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Endoglin (ENG, also known as CD105) is a transforming growth factor β (TGFβ) associated 
receptor and is required for both vasculogenesis and angiogenesis. Angiogenesis is important 
in the development of cerebral vasculature and in the pathogenesis of cerebral vascular 
diseases. ENG is an essential component of the endothelial nitric oxide synthase activation 
complex. Animal studies showed that ENG deficiency impairs stroke recovery. ENG deficiency 
also impairs the regulation of vascular tone, which contributes to the pathogenesis of brain 
arteriovenous malformation (bAVM) and vasospasm. In human, functional haploinsufficiency 
of ENG gene causes type I hereditary hemorrhagic telangiectasia (HHT1), an autosomal 
dominant disorder. Compared to normal population, HHT1 patients have a higher prevalence 
of AVM in multiple organs including the brain. Vessels in bAVM are fragile and tend to 
rupture, causing hemorrhagic stroke. High prevalence of pulmonary AVM in HHT1 patients 
are associated with a higher incidence of paradoxical embolism in the cerebral circulation 
causing ischemic brain injury. Therefore, HHT1 patients are at risk for both hemorrhagic and 
ischemic stroke. This review summarizes the possible mechanism of ENG in the pathogenesis 
of cerebrovascular diseases in experimental animal models and in patients.
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INTRODUCTION

In human, endoglin gene (ENG, or CD105) is located 
on chromosome 9q34.11. It is a type III transforming 
growth factor β (TGFβ) receptor interacting with 
TGFβRI (TGFβ receptor, type I) and/or TGFβRII 
(TGFβ receptor, type II)[1]. In the endothelium, ENG 
interacts with the activin receptor-like kinase 1 (ALK1 
or ACVRL1), a type 1 TGFβR. ENG binds with TGFβ1 
and TGFβ3 with high affinity in the presence of other 
TGFRs but not with TGFβ2[1-4]. ENG also binds to 
activin-A, bone morphogenetic protein 2 (BMP2) and 
BMP7[1]. Protein studies suggested that ENG plays 
an important role in modulating the TGFβ signaling 
pathway[4].

ENG gene expresses in many cell types, including 
endothelial cells [5,6],  activated monocytes and 
macrophages[7], mesenchymal cells, fibroblasts[8], and 
vascular smooth muscle cells [Table 1][9,10]. Animals 
studies have revealed that ENG may be dispensable 
during vasculogenesis, a process from which primary 
capillary plexus is formed; but ENG is required in 
angiogenesis, a process that remodels the primary 
endothelial network into a mature circulatory system[11,12]. 
Immunohistochemical analysis showed that in normal 
human brain, ENG is expressed in the endothelial 
cells of brain vessels, as well as the endothelial 
and adventitial layers of leptomeningeal arteries 
[Table 1] [13]. ENG expression is upregulated in 
endothelial cells during wound healing and tumor 
vascularization, and in inflammatory tissues and 
developing embryos[1,14,15], indicating that ENG is an 
endothelial proliferation marker[16,17].

Ischemic stroke is caused by occlusion of a cerebral 
artery. After ischemic stroke, blood supply to the 
affected brain tissue is reduced, which leads to 
oxygen deprivation to brain cells. Ischemia induces a 
significant increase in microvascular density, a sign 
of angiogenesis, in the penumbra of the cerebral 
infarct[18]. The degree of increased vessel-density in 
the ischemic penumbra is positively correlated with 

Tissue Tissue samples Cell lines
Brain Humanendothelium[13]

Human adventitia[13]

Non-brain Human placenta[6]

Human spleen[7]

Murine ovary and uterus[8]

Murine heart[8]

Murine muscle[8]

Murine placenta[8]

Murine spleen[8]

HUVEC[5]

HOON[6]

U-937[6,7]

HL-60[7]

Cultured monocytes[7]

NCTC-2071[8]

VSMC[9]

HASMC[10]

Table 1: Summary of ENG expression patterns in tissue 
and cell lines

the survival rate of stroke patients[19]. In addition, 
increased angiogenesis was associated improvement 
of functional outcome in both animal models and 
stroke patients[20-23].

Mutations in the ENG gene are associated with type 1 
hereditary hemorrhagic telangiectasia (HHT)[24], also 
known as Osler-Rendu-Weber Syndrome. HHT is an 
autosomal dominant disease. The clinical features of 
HHT patients are telangiectases in mucocutaneous 
membrane and arteriovenous malformation (AVM) 
in multiple organs, including the skin, liver, lung, 
intestine and brain. AVMs are abnormal vessels that 
shunt blood directly from arteries to veins[25]. Brain 
AVM (bAVM) tends to rupture, which can cause life-
threatening intracranial hemorrhage and hemorrhagic 
stroke[25]. Hemorrhage from bAVM can also cause 
long-term disability. Elevated levels of angiogenic 
factors including vascular endothelial growth factor 
(VEGF) were found in sporadic bAVM patients[26,27]. 
High levels of VEGF are also associated with increase 
of blood-brain barrier (BBB) permeability and bAVM 
hemorrhage[27-29]. Similarly, HHT patients that have a 
higher incidence of AVMs in multiple organs also have 
an increased level of plasma VEGF[30]. All of these 
evidence suggest that angiogenesis is involved in the 
pathogenesis of bAVM.

S inc e  ENG p lays  an  impo r t an t  r o l e  i n  t he 
angiogenesis, in this review, we summarize the 
inf luences of ENG on endothelial function and 
the angiogenesis, as well as how ENG-deficiency 
contributes to the pathogenesis of cerebrovascular 
diseases, including ischemic stroke and intra-cranial 
hemorrhage, as well as cerebrovascular malformation, 
stenosis and occlusion.

THE FUNCTION OF ENG GENE IN 
ANGIOGENESIS

To study the functional role of ENG in development, 
Eng gene knockout mice were generated[11,31]. 
Homozygous deletion of Eng gene in mice causes 
embryonic death by E10.5-11.5[11,31]. The endothelial 
cells derived from ENG deficient human embryonic 
stem cells failed to organize effectively into tubular 
structures in vitro[12]. VEGF induced vascular network 
was also reducedin the metatarsal bone of Eng 
heterozygous knockout (Eng -/-) mouse embryo[12]. 
Consistently, depletion or inhibition of ENG gene in 
human endothelial cells mitigated VEGF-induced 
angiogenesis[12]. These findings suggest that ENG 
is required for the differentiation and sprouting of 
endothelial tubes, which are important processes of 
angiogenesis.
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ENG also mediates endothelial -mesenchymal 
communication during angiogenesis[11,32,33]. The 
recruitment of vascular smooth muscle cells and 
pericytes to newly formed vascular network is 
impaired in Eng deficient mouse embryos[11].

ENG DEFICIENCY IS AN IMPORTANT RISK 
FACTOR FOR BOTH HEMORRHAGIC AND 
ISCHEMIC STROKES

As mentioned in previous sections, ENG deficiency 
is associated with HHT1, a familial disease that has 
bAVM as one of its major phenotypes. Brain AVM 
contains abnormal vessels, that are prone to rupture, 
causing intracranial hemorrhage and hemorrhagic 
stroke. In addition, patients with ENG deficiency 
(HHT1) have a higher incidence of pulmonary AVM 
(PAVM), which is associated with a high incidence 
of paradoxical embolism in the cerebral circulation 
and ischemic brain injury[34]. To understand bAVM 
pathogenesis and to develop therapeutic strategies, 
many Eng deficient mouse models were generated. 
Using these animal models, we are able to elucidate 
bAVM pathogenesis and test new therapies.

Since homozygous de let ion of  Eng  gene in 
mouse causes embryonic lethality[11,31], mice with 
heterozygous deletion of Eng (Eng+/-)[31] are used to 
study the pathogenesis of HHT patients. Eng+/- mice 
exhibit many phenotypes that resemble those of HHT1 
patients, including mucocutaneous telangiectases, 
external bleeding, and AVMs in the liver, lung, brain 
and gastrointestine[35]. Enlarged cerebrovascular 
structure was found in some Eng+/- mice with evidence 
of hemorrhage[35]. However, penetrance of bAVM in 
Eng+/- mice is very low, only 7%[35], suggesting that 
heterozygous Eng deletion alone is not sufficient to 
cause bAVM formation. In addition, the differences 
of the penetration of HHT phenotypes in 129/Ola and 
C57BL/6 Eng+/- mice suggests that modifier genes 
are contributing to the severity and heterogeneity of 
AVMs in HHT patients[35].

Based on clinical studies, we and others found that 
VEGF levels are increased in the plasma of HHT 
patients and in surgically resected sporadic human 
bAVM specimens[26,27,30]. The intensity of VEGF 
staining is also correlated with microvessel density 
in nasal mucosa from HHT patients[36]. Together, 
abnormally high level of VEGF appears to be a 
fundamental part of AVM pathophysiology[25,30,37-39]. 
Based on these studies, we overexpressed VEGF 
in the mouse brain in conjunction with Eng deletion 
to generate bAVM models. In adult Eng+/- mice, 
intra-brain injection of an adeno-associated viral 

vector expressing VEGF (AAV-VEGF) significantly 
increased the penetrance of cerebrovascular 
abnormality[40]. Almost all-adult Eng+/- mice that 
received intra-brain injection of AAV-VEGF showed 
cerebrovascular abnormality[40]. However, unlike 
HHT1 patients, the vascular abnormality in Eng+/- 
mice is at the capillary level.

