
HAL Id: hal-03758863
https://hal.science/hal-03758863

Submitted on 5 Jan 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License

A historical view of estrogen effect on arterial
endothelial healing: From animal models to medical

implication
Rana Zahreddine, Morgane Davezac, Melissa Buscato, Natalia Smirnova,

Muriel Laffargue, Daniel Henrion, Marine Adlanmerini, Françoise Lenfant,
Jean-François Arnal, Coralie Fontaine

To cite this version:
Rana Zahreddine, Morgane Davezac, Melissa Buscato, Natalia Smirnova, Muriel Laffargue, et al.. A
historical view of estrogen effect on arterial endothelial healing: From animal models to medical im-
plication. Atherosclerosis, 2021, 338, pp.30-38. �10.1016/j.atherosclerosis.2021.10.013�. �hal-03758863�

https://hal.science/hal-03758863
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr


1 

A historical view of estrogen effect on arterial endothelial healing: From 

animal models to medical implication 

Rana Zahreddine1, Morgane Davezac1, Melissa Buscato1, Natalia Smirnova1, Muriel Laffargue1, 

Daniel Henrion2, Marine Adlanmerini1  Françoise Lenfant1, Jean-François Arnal1  and Coralie 

Fontaine1  

 

1 I2MC, Institut National de la Santé et de la Recherche Médicale (INSERM) UMR1297, University of Toulouse3, Toulouse, France. 

2 MITOVASC Institute, CARFI facility, INSERM U1083, UMR CNRS 6015, University of Angers, France. 

 

 

 

 

 

 

 

 

 

 

 

 

 

# Corresponding author 

Coralie Fontaine 

INSERM/UPS UMR 1048 - I2MC 

Institut des Maladies Métaboliques et Cardiovasculaires  
1 avenue Jean Poulhès, BP 84225 

31432 Toulouse Cedex 4 

E-mail: coralie.fontaine@inserm.fr 

  

© 2021 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/

Version of Record: https://www.sciencedirect.com/science/article/pii/S0021915021014118
Manuscript_e41c5f13b77a02a50696facea691994e

https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0021915021014118
https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S0021915021014118


2 

  

ABSTRACT  

Endothelial barrier integrity is required for maintaining vascular homeostasis and fluid 

balance between the circulation and surrounding tissues. In contrast, abnormalities of 

endothelial cell function and loss of the integrity of the endothelial monolayer constitute a key 

step in the onset of atherosclerosis. Endothelial erosion is directly responsible for thrombus 

formation and cardiovascular events in about one-third of the cases of acute coronary 

syndromes. Thus, after endothelial injury, the vascular repair process is crucial to restore 

endothelial junctions and rehabilitate a semipermeable barrier, preventing the development of 

vascular diseases. Endothelial healing can be modulated by several factors. In particular, 17β-

estradiol (E2), the main estrogen, improves endothelial healing, reduces neointimal 

accumulation of smooth muscle cells and atherosclerosis in several animal models. The aim 

of this review is to highlight how various experimental models enabled the progress in the 

cellular and molecular mechanisms underlying the accelerative E2 effect on arterial 

endothelial healing through the estrogen receptor (ER) α, the main receptor mediating the 

physiological effects of estrogens. We first summarize the different experimental procedures 

used to reproduce vascular injury. We then provide an overview of how the combination of 

transgenic mouse models impacting ERα signaling with pharmacological tools demonstrated 

the pivotal role of non-genomic actions of ERα in E2-induced endothelial repair. Finally, we 

describe recent advances in the action of selective estrogen receptor modulators (SERMs) on 

this beneficial vascular effect, which surprisingly involves different cell types and activates 

different ERα subfunctions compared to E2. 
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1. Introduction 

The endothelium is a monolayer of endothelial cells (ECs) regulating numerous physiological 

and pathological functions that ensure permeability and thromboresistant functions. The 

structure and function of endothelial cells prevent vascular diseases by acting as a physical 

barrier to atherogenic particles and by becoming an activated layer of migrating cells to repair 

injuries. Hypertension, hypercholesterolemia/hyperlipidemia, hyperglycemia in diabetes, and 

smoking are considered to be injurious to the endothelium and induce endothelial cell 

dysfunctions. Endothelial injury is also a consequence of coronary atherosclerosis treatment 

by percutaneous transluminal coronary angioplasty 1, viral infection 2, and radiotherapy used 

to treat a variety of cancers 3. Endothelial barrier dysfunction is a key initiating event of 

various vascular diseases, including atherosclerosis and in-stent restenosis 4-6. Indeed, 

endothelial denudation leads to complications associated with inflammation, increased 

vascular permeability to pro-atherogenic particles, and thrombosis. When endothelial 

structural integrity is disrupted, its repair involves restoration of a functional endothelial 

monolayer and reestablishment of the endothelial junctions to reform a semipermeable 

barrier. 

