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Endoglin deficiency alters the epicardial response following myocardial infarction

Introduction
The epicardium is a dynamic epithelial layer covering the surface of the heart. It plays a critical 
role in heart formation by differentiating into cardiovascular cell types and providing paracrine 
factors to the developing myocardium [9]. In the adult heart, upon myocardial infarction (MI) 
the dormant epicardial layer is reactivated and supports the underlying myocardium during 
repair [24, 34, 40]. The epicardial response to injury includes upregulation of a developmental 
gene program, such as re-expression of Wilms’ tumour 1 (WT1), proliferation, thickening of 
the epicardial layer and covering of the damaged myocardium [15, 43, 44]. Furthermore, 
the epicardial cells undergo epithelial to mesenchymal transition (EMT), thereby forming 
epicardial-derived cells (EPDCs) that contribute to endogenous repair [34, 40]. Decreased 
expansion of the epicardial layer and minimal collagen deposition in the (sub)epicardial 
region, suggesting deficient EMT, result in ventricular dilatation and impaired cardiac 
function [13]. As such, epicardial EMT is important for a ‘healthy’ epicardial post-injury 
response. 

The transforming growth factor beta (TGFβ) signaling pathway plays a key role in epicardial 
EMT. In vitro, stimulation of EPDCs with TGFβ results in loss of their epithelial character 
and induces transition into a mesenchymal phenotype [5, 35]. TGFβ exerts its effect via 
phosphorylation of the transcription factors small mothers against decapentaplegic 2/3 
(SMAD2/3) or SMAD1/5 [18]. These downstream mediators of the TGFβ pathway are 
upregulated in the epicardial region upon MI [44]. The TGFβ co-receptor endoglin plays 
an important role in defining the balance between these two TGFβ-responsive pathways 
resulting in different behavioral outcomes [11, 19]. Mice heterozygous for the TGFβ co-
receptor endoglin (Eng+/-) display a reduced cardiac function post-MI suggesting that 
endoglin is important in the cardiac response to injury [26]. Endoglin is well known for 
its expression in activated endothelial cells and its essential role during angiogenesis [11]. 
Endoglin knockout embryos die around embryonic day 10.5 due to vascular abnormalities 
[3, 7, 30]. However, it is becoming clear that the role of endoglin goes beyond maintenance 
of vascular homeostasis and, for example, also affects the immune response to injury [12]. 
We previously reported that endoglin is expressed by EPDCs [35]. Furthermore, Bollini et 
al. (2014) showed an increased number of WT1+/endoglin+ EPDCs upon induction of MI 
[6]. This suggests that upregulation of endoglin in the active epicardium is part of the cardiac 
injury response. 

Due to the important role of EPDCs following cardiac injury [34, 40], the epicardium is a 
tantalizing therapeutic target for cardiac regeneration. Therefore, a thorough understanding 
of epicardial behavior is paramount to appreciate its potential in cardiac repair. Given the 
deteriorated heart function following MI in Eng+/- mice and the pivotal role of TGFβ 
signaling in epicardial EMT, we investigated if endoglin contributes to the epicardial response 
to injury. 

In this study, we analyzed the composition and the behavior of the epicardial layer at different 
time-points post-MI. Our data suggest that the epicardial injury response of thickening 
and coverage of the (diseased) myocardium with a WT1+ layer is aberrant upon endoglin 
heterozygosity. In the first days after MI, thickening of the epicardium in Eng+/- mice 
is less pronounced compared to wild type (wt) hearts. In contrast, at 14 days post-MI, a 
significantly thicker epicardial layer is observed in Eng+/- animals which coincides with 
a thinner ventricular wall. We show that these observations are not due to a difference in 
the epicardium at baseline and occur independently of extra-cardiac contributions from the 
circulation. Moreover, we found that the epicardial response can be influenced by systemic 
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delivery of Diprotin A, an inhibitor of CD26/dipeptidyl peptidase 4 (DPP4). Altogether, we 
show that endoglin is important for the post-injury response, and suggest an important role of 
this TGFβ co-receptor in relation to epicardial behavior. 

Methods

Animals
Experiments and analyses were conducted on male and female endoglin wild type (wt) 
and endoglin heterozygous (Eng+/-) mice [3] which were maintained on a C57BL/6Jlco 
background (Charles River). All mouse experiments were approved by the regulatory 
authorities of Leiden University (The Netherlands) and were in compliance with the guidelines 
from Directive 2010/63/EU of the European Parliament on the protection of animals used for 
scientific purposes.

Induction of myocardial infarction in mice and Diprotin A treatment
Myocardial infarction (MI) was experimentally induced in male mice as described before 
[41]. Briefly, mice were anesthetized with isoflurane (1.5-2.5%), orally intubated and 
ventilated, after which the left anterior descending (LAD) coronary artery was permanently 
ligated by a suture. During the first 5 days post-MI, the mice were randomized and treated 
daily with either 100 µl distilled water (MQ) or 100 µl Diprotin A (50 μM, DipA, Bachem) 
via intraperitoneal injection. Mice were euthanized at 4 or 14 days after MI using carbon-
dioxide.

