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Aims Bone morphogenetic protein 10 (BMP10), activin receptor-like kinase 1 (ALK1) and endoglin form a single trans-
forming growth factor-β family signalling complex that is the principal driver of cardiac and vascular morphogenesis
and maturation during hypoxic embryonic development. These proteins are down-regulated with the onset of nor-
moxia at birth, but are up-regulated following experimental cardiac injury. Yet, little is known about the expression
of this protein complex in patients with heart failure.
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Methods
and results

In the EMPEROR Program, we measured serum levels of BMP10 by electrochemiluminescence immunoassay in 1127
patients in Cohort 1 (n= 1127) and plasma levels of BMP10, ALK1 and endoglin by proximity extension assay in
a distinct Cohort 2 (n=1120). In both cohorts, patients were characterized at baseline and were followed for the
occurrence of major adverse heart failure events. Levels of BMP10, ALK1 and endoglin at baseline and changes in
these levels during follow-up were closely correlated with each other. Higher levels of BMP10, ALK1 and endoglin
were associated with worse functional class, higher likelihood of atrial fibrillation and higher levels of natriuretic
peptides and troponin T (p for trend <0.001 for all). Increasing levels of BMP10, ALK1 and endoglin were associated
with progressively higher risks of major adverse outcomes (p for trend <0.001 for all three proteins and for all heart
failure endpoints). The hazard ratios for the risks associated with tertiles of the three proteins in Cohort 2 were
remarkably similar to those seen with BMP10 in Cohort 1. Treatment with empagliflozin had a modest effect to
reduce BMP10 in both cohorts.
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Conclusions The coordinated circulating expression of proteins critical to foetal cardiac and vascular development tracks closely
with the severity of heart failure, as reflected by symptoms, cardiac injury and stress, prevalence of atrial fibrillation
and other comorbidities, and prognosis, suggesting a role of BMP10/ALK1/endoglin signalling in the progression of
heart failure.
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Introduction
When the adult heart is injured or stressed, it recapitulates the
foetal gene programming that played an essential role in embry-
onic cardiac morphogenesis.1–3 Anabolic signalling pathways that
thrived under hypoxic low-workload conditions are reactivated,
but such up-regulation—occurring under conditions of normoxia
and adult levels of systemic blood pressure—can lead to maladap-
tive hypertrophy and cardiac fibrosis.2,4

Foetal reprogramming-related up-regulation of
hypoxia-inducible factor-1 alpha (HIF-1α) in heart failure is
particularly noteworthy.5,6 It is responsible for the shift of the
failing heart to heightened glucose uptake and glycolysis,7 a pattern
that recapitulates embryonic cardiac development.8 Additionally,
embryonic up-regulation of HIF-1α expression plays a critical role
in cardiomyocyte differentiation and cardiac morphogenesis.9–11

HIF-1α signalling is suppressed with the onset of normoxia at
birth, but re-expression of HIF-1α in the adult heart following
injury promotes cardiac fibrosis, which is mediated through its
downstream action on members of the transforming growth
factor-β (TGF-β) superfamily.12,13 Up-regulation of HIF-1α/TGF-β
plays a well-defined role in both atrial and ventricular fibrosis in
hearts under stress.6,12–15

A key member of the TGF-β superfamily, bone morpho-
genetic protein 10 (BMP10) plays an essential role in the heart.
HIF-1α-mediated heightened glucose uptake promotes the
expression of BMP10 during cardiac embryogenesis.16,17 In the
foetal heart, BMP10 is a principal driver of cardiac morphogen-
esis, being particularly enriched in trabecular myocardium.18–20

Loss-of-function polymorphisms in the BMP10 gene are linked to
congenital heart defects and dilated cardiomyopathy.21–23 BMP10
signals through the activin receptor-like kinase 1 (ALK1) (also
known as activin type I receptor) to promote vascular development
and maintenance,24–26 and ALK1 is essential for embryonic angio-
genesis and maturation.26,27 Importantly, BMP10 expression is sup-
pressed following birth,28 when normoxia leads to the cessation of
cardiac hyperplastic responses, and BMP10 becomes restricted to
the right atrium in post-natal hearts.29,30 Similarly, following birth,
low expression levels of ALK1 promote vascular quiescence,28,31

and human loss-of-function ALK1 mutations lead to arteriovenous
malformations in hereditary haemorrhagic telangiectasia.32

The role of BMP10 and ALK1 in modulating the responses to
cardiac stress and injury in the adult heart is not well-defined.
Experimentally-induced overexpression of BMP10 exerts cardio-
protective effects following catecholamine stimulation, doxorubicin
exposure and myocardial infarction,33–35 and experimental
knockout of ALK1 impairs adaptive hypertrophic responses, ..
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.. promotes cardiac fibrosis and leads to heart failure.36,37 However,

these extreme conditions do not inform an understanding of the
measured responses of BMP10 and ALK1 to cardiac injury and
stress in adulthood. It is therefore noteworthy that BMP10 is
up-regulated in the myocardium during stress29,30 and may mediate
maladaptive cardiac hypertrophy,30,38 and enhanced ALK1 signalling
has been implicated in the promotion of pro-fibrotic pathways.39,40

In clinical studies, heightened circulating BMP10 levels have been
associated with left atrial endomysial fibrosis and atrial fibrillation
in patients undergoing cardiac surgery,41 and they predict worsen-
ing heart failure events in patients with atrial fibrillation.42,43 One
paper reported that circulating BMP10 levels were correlated with
both atrial fibrillation and atrial size in patients with heart failure,
suggesting that the protein was an indicator of atrial stress.44

Signalling of BMP10 through ALK1 is modulated by circulating
levels of soluble endoglin, a glycoprotein co-receptor.45 During
embryonic development, endoglin promotes epithelial-to-
mesenchymal transition, leading to the development of the
endocardium and valve structures and the maturation of endothe-
lial cells in the vasculature.46–48 As with BMP10 and ALK1, endoglin
is typically expressed at low levels in post-natal endothelial cells.49

However, in states of adult cardiac injury, endoglin is up-regulated in
cardiac fibroblasts,50 and the formation of BMP10/ALK1/endoglin
complex triggers a molecular switch that leads TGF-β family
members (including BMP10) to activate pro-inflammatory and
pro-fibrotic pathways.49,51–54 Soluble endoglin is increased fol-
lowing mechanically-provoked cardiac injury,55 and experimental
suppression of endoglin limits cardiac fibrosis and enhances sur-
vival in heart failure.56,57 Heightened levels of soluble endoglin
identify patients with coronary artery disease at risk of major
cardiovascular events50 and patients with suspected left ventricular
dysfunction who have elevated left ventricular filling pressures and
greater functional impairment.58 Endoglin expression is increased
in the left ventricles of patients with advanced heart failure
and is down-regulated following left ventricular assist device
implantation.56

Despite the biological role of BMP10/ALK1/endoglin in the
heart, little is known about the coordinated expression of this
pathway in patients with heart failure or the effects of phar-
macological treatment. Accordingly, in the EMPEROR-Reduced
(Empagliflozin Outcome Trial in Patients with Chronic Heart Fail-
ure and a Reduced Ejection Fraction) and EMPEROR-Preserved
(Empagliflozin Outcome Trial in Patients with Chronic Heart
Failure with Preserved Ejection Fraction) trials,59,60 we mea-
sured serum levels of BMP10 before and after treatment with
placebo or the sodium–glucose co-transporter 2 (SGLT2) inhibitor

© 2025 The Author(s). European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Coordinated expression of BMP10/ALK1/endoglin in heart failure 3

empagliflozin using electrochemiluminescence immunoassay in one
cohort, and then, we measured BMP10/ALK1/endoglin by proxim-
ity extension assay in a distinct and separate cohort. In doing so, we
determined (i) if circulating levels of BMP10, ALK1 and endoglin are
highly aligned with each other and track closely with the severity of
heart failure; (ii) if the observed clinical associations of circulating
BMP10 are assay-independent; (iii) if SGLT2 inhibition influences
circulating levels of BMP10, ALK1 and endoglin during short- and
long-term treatment; and (iv) if circulating levels of BMP10, ALK1

and endoglin influence the response to SGLT2 inhibition.