A large body of evidence indicates that estrogens exert beneficial actions on the endothelium 

7, 8. Indeed, in addition to its well-known role on sexual development and reproduction, 

estrogens exert many beneficial actions on the vascular wall. In particular, chronic estrogen 

treatment enhances endothelial function in a number of vascular beds through structure 

adaptation and blood flow control in the uterine vascular system during pregnancy and 

endothelium-dependent vasodilation in the peripheral arteries. Estrogens also exert many 

beneficial effects against arterial diseases, including atheroprotection 9, prevention of 

neointimal hyperplasia 10 and acceleration of endothelial healing in response to arterial injury 

11. This vascular protection conferred by estrogens results in a lower incidence of 
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cardiovascular diseases in pre-menopausal women compared to men. These different 

beneficial vascular effects of estrogen are mediated by estrogen receptor (ER)α 12. Prevention 

of atheroma, hypertension and neointimal hyperplasia relies on nuclear ERα, whereas ERα 

membrane‐initiated signaling (ERαMISS) mediates NO production and acceleration of 

endothelial healing in response to E2 13. We propose here to summarize our current 

understanding of the beneficial vascular ERα actions focusing on arterial endothelial injury in 

response to E2 and various selective ER modulators.  

1. Experimental models of endothelial healing 

Several experimental models have been developed to reproduce vascular injury and the 

process of re-endothelialization. In animal studies, endothelial denudation has been widely 

adapted for this purpose. The procedure can be carried out using small caliber guide-wires for 

small arteries or balloon catheters for larger arteries such as the femoral artery or carotid 

artery in rats, rabbits, pigs or monkeys 14, 15. Using this mechanical injury induction model, 

significant insights have been gained regarding the cellular responses engaged during and 

after vascular injuries. Then, the use of genetically modified mice has significantly 

contributed to the investigation of the underlying molecular mechanisms. The removal of the 

endothelium in the mouse carotid artery with a flexible wire was first described in 1993 16. 

However, the specific evaluation of arterial re-endothelialization appears to be difficult with 

this technique due to the shorter length and diameter of the vessel. In 1997, Carmeliet et al. 

developed a novel model of electric injury of the mouse femoral artery that consisted of 

destroying endothelial, smooth muscle, and adventitial cells and enabling subsequent 

quantification of both arterial neointima formation and re-endothelialization 17. Then, 

Brouchet et al. adapted this model of electric injury to carotid arteries to allow the precise 

study of arterial reendothelialization 11. Endovascular (mechanical) and perivascular (electric) 

injuries are similar in their efficiency to destroy the endothelium, but they differ significantly 
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in their effects on the underlying cell populations in the vessel wall (Figure 1). Endovascular 

injury preserves most of the adventitial cells as well as the medial smooth muscle cells 

(SMCs) whereas in the perivascular model, the media does not show any sign of regeneration 

during all the time of re-endothelialization. In both models the intima is regenerated after 1 

week 18. Evans blue is commonly used to quantify the re-endothelialization process but en 

face confocal microscopy allows a more precise visualization of the regenerated endothelium, 

as well as imaging several molecular key actors 18. Using this approach, the injury limit can 

be precisely defined in the perivascular model at variance with the endovascular model 18 

(Figure 1).  In contrast to the mouse femoral artery, perivascular or endovascular injuries at 

carotid arteries do not induce neointimal hyperplasia. Differences in these two arterial beds 

are likely attributable to the difference in the vessel structures, i.e. to the SMC phenotype, but 

also potentially to EC-SMC interactions in these different localizations, demonstrating the 

difficulties of modelling the vascular physiopathology. 