Bone marrow-derived cells can infiltrate into the brain 
angiogenic region. We found that macrophages are 
the major bone marrow-derived cells recruited to the 
brain angiogenic foci[41]. Since the accumulation of 
bone marrow-derived macrophage in VEGF-induced 
brain angiogenic regions peaks earlier than the 
increase of vessel density, macrophages likely play a 
role in angiogenesis.

Using Eng+/- mice, the influence of bone marrow 
derived cells in the development of bAVM has been 
studied. Transplantation of Eng+/- bone marrow to 
wild type mice induced vascular dysplasia in the 
brain angiogenic regions, while transplantation of 
wild type bone marrow to Eng+/- mice reduced the 
severity of vascular dysplasia in the brain angiogenic 
foci of Eng+/- mice[42]. These data suggested that Eng 
gene mutation in bone marrow cells cause vascular 
dysplasia. Importantly, these data suggested that 
transplantation of normal bone marrow cells to bAVM 
patients could be a therapeutic option.

Although we were able to induce vascular dysplasia 
in the brain of Eng+/- mice by overexpression of 
VEGF, arteriovenous shunts were not detected in 
these mice. Studies have shown that a combination 
of homozygous Eng inactivation and additional 
stimulations are needed for robust bAVM formation. 
Genetic studies also indicated that mutations of Eng 
modifier genes contribute to AVM formation[43,44].

To avoid embryonic death caused by homozygous 
Eng deletion, Allinson et al.[45] generated an Eng-
f loxed (Eng 2f/2 f) mouse line that have the Eng 
gene exons 5-6 flanked by loxP sites. When Cre 
recombinase is present, the DNA sequence between 
the loxPsites wil l be deleted. To test whether 
homozygous Eng gene deletion plus angiogenic 
stimulation can initiate bAVM formation, an adeno 
virus expressing Cre recombinase (Ad-Cre) and 
AAV-VEGF were co-injected into the brain of Eng2f/2f 
mice[45,46] to induce brain focal Eng gene deletion 
and angiogenesis. Eng2f/2f mice with focal Eng gene 
deletion and angiogenic stimulation developed 
vascular dysplasia beyond the capillary level around 
the AAV-VEGF injection site eight weeks after the 
vector injection[46]. Robust bAVM have also developed 
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in the AAV-VEGF induced brain angiogenic region in 
mice subjected to global Eng deletion at the age of 
8 weeks old[47]. The bAVM phenotype in these mice 
highly resembled the phenotype of human bAVM[47]. 
Furthermore, Eng-null endothelial cells were found 
in the dysplastic vessels in the bAVM lesion[47]. Our 
studies are consistent with the studies on skin AVM 
development, and support the notion that an injury 
(angiogenic stimulation) is needed to induce bAVM.

Eng-deficient bAVM mouse models have been used 
to analyze the function of macrophages during bAVM 
pathogenesis. Although Eng deficiency has been 
shown to impair monocyte migration into injured 
tissue[48-50], an increased number of bone barrow-
derived macrophages and activated residential microglia 
was found in the bAVM lesion in mouse and human. 
Compared with normal macrophages, Eng-deficient 
macrophages show slower but more persistent infiltration 
into the brain angiogenic regions[51]. Delayed clearance 
of macrophages and persistent inflammation could 
exaggerate abnormal vascular phenotypes in bAVM[51].

In addition to conditional knockout of Eng gene in 
adult mice, several cell-specific cre transgenic mouse 
lines have been used to induction of Eng deletion 
in specific cell-types. For example, the promoter of 
SM22α (smooth muscle actin) is used express cre 
in smooth muscle specifically. Although SM22α is 
predominantly expressed in smooth muscle cells in 
normal mice, Cre expression driven by the SM22α 
promoter in this transgenic mouse line was also found 
in other cell types, including endothelial cells[52,53]. 
SM22α Cre; Eng2f/2f mice have Eng gene deleted in 
the SM22α expressing cells during the embryonic 
developmental stage. We found 90% of SM22α Cre; 
Eng2f/2f mice have spontaneously developed bAVM 
by 5 weeks of age and 50% of them died by 6 weeks 
of age[47]. BAVM lesions varied in size and location 
in these mice[47]. In addition to bAVMs, some of 
SM22α Cre; Eng2f/2f mice also developed spinal and 
intestinal AVMs[47]. Because AVM develops in this 
mouse line spontaneously without exogenous VEGF 
stimulation, this model is an ideal model for testing 
new therapeutic strategies.

As mentioned above, Eng gene not only expresses in 
endothelial cells[5,6], but also expresses in activated 
monocytes/macrophages[7], mesenchymal cells, 
fibroblasts[8], and smooth muscle cells[9,10]. Using 
transgenes that express cre specific cell-types, the 
Eng gene was conditionally deleted in different cell 
types in adult mice to determine which cell type is 
most crucial for AVM development[54,55]. In SclCreER; 
Eng2f/2f mice, which have Eng deleted in endothelial 

cells only, AVM formed in the skin around the ear 
wound and back wound[54,55]. We found that bAVM 
develops in the brain angiogenic region in Pdgfb-
iCreER; Eng2f/2f mice that have Eng gene deletion 
specif ically in endothelial cells. Myh11CreER-
mediated Eng deletion in smooth muscle cells in adult 
mice did not cause AVM formation in the wound area 
of the skin[54]. Furthermore, LysMCre; Eng2f/2f mice, 
which have Eng deleted in macrophages, did not 
develop AVM in any organ and in the brain angiogenic 
regions[47]. These studies indicate that Eng deletion in 
endothelial cells is essential for AVM formation in the 
brain and other organs[47,54].

Eng-deficient bAVM mouse models were valuable 
resources to test new therapies for the treatment 
of bAVM. Current treatments for bAVM are mostly 
invasive and associated with high morbidities and 
mortalities[56]. Since high VEGF level is involved in the 
pathogenesis of bAVM, we have tested the feasibility 
of use soluble FMS-like tyrosine kinase 1 (sFLT1) 
gene therapy to treat bAVM. Soluble FLT1 is an 
alternative transcript of FLT1 (or VEGFR1) containing 
only the extracellular domains of the receptor. 
Soluble FLT1 binds VEGF with high affinity in tissue, 
reduces VEGF signaling through its membrane-
bound receptors, and thus inhibits VEGF-induced 
angiogenesis[14]. Systemic delivery of AAV9-sFLT1 
into a bAVM mouse model that has Eng gene deleted 
globally reduced abnormal vessels in the bAVM 
region[57]. Intravenous delivery of AAV9-sFLT1 to 
SM22α Cre; Eng2f/2f[57] mice that have spontaneously 
developed bAVMs reduced mortality and bAVM 
penetrance[57]. This study demonstrated that mouse 
models are important tools to test new therapies.

HYPOXIA INDUCES ENG EXPRESSION

Hypoxia induces the expression of ENG in human and 
mouse brain microvascular endothelial cells[16,22,58], 
which ameliorates endothelial cells apoptosis regardless 
of the presence or absence of TGFβ[59]. During hypoxia 
stress, TGFβ induces apoptosis of endothelial 
cells[60,61], but reduces the death of  neurons[62] and 
vascular smooth muscle cells[61]. Therefore, ENG is 
likely to antagonize the inhibitory effects of TGFβ1 
on human vascular endothelial cells[17,63] and protect 
endothelial cells against apoptosis via TGFβ signaling 
or other independent pathways[59].

Under hypoxia conditions, ENG expression increases 
in many cell-types, such as, human microvascular 
endothelial cells-1 (HMEC-1) and monocytic U-937 
cell. It is likely that hypoxia regulates ENG expression 
through crosstalk of several signaling pathways[58]. 
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The transcriptional regulation of ENG expression under 
hypoxia condition was studied by a reporter assay 
using HeLa cells, and by the electrophoretic mobility 
shift assay (EMSA) using human umbilical cord vein 
endothelial cells (HUVECs). These assays confirmed 
the presence of a hypoxia response element (HRE) 
in the enhancer region of ENG gene[64]. Therefore, 
ENG expression can be induced by hypoxia through 
hypoxia-inducible factor-1 (HIF-1). A subsequent study 
suggested that hypoxic induction of Eng expression in 
bEnd.3 (a mouse brain endothelial cell line) cells was 
activated through ERK-p38 MAPK and JNK pathway[16], 
instead of HIF-1[58]. In addition, Smad3 was reported to 
interact with HIF proteins to induce the overexpression 
of ENG[64]. Although these studies implicated links 
among multiple factors, further studies are required to 
better elucidate the exact transcriptional regulation of 
ENG expression under hypoxia conditions.