Methods
The EMPEROR Program consisted of two phase III, international, mul-
ticentre, double-blind, randomized, parallel-group, placebo-controlled
trials—the EMPEROR-Reduced and the EMPEROR-Preserved tri-
als. The trials were run concordantly using similar study protocols,
administrative structures and study sites, and similar study moni-
toring and statistical analysis plans. The primary difference between
the two trials was the inclusion of patients with a left ventricular
ejection fraction ≤40% in the EMPEROR-Reduced and >40% in the
EMPEROR-Preserved trial.59,60

Patient population
Participants were men or women who had chronic heart failure and
elevated N-terminal pro-B-type natriuretic peptide (NT-proBNP)
levels, i.e. >300 pg/ml if the ejection fraction was >40%; ≥2500 pg/ml if
the ejection fraction was 36–40%; ≥1000 pg/ml if the ejection fraction
was 31–35%; and ≥600 pg/ml if the ejection fraction was ≤30% or if
they had been hospitalized for heart failure within the prior 12 months.
If patients had atrial fibrillation, the thresholds for NT-proBNP were
doubled in EMPEROR-Reduced and tripled in EMPEROR-Preserved.
Patients were randomized to receive either placebo or empagliflozin
10 mg daily, which was maintained for the duration of double-blind
therapy (median follow-up of 16 months in EMPEROR-Reduced and
26 months in EMPEROR-Preserved). The protocol was approved
by the Ethics Committee of all participating sites, and all patients
provided written informed consent before enrolment. A separate
consent was obtained for blood sampling and biobanking to allow
for the measurement of circulating proteins and other biochemical
assessment.

Biomarker measurements
Of the 9718 patients enrolled in the EMPEROR Program, 5030 patients
agreed to blood biobanking, and among these, two distinct cohorts
of patients were randomly identified. In Cohort 1 (consisting of
1127 patients), we measured BMP10 by an electrochemiluminescence
immunoassay (Roche Diagnostics) in serum samples collected at
baseline and after 12 and 52 weeks. Baseline high-sensitivity cardiac
troponin T (hs-cTnT) and NT-proBNP were also measured (using the
Roche Cobas® platform) at these time points. These assays provide
absolute concentrations in the blood samples. In Cohort 2 (consisting
of 1120 patients), we measured BMP10, ALK1 and endoglin at baseline
and at 12 and 52 weeks in plasma samples using the Olink® Explore
3072 platform, utilizing proximity extension assay technology with a
dual-recognition DNA-coupled readout.9 The platform provides log2

normalized protein expression values with relative quantification, but ..
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.. it does not provide absolute concentrations. No patient was included

in both cohorts.

Trial outcomes and statistical analyses
The primary endpoint for both trials was the composite of cardiovas-
cular death or first hospitalization for heart failure. We also analysed
the individual components of the primary endpoint, all-cause mortality,
and total hospitalizations for heart failure.

Study participants were categorized according to the tertiles of
baseline BMP10 concentrations or expression levels (for Cohort 1

and Cohort 2, respectively), and in Cohort 2, study participants
were also categorized according to the tertiles of baseline ALK1

and endoglin levels. Baseline characteristics of the patients across the
tertiles of BMP10, ALK1 and endoglin were compared using ordinal
regression. For both cohorts, the analyses of the associations between
BMP10 concentration (Cohort 1) and BMP10, ALK1 and endoglin
expression levels (Cohort 2) with the time-to-event endpoints were
performed using a Cox regression model; for the analyses of total
heart failure hospitalizations, a joint frailty model was used with
cardiovascular death as a competing risk. For all endpoints, we adjusted
for the protocol pre-specified covariates of age, estimated glomerular
filtration rate, left ventricular ejection fraction, region, diabetes, sex,
treatment (empagliflozin or placebo), as well as study and tertiles of the
protein at baseline (including a protein-by-treatment interaction term).

The geometric mean concentrations of BMP10 (in Cohort 1) and
levels of BMP10, ALK1 and endoglin (in Cohort 2) were assessed at
the 12- and 52-week visits using a mixed model for repeated measure-
ments. For Cohort 1, BMP10 concentrations were log-transformed
prior to fitting the model. The model was adjusted for age, estimated
glomerular filtration rate, region, diabetes status, sex, study, left ven-
tricular ejection fraction, and baseline protein values at each visit.
Between-group differences were compared at each time point using
the adjusted geometric mean ratio.

Results
Relation of BMP10/ALK1/endoglin levels
and patient characteristics
Measurement of BMP10 by electrochemiluminescence
immunoassay in Cohort 1

In Cohort 1, the median (Q1–Q3) concentrations of BMP10 at
baseline in the pooled analysis was 2.71 ng/ml (2.20–3.37 ng/mL),
and tertiles 1, 2, and 3 of BMP10 concentrations were<2.35 ng/ml,
2.35 to <3.11 ng/ml and ≥3.11 ng/ml, respectively.

As compared with patients who had lower levels, patients with
higher concentrations of BMP10 were more likely to be female and
older with a lower body mass index, and had more severe heart
failure, as reflected by greater prevalence of New York Heart Asso-
ciation class III–IV symptoms, worse renal function and higher lev-
els of natriuretic peptides and troponin T (p for trend <0.05 for all)
(Table 1). However, there were only modest relationships between
BMP10 concentrations and the concentrations of NT-proBNP
and hs-cTnT at baseline (Spearman rho= 0.38 and 0.18, respec-
tively). Interestingly, we observed a striking relationship between
BMP10 concentrations and atrial fibrillation (p< 0.0001), with
atrial fibrillation being present in ∼30% of patients in the lowest

© 2025 The Author(s). European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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4 M. Packer et al.

