for the autosomal dominant,
vascular dysplastic syndrome, Hereditary Hemorrhagic Telangiectasia (HHT-1) (17).
Known regulators of endoglin expression include: Angiotensin-II, TGFb1, hypoxia-
inducible factor-1 (HIF-1) (18), and stretch- mediated vascular injury (19). Each of these
stimuli actively participates in the pathophysiology of congestive heart failure, suggesting
several mechanisms by which endoglin expression may be altered by LV dysfunction. This
finding is supported by our observations in patient referred for evaluation of left heart filling
pressure, where sEng was identified as a sensitive predictor of LVEDP. Similar to previous
reports (10, 20, 21, 22), BNP levels demonstrated a weaker association with LVEF and
LVEDP, while ANP exhibited a significant correlation with both LVEF and LVEDP. Based
on our observations, one may postulate that higher LVEDP may cause increased atrial wall
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tension resulting in higher circulating levels of both ANP and sEng. This may explain the
strong association observed between ANP and sEng in our study population. The potential
role for endoglin in the pathophysiology of heart failure is highlighted by previous studies
showing that sEng disrupts nitric oxide-mediated vasodilation and contributes to increased
systemic vascular resistance (4). In decompensated heart failure, elevated systemic vascular
resistance is a natural adaptive response to maintain central perfusion due to a decline in
cardiac output. In chronic heart failure, however, medical therapy is directed toward
reducing vascular resistance, supporting exploration of therapeutics that inhibit sEng as a
potential target to regulate vascular tone in heart failure.

The current study has several limitations. First, the number of subjects studied is small and
requires further validation in a larger population. Second, since this was a prospective,
observational study, the prognostic role of elevated sEng levels remains undetermined.
Third, all subjects enrolled were selected based on the suspected diagnosis of LV
dysfunction. The specificity of sEng for congestive heart failure as opposed to other forms
of cardiovascular or non-cardiac disease remains unknown.
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Figure 1.

Soluble Endoglin Expression and LV Filling Pressure. 1A) When grouped by LVEDP, sEng
levels are significantly higher in patients with an elevated LVEDP>16 compared to a low
LVEDP<16 (4912+922 vs 3785+724 pg/mL, respectively, p<0.0001). 1B) When grouped by
LVEF, subjects with low LVEF<50% had significantly increased sEng levels compared to
controls (4620+980 vs 3590+588, p<0.001, respectively) or subjects with LVEF>50%
(46204980 vs 3650+550, p<0.001, respectively). 1C) When grouped by both LVEF and
LVEDP, sEng levels were significantly increased in subjects with an elevated LVEDP
irrespective of LVEF (Group A vs B or D, p<0.001; Group A vs C, p=NS; Group C vs B or
D, p<0.001; Group B vs D = NS). [LVEDP: left ventricular end-diastolic pressure; LVEF:
left ventricular ejection fraction; sEng: soluble endoglin]
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Figure2.
Univariate regression plots for sEng (red), ANP (blue), and BNP (gray) are shown. [ANP:
atrial natriuretic peptide; BNP: brain natriuretic peptide; sEng: soluble endoglin].
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Figure 3.

Predictive value of sEng as a determinant of elevated LVEDP. The receiving operator
characteristic curve for sEng is shown with specific cut-points at various levels of sEng
expression. [ANP: atrial natriuretic peptide; AUC: area-under-the-curve; BNP: brain
natriuretic peptide; LVEDP: left ventricular end-diastolic pressure; LVEF: left ventricular
ejection fraction; NPV: negative predictive value; PPV: positive predictive value; sEng:
soluble endoglin; Sens: Sensitivity; Spec: specificity]
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Figure4.