ENG EXPRESSION IS UPREGULATED AFTER 
STROKE INJURY

Previous studies revealed that ENG was highly 
expressed in the penumbra region of human stroke 
lesion, where an increase of angiogenesis was 
found[22]. However, it was not clear at that time 
whether the angiogenesis was beneficial. In acute 
ischemic stroke patients, there is a robust mobilization 
of immature hematopoietic cells, colony-forming cells 
and long-term culture initiating cells[65]. It has been 
suggested that the degree of immature hematopoietic 
cell mobilization is directly correlated with the 
recovery of neurological function[66,67]. An increase of 
ENG positive micro-particles including exosomes and 
shedding vesicles, which are small vesicles released 
by specif ic cells (endothelial or MSC) [68], were 
detected in patients’ sera collected 3 days after stroke 
compared to that of healthy people[69]. Certain types 
of ENG positive micro-particles increased further 
in stroke patients with severe disability. The ENG 
positive micro-particles decreased gradually after the 
initial increases[69]. The number of these circulating 
ENG positive micro-particles was positively correlated 
with the stroke severity, even after adjusting for 
other demographic and clinical variables, such 
as hypotension and other stroke comorbidities[69]. 
Similarly, ENG positive circulating micro-particles 
released from endothelial cells were also increased in 
patients with acute ischemic stroke. The increase of 
ENG positive cells was positively associated with the 
severity of neurological function at hospital admission, 
larger brain lesion volume and unfavorable functional 
outcome at hospital discharge[70]. The increased level 
of circulating ENG positive micro-particles after acute 
stroke may have been caused by either increased 

circulating cells as a self-repair response to stroke 
or a sign of increased apoptosis of circulating cells in 
response to hypoxic conditions[69].

The role of ENG in stroke injury is complex, and is 
influenced by the local microenvironment. Constitutive 
expression of ENG enhances the TGFβ signaling 
and promotes new vessel wall remodeling[11]. ENG 
overexpression also protects against TGFβ-induced 
apoptosis of endothelial cells[17,59]. Reduction of vascular 
cell-apoptosis after hypoxia improves blood supply to 
ischemic tissue[58,71]. Increase of ENG expression in 
endothelial cells could also be hazardous, because 
BBB permeability was increased in some of the 
capillaries that express high level of ENG, which 
was accompanied with mononuclear cell infiltration 
in the surrounding brain tissues[72]. These findings 
suggests that pronounced ENG overexpression might 
impair vessel wall integrity. Alternatively, lack of ENG 
expression may indicate severe vessel damage[72]. 
ENG and TGFβ are involved in the pathogenesis of 
post-ischemic brain injury in human. Abnormal ENG 
and TGFβfunction might lead to long-term neurological 
deterioration or cognitive disturbance after acute 
ischemic stroke[72,73]. Homeostasis of ENG expression 
is crucial for maintaining normal angiogenesis, vascular 
remodeling and reduction of stoke injury.

THE EFFECT OF ENG DEFICIENCY IN 
ISCHEMIC STROKE INJURY

The survival of neurons in peri-infarcted regions 
is associated with the extent of patient recovery 
after stroke[74]. Nutrient supply supporting neuron 
survival is carried through blood. Higher microvessel 
density in the peri-infarct region is associated with 
lower morbidity and mortality[22]. Hypoxia-induced 
angiogenesis increases blood f low and oxygen 
delivery to ischemic tissues, which contributes to the 
recovery after stroke[28].

Angiogenesis occurs in human brain after stroke. 
Through examining human postmortem brain samples 
with ischemic infarcts caused by occlusive vascular 
diseases, capillary networks with regular connection 
and micro-vessels were found in the brain samples 
of patients who died within one week after stroke, 
and the neo-vasculature was in filled with blood in 
the brain samples collected from patients that died 
2-3 weeks after stroke[75]. The micro-vessel density 
remains higher in the infarct area compared with the 
corresponding contralateral side three months after 
stroke[22]. Increased vessel density restores cerebral 
blood flow, salvages ischemic tissue, enhances 
neuronal survival and improves functional recovery of 
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stroke survivors[76].

ENG is expressed in proliferating vascular endothelial 
cells[77] and is elevated in inflammatory tissue and 
healing wound[78]. In patients, somepro-angiogenic 
genes, including Tie-2, matrix metalloproteinase-2 
(MMP-2), tissue inhibitor of matrix metalloproteinase-1 
(TIMP-1), hepatocyte growth factor-α (HGF-α) and 
monocyte chemoattractant protein-1 (MCP-1), were 
upregulated in ENG expressing micro-vessels 
in stroke affected tissue. These key angiogenic 
elements play important roles in endothelial cell 
migration, differentiation and tube-formation, as well 
as vessel stabilization and stem cell homing into the 
region of angiogenesis and revascularization[79].

In Eng deficient mice (Eng+/- mice), the functional 
performance after stroke was poorer than wild type 
animal both in the acute phase and the sub-chronic 
stage (one month after stroke), suggesting that 
there is an association between delayed functional 
recovery and Eng deficiency[50]. The infarct volume 
and atrophic volume are larger in Eng+/- mice[50]. 
The density of micro-vessels within the infarct and 
peri-infarct region are lower in Eng+/- mice than wild 
type mice[50,80]. In vitro study showed that Eng+/– 
endothelial cells express a lower level of VEGF[81] 
compared to that of wild type endothelial cells. 
Eng+/– macrophages express lower levels of VEGF 
receptor 1 (VEGFR1) and 2 (VEGFR2) at the baseline 
and lower level of VEGFR2 after VEGF stimulation 
than wild type macrophages[42]. Although Eng+/– 
macrophages and wild type macrophages express 
similar levels of MMP9 at the baseline, unlike in 
wild type macrophages, the expression of MMP9 
did not increase in Eng+/– macrophages after VEGF 
treatment[42]. In the brain of Eng+/– mice, VEGF-
induced upregulation of VEGFR2 expression was also 
impaired[82]. Together, these data suggest a reduced 
angiogenic response in the absence of normal Eng 
function may be responsible for the impairment of 
tissue repair in Eng deficient mice after experimental 
stroke.

In addition, our study suggested that Eng deficiency 
is associated with impairment of macrophage 
recruitment and clearance in the peri-infarct area 
during stroke recovery[50]. Eng expression was 
upregulated during the transition from monocyte to 
macrophage[7]. Eng deficiency in endothelial cell 
reduced adhesion and transmigration of leukocytes 
in response to ischemic injury[83]. Recruitment of 
monocytes to the infarcted tissue and subsequent 
vessel formation was severely impaired in HHT1 
patients (who have ENG haploinsuf f iciency)[80] 

suggesting that ENG deficiency impairs monocyte 
adhesion and migration. In the acute phase (3 days) 
of stroke, Eng deficient mice had fewer macrophages 
in the peri-infarct region[50]. However, at 60 days after 
stroke, a time that is considered as recovery stage, 
there was an increase number of macrophage in 
the peri-infarct region of Eng deficient animals[50], 
suggesting a delayed homing and clearance of over-
activated macrophage. However, the roles of post-
ischemic inflammation might be bidirectional[84]. The 
inflammatory response after ischemic stroke could 
contribute to a secondary brain injury, because the 
influx of inflammatory cells amplifies brain cell death. 
On the other hand, inflammation also facilitated the 
clearance of damaged tissues and promoted tissue 
repair[85]. Therefore, the consequences of impaired 
macrophage in homing and clearance in the stroke 
tissue require further studied.

Interestingly, Eng+/– mice had severer brain injury 
than wild type mice since the first day of experimental 
stroke[50], which could not be explained by impaired 
tissue repair. As discussed in above, hypoxia induce 
endothelial Eng expression, which prevents hypoxia-
induced apoptosis of endothelial cells. Therefore, 
vascular damage in Eng+/– mice could be more 
severe than in wild type mice after ischemic injury. In 
addition, Eng haploinsufficiency has been shown to 
be associated with reduced production of nitric oxide 
and increased production of superoxide under eNOS 
induction[86]. Nitric oxide produced by endothelial 
cell induces vascular relaxation[87]. Bioavailability 
of nitric oxide is lower in Eng+/– mice than in wild 
type mice[88]. Enhancing superoxide production in 
Eng deficient mice reduces vascular relaxation, and 
increases vessel damage and oxidative stress, all of 
which increases brain injury during the acute stage of 
ischemic stroke.

Since ENG plays an important role in angiogenesis 
and lack of ENG dampens angiogenesis, therapeutic 
stimulation of ENG could promote angiogenesis, 
vascular remodeling and improve stroke recovery, 
as well as reduce morbidity and mortality of stroke 
patients.