Table 1 Characteristics of participants by baseline bone morphogenetic protein 10 concentrations, as measured by
electrochemiluminescence immunoassay (Cohort 1)

Baseline BMP10 concentration
(electrochemiluminescence immunoassay)

p-value
for trend

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Tertile 1

(<2.35 ng/ml)
(n= 371)

Tertile 2
(2.35–3.11 ng/ml)
(n= 380)

Tertile 3
(≥3.11 ng/ml)
(n= 376)

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Age, years 67.9±10.3 70.7± 9.3 71.3±10.2 <0.0001

Female sex, n (%) 99 (26.7) 123 (32.4) 139 (37.0) 0.003
Race/ethnicity, n (%) <0.0001

Asian 17 (4.6) 29 (7.6) 49 (13.0)
Black or African American 10 (2.7) 7 (1.8) 8 (2.1)
White 318 (85.7) 324 (85.3) 309 (82.2)
Other (including mixed race) 23 (6.2) 14 (3.7) 8 (2.1)

Geographic region, n (%) <0.0001

Asia-Pacific 13 (3.5) 26 (6.8) 46 (12.2)
Europe 217 (58.5) 239 (62.9) 178 (47.3)
North America 54 (14.6) 39 (10.3) 64 (17.0)
Latin America 77 (20.8) 69 (18.2) 71 (18.9)

Hospitalization for heart failure within 1 year, n (%) 94 (25.3) 105 (27.6) 111 (29.5) 0.20
Body mass index, kg/m2 29.9± 5.2 29.5± 5.7 28.7± 6.0 0.003
Ejection fraction, % 39.2±14.6 40.4±14.7 40.6± 15.7 0.19
NYHA functional classa, n (%) 0.004

II 316 (85.2) 301 (79.2) 286 (76.1)
III–IV 55 (14.8) 79 (20.8) 90 (23.9)

Systolic blood pressure, mmHg 128.6±15.6 128.4± 15.9 126.7±15.8 0.09
Heart rate, bpm 69.5±11.3 69.3±10.6 72.5± 13.1 0.0003
Cardiovascular comorbidities, n (%)

Hypertension 302 (81.4) 315 (82.9) 317 (84.3) 0.29
Diabetes mellitus 173 (46.6) 187 (49.2) 184 (48.9) 0.53
Atrial fibrillation or atrial flutter 116 (31.3) 195 (51.3) 238 (63.3) <0.001

Coronary artery disease 173 (46.6) 163 (42.9) 124 (33.0) <0.001

Medications, n (%)
ACEI, ARB or ARNI 339 (91.4) 337 (88.7) 304 (80.9) <0.0001

Loop or thiazide diuretics 291 (78.4) 325 (85.5) 311 (82.7) 0.12
Beta-blockers 352 (94.9) 355 (93.4) 331 (88.0) 0.0004
Mineralocorticoid receptor antagonist 208 (56.1) 205 (53.9) 190 (50.5) 0.13

Estimated glomerular filtration rate, n (%) <0.0001

≥60 ml/min/1.73 m2 224 (60.4) 176 (46.3) 150 (39.9)
<60 ml/min/1.73 m2 147 (39.6) 204 (53.7) 226 (60.1)

NT-proBNPb (pg/ml) 921 [533–1621] 1299 [730–2239] 2054 [1224–3559] <0.0001

High-sensitivity troponin Tb (ng/L) 17.5 [12.0–26.8] 18.5 [13.1–28.2] 23.7 [14.8–34.2] <0.0001

Values are given as mean ± standard deviation, n (%), or median [interquartile range].
ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; ARNI, angiotensin receptor–neprilysin inhibitor; BMP10, bone morphogenetic protein 10;
NT-proBNP, N-terminal pro-B-type natriuretic peptide; NYHA, New York Heart Association.
aNYHA class II includes one patient with NYHA class I and NYHA class III–IV includes two patients with NYHA class IV.
bAnalyses of NT-proBNP and troponin were based on log-transformed values.

BMP10 tertile and >60% of patients in the highest tertile. Left
ventricular ejection fraction did not differ across BMP10 tertiles.
These patterns were observed when EMPEROR-Reduced and
EMPEROR-Preserved were analysed separately.

Measurements of BMP10/ALK1/endoglin by proximity
extension assay in Cohort 2

The associations of BMP10 levels and baseline characteristics
were confirmed in Cohort 2. Patients with higher BMP10 expres-
sion levels were more likely to be female and older with a ..
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.. lower body mass index, and had more severe heart failure, as
reflected by greater prevalence of New York Heart Association
class III–IV symptoms, worse renal function and higher levels of
natriuretic peptides and troponin T (p for trend <0.05 for all)
(Table 2). As in Cohort 1, we also observed a highly significant
relationship between BMP10 expression levels and atrial fibrillation
(p< 0.0001). Additionally, patients with higher expression levels of
ALK1 and of endoglin were older and were more likely to have
more severe heart failure, atrial fibrillation, and higher levels of
natriuretic peptides and troponin T (p for trend <0.05 for all)
(Tables 3 and 4).

© 2025 The Author(s). European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Coordinated expression of BMP10/ALK1/endoglin in heart failure 5

Table 2 Characteristics of participants by baseline bone morphogenetic protein 10 levels, as measured by proximity
extension assay (Cohort 2)

Characteristics Baseline BMP10 level (proximity extension assay) p-value
for trend

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Tertile 1

(n= 369)
Tertile 2
(n= 369)

Tertile 3
(n= 370)

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Age, years 68.7± 9.8 70.8± 9.1 71.1±10.0 0.0008
Female sex, n (%) 86 (23.3) 126 (34.1) 135 (36.5) 0.0001

Race/ethnicity, n (%) 0.78
Asian 25 (6.8) 31 (8.4) 32 (8.6)
Black or African American 7 (1.9) 9 (2.4) 9 (2.4)
White 320 (86.7) 312 (84.6) 314 (84.9)
Other (including mixed race) 12 (3.3) 15 (4.1) 12 (3.2)

Geographic region, n (%)< 0.001 0.68
Asia-Pacific 22 (6.0) 28 (7.6) 29 (7.8)
Europe 226 (61.2) 229 (62.1) 224 (60.5)
North America 44 (11.1) 37 (10.0) 40 (10.8)
Latin America 73 (19.8) 68 (18.4) 66 (17.8)

Hospitalization for heart failure within 1 year, n (%) 92 (24.9) 106 (28.7) 103 (27.8) 0.38
Body mass index, kg/m2 30.1± 5.3 29.7± 5.5 28.9± 5.9 0.002
Ejection fraction, % 40.0± 15.0 39.8±14.6 40.2±15.3 0.85

NYHA functional classa, n (%) 0.001

II 310 (84.0) 294 (79.7) 272 (73.5)
III–IV 59 (16.0) 75 (20.3) 98 (26.5)

Systolic blood pressure, mmHg 127.9±15.8 129.2± 16.5 128.0± 16.4 0.94
Heart rate, bpm 69.2± 11.0 70.8±11.4 72.8±13.0 < 0.0001

Cardiovascular comorbidities, n (%)
Hypertension 315 (85.4) 306 (82.9) 317 (85.7) 0.91

Diabetes mellitus 181 (49.1) 196 (53.1) 184 (49.7) 0.85
Atrial fibrillation or atrial flutter 145 (39.3) 179 (48.5) 220 (59.5) <0.0001

Coronary artery disease 168 (45.5) 152 (41.2) 145 (39.2) 0.08

Medications, n (%)
ACEI, ARB or ARNI 334 (90.5) 313 (84.8) 300 (81.1) 0.0003
Loop or thiazide diuretics 308 (83.5) 325 (85.5) 324 (87.6) 0.12
Beta-blockers 350 (94.9) 340 (92.1) 333 (90.0) 0.014
Mineralocorticoid receptor antagonist 207 (56.1) 201 (54.5) 212 (57.3) 0.74

Estimated glomerular filtration rate, n (%) <0.0001

≥60 ml/min/1.73 m2 220 (59.6) 190 (51.5) 161 (43.5)
<60 ml/min/1.73 m2 148 (40.1) 179 (48.5) 209 (56.5)

NT-proBNPb (pg/ml) 1048 [564–1791] 1170 [690–2265] 1967 [1001–3538] <0.0001

High-sensitivity troponin Tb (ng/L) 17.4 [12.1–24.7] 19.7 [13.6–32.0] 23.2 [14.9–34.3] <0.0001

Values are given as mean ± standard deviation, n (%), or median [interquartile range].
ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; ARNI, angiotensin receptor–neprilysin inhibitor; BMP10, bone morphogenetic protein 10;
NT-proBNP, N-terminal pro-B-type natriuretic peptide; NYHA, New York Heart Association.
aNYHA class II includes one patient with NYHA class I, and NYHA class III–IV includes two patients with NYHA class IV.
bAnalyses of NT-proBNP and troponin were based on log-transformed values.