Immunofluorescent staining
Hearts were fixed overnight at 4°C in 4% paraformaldehyde, washed with phosphate-
buffered saline (PBS) followed by dehydration to xylene and embedded in paraffin. Six µm 
thick sections were mounted onto coated glass slides (VWR SuperFrost Plus microscope 
slides; Klinipath), deparaffinized and rehydrated to PBS. Antigen retrieval was performed 
as previously described [29]. Primary antibodies, incubated overnight at 4°C, included: 
anti-pSMAD1/5/9 (rabbit; dilution 1:1000 using Tyramide Signal Amplification [15]; Cell 
Signaling), anti-pSMAD2 (rabbit; dilution 1:200; Cell Signaling), anti-WT1 (rabbit, dilution 
1:100, Abcam), anti-MAC3 (rat, dilution 1:200, BD Biosciences), anti-αSMA (rabbit, 
dilution 1:500, Abcam), anti-cTnI (goat, dilution 1:1000, HyTest), anti-PECAM1 (mouse, 
dilution 1:800, Santa Cruz) and anti-Ki67 (rabbit, dilution 1:100, Millipore). Fluorescently-
labelled secondary antibodies (Invitrogen) were incubated for 1.5 hour at a 1:250 dilution. 
The slides were mounted with Prolong Gold-DAPI Antifade (Invitrogen) reagent. 

Staining of fibrotic tissue was performed using a Picrosirius Red (PSR) collagen staining 
which includes deparaffinization, 1 h incubation with PSR solution, washing in acidified 
water and mounting with Entellan (Merck) reagent. All stainings were scanned at 40x 
magnification with the Pannoramic slide scanner and analyzed using CaseViewer 2.0 (3D 
Histech).
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Morphometry
Heart sections were taken at approximately 300 µm intervals along the transverse axis of the 
heart. All measurements are given as average of at least three levels along the infarct area 
(unless otherwise stated). Infarct size was determined in PSR stained sections by calculating 
the percentage of infarct area of the total left ventricular area. Thickness of the ventricular 
wall was measured in the PSR stained sections. Measurements were taken at two separate 
levels along the infarct area, and given as the average of eight measurements per level.

The epicardial border zone was defined as the epicardial layer lining the ‘healthy’ myocardium 
bordering the infarct area at both sides (see also Figure 1D-E). This region was determined 
to be around 600 µm in length (based on [32]). The epicardial border zone included the 
outer epicardium (single-cell layer that surrounds the heart) and subepicardial layer (cell 
layer(s) between myocardium and outer epicardium), while the pericardium was excluded 
from analysis. Analyses of the epicardial border zone are presented as the average of both 
border zones.

Epicardial thickness was calculated as the average of at least four measurements per 
epicardial border zone (600 µm in length) or remote epicardial layer. The total cell content 
of the epicardial border zone was counted using DAPI staining as the total of nuclei per µm 
cardiac outline. Positive cells (WT1, MAC3 and Ki67) within the epicardial border zone are 
depicted as the percentage of total number of nuclei. Finally, pSMAD levels were quantified 
as the area fluorescent signal corrected for the number of nuclei within that region.

Coverage of the (injured) myocardium with a WT1+ epicardial layer was measured using the 
WT1 stained sections, and was quantified as the percentage WT1+ outline of the total cardiac 
circumference.

Culturing mouse hearts
Wt and Eng+/- female mouse hearts were cultured in the miniature tissue culture system 
[31] as previously described [25] with the following modifications. The inflow needle of 
the perfusion chamber was inserted in the aorta of the isolated intact heart and ligated with 
suture. The outflow needle was replaced with a 14 Gauge Blunt Tip Needle which allowed 
the medium to exit the perfusion chamber. Using a speed of 1100 µl/min, flow was introduced 
through the aorta directing the medium into the coronary circulation. The medium exited the 
heart via the right atrium and recirculated to the reservoir. After 7 days of culture the hearts 
were isolated and fixed overnight in 4% PFA at 4°C. 

Isolation, culture and migration of human EPDCs
Adult human atrial samples (auricles) were collected as surgical waste during cardiac surgery 
and under general informed consent. Handling of human heart tissues was carried out 
according to the official guidelines of the Leiden University Medical Center and approved by 
the local Medical Ethics Committee. This research conforms to the Declaration of Helsinki.

