
Vascular Biology, Atherosclerosis and Endothelium Biology

Essential Role of Bone Marrow Fibroblast Growth
Factor-2 in the Effect of Estradiol on
Reendothelialization and Endothelial Progenitor Cell
Mobilization

Vincent Fontaine,* Cédric Filipe,* Nikos Werner,†

Pierre Gourdy,* Audrey Billon,*
Barbara Garmy-Susini,* Laurent Brouchet,*
Francis Bayard,* Hervé Prats,*
Thomas Doetschman,‡ Georg Nickenig,* and
Jean-François Arnal*
From INSERM U589,* Institut L. Bugnard, Centre Hospitalier

Universitaire Rangueil, Toulouse Cedex, France; Department of

Internal Medicine III,† University Hospital of the Saarland,

Homburg/Saar, Germany; and Department of Molecular

Genetics, Biochemistry and Microbiology,‡ University of

Cincinnati College of Medicine, Cincinnati, Ohio

17�-Estradiol (E2) accelerates reendothelialization
and increases the number of circulating endothelial
progenitor cells (EPCs), but whether fibroblast
growth factor-2 (FGF2) is involved in these processes
remains unknown. Here we explored the role of FGF2
in the effect of E2 on reendothelialization and EPC
levels in a mouse model. As previously reported, E2

increased both the velocity of reendothelialization
and the number of circulating EPCs in ovariectomized
wild-type (Fgf2�/�) mice. In contrast, the effect of E2

on both parameters was abolished in FGF2-deficient
mice (Fgf2�/�), demonstrating that FGF2 is abso-
lutely required for these effects of E2. To test the
implication of medullary and extramedullary FGF2,
we developed chimeric mice by grafting Fgf2�/� bone
marrow to Fgf2�/� [Fgf2�/� bone marrow (BM) �
>Fgf2�/�] mice and observed that the effect of E2 on
both reendothelialization and EPC levels was abol-
ished. In contrast, both effects of E2 in Fgf2�/�BM �
>Fgf2�/� mice were similar to those observed in
Fgf2�/� mice, demonstrating that only BM-derived,
but not extramedullary, FGF2 is required for both
effects. Interestingly, E2 was found to markedly in-
crease both FGF2lmw and FGF2hmw in bone marrow.
In conclusion, FGF2, specifically medullary FGF2, is
necessary and sufficient to mediate the accelerative

effect of E2 on both reendothelialization and EPC
mobilization. (Am J Pathol 2006, 169:1855–1862; DOI:

10.2353/ajpath.2006.060260)

Endothelium, uniquely positioned at the interface be-
tween the blood and the vessel wall, plays a crucial role
in the physiology of circulation by performing multiple
functions.1 It is involved in the regulation of coagulation,
leukocyte adhesion in inflammation, transvascular flux of
cells, liquids and solutes, vessel tone, and vascular
smooth muscle growth. Endothelium also constitutes a
target for the sex hormone 17�-estradiol (E2). In a series
of experimental models, E2 has been reported to promote
endothelial regrowth after endothelial denudation in rats2

and mice.3–5 These effects are known to be mediated
through the estrogen receptor �3 and endothelial nitric-
oxide synthase.4

Several growth factors could be involved in this pro-
cess. Among them, in vitro models suggest that fibroblast
growth factor-2 (FGF2) may be a key partner of E2.6,7

Moreover, both FGF2 and FGF receptor 1 are expressed
in regenerating endothelial cells in a model of rat carotid
injury,8 and FGF2 is an important mitogenic and angio-
genic factor that stimulates endothelial cell growth, mi-
gration, and reendothelialization.9 FGF2 expression is
complex because at least four isoforms (18, 22, 22.5, and
24 kd) in humans and three (18, 21, and 22 kd) in mice
are synthesized, not through the classic mechanism of

The work was supported in part by INSERM, Université Paul Sabatier
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alternative splicing but through the alternative use of
translation initiation codons.10–13

E2 was reported to stimulate p38 and p42/44 mitogen-
activated protein kinase activity as well as cell migration
and proliferation of cultured endothelial cells, all of these
effects being dependent on estrogen receptor � but not
on estrogen receptor �.14,15,16 Finally, we recently dem-
onstrated that in cultured mouse endothelial cells, E2

increased both migration and proliferation in cells from
wild-type Fgf2�/� mice but not from mice disrupted for
the Fgf2 gene (Fgf2�/�).7 Taken together, these data
support an important role for FGF2 in the effect of E2 on
migration and proliferation of endothelial cells, two key
processes contributing to reendothelialization.