Considered individually, in Cohort 2, as BMP10 expression levels
increased, expression levels of ALK1 and endoglin increased. There
were meaningful linear relationships (1) between BMP10 and ALK1

(Spearman rho= 0.48) and with endoglin (Spearman rho= 0.61) at
baseline; (2) between changes in BMP10 and changes in ALK1 and
changes in endoglin at 12 weeks (Spearman rho in empagliflozin
group= 0.62 and 0.73, respectively; p< 0.0001 for both); and (3)
between changes in BMP10 and changes in ALK1 and changes in ..

..
..

..
..

..
..

..
..

..
..

. endoglin at 52 weeks (Spearman rho in empagliflozin group= 0.67
and 0.77, respectively; p< 0.0001 for both), (Figures 1 and 2).

Relation of BMP10, ALK1 and endoglin
levels and clinical course
In Cohort 1, when measured by electrochemiluminescence
immunoassay, higher baseline concentrations of BMP10 were asso-

© 2025 The Author(s). European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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6 M. Packer et al.

Table 3 Characteristics of participants by baseline activin receptor-like kinase 1 levels, as measured by proximity
extension assay (Cohort 2)

Characteristics Baseline ALK1 level (proximity extension assay) p-value
for trend

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Tertile 1

(n= 354)
Tertile 2
(n= 354)

Tertile 3
(n= 355)

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Age, years 68.3± 9.9 70.3± 9.7 71.8± 9.3 <0.0001

Female sex, n (%) 107 (30.2) 115 (32.5) 111 (31.3) 0.77
Race/ethnicity, n (%) 0.02

Asian 37 (10.5) 29 (8.2) 19 (5.4)
Black or African American 3 (0.8) 10 (2.8) 11 (3.1)
White 299 (84.5) 297 (83.9) 307 (86.5)
Other (including mixed race) 11 (3.1) 17 (4.8) 13 (3.7)

Geographic region, n (%) 0.02
Asia Pacific 36 (10.2) 25 (7.1) 15 (4.2)
Europe 213 (60.2) 208 (58.8) 227 (63.9)
North America 32 (9.0) 38 (10.7) 46 (13.0)
Latin America 65 (18.4) 74 (20.9) 60 (16.9)
Other 8 (2.3) 9 (2.5) 7 (2.0)

Hospitalization for heart failure within 1 year, n (%) 87 (24.6) 101 (28.5) 100 (28.2) 0.28
Body mass index, kg/m2 29.5± 5.4 29.5± 5.2 29.5± 5.9 0.88
Ejection fraction, % 41.0± 14.9 40.4±14.8 39.2±15.0 0.11

NYHA functional classa, n (%)
II 304 (85.9) 284 (80.2) 258 (72.4) 0.004
III–IV 50 (14.1) 70 (19.8) 96 (27.3)

Systolic blood pressure, mmHg 129.0±15.6 128.6±15.9 128.1±17.2 0.46
Heart rate, bpm 69.4±10.7 70.7±11.7 72.5±13.4 < 0.0001

Cardiovascular comorbidities, n (%)
Hypertension 290 (81.9) 303 (85.6) 308 (86.8) 0.07
Diabetes mellitus 160 (45.2) 171 (48.3) 206 (58.0) 0.0006
Atrial fibrillation or atrial flutter 139 (39.3) 182 (51.4) 199 (56.1) <0.0001

Coronary artery disease 132 (37.3) 147 (41.5) 166 (46.8) 0.01

Medications for heart failure, n (%)
ACEI, ARB or ARNI 321 (90.7) 297 (83.9) 292 (82.3) 0.002
Loop or thiazide diuretics 279 (78.8) 303 (85.6) 318 (89.6) <0.0001

Beta-blockers 330 (93.2) 326 (92.1) 334 (94.1) 0.48
Mineralocorticoid receptor antagonist 184 (52.0) 201 (56.8) 200 (56.3) 0.24

Estimated glomerular filtration rate, n (%) <0.0001

≥60 ml/min/1.73 m2 272 (76.8) 193 (54.5) 86 (24.2)
<60 ml/min/1.73 m2 82 (23.2) 160 (45.2) 269 (75.8)

NT-proBNPb (pg/mL), median (IQR) 952 [534–1684] 1253 [691–2316] 1947 [994–3649] <0.0001

High-sensitivity troponin Tb (ng/L), median (IQR) 15.2 [10.5–22.2] 19.9 [13.8–28.6] 25.4 [17.6–39.3] <0.0001

Values are given as mean ± standard deviation, n (%), or median [interquartile range].
ACEI, angiotensin-converting enzyme inhibitor; ALK1, activin receptor-like kinase 1; ARB, angiotensin receptor blocker; ARNI, angiotensin receptor–neprilysin inhibitor;
NT-proBNP, N-terminal pro-B-type natriuretic peptide; NYHA, New York Heart Association.
aNYHA class II includes one patient with NYHA class I and NYHA class III–IV includes one patient with NYHA class IV.
bAnalyses of NT-proBNP and troponin were based on log-transformed values.

ciated with a higher risk of cardiovascular death or hospitalization
for heart failure, particularly in patients in the highest BMP10
tertile (7.0, 6.8, and 16.3 events per 100 patient-years at risk for
<2.35 ng/ml, 2.35–<3.11 ng/ml and ≥3.11 ng/ml, respectively; p
for trend<0.0001) (Table 5 and Figure 3). A similar pattern of
risk was seen for time-to-first hospitalization, total heart failure
hospitalizations, cardiovascular death, and all-cause mortality
(Table 5).

In Cohort 2, when measured by proximity extension assay,
we observed a significant linear relationship between baseline
expression levels of BMP10 and the occurrence of cardiovascular ..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

. death or hospitalization for heart failure, with hazard ratios and p
for trend tests that were remarkably similar to those seen when
BMP10 was measured by electrochemiluminescence immunoassay
in Cohort 1 (Table 5 and Figure 3). The pattern of stepwise
associations of BMP10 expression levels and cardiovascular death
or hospitalizations for heart failure (and other major heart failure
outcomes) seen in Cohort 1 was confirmed in Cohort 2.

Additionally, we observed stepwise associations of baseline
ALK1 and endoglin expression levels and the primary endpoint and
with hospitalizations for heart failure (time-to-event or first and
recurrent events) in Cohort 2 (Table 6 and Figure 3). The patterns

© 2025 The Author(s). European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.