EPDCs were isolated, cultured and a scratch assay was performed as previously described 
[35]. In short, the adult epicardium was separated from the underlying myocardium. 
Epicardial tissue was cut into pieces and treated with Trypsin/EDTA (Serva and USH 
products) at 37⁰C. A single cell suspension was obtained by passing the samples through 
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a series of syringes. EPDCs were plated on 0.1% gelatin (Sigma) coated culture dishes in 
a 1:1 mixture of Dulbecco’s modified Eagle’s medium (DMEM-glucose low; Invitrogen) 
and Medium 199 (M199; Invitrogen) supplemented with 10% heat-inactivated fetal calf 
serum (Hi-FCS; Gibco), 100 U/ml penicillin/streptomycin (Gibco) and 10 µM SB431542 
(SB; Tocris Bioscience). Scratch assays were performed with mesenchymal (spindle) EPDCs 
which were obtained by stimulating EPDCs with 1 ng/ml TGFβ3. Spindle EPDCs were split 
and grown to confluency upon which the scratch was placed. The cells were monitored for 
12 hours and the percentage gap closure was measured using Matlab (version 2016a).

Statistics
Graphs are represented as mean ± SD. Samples were compared using an unpaired Student’s 
t-test or one-way ANOVA testing for difference between multiple groups. Significance was 
assumed when p<0.05. GraphPad Prism (Version 6) was used for statistical analysis.

Results

Aberrant TGFβ signaling in Eng+/- epicardial layer
Since endoglin heterozygosity impairs cardiac recovery after MI and endoglin is expressed 
by EPDCs [35], we questioned the role of endoglin in the epicardial response post-MI. A 
schematic outline of the experiment together with an overview of the factors measured is 
presented in Figure 1A.

Given that endoglin defines the balance between the TGFβ-responsive pathways (pSMAD2/3 
and pSMAD1/5) [18, 20], we performed immunofluorescence staining for pSMAD1/5/9 and 
pSMAD2. Both pathways are active in the epicardial layer post-MI (Figure 1B). However, we 
observed an increase in pSMAD1/5/9 levels in Eng+/- versus wt mice, while no differences 
were observed in pSMAD2 (Figure 1C). This indicates that endoglin heterozygosity results 
in altered signaling within the epicardial layer.

Epicardial thickening and activation is altered in Eng+/- mice at 4 days post-MI
Given the disturbed TGFβ signaling upon endoglin heterozygosity, we questioned whether 
this results in a difference in epicardial phenotype. First, we analyzed the epicardium and 
myocardium of adult non-MI mice in transverse heart sections and observed no aberrations in 
Eng+/- compared to wt animals (data not shown). Epicardial thickening upon cardiac injury 
has been described to occur in the entire epicardium, but is most pronounced near the infarct 
area [43, 44]. Therefore, we focused our analysis on the epicardium and subepicardium that 
lines the myocardium directly bordering the ischemic area. This region is represented as the 
epicardial border zone (schematically pictured in Figure 1D-E).

Four days post-injury, wt and Eng+/- mice showed no difference in infarct characteristics, 
including infarct size and infarct outline (Supplementary Figure 1A-C). However, when 
investigating the epicardial layer in more detail, we observed that the epicardial border zone 
was significantly thinner in Eng+/- mice (Figure 1F; wt: 22.24±3.01 Eng+/-: 18.77±3.47). 
This phenomenon was not observed at the remote area lining the right ventricle, although wt 
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Figure 1. Aberrant TGFβ signaling and epicardial thickening in Eng+/- at 4 days post-MI. A. 
Overview of experiment and measured entities. Wt or Eng+/- mice were sacrificed at 4 and 14 
days after the induction of MI. B. pSMAD1/5/9 and pSMAD2 are upregulated in the epicardial 
layer upon MI. The dashed line represents the border between myocardium and epicardium. 
Scale bars: 10 µm. C. Quantification of immunofluorescent stainings suggest a higher staining 
intensity for pSMAD1/5/9 in the epicardial layer (outlined) of Eng+/- compared to wt mice. (n = 
3-4 mice for each group). Scale bars: 20 µm. D. Schematic representation of transverse section 
of the heart. Depicted is the infarct area (red) with at both sides a border zone. The border 
zone has an estimated width of 600 µm and represents ‘healthy’ myocardium lining the infarct 
area. The remote area is at the right ventricle, opposite to the infarct. E. Example of transverse 
section of the infarcted heart. The red line represents the border between infarcted and ‘healthy’ 
myocardium. The green lines show the position of the investigated epicardial layer at both border 
zones with a length of 600 µm. Scale bar: 500 µm. F. In PSR stainings, the outer collagen layer 
at the border zone (outlined; scale bars: 20 µm) is thinner in Eng+/- mice (n = 7-10 mice for each 
group).  G. The thickness of the epicardial layer at a remote area is equal between Eng+/- and wt 
hearts (n = 7-10 mice for each group). Data information: #: p<0.05 and # #: p<0.01
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mice displayed a larger variation in thickness (Figure 1G). 