Reendothelialization was initially viewed as a local pro-
cess consisting of migration and proliferation of endothe-
lial cells from the adjacent uninjured area on each
side.17,18 Since E2 is known to promote endothelial cell
migration and proliferation in vitro,14–16 it was initially be-
lieved that E2 accelerated reendothelialization mainly
through a local effect on adjacent uninjured endothelium.
However, Asahara et al19 clearly demonstrated that vas-
cular function not only depends on cells residing within
the vessel wall but is also significantly modulated by
circulating bone marrow (BM)-derived cells. A subset of
these stem cells, endothelial progenitor cells (EPCs), en-
hances angiogenesis and vascular repair and diminishes
atherosclerosis (Refs. 20–22). Furthermore, we5 and oth-
ers4 have shown that E2 treatment enhances circulating
EPC levels. In addition, both groups observed an in-
creased EPC incorporation in carotid-injured areas.4,5

Finally, we also reported that intravenous injections of
EPCs led to an increase in reendothelialization after en-
dovascular injury.23 Altogether, these data support the
idea that an increase in circulating EPC can contribute to
acceleration of reendothelialization.20–22

The aim of the present study was to further explore the
cellular and molecular mechanisms involved in the ac-
celerative effect of E2 on reendothelialization. We used a
model of electric perivascular injury, where reendotheli-
alization occurs in an inflammatory context reminiscent of
that of angioplasty of diseased arteries. We first found,
using Fgf2�/� mice, that endogenous FGF2 is absolutely
required for the effect of E2 both on the acceleration of
reendothelialization and on the increase in circulating
EPCs. As previously reported, we confirmed through an
“en face” confocal microscopy approach the recruitment
of BM-derived GFP (green fluorescent protein) cells into
the regenerating endothelial monolayer. To evaluate the
specific role of medullar and extramedullar FGF2 in these
processes, we developed chimeric mice by grafting
Fgf2�/� BM to Fgf2�/� mice and vice versa. We found
that the effect of E2 on reendothelialization and on EPC
mobilization was lost when FGF2 expression in BM-de-
rived cells is specifically abolished, whereas peripheral
FGF2 alone was dispensable to mediate the E2 effect.
Since medullar FGF2 seemed to play a crucial role in
these processes, we studied the influence of E2 on the
levels of FGF2 mRNA and protein isoforms in BM homog-
enates from Fgf2�/�.

Materials and Methods

Mice

Fgf2�/� mice were obtained as previously de-
scribed.7,13 Fgf2�/�and Fgf2�/� mice were initially main-
tained as an advanced intercross line on a mixed 129/
SvEv � Black Swiss background. Fgf2�/� mice were then
backcrossed sixfold with C57Bl/6J mice. This allowed
study of the role of FGF2 deficiency in the effect of E2 on
reendothelialization under this commonly used genetic
background.

All mice were ovariectomized at 4 weeks of age and
then implanted with pellets releasing either placebo or E2

(17�-estradiol, 0.1 mg for 60 days, ie, 80 �g/kg/day;
Innovative Research of America, Sarasota, FL). The pel-
lets were implanted s.c. in the back of the animals at 6
weeks of age (except in BM transplantation experiments,
10 weeks of age). All procedures were performed in
accordance with the recommendations of the European
Accreditation of Laboratory Animal Care Institute. Finally,
C57BL/6-TgN(ACTbEGFP)1Osb transgenic littermates
(GFP-Tg; Jackson Laboratories, Bar Harbor, ME) were
also used as BM donor cells.24 In this transgenic line,
with an enhanced GFP cDNA under the control of a
chicken-actin promoter and cytomegalovirus enhancer
(cac/enhanced GFP), all of the tissues, with the exception
of erythrocytes and hair follicle cells, appear green under
excitation light.24

We first confirmed the expression of the three isoforms
of FGF2 in aorta, BM, and EPC extracts of Fgf2�/� mice,
and no band was detected in the corresponding extracts
in Fgf2�/� mice, demonstrating the deficiency of FGF2 in
these tissues and cell populations (Figure 1A). We then
checked that placebo-treated ovariectomized mice had
an atrophied uterus (�20 mg) and nondetectable (�5
pg/ml, ie, 20 � 10�12 M) circulating levels of E2, whereas
those implanted with an E2-releasing pellet had a signif-
icant increase in uterine weight and serum E2 concentra-
tions (100 to 200 pg/ml, not shown), irrespective of the
genotype Fgf2�/� and Fgf2�/� (Table 1). In addition, no
variation of body weight was observed between Fgf2�/�

and Fgf2�/� mice (Table 1). Although E2 serum concen-
trations in this range have been reported by some au-
thors during the estrous cycle,25,26 such concentrations
are probably only reached during pregnancy.27