CIRCULATING SOLUBLE ENG MODULATES 
CEREBRAL VASCULAR REMODELING 
AND PLAYS ROLES IN VASOSPASM AFTER 
SUBARACHNOID HEMORRHAGE

Soluble ENG (sENG) is an alternative transcript of 
ENG gene, which contains only the extracellular 
domain of the full-length ENG. Soluble ENG enters 
the circulation in various conditions that related to 
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the endothelial injury, activation, inflammation and 
senescence[89]. Our group showed that sENG level is 
increased in the surgical resected human bAVMs[90]. 
We have also shown that co-injection of an adenoviral 
vector expressing sENG with AAV-VEGF into mouse 
brains caused capillary dysplasia. It is still unclear 
how overexpression of sENG causes cerebrovascular 
malformation. One of the possibilities is that circulating 
sENG acts as a decoy inhibiting the effect of ENG 
on the endothelium, leading to vascular malformation 
during angiogenesis.

Nitric oxide (NO) is a potent vascular smooth muscle 
relaxant, which is synthesized by the vascular 
endothelium. Eng+/- mice have a lower level of NO 
metabolites (nitrites) in the plasma and in the urine 
than that of wild type mice[91], suggesting that the 
NO level is lower in Eng deficient animals. The 
hypotensive and vasodilatory response induced 
by endothelium-dependent vasodilators was less 
intensive in Eng+/- mice than wild type mice. However, 
the difference of this vasodilation effect between 
Eng+/- mice and wild type mice disappeared after NO 
synthesis was inhibited[91]. These findings suggested 
that the NO level or the subsequent vessel response 
to NO is reduced in Eng+/- mice. However, after 
eliminating the endogenous NO, the vasodilatory 
effect induced by exogenous NO donor (nitroprusside) 
was similar in Eng+/- and wild type mice [91]. The 
peripheral progenitor cells of HHT patients expresses 
lower level of eNOS (endothelial nitric oxide synthase) 
mRNA[92]. Endothelial NOS produces NO in response 
to humoral and mechanical st imuli.  However, 
resistance arteries in Eng+/- mice displayed an eNOS-
dependent impairment in the myogenic response 
(normal resistance arteries contract in response to 
increases of perfusion pressure) despite of a reduced 
eNOS level. Eng deficient endothelial cells had 
uncoupled eNOS, which produce less NO but more 
superoxide[86]. Taken together, these studies indicate 
a role of Eng in the regulation of vascular tone.

Cerebral vasospasm is one of the most common 
complications of subarachnoid hemorrhage (SAH) and 
is associated with high morbidity and mortality. NO is 
found to be an important mediator of vasospasm[93]. The 
potential role of ENG on the production of NO suggests 
that ENG might be associated with vasospasm after 
SAH. In patients with SAH, the level of sENG increased 
in the cerebrospinal fluid (CSF) and decreased in the 
serum[94,95]. In the subgroup with cerebral infarction due 
to post-SAH vasospasm, the level of sENG was higher 
in the CSF and lower in the serum than the patients 
who did not have post-SAH cerebral infarction[94,95]. The 
level of sENG during the first two weeks of SAH might 

be a predictive factor for the long-term outcome, such 
as, 6 months after SAH[95]. Similar to sENG, the ENG 
positive endothelial micro-particles were increased in 
SAH patients with vasospasm[96].

Soluble ENG are present in both healthy people 
and patients with pathological conditions (such as 
preeclampsia and SAH)[89]. Several studies suggest 
that sENG is a naturally occurring antagonist of 
TGFβ[97]. In contrast to the lower level of sENG, the 
level of TGFβ1 in the serum was higher in patients 
with vasospasm af ter SAH than those without 
vasospasm[95]. Moreover, sENG interferes the binding 
between TGFβ1 and its receptors [89]. TGFβ1 has 
been suggested to be involved in eNOS activation[89]. 
Therefore, the reduced sENG levels in patients with post-
SAH vasospasm might reflect an impaired production 
of vasorelaxant factors, such as NO. However, there 
is no direct evidence supporting the cause-and-effect 
relationship between vasospasm and sENG. Further 
studies of post-SAH vasospasm in Eng-deficient mice 
might be helpful in exploring the association of sENG 
and vasorelaxation.

I n te res t i ng l y,  t he  c hanges  o f  sENG in  t he 
cerebrospinal fluid (CSF) and the serum of patients 
with SAH and vasospasm are opposite [94,95]. In 
patients with Doppler sonographic vasospasm, the 
serum level of sENG was similar to those without 
vasospasm[95]. However, the serum level of sENG 
was reduced in patients with cerebral infarction due to 
severe vasospasm and hydrocephalus[95], suggesting 
that the sENG level in the serum might beserved 
as a biomarker for cerebral ischemia subsequent 
to vasospasm. Cerebral hypo-perfusion or hypoxia 
could induce increases of focal expression of ENG 
and might contribute to the increase of sENG in the 
CSF of patients with vasospasm. Both extravasation 
of sENG from blood or intrathecal production of sENG 
could cause the increase of sENG in the CSF and 
decrease of sENG in the plasma. Further studies are 
needed to ravel the origin of sENG during post-SAH 
vasospasm.

Although it is not clear how ENG-positive micro-
par ticles and sENG increased in patients with 
post-SAH vasospasm, the results of these studies 
indicated that, the circulating sENG is a promising 
biomarker for cerebral vasospasm after SAH.

ALTERNATIONS OF ENG EXPRESSION 
IN ATHEROSCLEROTIC PLAQUES AND 
STENOTIC CEREBRAL VESSELS

Carotid atherosclerotic stenosis is a major cause of 
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ischemic stroke. As mentioned in earlier sections, 
ENG is expressed mainly in endothelial cells, 
smooth muscle cells and macrophages, which are 
the three major cells involved in the pathogenesis 
of atherosclerosis[10]. The expression of ENG is very 
low in normal human arteries and is restricted to 
the endothelial cells of adventitial microvessels[10]. 
In contrast, higher ENG expression is present in the 
advanced atherosclerotic plaque of human patients[10]. 
The site of ENG expression are slightly difference 
between atherosclerotic plaques in carotid arteries 
and aorta. In aortic atherosclerotic plaque, ENG is 
predominantly expressed in smooth muscle cells. 
However, in carotid plaque, ENG is expressed in 
endothelial cells of neo-vessels within the lipid core 
and plaque shoulders[98]. ENG expression is higher in 
carotid plaque containing higher levels of collagen and 
lessintra-plaque thrombi, which are characteristics 
of stable plaques[99]. These evidence indicate that 
ENG may promote the formation of intra-plaque neo-
vessels and collagen and reduce the vessel leakage 
and hemorrhage. However, ENG expression in the 
neo-vessels of  carotid atherosclerosis has  also been 
found to be positively correlated with the advanced 
grade of plaques[100]. The distinct ENG expression 
patterns in different types of plaques suggest that 
ENG might play dif ferent roles in the course of 
atherogenesis progression.

Atorvastatin is a drug to treat carotid atherosclerotic 
plague. In a mouse model of atherosclerosis, 
atorvastatin treatment decreased the level of Eng 
in the serum and increased Eng expression in the 
plaque[101]. Therefore, Eng may serve as a biomarker 
for evaluating the therapeutic effect of drugs in 
treating atherosclerosis. More studies are needed 
to elucidate the role of ENG in the pathogenesis of 
atherosclerosis.

Moyamoya disease (MMD) is a rare, progressive 
cerebrovascular disorder caused by blocked arteries at 
the base of the brain in an area called the basal ganglia. 
MMD is one of the major causes of stroke in children 
and adults characterized by progressive stenosis or 
occlusion of terminal portion of internal carotid arteries 
and development of fragile collateral vessels[102]. Middle 
cerebral artery (MCA) of MMD patients had thicker 
intimal walls than control vessels collected from 
aneurysm patients[103], indicating intimal hyperplasia 
in MMD. The expression of ENG and HIF-1 are 
increased in the intima of MMD patients[103]. In 
addition, TGFβ3 expression was also detected, which 
was predominantly in the endothelium and was co-
localized with HIF-1 and ENG[103]. Although the study 
did not find an association between cerebral blood 

perfusion and ENG expression[103], the low spatial 
resolution method used to evaluate the cerebral 
blood flow of the entire MCA territory might not be 
accurate enough to detect the real perfusion through 
the MCA branches that were used to measure the 
ENG expression. The increased expression of ENG 
and HIF-1 in MMD is consistent with the increased 
expression of ENG under hypoxia condit ion. 
Therefore, ENG may play roles in the pathogenesis of 
cerebrovascular stenosis or occlusion.