Cellular and molecular mechanisms controlling endothelial healing and the recovery of 

endothelial barrier function have been reviewed thoroughly by others 19 but remain 

incompletely understood and still constitute an emerging area of research. Recently, a new 

model of arterial denudation of abdominal aorta was developed to allow endothelial gene 

expression profiling and transcriptional signatures associated with vascular regeneration using 

next-generation RNA sequencing (RNAseq) 20. Thanks to this approach, the authors identified 

four clearly distinct stages of endothelial regeneration that, with the exception of proliferation, 

have little overlap with the process of vascular expansion known as angiogenesis. Genetic 

lineage tracing studies provide strong evidence that the tissue-resident EC population is the 

major source of regenerating ECs through migration and proliferation as >95% of the 

regenerative ECs are derived from resident ECs 21. Both bone marrow-derived and circulating 

progenitor cells rarely engraft and differentiate into ECs. Although circulating cells are not a 
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major source of regenerating ECs, these cells may favour EC regeneration and vascular repair 

through the release of reparative paracrine factors that act on the vascular endothelium 22 or 

conversely lead to re-endothelialization defect due to pro-inflammatory cytokine secretion 23. 

Recently, Lupieri et al. generated an ex vivo de-endothelialization model using wire to analyse 

endothelial recovery independently of immune cells 23 (Figure 1). In this model, de-

endothelialization was performed ex vivo and endothelial healing was evaluated after 5 days 

of culture in an EC-specific medium. α-SMA immunostaining and contractile response to KCl 

revealed that SMCs are viable and functional at the end of the procedure 24. 

2. A historical view of E2 effect on arterial endothelial healing  

The facilitating effect of the main estrogen, 17β estradiol (E2), on re-endothelialization was 

first reported in ovariectomized female rats after balloon denudation 25, 26 to the acceleration 

of endothelial anatomic recovery, estrogen administration was associated with functional 

recovery and decrease of intimal hyperplasia 25-27 (Figure 2). Then, the development of 

methods to analyse endothelial healing in mice allowed to gain mechanisms insights into E2-

induced re-endothelialization acceleration. E2 accelerates endothelial healing after both 

endovascular or perivascular carotid injuries in mice. Indeed, both basal re-endothelialization 

and the accelerative effect of E2 were similar in the two models 18. The use of perivascular 

injury allowed to precisely define the injury limit (Figure 1) and demonstrated that 

proliferation of uninjured endothelial cells precedes migration 18. In addition, estrogen 

administration was associated with decreased intimal hyperplasia after endovascular injury of 

femoral arteries 28. However, the contribution of the E2-induced re-endothelialization on the 

prevention of neointimal hyperplasia remains unclear and could be dependent on the anatomic 

origin (elastic versus muscular artery) of the vessel and/or the cholesterolemic/inflammatory 

context 28. Direct inhibition of smooth muscle proliferation by E2 was also reported to 

contribute to the prevention of neointimal hyperplasia 29. Numerous in vitro approaches also 
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concurred to demonstrate that E2 increases migration, proliferation of ECs and prevents cell 

death. These E2 effects have been particularly studied in human umbilical vein endothelial 

cells (HUVECs) 30, 31, 32 but also using bovine aortic endothelial cells (BAECs) 33 and human 

aortic endothelial cells (HAECs) 34, suggesting a conserved estrogen action on endothelial 

healing between species. 

Estrogen actions can be mediated by two nuclear receptors, ERα and ERβ, and by the G 

protein-coupled estrogen receptor (GPER). Mice deficient for ERα or ERβ specifically 

allowed to demonstrate that ERα mediates most of the vascular effects of estrogens 12. In 

particular, E2 accelerates re-endothelialization in ovariectomized female ERβ knockout mice 

but not in ERα knockout female mice 11. Then, mouse models with cell-specific loss of 

function of ERα (using the Cre/Lox strategy) indicated that ERα expression is required in 

both endothelium and hematopoietic cells for the accelerative effect of E2 on re-

endothelialization 35. However, which cell type and/or circulating factors are required from 

the hematopoietic compartment remains unknown. More recently, GPER emerged as the third 

receptor for estrogens and has been reported to mediate several beneficial vascular effects 36, 

37. However, these results are still controversial due to conflicting data obtained with different 

mouse models targeting this receptor 38. Identification of GPER selective agonists and 

antagonists such as G-1, G15, and G36, allowed to elucidate more specially its biological 

effects. In particular, the use of G-1 in vivo demonstrated that activation of GPER induced 

endothelium-dependent vasodilation and NO production 39 . In vitro, GPER agonist G-1 was 

reported to increase proliferation and migration of ECs 40, 41 suggesting a potential role of this 

receptor on endothelial repair. Different experimental approaches allowed to show that GPER 

can act as an autonomous receptor but can also interact with ERs. To which extent, E2 effect 

on endothelial healing is dependent on GPER and ERα cross-talk remains unanswered. Thus, 

evaluating directly the impact of GPER1 agonist G-1 on endothelial healing in vivo would be 
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of great interest. In addition, biochemistry and cell biology analysis could be used to explore 

potential interaction between GPER and ER proteins in endothelial cells. 