Irradiation and BM transplantation (Fgf2�/�BM �
�Fgf2�/� and Fgf2�/�BM � �Fgf2�/�) did not alter
uterus atrophy following ovariectomy nor did they in-
crease uterine weight (Table 2) and serum E2 concentra-
tions (not shown) in E2-treated mice. No variation of body
weight was observed in these chimeric mice.

Bone Marrow Transplantation

Two weeks after ovariectomy, recipient mice were le-
thally irradiated (9 Gy, g-source), after which they re-
ceived an intravenous injection of 4 � 106 donor BM cells
24 hours later. One month later, mice were implanted with
either a placebo or an E2 pellet.
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Electric Injury

Three weeks after the pellet implantation, mice were
submitted to an electric injury at the level of the left
common carotid artery as previously described28.3 This
technique allows precise deendothelialization of 4-mm
length and measurement of the remaining deendothelial-
ized area at day 3 (and at day 5 for Fgf2�/� and Fgf2�/�

mice). To measure the percentage of reendothelializa-

tion, animals were perfused in vivo with Evans blue dye to
identify the remaining denuded area (Figure 1C). Then, a
ratio was calculated from the remaining denuded area to
deendothelialized area at day 0. In additional experi-
ments, silver nitrate staining of en face preparation was
also performed at day 10 to verify that reendothelializa-
tion was complete at that time (not shown).

Serum Hormone Concentrations

Radioimmunoassay kits for E2 were used following the
manufacturer’s instructions (Sorin Biomedica, Saluggia,
Italy).

Fluorescence-Activated Cell Sorter Analysis

Peripheral blood and BM from mice were collected
after 3 weeks of placebo or E2 treatment in vivo. After lysis
of blood red cells and Fc blockade (Fc-Block; Pharmin-
gen, San Diego, CA), the viable lymphocyte population
was analyzed for the expression of Sca-1-fluorescein
isothiocyanate (clone E13–161.7; Pharmingen) and vas-
cular endothelial growth factor receptor-2 (clone A3;
Santa Cruz Biotechnology, Santa Cruz, CA) conjugated
with the corresponding phycoerythrin-labeled secondary
antibody (Sigma, St. Louis, MO). Isotype-identical anti-
bodies served as controls (Becton, Dickinson and Com-
pany, San Jose, CA). Single- and two-color flow cytomet-
ric analyses were performed by using a Becton Dickinson
FACScan equipped with an argon ion laser. Data were
evaluated with Cellquest software.

Western Blotting and Quantification of FGF2
mRNA

Electrophoresis was performed as described by Laemmli
on 12.5% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis gels under reducing conditions. Cellular
extracts (50 �g) were loaded on gels. Mouse monoclonal
anti-Fgf2 (sc-79; Santa Cruz Biotechnology) and mono-
clonal anti-�-actin (AC-15; Sigma) were used at the con-
centration of 1 �g/ml. HRP-labeled secondary antibodies
were revealed by the ECL system (Amersham Bio-
sciences, Little Chalfont, Buckinghamshire, UK).

Figure 1. Effect of estradiol (E2) on the reendothelialization process (3 days
after injury) on EPC mobilization in ovariectomized Fgf2�/� and Fgf2�/�

mice treated (E2) or not (placebo) with E2. A: FGF-2 protein expression in
aorta, bone marrow, and EPCs. B: The percentage of reendothelialization
represents the ratio of the area remaining deendothelialized at day 3 on the
area initially deendothelialized (eight mice in each group). *P � 0.05 versus
respective control. C: Representative Evans blue dye staining of carotid 3
days after injury. D: EPC levels in peripheral blood were assessed from
ovariectomized FGF2�/� and FGF-2�/� mice treated (E2) or not (placebo)
with E2 by FACS analysis to quantify Sca-1/VEGF-R2-positive cells (eight
mice in each group, *P � 0.05 versus respective placebo).