THE PROSPECTIVE OF MODULATING 
ENG EXPRESSION FOR THE TREATMENT 
OF CEREBROVASCULAR DISEASES

Since ENG has been implicated in the pathogenesis 
of various cerebrovascular diseases [Table 2], 
modulation of ENG expression might be a potential 
treatment for these conditions. Although currently 
there is no treatment available for patients with 
human cerebrovascular diseases through targeting 
ENG, several agents that affect ENG expression 
specifically or non-specifically, are clinical available 
for treating patients or are used in clinical trials. 
TRC105 is a chimeric IgG1monoclonal antibody 
specifically against ENG that inhibits angiogenesis, 
induces antibody-dependent cellular cytotoxicity 
(ADCC) and apoptosis of proliferating endothelium. 
The safety and activity of TRC105 have been tested 
in a Phase I and a preliminary Phase II clinical trials in 
cancer patients[104]. Resveratrol is a natural component 
of a number of fruits, including grapes, blueberries 
and raspberries. The skin of red grapes is used to 
extract resveratrol. In vitro, resveratrol reduces sENG 
secretion and pro-inflammatory factors of cultured 
endothelial cells[105]. Therefore, it might be a promising 
non-specific inhibitor of sENG. A proper level of ENG 
expression might be crucial for maintaining normal 
angiogenesis and vascular remodeling in the brain. 
However, there is no report of direct regulation of 
ENG for treating cerebrovascular disease to date. 
In vitro study showed that statins could increase 
sENG secretion from endothelial cells[106]; and in vivo 
administration of stain increased Eng expression in 
the carotid plaque of a mouse model[101]. Statins are 
a group of medications that has been used to treat 
patients with carotid artery atherosclerosis and other 
ischemic cerebrovascular diseases. More studies are 
needed to test whether ENG can be used as a target 
for developing new therapies for the treatment of 
cerebrovascular diseases.

CONCLUSION

In summary, ENG plays a critical role in angiogenesis, 
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vascular development and regulation of vascular tone. 
ENG deficiency is associated with the development 
of AVM in HHT patients, exacerbates stoke injury 
and impairs stroke recovery. ENG might be a 
potential biomarker for vasospasm after SAH and 
cerebrovascular stenosis. Therefore, experimental or 
therapeutic modulating of ENG expression are useful 
ingeneration of disease models in animals to study 
disease pathogenesis and indevelopment of novel 
therapies to treat cerebrovascular diseases. The 
exact function of ENG in cerebrovascular diseases 
remains to be revealing.

DECLARATIONS

Acknowledgments
We thank the faculty and staff of the Center for 
Cerebrovascular Research at the University of 
California, San Francisco (https://avm.ucsf.edu) for 
their support.

Authors’ contributions
Concept, def init ion of intellectual content and 
manuscript review: H. Su
Literature review, manuscript preparation and 
manuscript editing: W. Zhu, L. Ma

Manuscript preparation: R. Zhang

Financial support and sponsorship
This study was supported by research grants from 
the National Institutes of Health (R01 NS027713, 
R01 HL122774 and R21 NS083788), Michael Ryan 
Zodda Foundation, and UCSF Research Evaluation 
and Allocation Committee (REAC) to H.S. and China 
Scholarship Council (No. 201508110252 to L.M.).

Conflicts of interest
There are no conflicts of interest.

Patient consent
There is no patient data involved.

Ethics approval
Not applicable.

REFERENCES

1.	 Bernabeu C, Conley BA, Vary CP. Novel biochemical pathways of 
endoglin in vascular cell physiology. J Cell Biochem 2007;102:1375-88.

2.	 Cheifetz S, Bellon T, Cales C, Vera S, Bernabeu C, Massague J, 
Letarte M. Endoglin is a component of the transforming growth 
factor-beta receptor system in human endothelial cells. J Biol Chem 

Cerebrovascular 
diseases Species Specimen ENG level Clinical or biological 

observation Author and year

Stroke Human Brain Increased - Krupinski et al.,[22] 1994
Human Serum Increased Positive correlation 

with stroke severity
Kim et al.,[69] 2012; Simak et al.,[70] 2006

Eng+/- mouse Brain Decreased Poorer functional 
performance, 
larger infarction, 
less angiogenesis, 
impaired macrophage 
recruitment and 
clearance

Shen et al.,[50] 2014

Brain AVM Eng+/- mouse Brain Decreased Cerebrovascular 
dysplasia after VEGF 
stimulation

Hao et al.,[37,40] 2010

Eng2f/2f mouse Brain Decreased 
after gene KO

Brain AVM after VEGF 
stimulation and Eng KO

Choi et al.,[46] 2012; Choi et al.,[47] 2014

HHT1 patient Somatic cell Decreased Higher incidence of 
AVM in brain and 
pulmonary

McAllister et al.,[24] 1995

Vasospasm SAH Human 
patient

Serum Decreased patients with cerebral 
infarction,

Dietmann et al.,[95] 2012

Human 
patient

CSF Increased patients with cerebral 
infarction

Testai et al.,[94] 2011

Carotid stenosis Human 
patient

Carotid 
plaque

Increased Positive correlation 
with stage of plaque

Conley et al.,[10] 2000; Bot et al.,[99] 2009; Luque 
et al.,[100] 2009

Mouse Carotid 
plaque

Increased Atrovastatin increase 
Eng expression

Rathouska et al.,[101] 2011

Moyamoya disease Human 
patient

Intima of 
MCA

Increased - Takagi et al.,[103] 2007

AVM: arteriovenous malformation; CSF: cerebrospinal fluid; HHT: hereditary hemorrhagic telangiectasia; MCA: middle cerebral artery; KO: 
knock-out; SAH: subarachnoid hemorrhage; VEGF: vascular endothelial growth factor

Table 2: Cerebrovascular diseases and ENG level



                                       Neuroimmunology and Neuroinflammation ¦ Volume 4 ¦ October 17, 2017

Zhu et al.                                                                                                                                                                        Endoglin and cerebral vascular diseases

208

1992;267:19027-30.
3.	 Yamashita H, Ichijo H, Grimsby S, Moren A, ten Dijke P, Miyazono K. 

Endoglin forms a heteromeric complex with the signaling receptors for 
transforming growth factor-beta. J Biol Chem 1994;269:1995-2001.

4.	 Guerrero-Esteo M, Sanchez-Elsner T, Letamendia A, Bernabeu C. 
Extracellular and cytoplasmic domains of endoglin interact with 
the transforming growth factor-beta receptors I and II. J Biol Chem 
2002;277:29197-209.

5.	 Li C, Hampson IN, Hampson L, Kumar P, Bernabeu C, Kumar S. CD105 
antagonizes the inhibitory signaling of transforming growth factor beta1 
on human vascular endothelial cells. FASEB J 2000;14:55-64.

6.	 Gougos A, Letarte M. Identification of a human endothelial cell antigen 
with monoclonal antibody 44G4 produced against a pre-B leukemic cell 
line. J Immunol 1988;141:1925-33.

7.	 Lastres P, Bellon T, Cabanas C, Sanchez-Madrid F, Acevedo A, Gougos 
A, Letarte M, Bernabeu C. Regulated expression on human macrophages 
of endoglin, an Arg-Gly-Asp-containing surface antigen. Eur J Immunol 
1992;22:393-7.

8.	 St-Jacques S, Cymerman U, Pece N, Letarte M. Molecular 
characterization and in situ localization of murine endoglin reveal that it 
is a transforming growth factor-beta binding protein of endothelial and 
stromal cells. Endocrinology 1994;134:2645-57.

9.	 Adam PJ, Clesham GJ, Weissberg PL. Expression of endoglin mRNA 
and protein in human vascular smooth muscle cells. Biochem Biophys 
Res Commun 1998;247:33-7.

10.	 Conley BA, Smith JD, Guerrero-Esteo M, Bernabeu C, Vary CP. 
Endoglin, a TGF-beta receptor-associated protein, is expressed by 
smooth muscle cells in human atherosclerotic plaques. Atherosclerosis 
2000;153:323-35.

11.	 Li DY, Sorensen LK, Brooke BS, Urness LD, Davis EC, Taylor DG, 
Boak BB, Wendel DP. Defective angiogenesis in mice lacking endoglin. 
Science 1999;284:1534-7.

12.	 Liu Z, Lebrin F, Maring JA, van den Driesche S, van der Brink S, van 
Dinther M, Thorikay M, Martin S, Kobayashi K, Hawinkels LJ, van 
Meeteren LA, Pardali E, Korving J, Letarte M, Arthur HM, Theuer C, 
Goumans MJ, Mummery C, ten Dijke P. ENDOGLIN is dispensable 
for vasculogenesis, but required for vascular endothelial growth factor-
induced angiogenesis. PLoS One 2014;9:e86273.

13.	 Matsubara S, Bourdeau A, terBrugge KG, Wallace C, Letarte M. 
Analysis of endoglin expression in normal brain tissue and in cerebral 
arteriovenous malformations. Stroke 2000;31:2653-60.

14.	 Quintanilla M, Ramirez JR, Perez-Gomez E, Romero D, Velasco B, 
Letarte M, Lopez-Novoa JM, Bernabeu C. Expression of the TGF-
beta coreceptor endoglin in epidermal keratinocytes and its dual role in 
multistage mouse skin carcinogenesis. Oncogene 2003;22:5976-85.

15.	 Dallas NA, Gray MJ, Xia L, Fan F, van Buren G 2nd, Gaur P, Samuel 
S, Lim SJ, Arumugam T, Ramachandran V, Wang H, Ellis LM. 
Neuropilin-2-mediated tumor growth and angiogenesis in pancreatic 
adenocarcinoma. Clin Cancer Res 2008;14:8052-60.