3. Membrane-initiated signalling, but not nuclear ERα, is involved in endothelial 

healing in response to E2. 

As a member of the nuclear receptor superfamily, ERα is composed of six modular domains, 

namely A to F, and is primarily considered as a ligand regulated transcription factor 42. 

Schematically, binding of the full agonist E2 to its ligand binding domain (LBD) leads to ERα 

binding to DNA through its DNA binding domain (DBD) and recruitment of transcriptional 

coactivators to the activation functions AF-1 and/or AF-2 of ERα initiating transcription and 

RNA elongation of the target genes 43 (Figure 3). Besides these nuclear actions, estrogens 

also mediate rapid signalling through a pool of ERα localized at the plasma membrane 44 

leading to membrane-initiated steroid signals (MISS) (Figure 3). In 1997, two different 

laboratories reported independently the rapid regulation of nitric oxide (NO) release by 

estrogens in endothelial cells in an ER-dependent manner 45, 46. Short-term effects of estrogen 

on the vasculature were also highlighted in humans since acute ethinylestradiol treatment was 

shown to attenuate the abnormal coronary vasomotor responses to acetylcholine in 

postmenopausal women 47. In 1999, Shaul and coworkers demonstrated that these short-term 

effects of estrogen are mediated by ERα functioning in a novel, non-genomic manner through 

MAP kinase-dependent mechanisms 48. Membrane ERα has emerged as the primary mediator 

of rapid E2 responses 49, 50 and fractionation of endothelial cell plasma membranes revealed 

that ERα protein localizes in caveolae, where it induces stimulation of eNOS in response to 

E2 51, 52. Human Cystein-447 (or Cys 451 in mice) was then identified as the site of 

palmitoylation necessary for plasma membrane association of the receptor 53, 54. Different 

studies reported that ERα is anchored at the cell membrane by scaffold proteins such as 

caveolin-1 promoting membrane association of ERα and bridging the receptor to other 
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membrane proteins, which then can activate MISS, including G protein-dependent signaling 

in endothelial cells 55, 56. In particular, striatin directly binds to amino acids 176-253 of ERα 

and serves as a scaffold for the formation of an ERα-Gαi complex 55. Overexpression of a 

peptide (amino acids 176–253 of ERα) that disrupts ERα/striatin complex formation blocks 

estrogen-induced rapid activation mitogen-activated protein kinase, Akt kinase, and eNOS, 

but has no effect on ER-dependent regulation of an estrogen response element-driven reporter 

plasmid 55. In addition, disruption of ER-striatin interactions eliminates the ability of estrogen 

to stimulate cultured endothelial cell migration 33. Direct interaction between ERα and Gαi 

has also been reported with amino acids 251–260 of the receptor 57 and some point mutations 

within this domain, such as R256A, K257, D258A and R260A, all abrogate the activation of 

eNOS and ERK phosphorylation in response to E2 in vitro 58.  

Several knock-in mouse models with selective loss of function of membrane ERα action were 

developed to investigate the role of membrane-initiated ERα actions in vivo: (1) the 

disrupting peptide mouse (DPM), in which rapid signaling is blocked by overexpression of a 

peptide that prevents ER-striatin interaction 33, (2) the C451A-ERα mouse, which is not able 

to localize ERα to the plasma membrane due to the point mutation of its palmitoylation site 59, 

and (3) the R264A-ERα mouse in which ERα-Gαi interaction is abrogated 60 (Figure 4). 