Table 1. Effect of E2 on the Body Weight, Uterine Weight, Reendothelialization Process (D3 and D5 after Injury), and
Circulating EPC in Ovariectomized Fgf2�/� or Fgf2�/� Mice

Fgf2�/�

placebo
n � 8

Fgf2�/� E2
n � 8

Fgf2�/�

placebo
n � 8

Fgf2�/� E2
n � 8

Two-factor ANOVA FGF2

E2 Genotype Interaction

Body weight (g) 19.2 � 0.4 17.6 � 0.5 20.3 � 0.3 20.9 � 0.6 NS NS NS
Uterine weight (mg) �20 134.4 � 10.2 �20 140.6 � 12.4
% of reendothelialization at D3 23.4 � 2.1 38.8 � 1.6* 22.8 � 2.5 21.7 � 2.0 �0.001
EPC in blood (% of control) 95 � 7 184 � 22* 106 � 16 98 � 7 0.002
% of reendothelialization at D5 53.1 � 3.2 79.1 � 4.4* 52.1 � 4.5 49.1 � 3.3 �0.001

ANOVA, analysis of variance.
*P � 0.05 versus respective control.
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Extraction of Bone Marrow mRNA, Reverse-
Transcription-Polymerase Chain Reaction
(RT-PCR), and Quantitative PCR

Extraction of bone marrow mRNA was performed with the
RNAble system (Eurobio, Courtaboeuf, France), accord-
ing to the manufacturer’s instructions. Samples were
treated for DNA contamination by DNA digestion during
RNA purification (Sigma). One �g of total mRNA was use
for RT, performed with random hexamers and Super-
script II reverse transcriptase (Invitrogen, Carlsbad, CA),
and subjected to real-time quantitative PCR using a Taq-
man 7900 Detection System quantitative PCR (SYBR
Green Jumpstart Taq ready mix; Sigma). All primers were
designed using the PRIMER express program (FGF2:
5�-CACCAGGCCACTTCAAGGA-3� and 3�-GATGGAT-
GCGCAGGAAGAA-5�). The expression of FGF2 mRNA
was normalized to RNA loading for each sample using
18S rRNA as an internal standard (18S: 5�-CAACTAAG-
AACGGCCATGCA-3� and 3�-AGCCTGCGGCTTAATTT-
GAC-5�).

En Face Confocal Microscopy

Intravascular blood was first removed with an intracar-
diac injection of phosphate-buffered saline. After sam-
pling, carotids were carefully taken and fixed for 20 min-
utes in phosphate-buffered saline containing 4%
paraformaldehyde. Carotids were then longitudinally
opened, and fixation was quenched with 100 mmol/L
glycine (pH 7.4), and samples were permeabilized for 10
minutes in 0.1% Triton X-100 and washed in phosphate-
buffered saline. Fixed tissues were blocked with solution
I (75 mM NaCl, 18 mM Na3 citrate, 2% goat serum, 1%
bovine serum albumin, 0.05% Triton X-100, and 0.02%
NaN3) for 2 hours at room temperature. Von Willebrand
antibody (Dako, Trappes, France) was diluted in solution
I (1:500) and incubated with carotids for 48 hours at 4°C.
Then, tissues were washed with solution II (75 mM NaCl,
18 mM sodium citrate, and 0.05% Triton X-100) for 2
hours and rinsed in phosphate-buffered saline. Carotids
were then incubated for 1 hour at room temperature with
fluorophore-conjugated antibodies (goat anti-rabbit Al-
exa 633, 5 �g/ml; Molecular Probes, Eugene, OR) diluted
in solution I. Finally, tissues were washed in solution I for
1 hour at room temperature. To label the nuclei, pro-

pidium iodide was used (2 �g/ml; Sigma). All prepara-
tions were mounted with Kaiser’s glycerol gelatin (Merck,
Darmstadt, Germany). All microscopy imagery was per-
formed with ZEISS LSM 510 (Carl Zeiss GmbH, Jena,
Germany).

Statistics

Results are expressed as means � SEM. To test the
respective roles of E2 treatment, Fgf2 genotype, and
chimerism on reendothelialization or on circulating EPCs,
a two-factor analysis of variance was performed in the
two sets of experiments. When an interaction was ob-
served between the two factors, the four groups were
compared using a one-factor analysis of variance. The
results of this test are indicated by an asterisk when P �
0.05 to facilitate the reading of the figures. P � 0.05 was
considered statistically significant.