Reduced sEng levels correlate with reduced PCWP. Compared to baseline values, sEng
levels were significantly reduced after 48 hours of diuretic therapy (*3830+330 vs
2540+1060pg/mL, baseline vs follow-up, respectively, p<0.001) and corresponded with
reduced PCWP (*¥19.543.1 vs 12.5+4.5mmHg, baseline vs follow-up, respectively,
p<0.001). Percent change in sEng was strongly associated with the percent change in
LVEDP (R=0.75, p=0.008). In this group, levels of ANP and BNP were also reduced after
diuretic therapy (ANP: 10.5+4.7 vs 5.2+1.9 ng/mL, respectively p=0.02; BNP: 8.8+2.5 vs
6.2+1.7 ng/mL,, respectively, p=0.05). [ANP: atrial natriuretic peptide; BNP: brain
natriuretic peptide; LVEDP: left ventricular end-diastolic pressure; LVEF: left ventricular
ejection fraction; PCWP: pulmonary capillary wedge pressure; sEng: soluble endoglin]
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Figureb.

Soluble Endoglin Expression in Subjects with Suspected LV Dysfunction Compared to
healthy controls, sEng levels were significantly higher in the total group of 82 study subjects
(35894588 vs 4257+966 pg/mL, respectively, p<0.005; Figure SA). Among study subjects
with a low LVEF<50%, sEng levels were increased regardless of whether the underlying
etiology was non-ischemic or ischemic (Figure 5B). Soluble endoglin levels were higher in
subjects with ischemic cardiomyopathy compared to patients with non-ischemic heart failure
(p=0.06). Among study subjects, worsening NYHA classification corresponded with
increased sEng levels (NYHA Class 1: 3644.9+579, Class II: 4307+968, Class III:
4746+947, Class IV: 5089+1073 pg/mL; *p<0.01 vs Class 1; ANOVA p<0.001; Figure 5C).
[LVEEF: left ventricular ejection fraction; NYHA: New York Heart Association; sEng:
soluble endoglin].
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Clinical Characteristics of Study Subjects grouped by LVEDP.

Table 1

LVEDP (mmHg)
Variable <16 (n=47) >16(n=35)
Age (years) 55+15 61 + 127
Male 26 (55%) 27 (17%) 7
Body Surface Area (kg/m?) 197026  2.05+0.20
Hypertension 37 (79%) 18 (53%)7
Diabetes Mellitus 9 (19%) 10 (29%)
Active Smoking 11 (23%) 2 (6%) 7
Peripheral Vascular Disease 2 (4%) 4 (12%)
Coronary Disease 13 (28%) 15 (44%)
Prior Myocardial Infarction 8 (17%) 11 (32%)
Cerebrovascular Disease 3 (6%) 1 (3%)
NYHA Class (scale 0—4) 1 37
LVEDP (mmHg) 10£2.7 21.6+447
LVEF (%) 48+ 16 25+167
Medications
Aspirin 33 (70%) 17 (50%)
Clopidogrel 9 (19%) 3 (9%)
B-blocker 28 (60%) 18 (53%)
ACE-inhibitor 18 (38%) 13 (38%)
Calcium channel blocker 5 (11%) 3 (9%)
ARB 1.(2%) 1.3%)
Aldosterone antagonist 3 (6%) T7(21%)
Diuretic 14 (30%) 20 (59%) 7
Anti-dyslipidemic agent 19 (68%) 14 (40%)
Admission Lab Values
Sodium (mEq/L) 139+3 1373
Creatinine (mg/dl) 1.0£0.8 15+097
Blood Urea Nitrogen (mg/dL) 17+6 31 +187
Glucose (mg/dL) 118 £ 30 131£43
WBC Count (x10 cells/L) 84+33 8.1+3.7
Hemoglobin (g/dL) 13.1+£1.5 126+ 1.8

7
Significant group difference (p<0.05)

Values are mean +/— SD.
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Table 2

Univariate regression analysis of selected biomarkers as predictors of left ventricular end-diastolic pressure
(LVEDP) or left ventricular ejection fraction (LVEF).

LVEDP LVEF

R p-value R p-value

Atrial Natriuretic Peptide ~ 0.322 0.003 -0.309 0.005
Brain Natiruretic Peptide ~ 0.219 0.05 -0.183 0.09
Soluble Endoglin 0.628  <0.001 -0.399  <0.001
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