These 3 mouse models conclusively demonstrated the importance of ERαMISS on 

endothelial healing since in vivo experiments demonstrated loss of estrogen-mediated 

protection against vascular carotid injury in DPM, C451A-ERα and R264A-ERα mouse 

models following electric carotid artery injury 33, 59, 60. By contrast, acceleration of re-

endothelialization in response to E2 was totally preserved in complementary mutant mouse 

models lacking nuclear ERα actions through inactivation of its activation function AF-1 

(designated ERα-AF10) or AF-2 of ERα (designated ERα-AF20) 61, 62. In parallel, 

pharmacological tools have been designed to specifically activate membrane, but not nuclear, 
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ERα (Figure 5). To this aim, estradiol (E2) was first linked to a non-degradable 

poly(amido)amine (PAMAM). This estrogen-dendrimer conjugate (EDC) is excluded from 

the nucleus, and is highly effective in stimulating non-nuclear signalling but ineffective in 

stimulating nuclear ER target gene expression 63. Secondly, pathway preferential estrogens 

(PaPEs) were also developed to activate ERαMISS over the nuclear pathway through a 

process of structural alteration of estrogenic ligands. PaPEs were designed to preserve their 

essential chemical and physical features but have greatly reduced binding affinity for ERs 64 . 

In vitro, EDC was shown to stimulate endothelial cell proliferation and migration via ERα 27. 

In mice, E2, EDC, and PaPE equally accelerated carotid artery endothelial healing after 

perivascular injury in an ERα dependent manner 27 64. Furthermore, acceleration of 

endothelial healing repair by EDC was also efficient in ERα-AF20, further demonstrating that 

activation of ERαMISS is necessary and sufficient to induce this beneficial vascular effect. 

All these approaches concur to demonstrate that activation of endothelial cell migration by E2 

is mediated by plasma membrane-associated ERα. Even if the underlying molecular 

mechanism of ERαMISS-induced endothelial healing is not totally understood, different 

pathways and proteins have been identified to play a major role in this process. 

• As highlighted by the abrogation of endothelial healing in response to E2 in the 

R264A-ERα mouse model, the direct ERα-G protein interaction appears to be crucial 

to the functional coupling of the receptor to kinase cascades and the resulting 

downstream endothelial response 27, 60 . The inhibition of ER-mediated eNOS 

activation by pertussis toxin further demonstrates the crucial role of Gαi to induce 

membrane-initiated steroid signals (MISS) 27, 56. More recently, ERα-Gαi interaction 

has also been involved in the rapid release of endothelial hydrogen sulfide (H2S) by 

E2, known to induce vasorelaxation, stimulate endothelial cell-related angiogenic 

properties, and  protect against atherosclerosis 65. In addition, through activation at the 
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cell membrane of Gα13, ERα recruits the RhoA/ROCK-2/moesin cascade, leading to 

dynamic rearrangements of the actin cytoskeleton and cell movement which may 

contribute to the acceleration of endothelial migration 66.  

• The use of endothelial NO synthase (eNOS)-deficient mice also demonstrated the 

crucial role of this enzyme in the acceleration of endothelial healing after perivascular 

or endovascular carotid artery injuries 67. Surprisingly, although E2 was shown to 

activate eNOS and thus to increase NO production in endothelial cells 68, the 

stimulatory effect of E2 on re-endothelialization was abrogated in eNOS -/- mice, but  

not altered in eNOS +/+ mice following pharmacological inhibition of eNOS enzymatic 

activity by N-nitro-l-arginine methyl ester (L-NAME) 67. These data revealed an 

original and unexpected role of eNOS, the presence but not its enzymatic activity of 

which appears to be determinant for E2-induced re-endothelialization. In addition, 

eNOS expression was shown to be particularly important in the bone marrow to 

mediate E2 effect on re-endothelialization as E2 effect was restored in chimeric eNOS 

-/- mice grafted with wild-type bone marrow, although with a lesser magnitude than 

wild-type mice 35.  

• Cross-talk with growth factors have been also proposed to participate in the 

accelerative action of E2 on re-endothelialization. In particular, involvement of 

vascular endothelial growth factor (VEGF) in this process was evidenced both in vitro 

and in vivo with the use of a polyclonal anti-VEGF antibody. Indeed, the proliferative 

effect of E2 on cultured fetal bovine aortic endothelial cells (FBAEC) in vitro, as well 

as the effect of E2 on re-endothelialization after carotid injury in rats, was abolished 

by anti-VEGF antibodies 69. The use of chimeric mice targeting fibroblast growth 

factor-2 (FGF2) highlighted this growth factor as another important bone-marrow-

derived actor involved in this process 70.  
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• cAMP induces some vascular protective effects on ECs such as preservation of barrier 

function, inhibition of inflammation and increase of proliferation/migration 71, 72. In 

particular, Fantidis et al. reported that cAMP promotes reendothelization and 

attenuates SMCs proliferation using a model of carotid balloon injury. Interstingly, E2 

modulates cAMP through ERαMISS 73, 74 but a direct link between these two 

signalling in the endothelial healing process has not been reported yet. 