16.	 Zhu Y, Sun Y, Xie L, Jin K, Sheibani N, Greenberg DA. Hypoxic 
induction of endoglin via mitogen-activated protein kinases in mouse 
brain microvascular endothelial cells. Stroke 2003;34:2483-8.

17.	 Li C, Issa R, Kumar P, Hampson IN, Lopez-Novoa JM, Bernabeu C, 
Kumar S. CD105 prevents apoptosis in hypoxic endothelial cells. J Cell 
Sci 2003;116:2677-85.

18.	 Krupinski J, Kaluza J, Kumar P, Wang M, Kumar S. Prognostic value of 
blood vessel density in ischaemic stroke. Lancet 1993;342:742.

19.	 Szpak GM, Lechowicz W, Lewandowska E, Bertrand E, Wierzba-
Bobrowicz T, Dymecki J. Border zone neovascularization in cerebral 
ischemic infarct. Folia Neuropathol 1999;37:264-8.

20.	 Hayashi T, Noshita N, Sugawara T, Chan PH. Temporal profile of 
angiogenesis and expression of related genes in the brain after ischemia. 
J Cereb Blood Flow Metab 2003;23:166-80.

21.	 Liu XS, Zhang ZG, Zhang RL, Gregg S, Morris DC, Wang Y, Chopp 

M. Stroke induces gene profile changes associated with neurogenesis 
and angiogenesis in adult subventricular zone progenitor cells. J Cereb 
Blood Flow Metab 2007;27:564-74.

22.	 Krupinski J, Kaluza J, Kumar P, Kumar S, Wang JM. Role of angiogenesis 
in patients with cerebral ischemic stroke. Stroke 1994;25:1794-8.

23.	 Henderson RD, Eliasziw M, Fox AJ, Rothwell PM, Barnett HJ. 
Angiographically defined collateral circulation and risk of stroke 
in patients with severe carotid artery stenosis. North American 
Symptomatic Carotid Endarterectomy Trial (NASCET) Group. Stroke 
2000;31:128-32.

24.	 McAllister KA, Baldwin MA, Thukkani AK, Gallione CJ, Berg JN, 
Porteous ME, Guttmacher AE, Marchuk DA. Six novel mutations in the 
endoglin gene in hereditary hemorrhagic telangiectasia type 1 suggest 
a dominant-negative effect of receptor function. Hum Mol Genet 
1995;4:1983-5.

25.	 Kim H, Su H, Weinsheimer S, Pawlikowska L, Young WL. Brain 
arteriovenous malformation pathogenesis: a response-to-injury 
paradigm. Acta Neurochir Suppl 2011;111:83-92.

26.	 Koizumi T, Shiraishi T, Hagihara N, Tabuchi K, Hayashi T, Kawano T. 
Expression of vascular endothelial growth factors and their receptors 
in and around intracranial arteriovenous malformations. Neurosurgery 
2002;50:117-24; discussion 124-6.

27.	 Hashimoto T, Wu Y, Lawton MT, Yang GY, Barbaro NM, Young 
WL. Co-expression of angiogenic factors in brain arteriovenous 
malformations. Neurosurgery 2005;56:1058-65; discussion 1058-65.

28.	 Zhang ZG, Zhang L, Jiang Q, Zhang R, Davies K, Powers C, Bruggen 
N, Chopp M. VEGF enhances angiogenesis and promotes blood-brain 
barrier leakage in the ischemic brain. J Clin Invest 2000;106:829-38.

29.	 Shen F, Walker EJ, Jiang L, Degos V, Li J, Sun B, Heriyanto F, Young 
WL, Su H. Coexpression of angiopoietin1 with VEGF increases the 
structural integrity of the blood-brain barrier and reduces atrophy 
volume. J Cereb Blood Flow Metab 2011;31:2343-51.

30.	 Sadick H, Riedel F, Naim R, Goessler U, Hormann K, Hafner M, Lux 
A. Patients with hereditary hemorrhagic telangiectasia have increased 
plasma levels of vascular endothelial growth factor and transforming 
growth factor-beta1 as well as high ALK1 tissue expression. 
Haematologica 2005;90:818-28.

31.	 Arthur HM, Ure J, Smith AJ, Renforth G, Wilson DI, Torsney E, 
Charlton R, Parums DV, Jowett T, Marchuk DA, Burn J, Diamond AG. 
Endoglin, an ancillary TGFbeta receptor, is required for extraembryonic 
angiogenesis and plays a key role in heart development. Dev Biol 
2000;217:42-53.

32.	 Flamme I, Risau W. Induction of vasculogenesis and hematopoiesis in 
vitro. Development 1992;116:435-9.

33.	 Folkman J, D’Amore PA. Blood vessel formation: what is its molecular 
basis? Cell 1996;87:1153-5.

34.	 Brinjikji W, Iyer VN, Sorenson T, Lanzino G. Cerebrovascular 
Manifestations of Hereditary Hemorrhagic Telangiectasia. Stroke 
2015;46:3329-37.

35.	 Bourdeau A, Faughnan ME, Letarte M. Endoglin-deficient mice, a 
unique model to study hereditary hemorrhagic telangiectasia. Trends 
Cardiovasc Med 2000;10:279-85.

36.	 Sadick H, Naim R, Sadick M, Hormann K, Riedel F. Plasma level 
and tissue expression of angiogenic factors in patients with hereditary 
hemorrhagic telangiectasia. Int J Mol Med 2005;15:591-6.

37.	 Hao Q, Zhu Y, Su H, Shen F, Yang GY, Kim H, Young WL. VEGF 
Induces More Severe Cerebrovascular Dysplasia in Endoglin than in 
Alk1 Mice. Transl Stroke Res 2010;1:197-201.

38.	 Cirulli A, Liso A, D’Ovidio F, Mestice A, Pasculli G, Gallitelli M, Rizzi 
R, Specchia G, Sabba C. Vascular endothelial growth factor serum levels 
are elevated in patients with hereditary hemorrhagic telangiectasia. Acta 
Haematol 2003;110:29-32.

39.	 Sadick H, Naim R, Gossler U, Hormann K, Riedel F. Angiogenesis in 
hereditary hemorrhagic telangiectasia: VEGF165 plasma concentration 



               Neuroimmunology and Neuroinflammation ¦ Volume 4 ¦ October 17, 2017

Zhu et al.                                                                                                                                                                        Endoglin and cerebral vascular diseases

209

in correlation to the VEGF expression and microvessel density. Int J 
Mol Med 2005;15:15-9.

40.	 Hao Q, Zhu Y, Su H, Shen F, Yang GY, Kim H, Young WL. VEGF 
induces more severe cerebrovascular dysplasia in Endoglin+/- than in 
Alk1+/- mice. Transl Stroke Res 2010;1:197-201.

41.	 Hao Q, Liu J, Pappu R, Su H, Rola R, Gabriel RA, Lee CZ, Young WL, 
Yang GY. Contribution of bone marrow-derived cells associated with 
brain angiogenesis is primarily through leukocytes and macrophages. 
Arterioscler Thromb Vasc Biol 2008;28:2151-7.

42.	 Choi EJ, Walker EJ, Degos V, Jun K, Kuo R, Pile-Spellman J, Su H, 
Young WL. Endoglin deficiency in bone marrow is sufficient to cause 
cerebrovascular dysplasia in the adult mouse after vascular endothelial 
growth factor stimulation. Stroke 2013;44:795-8.

43.	 Kim H, Pawlikowska L, Chen Y, Su H, Yang GY, Young WL. Brain 
arteriovenous malformation biology relevant to hemorrhage and 
implication for therapeutic development. Stroke 2009;40:S95-7.

44.	 Letteboer TG, Benzinou M, Merrick CB, Quigley DA, Zhau K, Kim IJ, 
To MD, Jablons DM, van Amstel JK, Westermann CJ, Giraud S, Dupuis-
Girod S, Lesca G, Berg JH, Balmain A, Akhurst RJ. Genetic variation 
in the functional ENG allele inherited from the non-affected parent 
associates with presence of pulmonary arteriovenous malformation in 
hereditary hemorrhagic telangiectasia 1 (HHT1) and may influence 
expression of PTPN14. Front Genet 2015;6:67.

45.	 Allinson KR, Carvalho RL, van den Brink S, Mummery CL, Arthur 
HM. Generation of a floxed allele of the mouse Endoglin gene. Genesis 
2007;45:391-5.

46.	 Choi EJ, Walker EJ, Shen F, Oh SP, Arthur HM, Young WL, Su 
H. Minimal homozygous endothelial deletion of Eng with VEGF 
stimulation is sufficient to cause cerebrovascular dysplasia in the adult 
mouse. Cerebrovasc Dis 2012;33:540-7.

47.	 Choi EJ, Chen W, Jun K, Arthur HM, Young WL, Su H. Novel brain 
arteriovenous malformation mouse models for type 1 hereditary 
hemorrhagic telangiectasia. PLoS One 2014;9:e88511.