	 The thinner epicardial border zone after induction of MI can be explained by the 
presence of fewer cells within this region in Eng+/- compared to wt mice (Figure 2A-B). 
Interestingly, not only the border zone, but the entire epicardial layer contains less cells in 
Eng+/- hearts (Figure 2C). A difference in cell number within the epicardial region could be 
the result of a defect in cell proliferation. Therefore, we determined the number of cycling 
cells by performing a Ki67 staining (Figure 2D). However, no difference in the percentage of 
Ki67+ cells within the epicardial border zone in Eng+/- compared to wt mice was observed 
(Figure 2E). 

The expression of WT1 in the epicardium is considered to be one of the first steps in epicardial 
activation post-injury [14]. Although the Eng+/- epicardial border zone contains a reduced 
number of total cells, we observed a higher percentage of WT1+ cells within this region 
compared to the wt border zone (Figure 2F-G). Since epicardial activation occurs organ-
wide, including the remote area, we quantified the presence of WT1+ cells within the entire 
epicardial layer. Consistent with the border zone, the percentage of WT1+ cells throughout 
the epicardial layer was significantly higher in Eng+/- mice compared to wt animals (Figure 
2H). This difference in WT1 is not related to the infarct size, indicating that it does not result 
from a difference in cardiac damage (data not shown). In addition, we observed no difference 
in the expression of the epicardial activation markers WT1 and Transcription factor 21 
(TCF21; [1, 8]) in non-infarcted wt and Eng+/- hearts (data not shown). This suggests that 
the increased percentage of WT1+ cells in Eng+/- mice at 4 days post-MI is not caused by a 
difference in epicardial activity at baseline.

In summary, the thinner epicardial layer in Eng+/- mice at 4 days post-MI is the result of 
a lower number of cells within the (sub)epicardial space. Our data suggest no difference in 
proliferation (at 4 days post-MI) and endoglin heterozygosity does not lead to an aberrant 
epicardial and myocardial phenotype at baseline. This suggests that the difference in the 
epicardium between wt and Eng+/- mice is directly caused by the induced injury and its 
related processes. Furthermore, a higher percentage of WT1+ cells indicates a difference in 
composition and activation of the Eng+/- epicardial layer.

Epicardial phenotype in Eng+/- mice is independent of extra-cardiac cell contributions
We further investigated the contribution of circulating cells to the phenotype of the (sub)
epicardium in Eng+/- and wt mice. The subepicardial space is known to harbor immune cells 
[16, 21]. Zhou et al. reported infiltration of monocytes into the epicardial layer following 
MI [44]. We previously observed that Eng+/- mononuclear cells have a reduced ability to 
migrate towards the infarct area [26, 38]. Therefore, the presence of immune-reactive cells, 
as an extra-cardiac derived cell source, could contribute to a difference in total epicardial cell 
count. Macrophages are the major cell type invading the heart upon MI [27]. We analyzed 
the number of macrophages in the epicardial border zone by staining for MAC3 (LAMP2/
CD107b). There is no overlap between WT1 and MAC3 expression, indicating that the 
WT1+ cells are not macrophages (Figure 3A). In addition, at 4 days post-MI we observed no 
difference in the percentage of macrophages within the epicardial border zone (Figure 3B) 
suggesting that the presence of macrophages is not the cause of a decreased presence of (sub)
epicardial cells within the Eng+/- epicardial border zone compared to wt. 
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To investigate the extra-cardiac cell contribution in more detail, we analyzed thickening of 
the epicardium in the absence of circulating cells. We cultured wt and Eng+/- hearts ex vivo 
in a continuous flow of culture medium using a novel miniature tissue culture system [25, 
31]. As a result of the ex vivo culture conditions, the epicardial layer is activated and responds 
by becoming thicker. Interestingly, in Eng+/- hearts the thickening of the epicardial layer was 
significantly less pronounced as compared to wt (Figure 3C-D). This indicates that a thinner 
epicardial layer in Eng+/- mice occurs independently of extra-cardiac cell contributions from 
the circulation.

Coverage of the infarcted heart with a WT1+ epicardial layer is altered in Eng+/- mice 
at 4 days post-MI
The organ-wide re-expression of WT1 in the epicardial layer is a spatio-temporal dynamic 
process, peaking between day 1 and 5 post-MI [43, 44]. Interestingly, at day 4 post-MI, a 