ERαMISS has particularly been described in endothelial cells 75 and its crucial role in 

endothelial healing is clearly established.  However, multiple questions also remain 

unanswered as the underlying molecular mechanism, the topology of plasma membrane-

associated ER, and how receptor trafficking to the plasma membrane versus nucleus is 

regulated. It is only through further investigations of this unique aspect of endocrinology 

that we will increase our understanding of how ERαMISS influences the physiology and 

the physiopathology of the endothelium. 

5. SERMs also accelerate endothelial healing  

ERα also binds to various other molecules than E2 with agonist, mixed agonist–antagonist, or 

full antagonist properties. Indeed, “selective estrogen receptor modulators” (SERMs) display 

distinct pharmacological effects, depending on the target tissues. These drugs have been 

intensively studied over the past decade and are widely used for the treatment of hormone 

responsive breast cancers, osteoporosis and for postmenopausal women’s health. In particular, 

tamoxifen, the prototypical SERM, is a nonsteroidal antiestrogen used as an adjuvant therapy 

to treat breast cancers and to prevent the occurrence of breast tumors in healthy women. In 

contrast to breast tissues, tamoxifen has significant estrogen-like properties in uterine, bone 

and vascular tissues. Tamoxifen induces specific changes in ERα conformation that are 

distinct from those induced by binding of naturally occurring forms of E2 to the receptor, and 
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thus selectively recruits and interacts with coactivators and corepressors. Blockade of 

ERαAF-2 activity is thought to be the major mechanism of antagonistic actions of tamoxifen 

76. In vitro and in vivo experiments concur to demonstrate that this agonist activity is entirely 

mediated by the other activation function (AF) named ERα AF-1. The effect of tamoxifen on 

ERαMISS remains, however, poorly described. Raloxifene is another SERM currently used in 

clinic to prevent and treat osteoporosis, as it is an ER agonist in bone but an antagonist in 

uterus and breast. Both compounds have beneficial effects on lipids, they reduce markers of 

cardiovascular risk, and are associated with lower rates of cardiovascular events in humans 77, 

78. Both are also favourable in lipid-induced experimental atherosclerosis 79, 80. After the 

publication of the results of the Women’s Health Initiative citing adverse effects of 

conjugated equine estrogens/ medroxyprogesterone acetate association on cardiovascular risk, 

research on SERMs to potentially replace standard hormone therapy for the management of 

menopausal symptoms has emerged 81. Although bazedoxifene (in combination with Premarin 

for the treatment of osteoporosis and vasomotor symptoms associated with menopause) and 

ospeminifen (for the treatment of dyspareunia associated with menopause) have been 

approved by the Food and Drug Administration (FDA), others (such as idoxifene and 

levormeloxifene) have failed phase III clinical trials because of adverse impacts on pelvic 

floor function, with increased incidence of urinary incontinence and pelvic organ prolapse.  

Experiments of balloon denudation in carotid surgery from ovariectomized rats revealed that, 

as E2, idoxifene inhibits SMCs proliferation through, at least in part, its accelerative action on 

endothelial recovery 82. Several years later, another team investigated whether tamoxifen, 

raloxifene, and ospemifene are able to induce this estrogen's beneficial effect on the 

ovariectomized rat vascular wall 83. They highlighted that in vivo treatment with tamoxifen 

and ospemifene post-denudation injury enhances re-endothelialization and inhibits neointima 

formation as estrogen, while raloxifene's long-term effects are weaker. Importantly, this study 
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mentions that early intervention with E2 and SERM is of particular importance in preventing 

the injury response. The effect of bazedoxifene on the vascular endothelium has not been 

explored in vivo, but in vitro experiments demonstrated that as E2, bazedoxifene induces 

proliferation of human umbilical artery endothelial cells 84. 