 18790844, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ejhf.3764 by T

est, W
iley O

nline L
ibrary on [07/08/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Coordinated expression of BMP10/ALK1/endoglin in heart failure 7

Table 4 Characteristics of participants by baseline endoglin levels, as measured by proximity extension assay
(Cohort 2)

Characteristics Baseline endoglin level (proximity extension assay) p-value
for trend

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Tertile 1

(n= 369)
Tertile 2
(n= 370)

Tertile 3
(n= 370)

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Age, years 71.3± 8.9 69.9± 9.9 69.5±10.1 0.01

Female sex, n (%) 115 (31.2%) 116 (31.4%) 116 (31.4%) 0.96
Race/ethnicity, n (%) 0.28

Asian 34 (9.2) 33 (8.9) 20 (5.4)
Black or African American 7 (1.9) 10 (2.7) 7 (1.9)
White 311 (84.3) 307 (83.0) 329 (88.9)
Other (including mixed race) 11 (3.0) 20 (5.4) 10 (2.7)

Geographic region, n (%) 0.07
Asia Pacific 32 (8.7) 29 (7.8) 17 (4.6)
Europe 238 (64.5) 209 (56.5) 234 (63.2)
North America 39 (10.6) 43 (11.6) 34 (9.2)
Latin America 54 (14.6) 79 (21.4) 75 (20.3)
Other 7 (1.6) 10 (2.7) 10 (2.7)

Hospitalization for heart failure within 1 year, n (%) 97 (26.3) 100 (27.0) 102 (27.6) 0.70
Body mass index, kg/m2 29.5± 5.1 29.8± 5.6 29.5± 6.0 0.92
Ejection fraction, % 39.3±14.8 41.5±14.9 40.0±15.0 0.49
NYHA functional classa, n (%) <0.0001

II 309 (83.7) 299 (80.8) 266 (71.9)
III–IV 60 (16.3) 71 (19.2) 104 (28.1)

Systolic blood pressure, mmHg 128.2±16.1 129.0± 16.4 128.1±16.2 0.89
Heart rate, bpm 69.0±10.8 70.5±10.9 72.9±13.4 < 0.0001

Cardiovascular comorbidities, n (%)
Hypertension 317 (85.9) 315 (85.1) 308 (83.2) 0.31

Diabetes mellitus 191 (51.8) 181 (48.9) 189 (51.1) 0.85
Atrial fibrillation or atrial flutter 159 (43.1) 167 (45.1) 218 (58.9) 0.0001

Coronary artery disease 173 (46.9) 140 (37.8) 151 (40.8) 0.09
Medications for heart failure, n (%)

ACEI, ARB or ARNI, n (%) 334 (90.5) 312 (84.3) 303 (81.9) 0.0009
Loop or thiazide diuretics 308 (83.5) 315 (85.1) 318 (85.9) 0.35
Beta-blockers 342 (92.7) 348 (94.1) 334 (90.3) 0.21

Mineralocorticoid receptor antagonist 200 (54.2) 201 (54.3) 215 (58.1) 0.29
Estimated glomerular filtration rate, n (%) 0.58
≥60 ml/min/1.73 m2 181 (49.1) 203 (54.9) 189 (51.1)
<60 ml/min/1.73 m2 188 (50.9) 166 (44.9) 181 (48.9)

NT-proBNPb (pg/ml) 1167 [670–2062] 1115 [609–2092] 1853 [947–3232] <0.0001

High-sensitivity troponin Tb (ng/L) 20.0 [13.2–28.3] 19.0 [13.4–28.3] 21.8 [14.0–33.7] 0.02

Values are given as mean ± standard deviation, n (%), or median [interquartile range].
ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; ARNI, angiotensin receptor–neprilysin inhibitor; NT-proBNP, N-terminal pro-B-type
natriuretic peptide; NYHA, New York Heart Association.
aNYHA class II includes one patient with NYHA class I and NYHA class III–IV includes one patient with NYHA class IV.
bAnalyses of NT-proBNP and troponin were based on log-transformed values.

of the cumulative incidence curves for the influence of baseline
BMP10, ALK1 and endoglin levels were strikingly similar to each
other (Figure 3). Specifically, for each of the three proteins, the
risks in the bottom two tertiles were similar to each other, but in
contrast, the risk of an event in the patients in the highest tertile
was two- to three-fold greater than in the patients in the lowest
two tertiles. However, in contrast with the findings with BMP10 in
Cohort 1, the associations between BMP10, ALK1 and endoglin
expression levels and cardiovascular death and all-cause mortality
were of borderline statistical significance in Cohort 2. ..

..
..

..
..

..
..

..
..

..
..

..
..

.. Interactions of empagliflozin and BMP10,
ALK1 and endoglin levels
In Cohort 1, treatment with empagliflozin treatment was accom-
panied with a significant reduction in BMP10 versus placebo
at 12 weeks (adjusted geometric mean ratio 0.94 [0.91–0.97],
p< 0.001) (based on 1116 patients), but no effect was observed
at week 52 (1.00 [0.96–1.04], p= 0.86) (based on 710 patients)
(Figure 4). Similar results were seen when EMPEROR-Reduced
and EMPEROR-Preserved cohorts were analysed separately.

© 2025 The Author(s). European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.

 18790844, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ejhf.3764 by T

est, W
iley O

nline L
ibrary on [07/08/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



8 M. Packer et al.
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Figure 1 Correlations between bone morphogenetic protein 10 (BMP10) and activin receptor-like kinase 1 (ALK1) expression levels at
baseline, and between changes in BMP10 and changes in ALK1 expression levels after 12 and 52 weeks in Cohort 2. There were meaningful
linear relationships (1) between BMP10 and ALK1 at baseline (Spearman rho= 0.48) (A); (2) between changes in BMP10 and changes in ALK1

at 12 weeks (Spearman rho= 0.60 for placebo group and 0.62 for empagliflozin group) (B); and (3) between changes in BMP10 and changes in
ALK1 at 52 weeks (Spearman rho= 0.65 for placebo group and 0.67 for empagliflozin group) (C) (p< 0.0001 for all).
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Figure 2 Correlations between bone morphogenetic protein 10 (BMP10) and endoglin expression levels at baseline, and between changes in
BMP10 and changes in endoglin expression levels after 12 and 52 weeks in Cohort 2. There were meaningful linear relationships (1) between
BMP10 and endoglin at baseline (Spearman rho= 0.61) (A); (2) between changes in BMP10 and changes in endoglin at 12 weeks (Spearman
rho= 0.71 for placebo group and 0.73 for empagliflozin group) (B); and (3) between changes in BMP10 and changes in endoglin at 52 weeks
(Spearman rho= 0.75 for placebo group and 0.77 for empagliflozin group) (C) (p< 0.0001 for all).
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Coordinated expression of BMP10/ALK1/endoglin in heart failure 9

Table 5 Major heart failure outcome according to baseline bone morphogenetic protein 10 concentration, as
measured by electrochemiluminescence immunoassay (Cohort 1) and by proximity extension assay (Cohort 2)

Cohort 1 (discovery cohort) Baseline BMP10 concentration
(electrochemiluminescence immunoassay)

p-value
for trend

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Tertile 1

(<2.35 ng/ml)
(n= 371)

Tertile 2
(2.35–3.11 ng/ml)
(n= 380)

Tertile 3
(≥3.11 ng/ml)
(n= 376)

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Cardiovascular death or hospitalization for heart failure

Number with event (rate per 100 patient-years) 43 (7.0) 43 (6.8) 91 (16.3) <0.0001
Hazard ratio (95% CI), compared to Tertile 1 0.92 (0.60–1.41) 2.16 (1.48–3.15)