Figure 2. Altered composition of the Eng+/- epicardial layer. A. Cardiac troponin I (cTnI)/DAPI 
immunofluorescence stainings show the wt and Eng+/- epicardial border zone which are located 
in between the dashed lines. Epi: (sub)epicardium, Peri: pericardium. Scale bar: 100 µm. B,C. 
The number of cells was quantified for the epicardial layer lining B. the border zone (n = 7-10 
mice for each group) and C. total cardiac circumference (n = 5 mice for each group).   D,E 
The percentage of Ki67+ cells within the epicardial border zone is equal between Eng+/- and wt 
mice (n = 5-7 mice for each group). Scale bar: 10 µm. F-H. WT1 immunofluorescence staining 
of the wt and Eng+/- epicardial border zone. In F. the dashed line represents the border between 
myocardium and (sub)epicardium. Scale bar: 20 µm. Epi: (sub)epicardium, Peri: pericardium. 
In Eng+/- mice, a higher percentage of epicardial cells is positive for WT1 compared to wt animals 
in both G. the epicardial border zone (n = 7-10 mice for each group) and H. the entire epicardial 
layer (n = 5 mice for each group).   Data information: #: p<0.05 and # #: p<0.01
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larger part of the cardiac circumference was covered by a WT1+ epicardial layer in Eng+/- 
compared to wt mice (Figure 4A-B). This difference in WT1 coverage is not related to the 
infarct size (data not shown). We questioned whether this altered coverage could result 
from a difference in migration rate. Therefore we modulated endoglin expression in EPDCs 
and performed an in vitro scratch assay. Strikingly, upon endoglin knockdown, epicardial 
cells migrate significantly faster (Figure 4C). Overall, these data suggest altered epicardial 
behavior upon endoglin heterozygosity, including increased migration and coverage of the 
infarcted heart with a WT1+ epicardial layer. 

Thicker epicardial layer in Eng+/- mice at day 14 post-MI
In contrast to day 4, at 14 days post-MI we observed a significantly thicker epicardial layer 
at both the border zone (Figure 5A) and the remote area (Figure 5B) in Eng+/- compared to 
wt mice. In addition, the Eng+/- epicardial border zone contained more cells (Figure 5C). 
Interestingly, wt animals displayed a decrease in the size of the epicardial border zone from 
day 4 to day 14 post-MI (from ±23 µm to ±17 µm). In contrast, in Eng+/- mice the thickness 

Figure 3. Epicardial phenotype in Eng+/- mice is independent of extra-cardiac cell contributions. 
A. Immunofluorescence staining shows that there is no overlap between WT1+ and MAC3+ cells 
in the epicardial border zone. The dashed line represents the border between (sub)epicardium 
and pericardium, Epi: (sub)epicardium, Peri: pericardium. Scale bar: 10 µm. B. Quantification 
of MAC3+ cells in the (sub)epicardium. No difference was observed in the percentage of MAC3+ 
cells within the epicardial border zone between  wt or Eng+/- hearts (n = 7-10 mice for each group). 
C. Longitudinal section of a wt and Eng+/- cultured heart highlighting the epicardial layer (white 
arrows). cTnI=white, DAPI=blue. Scale bar: 10 µm. D. The thickness of the epicardial layer as 
measured in sections of cultured hearts of wt and Eng+/- mice (n = 4 mice for each group). Data 
information: # #: p<0.01
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Figure 4. Coverage of the infarcted heart with a WT1+ epicardial layer is altered in Eng+/- mice 
at 4 days post-MI. A. The pattern of activation of the epicardial layer at day 4 is represented 
by the percentage of cardiac circumference covered by a WT1+ epicardial layer. The infarct is 
outlined in green and the epicardial layer positive for WT1 is marked by a red dotted line. Scale 
bars: 500 µm. B. In Eng+/- mice, a higher percentage of the circumference is positive for WT1 
(n = 8-9 mice for each group). C. Upon endoglin knockdown (KD) human adult EPDCs migrate 
faster in a scratch assay (n = 5 measurements). Data information: #: p<0.05

of the epicardial layer continues to increase over time (from ±19 µm to ±26 µm) suggesting 
a delay in epicardial thickening upon MI.

As a potential underlying cause of a thicker epicardial layer in Eng+/- mice, differences in the 
degree of activation (WT1 expression) and proliferation were studied. At day 14 post-MI, the 
entire cardiac circumference was covered with a WT1+ epicardial layer with no difference 
between Eng+/- and wt mice (data not shown). Moreover, we observed no difference in the 
presence of WT1+ (Figure 5D) or Ki67+ (Figure 5E) cells within the epicardial border zone. 
This suggests that epicardial activation and cell proliferation are not aberrant at 14 days post-
MI upon endoglin heterozygosity. 