Molecular mechanisms behind SERMs’ actions are still poorly understood. Recently, 

comparison of perivascular versus carotid endovascular injury (Figure 2) allowed to 

demonstrate that in contrast to E2, tamoxifen effect required the presence of the underlying 

medial smooth muscle cells (SMCs). Indeed, whereas E2 and tamoxifen both accelerate 

endothelial healing after endovascular injury of the carotid in mice, tamoxifen fails to 

accelerate endothelial healing after perivascular electric injury and even antagonizes this 

effect of E2 mediated by ERαMISS in endothelial cells 24. Cre-Lox models (Tie2Cre ERαlox/lox 

and αSMACre ERT2ERαlox/lox mice) reinforced this finding, since the use of these mice 

allowed to demonstrate that tamoxifen action is mediated by ERα in smooth muscle cells, 

whereas E2 action relies on endothelial/hematopoietic ERα 24. This study highlighted an 

important contribution of EC-SMC cross-talk necessary for the tamoxifen-mediated 

endothelial regenerative effects after vascular injury. Several factors are implicated in EC-

SMC communications including chemokines, cytokines, and microRNAs. Indeed, there is an 

increasing literature which reports the role of paracrine actions exerted by smooth muscle 

cells on re-endothelialization 19. SMCs respond to injury with functional changes including 

proliferation, migration, and secretion of chemokines and cytokines that contribute to vascular 

repair. Recently, it was reported that SMCs promote re-endothelialization through CXCL7-

mediated recruitment of ECs from uninjured endothelium 85. Lupieri et al. also demonstrated 

that SMCs prevent endothelial healing through CXCL10 23. Thus, depending on the context, 

SMC-derived paracrine factors can accelerate or slow down endothelial healing. Another 

recent study using SMC–EC co-cultures, revealed that SMC-EC contact is required for EC 
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regeneration after wire-induced carotid artery injury through the activation of Notch1 by bone 

morphogenic protein receptor 2 (BMPR2) in both ECs and SMCs 86. Future studies will be 

necessary to understand the specific factor(s) underlying the paracrine effect that allows 

endothelial healing in response to tamoxifen. In addition to different cellular cell types 

targeted by E2 and tamoxifen, the use of mice harbouring mutated specific functions of ERα 

revealed that tamoxifen acts through nuclear ERα activation, and more precisely through the 

AF-1 activation-function to accelerate endothelial healing, contrasting with ERαMISS-

mediated action in response to E2 24. This finding leads to revisit the mechanisms of action of 

tamoxifen and highlights the necessity to understand the mechanisms of each SERM to 

determine if their actions on vasculature do involve mechanisms similar to E2, tamoxifen, or 

others. It should be noted that SERM do not act only on ERα but are also able to modulate 

GPER 87. In particular, in cancer cells, several SERM such as tamoxifen and raloxifene were 

reported to activate GPER, and thus this receptor could also potentially play a role in response 

to these drugs in the arterial wall 88, 89. 

In addition to synthetic molecules, 27-hydroxycholesterol (27-HC), the most prevalent 

oxysterol in circulation, has been proposed as an endogenous SERM with actions reported in 

atherosclerosis, osteoporosis, breast cancers, and neural degenerative diseases 90, 91. 27-HC 

inhibits nuclear ER transcription and ERMISS due to direct competitive binding of 27-HC to 

ERs. In particular, the antagonistic role of 27-HC on endothelial healing was demonstrated in 

ovariectomized mice knockout for the gene encoding the catabolic enzyme CYP7B1 (cyp7b1-

/-), which have elevations in 27-HC in both the circulation and in tissues, but entirely normal 

plasma cholesterol and triglyceride levels 92. In these mice, E2 did not promote re-

endothelialization after perivascular injury and attenuated estrogen-related atheroprotection 93. 

This 27-HC effect is mediated by ERα as revealed by the use of ERα deficient mice 94. In 

vitro, in primary bovine aortic endothelial cells, in contrast to E2, which blunts NF-κB 
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activation, 27-HC stimulates NF-κB activation 94. 27-HC is the most abundant circulating 

oxysterol and its serum concentration is closely correlated with plasma cholesterol 

concentration. Given the high prevalence of hypercholesterolemia, it is important to consider 

the roles of this major cholesterol metabolite on ER signalling. 

Other natural estrogens than E2 are produced during pregnancy ((estriol (E3) and estetrol 

(E4)) and at menopause (estrone (E1)), which display specific activities on ERs due to 

differential receptor affinity, metabolism (half-life) and subfunction activation 95. The impact 

of these estrogens on the arterial wall has been poorly described. E4 antagonizes ERαMISS 

action on the acceleration of endothelial healing in a perivascular injury model of the carotid 

96 but the action of E4 on other experimental models is lacking. This point is of clinical 

interest since E4 has been recently approved as a new oral contraceptive and is currently 

developed as a new treatment for menopause. 