Time to first hospitalization for heart failure
Number with event (rate per 100 patient-years) 27 (4.4) 32 (5.1) 69 (12.3) <0.0001
Hazard ratio (95% CI), compared to Tertile 1 1.09 (0.65–1.83) 2.47 (1.55–3.92)

Total hospitalizations for heart failure
Number of events (rate per 100 patient-years) 40 (6.3) 49 (7.5) 127 (20.4) <0.0001
Hazard ratio (95% CI), compared to Tertile 1 1.01 (0.59–1.77) 2.83 (1.68–4.76)

Cardiovascular death
Number with event (rate per 100 patient-years) 22 (3.5) 19 (2.9) 42 (6.7) 0.009
Hazard ratio (95% CI), compared with Tertile 1 0.79 (0.43–1.47) 1.96 (1.14–3.36)

All-cause mortality
Number with event (rate per 100 patient-years) 29 (4.6) 32 (4.9) 60 (9.6) 0.0003
Hazard ratio (95% CI), compared with Tertile 1 1.02 (0.61–1.69) 2.23 (1.40–3.54)

Cohort 2 (validation cohort) Baseline BMP10 level (proximity extension assay) p-value
for trend

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Tertile 1

(n= 369)
Tertile 2
(n= 369)

Tertile 3
(n= 370)

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Cardiovascular death or hospitalization for heart failure16.3)

Number with event (rate per 100 patient-years) 42 (7.1) 53 (8.5) 82 (14.2) 0.0001
Hazard ratio (95% CI), compared to Tertile 1 1.20 (0.79–1.81) 2.03 (1.39–2.97)

Time to first hospitalization for heart failure
Number with event (rate per 100 patient-years) 30 (5.1) 34 (5.6) 59 (10.2) 0.0007
Hazard ratio (95% CI), compared to Tertile 1 1.11 (0.67–1.82) 2.08 (1.33–3.26)

Total hospitalizations for heart failure
Number of events (rate per 100 patient-years) 38 (6.2) 55 (8.5) 100 (15.9) <0.0001
Hazard ratio (95% CI), compared to Tertile 1 1.41 (0.83–2.40) 3.22 (1.93–5.39)

Cardiovascular death
Number with event (rate per 100 patient-years) 20 (3.2) 25 (3.8) 36 (5.7) 0.06
Hazard ratio (95% CI), compared with Tertile 1 1.13 (0.63–2.06) 1.67 (0.95–2.96)

All-cause mortality
Number with event (rate per 100 patient-years) 30 (4.9) 43 (6.6) 44 (6.9) 0.27
Hazard ratio (95% CI), compared with Tertile 1 1.28 (0.79–2.05) 1.32 (0.82–2.13)

BMP10, bone morphogenetic protein 10; CI, confidence interval.

Conversely, when measured by proximity extension assay in
Cohort 2, empagliflozin had no significant effect on BMP10
levels at 12 weeks (ratio of treatment arms 0.99 [0.96–1.03],
p= 0.67), but empagliflozin had a significant (but modest) effect to
reduce BMP10 levels at 52 weeks (ratio of treatment arms 0.95
[0.91–0.99], p= 0.01) (Figure 4). Empagliflozin had a modest effect
on ALK1 expression levels at 12 weeks (1.070 [1.04–1.10]) but
not at 52 weeks, and the drug had no significant effect on endoglin
expression levels either at 12 or 52 weeks.

When measured in Cohort 1 or Cohort 2, the effect of
empagliflozin to reduce major heart failure events or cardiovascular
death did not differ across the tertiles of baseline BMP10 concen-
trations or expression levels (online supplementary Tables S1 and
S2). When measured in Cohort 2, the effect of empagliflozin to
reduce major heart failure events or cardiovascular death did not
differ across the tertiles of baseline BMP10 or ALK1; however, ..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

. the effect of empagliflozin to reduce first and total hospitalizations
for heart failure appeared to be most apparent in patients with the
lowest endoglin expression levels (p for trend= 0.08).

Discussion
BMP10, ALK1 and endoglin form a TGF-β family signalling complex
that plays a critical role in cardiac and vascular morphogenesis
and maturation during hypoxic embryonic development, but these
proteins are typically down-regulated with the onset of normoxia
at the time of birth.18,19,26,27,47,48 Following cardiac injury in the
adult heart, the up-regulation of BMP10/ALK1/endoglin triggers a
molecular switch that may allow TGF-β family members to activate
pro-hypertrophic and pro-fibrotic pathways.29,30,56,57

The current study is the first to simultaneously measure circu-
lating levels of BMP10, ALK1 and endoglin in patients with heart

© 2025 The Author(s). European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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10 M. Packer et al.

Figure 3 Relationship between baseline levels of bone morphogenetic protein 10 (BMP10), activin receptor-like kinase 1 (ALK1) and endoglin
and the subsequent risk of cardiovascular death or hospitalization for heart failure (primary endpoint). Shown are the cumulative incidence
plots for the risk of cardiovascular death and hospitalization for heart failure for tertiles 1, 2 and 3 for baseline BMP10 concentrations in
Cohort 1 (A) and baseline BMP10 expression levels in Cohort 2 (B), baseline ALK1 expression levels in Cohort 2 (C) and baseline endoglin
expression levels in Cohort 2 (D).

failure, and we found that levels of BMP10, ALK1 and endoglin are
all increased in proportion to the severity of heart failure. Higher
levels of BMP10, ALK1 and endoglin identified patients with greater
severity of symptoms, worse renal function and higher levels of
NT-proBNP and troponin, the primary biomarkers of ventricu-
lar stretch and injury in patients with heart failure. Our findings
with BMP10 measured by electrochemiluminescence immunoas-
say in Cohort 1 were confirmed with BMP10 levels measured by
proximity extension assay in our Cohort 2. Furthermore, circulat-
ing levels of BMP10, ALK1 and endoglin were closely correlated
with each other at baseline, and importantly, changes in the levels
of these three proteins were closely correlated with each other
after 12 and 52 weeks. In contrast, BMP10 levels were not closely
related to NT-proBNP or troponin at baseline or during the course
of follow-up. These observations are consistent with an underly-
ing mechanism that drives highly coordinated BMP10, ALK1 and
endoglin signalling, which becomes progressively more intense with
the progression of heart failure.

Patients with levels in the highest tertiles of BMP10, ALK1 and
endoglin had the most unfavourable prognosis, as reflected by
markedly increased risk of cardiovascular death or hospitalization
for heart failure and other major heart failure outcomes. The ..
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.. patterns of the cumulative incidence curves for the influence
of BMP10, ALK1 and endoglin on the primary endpoint were
strikingly similar to each other; specifically, the bottom two ter-
tiles showed a similar risk, whereas the risks in patients in the
highest tertiles were two–three-fold greater than in patients in
the two lowest tertiles. Our findings with BMP10 measured by
electrochemiluminescence immunoassay in Cohort 1 were con-
firmed with BMP10 levels measured by proximity extension assay
in Cohort 2, with similar clinical features and risk estimates for
increasing levels of BMP10 in the two cohorts. One previous
study reported prognostic significance for BMP10 measurements
in patients with heart failure, but it did not evaluate the two
other components of the signalling complex.44 Taken collectively,
these clinical findings are consistent with experimental studies
that support progressive intensity of BMP10, ALK1 and endoglin
signalling as heart failure progresses.