It was previously shown that the clearance of inflammatory cells is impaired in Eng+/- mice 
[37]. Therefore we analyzed the presence of MAC3+ cells within the epicardial region. 
Compared to day 4, the total number of MAC3+ cells in the epicardial border zone in both 
groups is low (from ±6 percent at day 4 to ±2 percent at day 14). Furthermore, the percentage 
of MAC3+ cells within the epicardial border zone was equal between wt and Eng+/- animals 
(Figure 5F), showing that there was no defect in clearance of macrophages from the epicardial 
border zone.
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Figure 5. Delayed epicardial thickening in Eng+/- mice at day 14 post-MI is related to thinner 
ventricular wall. A-C. The collagen layer (representing the epicardial layer) is thicker in Eng+/- 
animals (Scale bar: 20µm) both at A. the border zone and B. a remote region. C. The epicardial 
border zone of Eng+/- mice contains more cells. The dashed lines outline the epicardial layer (n 
= 7-10 mice for each group). Scale bar: 50µm. D. The percentage of WT1 positive cells within 
the epicardial border zone is equal between wt and Eng+/- mice. The dashed lines indicate the 
boundary between myocardium and (sub)epicardium (n = 7-8 mice for each group). Scale bar: 
20µm. E,F. The percentage of E. Ki67+ (n = 5-6 mice for each group) and F. MAC3+ cells is equal 
between wt and Eng+/- mice in the epicardial border zone (n = 7 mice for each group). G. Number 
of blood vessels per μm2 epicardial border zone (A.U.) at day 14 post-MI. Eng+/- mice have a 
lower density of large blood vessels compared to wt (n = 5 mice for each group). H. Ventricular 
wall thickness (μm). At day 14 post-MI, the left ventricular wall is thinner in Eng+/- compared 
to wt animals (n = 5-7 mice for each group). I. Correlation of the total number of cells in (sub)
epicardium (per μm) to the thickness of the left ventricular wall (μm). A negative correlation was 
observed between the total number of cells within the epicardial border zone and the thickness of 
the left ventricular wall. Eng+/- mice are depicted in grey/square data points (n = 5 mice for each 
group). Data information: Epi: (sub)epicardium, Peri: pericardium and #: p<0.05, # #: p<0.01 
and # # #: p<0.005
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Since the epicardium develops in close relation to the coronary vasculature [28] and endoglin 
plays an important role during angiogenesis, we quantified the blood vessel content (large 
blood vessels and capillaries) of the epicardial border zone (Supplementary Figure 2). We 
observed a lower density of large (non-capillary) blood vessels in Eng+/- mice (Figure 5G), 
suggesting that the thicker epicardial border zone is not due to a difference in the number of 
vessels. Therefore, it appears that the thicker Eng+/- epicardial border zone at 14 days post-
MI is caused by an increase in (sub)epicardial cells. In Eng+/- mice, myocardial infarction 
results in greater deterioration of heart function compared to wt animals [26]. At 14 days 
post-infarct we detected a significant thinner left ventricular wall in Eng+/- mice (Figure 
5H). Therefore, we investigated whether a greater cardiac damage is associated with a 
thicker epicardial border zone at 14 days post-MI. We observed no correlation between the 
number of cells within the epicardial border zone and the infarct size of wt and Eng+/- 
mice (Supplementary Figure 3). Furthermore, the size of the epicardial border zone was not 
correlated to the percentage of ejection fraction (data not shown). Interestingly, however, 
the total number of cells within the epicardial border zone is negatively correlated with the 
thickness of the left ventricular wall (Figure 5I).

Our data strongly suggest that thickening of the (sub)epicardial layer is dysregulated in 
Eng+/- mice and the size of this layer correlates to the thickness of the left ventricular wall.

DipA treatment significantly alters the epicardial post-MI response 
We questioned whether we can reduce the epicardial size (thickness and number of cells) 
of Eng+/- hearts at day 14 post-MI to wt levels, given its correlation with a thinner left 
ventricular wall. The highly conserved SDF1/C-X-C motif chemokine receptor 4 (CXCR4) 
signaling axis plays an essential role in the epicardial/myocardial crosstalk during cardiac 
healing [22]. In addition, EPDCs express CXCR4 (data not shown) and TGFβ signaling 
influences the SDF1/CXCR4 axis [2, 36, 38]. 

Wt and Eng+/- mice were treated with DipA or MQ for the first 5 days following induction 
of MI (Figure 6A). DipA is a selective inhibitor of CD26/DPP4 and thereby a positive 
modulator of SDF1-CXCR4 interaction. DipA treatment has been shown to increase 
migration and homing of cells [10]. Indeed, at 4 days post-MI, DipA treatment significantly 
increased the number of MAC3+ cells localized to the epicardial border zone of Eng+/- 
animals (Supplementary Figure 4A). This suggests that DipA treatment was effective, as it 
resulted in increased homing of immune-reactive cells towards the site of injury.

We next investigated the long-term (14 days post-MI) effect of DipA administration. 
Strikingly, after DipA treatment the thickness of the epicardial border zone in Eng+/- mice 
is reduced to wt levels (Figure 6B). The reduction in epicardial size could be explained by 
a decrease in the total number of cells and was related to a significantly thicker ventricular 
wall in DipA treated Eng+/- animals (grey bars in Figure 6C-E). In contrast, in wt mice 
we observed a significant increase in the number of cells within the epicardial border zone 
and a trend towards a decrease in left ventricular wall thickness upon treatment (white bars 
in Figure 6C-E). This change in epicardial size was not due to a difference in macrophage 
percentage, since we observed no significant changes in the presence of MAC3+ cells within 
the epicardial border zone (Supplementary Figure 4B). Altogether our data demonstrate that 
systemic administration of DipA influences the epicardial phenotype. More importantly, they 
suggest that, for Eng+/- animals, DipA treatment during the first week following MI results 
in restoration of epicardial thickness to wt levels and limited left ventricular wall thinning.