6. Conclusion and future directions 

The main estrogen, E2, exerts many beneficial effects on arteries 12. Among them, 

acceleration of endothelial healing is of particular importance since endothelial dysfunction 

and denudation are considered as the first step in atherosclerosis. However, most of these 

studies have been performed in young mice and cardiovascular disease remains an age-related 

pathology. Deleterious effect of aging on the endothelial healing process was demonstrated 

for the first time in the rabbit iliac artery 97. More recently, McDonald and coworkers 

demonstrated that in young (8-week-old) mice expression of the transcription factor Atf3 was 

necessary to achieve endothelial repair, while in aged (18-month-old) mice, decreased Atf3 

expression was associated with the delay of endothelial regeneration 21. Nevertheless, how 

aging could affect endothelial healing in response to E2 remains to be defined. This question 

is of particular importance since the vasculoprotective role of estrogens is well established 

before menopause, but the consequences of their abrupt decline and of the hormonal treatment 
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of menopause on cardiovascular risks at menopause remain debated. In addition, unanswered 

questions remain to be determined regarding the differential effect of hormones during aging 

of the arterial wall.  

Several studies have also evaluated the effect of synthetic SERM on endothelial cells and 

revealed that as E2, these drugs are able to accelerate endothelial healing. However, whereas 

tamoxifen acts as an anti-estrogen on ERαMISS in endothelial cells, it accelerates endothelial 

healing through activation of nuclear ERα in smooth muscle cells, inviting to revisit the 

mechanisms of action of selective modulation of ERα. Indeed, SERMs’ actions were mainly 

viewed as interfering with E2-dependent recruitment of coactivators and corepressors in a 

tissue-specific manner, but it is highly likely that their action on ERαMISS represents a novel 

layer of complexity. Further mechanistic studies are thus needed to elucidate the cellular and 

molecular pathways through which each SERM mediates its vascular protective action. This 

point is of particular interest since an American Heart Association scientific statement 

highlighted the need for comprehensive care in the treatment of women with breast cancer 

that minimizes the effect on cardiovascular health 98.  
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Figure legends 

Figure 1: Experimental models of carotid arteries injury in mice. 

Endovascular (mechanical) and perivascular (electric) injuries in vivo are similar in their 

efficiency to destroy the endothelial cells (ECs), but they differ significantly in their effects on 

the underlying smooth muscle cell (SMC) populations in the vessel wall. Endovascular injury 

preserves most of the adventitial cells as well as the medial smooth muscle cells, whereas, in 

the perivascular model, the media does not show any sign of regeneration during all the time 

of re-endothelialization. Endovascular ex-vivo de-endothelialization using wire allows to 

analyse endothelial recovery independently of immune blood cells.  

Figure 2: A historical view of E2 effect on arterial endothelial healing.  

From the demonstration of the acceleration of endothelial healing by 17b-estradiol (E2) to the 

identification of the crucial role of the membrane estrogen receptor initiated signaling 

pathway in this process (ERαMISS). 

Figure 3: Mechanisms of ERα action. 

As a member of the nuclear receptor superfamily, ERα is composed of six modular domains, 

namely A to F. Full agonist 17β-estradiol (E2) binding to its ligand-binding domain (LBD) 

leads to recruitment of transcriptional coactivators (CoA) to the activation function AF-1 

and/or AF-2 of ER, facilitating ER binding to DNA through the DNA binding domain (DBD) 

and initiating transcription of its target genes. Besides these nuclear actions, estrogens 

mediate also membrane initiated steroid signalling (MISS) through the activation of a pool of 

ERα localized at the plasma membrane. 

Figure 4: ERαMISS but not nuclear ERα is necessary to accelerate endothelial healing in response to 

E2.   

Beneficial effect of E2 on re-endothelialization is abrogated using mouse models targeting 

estrogen receptor (ER) membrane initiated steroid signalling (MISS) whereas it is preserved 

in mouse models targeting nuclear ERα.  

 

Figure 5: Selective activation of ERαMISS is sufficient to induce endothelial healing. 

Estrogen-dendrimer conjugate (EDC) and pathway preferential estrogens (PaPEs) are highly 

effective in stimulating non-nuclear signalling but ineffective in stimulating nuclear ER target 

gene expression. Both compounds accelerate re-endothelialization.    
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