48.	 Post S, Smits AM, van den Broek AJ, Sluijter JP, Hoefer IE, Janssen BJ, 
Snijder RJ, Mager JJ, Pasterkamp G, Mummery CL, Doevendans PA, 
Goumans MJ. Impaired recruitment of HHT-1 mononuclear cells to the 
ischaemic heart is due to an altered CXCR4/CD26 balance. Cardiovasc 
Res 2010;85:494-502.

49.	 Dingenouts CK, Goumans MJ, Bakker W. Mononuclear cells and 
vascular repair in HHT. Front Genet 2015;6:114.

50.	 Shen F, Degos V, Chu PL, Han Z, Westbroek EM, Choi EJ, Marchuk D, 
Kim H, Lawton MT, Maze M, Young WL, Su H. Endoglin deficiency 
impairs stroke recovery. Stroke 2014;45:2101-6.

51.	 Zhang R, Han Z, Degos V, Shen F, Choi EJ, Sun Z, Kang S, Wong M, 
Zhu W, Zhan L, Arthur HM, Oh SP, Faughnan ME, Su H. Persistent 
infiltration and pro-inflammatory differentiation of monocytes cause 
unresolved inflammation in brain arteriovenous malformation. 
Angiogenesis 2016;19:451-61.

52.	 Milton I, Ouyang D, Allen CJ, Yanasak NE, Gossage JR, Alleyne 
CH Jr, Seki T. Age-dependent lethality in novel transgenic mouse 
models of central nervous system arteriovenous malformations. Stroke 
2012;43:1432-5.

53.	 Shen Z, Li C, Frieler RA, Gerasimova AS, Lee SJ, Wu J, Wang MM, 
Lumeng CN, Brosius FC 3rd, Duan SZ, Mortensen RM. Smooth muscle 
protein 22 alpha-Cre is expressed in myeloid cells in mice. Biochem 
Biophys Res Commun 2012;422:639-42.

54.	 Garrido-Martin EM, Nguyen HL, Cunningham TA, Choe SW, Jiang 
Z, Arthur HM, Lee YJ, Oh SP. Common and distinctive pathogenetic 
features of arteriovenous malformations in hereditary hemorrhagic 
telangiectasia 1 and hereditary hemorrhagic telangiectasia 2 animal 
models--brief report. Arterioscler Thromb Vasc Biol 2014;34:2232-6.

55.	 Gothert JR, Gustin SE, van Eekelen JA, Schmidt U, Hall MA, Jane 
SM, Green AR, Gottgens B, Izon DJ, Begley CG. Genetically tagging 
endothelial cells in vivo: bone marrow-derived cells do not contribute to 

tumor endothelium. Blood 2004;104:1769-77.
56.	 Mohr JP, Parides MK, Stapf C, Moquete E, Moy CS, Overbey JR, 

Al-Shahi Salman R, Vicaut E, Young WL, Houdart E, Cordonnier 
C, Stefani MA, Hartmann A, von Kummer R, Biondi A, Berkefeld 
J, Klijn CJ, Harkness K, Libman R, Barreau X, Moskowitz AJ; 
international ARUBA investigators. Medical management with or 
without interventional therapy for unruptured brain arteriovenous 
malformations (ARUBA): a multicentre, non-blinded, randomised trial. 
Lancet 2014;383:614-21.

57.	 Zhu W, Shen F, Mao L, Zhan L, Kang S, Sun Z, Nelson J, Zhang R, 
Zou D, McDougall CM, Lawton MT, Vu TH, Wu Z, Scaria A, Colosi 
P, Forsayeth J, Su H. Soluble FLT1 gene therapy alleviates brain 
arteriovenous malformation severity. Stroke 2017;48:1420-3.

58.	 Guo B, Kumar S, Li C, Slevin M, Kumar P. CD105 (endoglin), 
apoptosis, and stroke. Stroke 2004;35:e94-5.

59.	 Lastres P, Letamendia A, Zhang H, Rius C, Almendro N, Raab U, Lopez 
LA, Langa C, Fabra A, Letarte M, Bernabeu C. Endoglin modulates 
cellular responses to TGF-beta 1. J Cell Biol 1996;133:1109-21.

60.	 Pepper MS. Transforming growth factor-beta: vasculogenesis, 
angiogenesis, and vessel wall integrity. Cytokine Growth Factor Rev 
1997;8:21-43.

61.	 Pollman MJ, Naumovski L, Gibbons GH. Vascular cell apoptosis: cell type-
specific modulation by transforming growth factor-beta1 in endothelial 
cells versus smooth muscle cells. Circulation 1999;99:2019-26.

62.	 Boche D, Cunningham C, Gauldie J, Perry VH. Transforming growth 
factor-beta 1-mediated neuroprotection against excitotoxic injury in 
vivo. J Cereb Blood Flow Metab 2003;23:1174-82.

63.	 Buisson A, Lesne S, Docagne F, Ali C, Nicole O, MacKenzie ET, Vivien 
D. Transforming growth factor-beta and ischemic brain injury. Cell Mol 
Neurobiol 2003;23:539-50.

64.	 Sanchez-Elsner T, Botella LM, Velasco B, Langa C, Bernabeu C. 
Endoglin expression is regulated by transcriptional cooperation between 
the hypoxia and transforming growth factor-beta pathways. J Biol Chem 
2002;277:43799-808.

65.	 Hennemann B, Ickenstein G, Sauerbruch S, Luecke K, Haas S, Horn 
M, Andreesen R, Bogdahn U, Winkler J. Mobilization of CD34+ 
hematopoietic cells, colony-forming cells and long-term culture-
initiating cells into the peripheral blood of patients with an acute cerebral 
ischemic insult. Cytotherapy 2008;10:303-11.

66.	 Dunac A, Frelin C, Popolo-Blondeau M, Chatel M, Mahagne MH, 
Philip PJ. Neurological and functional recovery in human stroke are 
associated with peripheral blood CD34+ cell mobilization. J Neurol 
2007;254:327-32.

67.	 Yip HK, Chang LT, Chang WN, Lu CH, Liou CW, Lan MY, Liu JS, Youssef 
AA, Chang HW. Level and value of circulating endothelial progenitor cells 
in patients after acute ischemic stroke. Stroke 2008;39:69-74.

68.	 Cocucci E, Racchetti G, Meldolesi J. Shedding microvesicles: artefacts 
no more. Trends Cell Biol 2009;19:43-51.

69.	 Kim SJ, Moon GJ, Cho YH, Kang HY, Hyung NK, Kim D, Lee JH, 
Nam JY, Bang OY. Circulating mesenchymal stem cells microparticles 
in patients with cerebrovascular disease. PLoS One 2012;7:e37036.

70.	 Simak J, Gelderman MP, Yu H, Wright V, Baird AE. Circulating 
endothelial microparticles in acute ischemic stroke: a link to severity, 
lesion volume and outcome. J Thromb Haemost 2006;4:1296-302.

71.	 Ergul A, Alhusban A, Fagan SC. Angiogenesis: a harmonized target for 
recovery after stroke. Stroke 2012;43:2270-4.

72.	 Dziewulska D, Rafalowska J. Role of endoglin and transforming growth 
factor-beta in progressive white matter damage after an ischemic stroke. 
Neuropathology 2006;26:298-306.

73.	 Wardlaw JM, Sandercock PA, Dennis MS, Starr J. Is breakdown of the 
blood-brain barrier responsible for lacunar stroke, leukoaraiosis, and 
dementia? Stroke 2003;34:806-12.

74.	 Slevin M, Krupinski J, Kumar P, Gaffney J, Kumar S. Gene activation 
and protein expression following ischaemic stroke: strategies towards 



                                       Neuroimmunology and Neuroinflammation ¦ Volume 4 ¦ October 17, 2017

Zhu et al.                                                                                                                                                                        Endoglin and cerebral vascular diseases

210

neuroprotection. J Cell Mol Med 2005;9:85-102.
75.	 Liu HM. Neovasculature and blood-brain barrier in ischemic brain 

infarct. Acta Neuropathol 1988;75:422-6.
76.	 Slevin M, Kumar P, Gaffney J, Kumar S, Krupinski J. Can angiogenesis 

be exploited to improve stroke outcome? Mechanisms and therapeutic 
potential. Clin Sci (Lond) 2006;111:171-83.

77.	 Miller DW, Graulich W, Karges B, Stahl S, Ernst M, Ramaswamy 
A, Sedlacek HH, Muller R, Adamkiewicz J. Elevated expression of 
endoglin, a component of the TGF-beta-receptor complex, correlates with 
proliferation of tumor endothelial cells. Int J Cancer 1999;81:568-72.

78.	 Torsney E, Charlton R, Parums D, Collis M, Arthur HM. Inducible 
expression of human endoglin during inflammation and wound healing 
in vivo. Inflamm Res 2002;51:464-70.

79.	 Slevin M, Krupinski J, Rovira N, Turu M, Luque A, Baldellou M, 
Sanfeliu C, de Vera N, Badimon L. Identification of pro-angiogenic 
markers in blood vessels from stroked-affected brain tissue using laser-
capture microdissection. BMC Genomics 2009;10:113.