Endoglin deficiency alters the epicardial response following myocardial infarction
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Figure 6. DipA treatment significantly alters the epicardial post-MI response at 14 days post-
MI. A. Overview of experiment and measured entities. Wt or Eng+/- mice were given Diprotin 
A (DipA) or control (MQ) treatment and sacrificed at day 4 and day 14 after the induction of 
MI. B. PSR stainings of the wt and Eng+/- epicardial border zone (Scale bars: 20 µm). DipA 
administration significantly decreases the thickness of the epicardium in Eng+/- mice while no 
change was observed in wt animals (n = 8-10 mice for each group).  C. PSR stainings of wt 
and Eng+/- transverse heart sections, MQ or DipA treated, showing the thickness of the left 
ventricular wall (Scale bar: 500 µm). D. DipA treatment significantly increases and decreases 
the total number of epicardial cells at border zone for wt and Eng+/- animals, respectively (n 
= 8-9 mice for each group). E. DipA treatment significantly increases the thickness of the left 
ventricular wall in Eng+/- animals (n = 5-8 mice for each group).  Data information: #: p<0.05 # 
#: p<0.01
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Discussion
The mechanisms underlying the behavior of the epicardial layer following MI are not fully 
understood which makes it difficult to use this layer as a source for repair of cardiac injury. 
Using Eng+/- mice, our data indicate an important role for endoglin in the epicardial MI-
response. Higher pSMAD1 levels in the Eng+/- epicardial layer suggest a misbalance within 
the TGFβ signaling pathway. We observed aberrant epicardial thickening in Eng+/- hearts 
which appears to occur independently of extra-cardiac cell contributions from the circulation. 
At day 4 post-MI, the Eng+/- epicardial layer harbors a higher percentage of WT1+ cells 
suggesting increased activation of this layer. In addition, the correlation between the 
thickness of the epicardial layer and ventricular wall strengthens the importance of studying 
the epicardium as a myocardial support mechanism. Moreover, in Eng+/- mice the thickness 
of the epicardial border zone and ventricular wall were reversed to wt levels upon systemic 
administration of DipA.

Besides angiogenesis, endoglin appears to be important for a fully functional immune system 
[12] and a change in the immune response may be the underlying cause of a difference 
in epicardial phenotype. Eng+/- mononuclear cells are impaired in their homing capacity 
to the infarcted heart [26, 38] and persistent inflammation was observed in Eng+/- mice 
following injury [37]. As a consequence, a thinner epicardial layer in Eng+/- animals at day 
4 could have been the result of a potential delayed immune response, while a thicker layer at 
day 14 may be due to persistent inflammation. Therefore, we cultured wt and Eng+/- hearts 
ex vivo, without the presence of circulating immune cells. Interestingly, also in culture we 
observed a thinner epicardial layer in Eng+/- compared to wt suggesting an intrinsic defect 
occurring independently of extra-cardiac cell contributions. However, we cannot exclude the 
contribution of resident immune cells. From another point of view, Huang and colleagues 
showed that inhibition of epicardial activation results in reduced number of immune cells in 
the infarcted area [21]. This observation suggests that the defects in MI-induced inflammation 
in Eng+/- mice may also be caused by aberrant epicardial behavior. However, future studies 
will be required to dissect a potential cross-talk between the epicardium and immune-system 
in more detail.

After MI, the epicardium lining the infarct area is lost. Cells from the epicardial border zones 
proliferate and gradually close the (epicardial) gap, ultimately covering the infarct surface 
with a WT1+ epicardial layer [43]. At 4 days following MI, Eng+/- hearts had a higher 
percentage of their cardiac circumference covered with a WT1+ layer which may be related 
to an increased migration rate of EPDCs upon partial loss of endoglin. Increased migration of 
EPDCs may result a faster closure of the epicardial gap in Eng+/- mice and as a consequence 
a higher coverage of the infarcted heart with a WT1+ epicardial layer.

A higher percentage of WT1+ cells results in an altered composition of the Eng+/- epicardial 
layer compared to wt animals which may cause paracrine changes in the cardiac environment. 
The transcription factor WT1 is, besides a marker for epicardial activation, an important 
regulator of epicardial EMT [5, 14, 17, 33, 42]. Upon activation, epicardial cells undergo 
EMT and form the subepicardium. When EPDCs go through EMT, they lose their nuclear 
expression of WT1 [5]. A higher percentage of WT1+ cells within the epicardial layer may 
indicate increased activation or affected transition through EMT causing Eng+/- EPDCs to 
remain in a WT1+ stadium for an extended period of time. Alternatively, potential increased 
migration of WT1-EPDCs into the underlying myocardium may result in a thinner epicardial 
layer and as a consequence a higher proportion of WT1+ cells within this layer. Which of 
these mechanisms underlie the altered size and composition of the Eng+/- epicardial layer 
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shortly after MI is an important aspect of future research.