In addition, our results confirm prior work showing a strong
association between BMP10 and atrial fibrillation. In the healthy
heart, BMP10 expression is limited to the right atrium, with
selective down-regulation of BMP10 in the left atrium.61,62 Failure
of left atrial BMP10 down-regulation results in atrial structural
abnormalities,63 and thus, it is not surprising that any expansion of

© 2025 The Author(s). European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Coordinated expression of BMP10/ALK1/endoglin in heart failure 11

Table 6 Major heart failure outcome according to baseline activin receptor-like kinase 1 and endoglin levels, as
measured by proximity extension assay (Cohort 2)

Baseline ALK1 levels (proximity extension assay) p-value
for trend

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Tertile 1

(n= 354)
Tertile 2
(n= 354)

Tertile 3
(n= 355)

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Cardiovascular death or hospitalization for heart failure
Number with event (rate per 100 patient-years) 34 (5.8) 52 (9.2) 81 (14.7) 0.0004
Hazard ratio (95% CI), compared to Tertile 1 1.51 (0.97–2.35) 2.27 (1.43–3.59)

Time to first hospitalization for heart failure
Number with event (rate per 100 patient-years) 24 (4.0) 33 (5.9) 60 (10.9) 0.0004
Hazard ratio (95% CI), compared to Tertile 1 1.42 (0.82–2.44) 2.61 (1.50–4.53)

Total hospitalizations for heart failure
Number of events (rate per 100 patient-years) 38 (6.0) 53 (8.9) 94 (15.6) <0.0001

Hazard ratio (95% CI), compared to Tertile 1 1.64 (0.93–2.88) 4.14 (2.23–7.69)
Cardiovascular death

Number with event (rate per 100 patient-years) 16 (2.5) 28 (4.6) 33 (5.5) 0.17
Hazard ratio (95% CI), compared with Tertile 1 1.54 (0.83–2.95) 1.65 (0.83–3.28)

All-cause mortality
Number with event (rate per 100 patient-years) 23 (3.6) 39 (6.5) 50 (8.3) 0.08
Hazard ratio (95% CI), compared with Tertile 1 1.54 (0.91–2.63) 1.71 (0.96–3.03)

Baseline endoglin levels (proximity extension assay) p-value
for trend

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Tertile 1

(n= 369)
Tertile 2
(n= 370)

Tertile 3
(n= 370)

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Cardiovascular death or hospitalization for heart failure
Number with event (rate per 100 patient-years) 48 (8.2) 51 (8.1) 76 (13.4) 0.003
Hazard ratio (95% CI), compared to Tertile 1 1.10 (0.74–1.64) 1.71 (1.19–2.47)

Time to first hospitalization for heart failure
Number with event (rate per 100 patient-years) 38 (6.5) 32 (5.0) 53 (9.3) 0.04
Hazard ratio (95% CI), compared to Tertile 1 0.87 (0.54–1.40) 1.52 (1.00–2.32)

Total hospitalizations for heart failure
Number of events (rate per 100 patient-years) 56 (9.1) 49 (7.4) 88 (14.2) 0.001

Hazard ratio (95% CI), compared to Tertile 1 0.93 (0.55–1.54) 2.22 (1.35–3.65)
Cardiovascular death

Number with event (rate per 100 patient-years) 21 (3.4) 25 (3.7) 34 (5.5) 0.08
Hazard ratio (95% CI), compared with Tertile 1 1.18 (0.65–2.12) 1.63 (0.94–2.82)

All-cause mortality
Number with event (rate per 100 patient-years) 34 (5.5) 35 (5.2) 47 (7.6) 0.09
Hazard ratio (95% CI), compared with Tertile 1 1.00 (0.62–1.62) 1.46 (0.93–2.28)

ALK1, activin receptor-like kinase 1; CI, confidence interval.

BMP10 signalling in the adult heart exerts a pro-fibrotic action that
preferentially affects left atrial tissue.41 There exists a strong asso-
ciation of BMP10 and atrial fibrillation in patients with and without
heart failure,44,64,65 and BMP10 levels predict the occurrence of
ischaemic stroke in patients with atrial fibrillation43,44 and the
recurrence of atrial fibrillation after catheter ablation.66–70 In the
present analysis, patients with heart failure who had BMP10 levels
in the highest tertile were twice as likely to have atrial fibrillation
than patients with BMP10 levels in the lowest tertile. We noted
a similar association between levels of ALK1 and of endoglin
with atrial fibrillation; these associations have not been previously
reported either experimentally or clinically. Taken collectively,
these findings support the hypothesis that BMP10/ALK1/endoglin ..
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. signalling in the adult heart may promote both atrial and ventricular
fibrosis, leading to atrial fibrillation and heart failure, respectively.

Experimental studies have demonstrated that SGLT2 inhibitors
can exert anti-fibrotic effects,71 but the mechanism of this action
is likely to be multifactorial. SGLT2 inhibitors act to down-regulate
HIF-1α,72,73 the upstream effector for BMP10, and our observa-
tion that empagliflozin can modestly reduce levels of BMP10 at
12 weeks in Cohort 1 and at 52 weeks in Cohort 2 is consistent
with an action of SGLT2 inhibitors to suppress signalling through
HIF-1α. A reduction in the BMP10 ligand may possibly explain why
we noted a small increase in circulating expression levels of ALK1

with empagliflozin, but SGLT2 inhibition was not associated with
meaningful changes in endoglin, although the effect of empagliflozin

© 2025 The Author(s). European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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12 M. Packer et al.
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Figure 4 Effects of emplagliflozin and placebo on bone morphogenetic protein 10 (BMP10), assessed by electrochemiluminescence
immunoassay after 12 and 52 weeks (left panel) and by proximity extension assay after 12 and 52 weeks (right panel). Shown are adjusted
geometric ratio ratios with 95% confidence intervals. P-values indicate the level of statistical significance of the change from baseline.

to reduce hospitalizations for heart failure may have been most
apparent in patients with the lowest endoglin expression levels.
Given the multiplicity of comparisons, the significance of these
changes is uncertain; however, the up-regulation of endoglin during
experimental mechanical stress may be SGLT2-dependent,55 and it
is noteworthy that the pro-fibrotic effects of enhanced endoglin sig-
nalling may be mediated through Smad2/3,74,75 and SGLT2 inhibitors
can mute up-regulation Smad2/3 signalling, in parallel with a demon-
strable antifibrotic effect.76–80

The results of our study should be interpreted in light of its
strengths and limitations. Our findings regarding the clinical cor-
relates and prognostic significance of circulating levels of BMP10
in heart failure are similar to those reported by Ceelen et al.44

using electrochemiluminescence immunoassay in a single cohort
of patients, but we performed our measurements using two differ-
ent analytical methodologies in two distinct cohorts. Furthermore,
our study is the first to characterize the clinical correlates and
prognostic significance of ALK1 and endoglin in heart failure; prior
studies of endoglin did not evaluate patients with established heart
failure, were small and did not measure outcomes.50,58 However,
it should be emphasized that circulating blood-borne biomarkers
may be poorly positioned to assess the biological meaningfulness
of intracellular pathways, although it should be noted that BMP10,
ALK1 and endoglin act primarily on the surfaces of cells. Neverthe-
less, our measurements assume that the shedding of these proteins
from cell surfaces into the circulation is proportional to their bio-
logical effects, but the validity of this assumption is not known, and
even if true, it is not clear that the heart is the major source of the
proteins that we measured. ..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