80.	 van Laake LW, van den Driesche S, Post S, Feijen A, Jansen MA, 
Driessens MH, Mager JJ, Snijder RJ, Westermann CJ, Doevendans 
PA, van Echteld CJ, ten Dijke P, Arthur HM, Goumans MJ, Lebrin 
F, Mummery CL. Endoglin has a crucial role in blood cell-mediated 
vascular repair. Circulation 2006;114:2288-97.

81.	 Jerkic M, Rodriguez-Barbero A, Prieto M, Toporsian M, Pericacho 
M, Rivas-Elena JV, Obreo J, Wang A, Perez-Barriocanal F, Arevalo 
M, Bernabeu C, Letarte M, Lopez-Novoa JM. Reduced angiogenic 
responses in adult Endoglin heterozygous mice. Cardiovasc Res 
2006;69:845-54.

82.	 Xu B, Wu YQ, Huey M, Arthur HM, Marchuk DA, Hashimoto T, Young 
WL, Yang GY. Vascular endothelial growth factor induces abnormal 
microvasculature in the endoglin heterozygous mouse brain. J Cereb 
Blood Flow Metab 2004;24:237-44.

83.	 Rossi E, Sanz-Rodriguez F, Eleno N, Duwell A, Blanco FJ, Langa C, 
Botella LM, Cabanas C, Lopez-Novoa JM, Bernabeu C. Endothelial 
endoglin is involved in inflammation: role in leukocyte adhesion and 
transmigration. Blood 2013;121:403-15.

84.	 Lakhan SE, Kirchgessner A, Hofer M. Inflammatory mechanisms in 
ischemic stroke: therapeutic approaches. J Transl Med 2009;7:97.

85.	 Hayakawa K, Qiu J, Lo EH. Biphasic actions of HMGB1 signaling in 
inflammation and recovery after stroke. Ann N Y Acad Sci 2010;1207:50-7.

86.	 Toporsian M, Gros R, Kabir MG, Vera S, Govindaraju K, Eidelman 
DH, Husain M, Letarte M. A role for endoglin in coupling eNOS 
activity and regulating vascular tone revealed in hereditary hemorrhagic 
telangiectasia. Circ Res 2005;96:684-92.

87.	 Palmer RM, Ashton DS, Moncada S. Vascular endothelial cells 
synthesize nitric oxide from L-arginine. Nature 1988;333:664-6.

88.	 Perez-Gomez E, Jerkic M, Prieto M, del Castillo G, Martin-Villar E, 
Letarte M, Bernabeu C, Perez-Barriocanal F, Quintanilla M, Lopez-
Novoa JM. Impaired wound repair in adult endoglin heterozygous 
mice associated with lower NO bioavailability. J Invest Dermatol 
2014;134:247-55.

89.	 Venkatesha S, Toporsian M, Lam C, Hanai J, Mammoto T, Kim YM, 
Bdolah Y, Lim KH, Yuan HT, Libermann TA, Stillman IE, Roberts D, 
D’Amore PA, Epstein FH, Sellke FW, Romero R, Sukhatme VP, Letarte 
M, Karumanchi SA. Soluble endoglin contributes to the pathogenesis of 
preeclampsia. Nat Med 2006;12:642-9.

90.	 Chen Y, Hao Q, Kim H, Su H, Letarte M, Karumanchi SA, Lawton 
MT, Barbaro NM, Yang GY, Young WL. Soluble endoglin modulates 
aberrant cerebral vascular remodeling. Ann Neurol 2009;66:19-27.

91.	 Jerkic M, Rivas-Elena JV, Prieto M, Carron R, Sanz-Rodriguez F, 
Perez-Barriocanal F, Rodriguez-Barbero A, Bernabeu C, Lopez-Novoa 
JM. Endoglin regulates nitric oxide-dependent vasodilatation. FASEB J 
2004;18:609-11.

92.	 Zucco L, Zhang Q, Kuliszewski MA, Kandic I, Faughnan ME, Stewart 

DJ, Kutryk MJ. Circulating angiogenic cell dysfunction in patients with 
hereditary hemorrhagic telangiectasia. PLoS One 2014;9:e89927.

93.	 Sabri M, Ai J, Macdonald RL. Nitric oxide related pathophysiological 
changes following subarachnoid haemorrhage. Acta Neurochir Suppl 
2011;110:105-9.

94.	 Testai FD, Aiyagari V, Hillmann M, Amin-Hanjani S, Dawson G, 
Gorelick P. Proof of concept: endogenous antiangiogenic factors 
predict the occurrence of symptomatic vasospasm post subarachnoid 
hemorrhage. Neurocrit Care 2011;15:416-20.

95.	 Dietmann A, Lackner P, Fischer M, Broessner G, Pfausler B, Helbok 
R, Schmutzhard E, Beer R. Soluble endoglin and transforming growth 
factor-beta(1) and the development of vasospasm after spontaneous 
subarachnoid hemorrhage: a pilot study. Cerebrovasc Dis 2012;33:16-22.

96.	 Lackner P, Dietmann A, Beer R, Fischer M, Broessner G, Helbok 
R, Marxgut J, Pfausler B, Schmutzhard E. Cellular microparticles 
as a marker for cerebral vasospasm in spontaneous subarachnoid 
hemorrhage. Stroke 2010;41:2353-7.

97.	 Li CG, Bethell H, Wilson PB, Bhatnagar D, Walker MG, Kumar S. The 
significance of CD105, TGFbeta and CD105/TGFbeta complexes in 
coronary artery disease. Atherosclerosis 2000;152:249-56.

98.	 Luque A, Turu M, Juan-Babot O, Cardona P, Font A, Carvajal A, Slevin 
M, Iborra E, Rubio F, Badimon L, Krupinski J. Overexpression of 
hypoxia/inflammatory markers in atherosclerotic carotid plaques. Front 
Biosci 2008;13:6483-90.

99.	 Bot PT, Hoefer IE, Sluijter JP, van Vliet P, Smits AM, Lebrin F, Moll 
F, de Vries JP, Doevendans P, Piek JJ, Pasterkamp G, Goumans MJ. 
Increased expression of the transforming growth factor-beta signaling 
pathway, endoglin, and early growth response-1 in stable plaques. 
Stroke 2009;40:439-47.

100.	 Luque A, Slevin M, Turu MM, Juan-Babot O, Badimon L, Krupinski J. 
CD105 positive neovessels are prevalent in early stage carotid lesions, 
and correlate with the grade in more advanced carotid and coronary 
plaques. J Angiogenes Res 2009;1:6.

101.	 Rathouska J, Vecerova L, Strasky Z, Slanarova M, Brcakova E, 
Mullerova Z, Andrys C, Micuda S, Nachtigal P. Endoglin as a possible 
marker of atorvastatin treatment benefit in atherosclerosis. Pharmacol 
Res 2011;64:53-9.

102.	 Research Committee on the Pathology and Treatment of Spontaneous 
Occlusion of the Circle of Willis; Health Labour Sciences Research 
Grant for Research on Measures for Infractable Diseases. Guidelines for 
diagnosis and treatment of moyamoya disease (spontaneous occlusion 
of the circle of Willis). Neurol Med Chir (Tokyo) 2012;52:245-66.

103.	 Takagi Y, Kikuta K, Nozaki K, Fujimoto M, Hayashi J, Imamura 
H, Hashimoto N. Expression of hypoxia-inducing factor-1 alpha 
and endoglin in intimal hyperplasia of the middle cerebral artery of 
patients with Moyamoya disease. Neurosurgery 2007;60:338-45; 
discussion 345.

104.	 Duffy AG, Ma C, Ulahannan SV, Rahma OE, Makarova-Rusher O, 
Cao L, Yu Y, Kleiner DE, Trepel J, Lee MJ, Tomita Y, Steinberg 
SM, Heller T, Turkbey B, Choyke PL, Peer CJ, Figg WD, Wood 
BJ, Greten TF. Phase I and preliminary phase II study of TRC105 in 
combination with sorafenib in hepatocellular carcinoma. Clin Cancer 
Res 2017;23:4633-41.

105.	 Hannan NJ, Brownfoot FC, Cannon P, Deo M, Beard S, Nguyen TV, 
Palmer KR, Tong S, Kaitu’u-Lino TJ. Resveratrol inhibits release 
of soluble fms-like tyrosine kinase (sFlt-1) and soluble endoglin 
and improves vascular dysfunction - implications as a preeclampsia 
treatment. Sci Rep 2017;7:1819.

106.	 Brownfoot FC, Tong S, Hannan NJ, Hastie R, Cannon P, Kaitu’u-Lino 
TJ. Effects of simvastatin, rosuvastatin and pravastatin on soluble fms-
like tyrosine kinase 1 (sFlt-1) and soluble endoglin (sENG) secretion 
from human umbilical vein endothelial cells, primary trophoblast cells 
and placenta. BMC Pregnancy Childbirth 2016;16:117.