Partial loss of endoglin can have both a detrimental and beneficial effect on heart function 
which appears to be dependent on the underlying cause of the disease [23, 26]. In a mouse 
model of pressure-overload induced heart failure, endoglin deficiency has been shown to 
preserve left ventricular function resulting in increased survival [23]. Our data suggest 
that there is a correlation between the number of cells within the (sub)epicardial layer and 
thickness of the left ventricular wall. A defect in the epicardial response following MI has 
been reported to result in ventricular dilatation and reduced cardiac performance [13]. 
Therefore, an increase in epicardial size may be the underlying cause of a thinner ventricular 
wall. However, a thicker epicardial layer may also be a protective mechanism contributing 
to reducing heart failure and cardiac rupture. Whether the observed changes in epicardial 
behavior upon partial loss of endoglin are beneficial for cardiac repair remains subject to 
future studies.

The epicardium plays an important role as a myocardial support mechanism. The correlation 
between the size of the epicardial layer and left ventricular wall may indeed suggest a 
dialog with the underlying myocardium. The SDF1/CXCR4 axis has been proposed to be an 
important endogenous pathway involved in epicardial-myocardial crosstalk [22]. Upon MI, 
SDF1 is upregulated in the myocardium [4] and EPDCs are able to migrate towards the SDF1 
chemokine [39]. Our data suggest that enhancing this pathway, via DipA treatment, results 
in fewer epicardial cells within the epicardial region. This might point towards, besides a 
potential alteration in the extra-cardiac cell contribution, an increased homing of EPDCs 
towards the underlying diseased myocardium. DipA treatment could increase the migration 
ability of EPDCs in the direction of myocardial SDF1 via the inhibition of its catalytic 
enzyme, DPP4. In this context, it is interesting to note that human Eng+/- mononuclear 
cells have a misbalanced SDF1/CXCR4 axis resulting in reduced homing towards a SDF1 
gradient. In addition, DipA pre-treatment of these human Eng+/- mononuclear cells enhanced 
their homing capacity towards to injured myocardium upon injection into the tail vein [38]. 

The epicardium plays an important role following cardiac injury. This layer has been 
proposed to serve as an endogenous source of cardiovascular cell types and/or support the 
myocardium via paracrine signaling, both during the early phase following injury as during 
scar modulation [40]. In conclusion, our data give an insight in epicardial behavior following 
injury and suggest that endoglin is an important player in this context. These new insights may 
help in exploiting the epicardium as a therapeutic target for cardiac repair and regeneration.
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Supplementary figures

Supplementary Figure 1: Infarct size is equal between wt and Eng+/- hearts. A. In PSR stainings, 
the infarct area is outlined by a dashed line and the periphery of the infarct is indicated by a green 
dashed line. Scale bars: 500 µm. B,C. At 4 days post-MI, B. Wt and Eng+/- mice have an equal 
infarct size (n = 5 mice for each group).  and C. no difference in the infarct periphery (n = 8-10 
mice for each group)
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Supplementary Figure 2: Epicardial blood vessel content at 14 days post-MI. The presence of 
blood vessels within the epicardial border zone was quantified in alpha smooth muscle actin 
(αSMA) and platelet and endothelial cell adhesion molecule 1 (PECAM1) co-stainings. The 
dashed lines indicate the border between myocardium, (sub)epicardium and pericardium. Scale 
bars: 20 µm. Epi: (sub)epicardium, Myo: myocardium and Peri: pericardium

Supplementary Figure 3: Size of the epicardial border zone is not correlated with infarct size. 
Plotting the infarct size of wt and Eng+/- mice at day 14 post-MI against the number of cells 
within the epicardial border zone shows that there is no correlation. Eng+/- mice are depicted in 
grey/square data points (n = 7-8 mice for each group)
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Supplementary Figure 4: Percentage of MAC3+ cells within the epicardial border zone upon 
DipA administration. A. MAC3+ cells in the (sub)epicardial border zone, 4 days post-MI. DipA 
treatment only significantly increases the percentage of MAC3+ cells within the Eng+/- epicardial 
border zone (n = 6-10 mice for each group). B. MAC3+ cells in the (sub)epicardial border zone, 
14 days post-MI. At 14 days, no difference was observed in the percentage of MAC3+ cells within 
the epicardial border zone upon treatment for both wt and Eng+/- mice (n = 4-7 mice for each 
group). Data information: # #: p<0.01