. In conclusion, in this first large-scale characterization of the
BMP10, ALK1 and endoglin complex in patients with heart failure,
we found that patients who showed the most marked coordinated
expression of these foetal cardiac morphogenetic proteins had
more severe symptoms, greater evidence of cardiac stretch and
injury, and the highest risk of the composite of cardiovascu-
lar death and hospitalization for heart failure. Up-regulation of
BMP10, ALK1 and endoglin was closely aligned with each other
at baseline and throughout follow-up, but not closely related to
NT-proBNP or troponin, and the clinical and prognostic findings
with BMP10 were demonstrated in two distinct cohorts using two
different assays. Taken together, our observations are consistent
with experimental data that cardiac injury and stress trigger the
coordinated re-expression of key foetal proteins involved in car-
diac and vascular morphogenesis, which are normally suppressed
in the healthy adult heart. Further work is needed to determine if
this pattern of foetal protein expression represents an adaptive or
maladaptive response in patients with heart failure.
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Additional supporting information may be found online in the
Supporting Information section at the end of the article.

Funding
The study was supported and funded by Boehringer Ingelheim & Eli Lilly and
Company Alliance. The assessment of BMP10 by an electrochemilumines-
cence immunoassay was performed within Biomarker Research Agreement
of Boehringer Ingelheim and Roche Diagnostics International Ltd.

© 2025 The Author(s). European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.

 18790844, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ejhf.3764 by T

est, W
iley O

nline L
ibrary on [07/08/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Coordinated expression of BMP10/ALK1/endoglin in heart failure 13

Conflict of interest: M.P. reports consulting fees from Abbvie, Actavis,
Alnylam, Amgen, Amarin, ARMGO, AstraZeneca, Attralus, Biopeutics,
Boehringer Ingelheim, Casana, CSL Behring, Cytokinetics Eli Lilly and Com-
pany, Moderna, Novartis, Pharmacosmos, Regeneron, and Salamandra. J.B.
reports payment or honoraria for lectures, presentations, speaker bureaus,
or educational events from Abbott, Adrenomed, Amgen, Applied Thera-
peutics, Array, AstraZeneca, Bayer, BerlinCures, Cardior, CVRx, Foundry,
G3 Pharma, Imbria, Impulse Dynamics, Innolife, Janssen, LivaNova, Luit-
pold, Medtronic, Merck, Novartis, Novo Nordisk, Relypsa, Roche, Sanofi,
Sequana Medical, Occlutech, and Vifor. J.P.F. reports consulting fees from
Boehringer Ingelheim. J.L.J. is a trustee of the American College of Car-
diology, a board member of Imbria Pharmaceuticals, has received grant
support from Applied Therapeutics, Innolife, Novartis Pharmaceuticals,
and Abbott Diagnostics, consulting income from Abbott, Janssen, Novar-
tis, and Roche Diagnostics, and participates in clinical endpoint commit-
tees/data safety monitoring boards for Abbott, AbbVie, Amgen, Bayer,
CVRx, Janssen, MyoKardia, and Takeda. N.S. reports personal fees from
Amgen, AstraZeneca, Boehringer Ingelheim, Eli-Lilly, MSD, Novo Nordisk,
Pfizer, and Sanofi, and grant income from Boehringer Ingelheim. S.G.M.
is an employee of Roche Diagnostics. M.P.N. and M.S. are employees of
Boehringer Ingelheim, the manufacturer of empagliflozin. S.J.P. reports con-
sulting fees and payment or honoraria for lectures, presentations, speak-
ers’ bureaus, manuscript writing or educational events from Boehringer
Ingelheim. G.F. has received consulting fees from Bayer, Boehringer Ingel-
heim, NovoNordisk, and Servier; has received lecture fees from Novartis;
has received trial committee membership fees from Impulse Dynamics,
Vifor, and Medtronic; has served on trial committee for Cardior. S.D.A.
reports grants from Abbott Vascular and Vifor (International) Ltd, consult-
ing fees from Abbott Vascular, Bayer, Brahms GmbH, Cardiac Dimensions,
Cordio, Novartis, Servier, and Vifor (International) Ltd. F.Z. reports pay-
ment or honoraria for lectures, presentations, speaker bureaus, manuscript
writing or educational events from Boehringer Ingelheim, Amgen, CVRx,
AstraZeneca, Vifor Fresenius, Cardior, Cereno Pharmaceutical, Applied
Therapeutics, Merck, and Bayer; other financial or non-financial interests
in CVCT and Cardiorenal, and is a Trial Executive Committee member of
the Boehringer Ingelheim & Eli Lilly and Company Diabetes Alliance (trial
sponsor). All other authors have nothing to disclose.

References
1. van der Pol A, Hoes MF, de Boer RA, van der Meer P. Cardiac foetal reprogram-

ming: A tool to exploit novel treatment targets for the failing heart. J Intern Med
2020;288:491–506. https://doi.org/10.1111/joim.13094

2. Packer M. Foetal recapitulation of nutrient surplus signalling by O-GlcNAcylation
and the failing heart. Eur J Heart Fail 2023;25:1199–1212. https://doi.org/10.1002
/ejhf.2972

3. Dirkx E, da Costa Martins PA, De Windt LJ. Regulation of fetal gene expression
in heart failure. Biochim Biophys Acta 2013;1832:2414–2424. https://doi.org/10
.1016/j.bbadis.2013.07.023

4. Packer M. SGLT2 inhibitors: Role in protective reprogramming of cardiac nutrient
transport and metabolism. Nat Rev Cardiol 2023;20:443–462. https://doi.org/10
.1038/s41569-022-00824-4

5. Packer M. Mutual antagonism of hypoxia-inducible factor isoforms in cardiac,
vascular, and renal disorders. JACC Basic Transl Sci 2020;5:961–968. https://doi
.org/10.1016/j.jacbts.2020.05.006

6. Warbrick I, Rabkin SW. Hypoxia-inducible factor 1-alpha (HIF-1α) as a factor
mediating the relationship between obesity and heart failure with preserved ejec-
tion fraction. Obes Rev 2019;20:701–712. https://doi.org/10.1111/obr.12828

7. Sant’Ana PG, Tomasi LC, Murata GM, Vileigas DF, Mota GAF, Souza SLB, et al.
Hypoxia-inducible factor 1-alpha and glucose metabolism during cardiac remod-
eling progression from hypertrophy to heart failure. Int J Mol Sci 2023;24:6201.
https://doi.org/10.3390/ijms24076201

8. Sato T, Ichise N, Kobayashi T, Fusagawa H, Yamazaki H, Kudo T, et al. Enhanced
glucose metabolism through activation of HIF-1α covers the energy demand in
a rat embryonic heart primordium after heartbeat initiation. Sci Rep 2022;12:74.
https://doi.org/10.1038/s41598-021-03832-5 ..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

.. 9. Krishnan J, Ahuja P, Bodenmann S, Knapik D, Perriard E, Krek W, et al. Essential
role of developmentally activated hypoxia-inducible factor 1alpha for cardiac
morphogenesis and function. Circ Res 2008;103:1139–1146. https://doi.org/10
.1161/01.RES.0000338613.89841.c1
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