Results

FGF2 Is Absolutely Required for the Effect of E2

on Reendothelialization and EPC Mobilization

Reendothelialization was evaluated in vivo after electric
injury of carotid artery. As shown in Table 1 and Figure
1B, basal endothelial regeneration was similar in ovari-
ectomized Fgf2�/� and Fgf2�/� mice implanted with a
placebo pellet. To test the respective roles of E2 treat-
ment and FGF2 genotype on reendothelialization at day
3, we performed a two-factor analysis of variance, which
revealed a significant interaction (P � 0.001). Indeed, E2

treatment significantly accelerated reendothelialization in
Fgf2�/� mice (P � 0.005) but had no effect in Fgf2�/�

mice (P � 0.41, NS) (Figure 1B). Similar results were
obtained at day 5 (Table 1), demonstrating that FGF2 is
absolutely necessary for the E2-mediated acceleration of
reendothelialization. As the level of significance of the
accelerative effect of E2 on reendothelialization was sim-
ilar at day (D) 3 and D5, we decided to study only D3 in
the rest of the study.

To test whether FGF2 was also involved in EPC mobi-
lization in response to E2, EPC was measured in blood by
FACScan analysis using two specific markers, Sca-1 and
vascular endothelial growth factor receptor-2, as previ-

Table 2. Effect of E2 on the Body Weight, Uterine Weight, Reendothelialization, and Circulating EPC in Ovariectomized Process
in Ovariectomized Fgf2�/� Grafted with Fgf2�/� BM or Fgf2�/� Grafted with Fgf2�/� BM Mice

�/� � ��/�
Placebo
n � 7

�/� � ��/�
E2

n � 7

�/� � ��/�
Placebo
n � 7

�/� � ��/�
E2

n � 7

Two-factor ANOVA chimeric

E2 Genotype Interaction

Body weight (g) 22.6 � 0.3 22.1 � 0.8 20.1 � 0.4 22.1 � 0.6 NS NS NS
Uterine weight (mg) �20 136.6 � 10.0 �20 128.6 � 7.8
% of reendothelialization at D3 29.7 � 1.5 47.9 � 1.6* 27.1 � 1.6 30.8 � 2.3 �0.0001
EPC in blood (% of control) 24 � 3 149 � 64* 27 � 3 33 � 12 0.04

The percentage of reendothelialization represents the ratio of the area remaining deendothelialized at D3 or D5 on the area initially
deendothelialized.

ANOVA, analysis of variance.
*P � 0.05 versus respective control.
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ously described.5 A two-factor analysis of variance re-
vealed a significant interaction between E2 treatment and
FGF2 genotype (P � 0.001). As shown in Figure 1D and
Table 1, E2 increased circulating EPC levels in peripheral
blood in Fgf2�/� mice, whereas it did not alter them in
Fgf2�/� mice, demonstrating that FGF2 is also absolutely
required for EPC mobilization in response to E2.

Bone Marrow FGF2 Is Required for the Effect of
E2 on Reendothelialization and on EPC
Mobilization

To test whether the effect of E2 on reendothelialization
and on EPC mobilization was dependent on FGF2 ex-
pression in BM cells or in extramedullar cell populations,
we generated chimeric mice by grafting Fgf2�/�BM to
Fgf2�/� mice and vice versa. It is of importance to note

that radiation and bone marrow grafting affected neither
the basal nor the E2 effect on the reendothelialization
process in this electrical injury model (not shown).

As shown in Table 2 and Figure 2A, endothelial regen-
eration was similar in ovariectomized mice Fgf2�/�BM �
�Fgf2�/� and Fgf2�/�BM � �Fgf2�/� mice implanted
with a placebo pellet. The two-factor analysis of variance
revealed an interaction (P � 0.001) between E2 treatment
and the type of FGF2 deficiency on reendothelialization.
Indeed, E2 treatment significantly accelerated reendothe-
lialization in Fgf2�/�BM � �Fgf2�/� mice (P � 0.001) but
had no effect in Fgf2�/�BM � �Fgf2�/� mice (P � 0.34,
NS).

The number of EPCs was analyzed in blood of chimeric
mice to determine the involvement of BM FGF2 with re-
spect to that of other cell origins in EPC mobilization in
response to E2. As shown in Figure 2B and Table 2, E2

increased EPC levels in peripheral blood in chimeric
Fgf2�/�BM � �Fgf2�/� mice. In contrast, in chimeric
Fgf2�/�BM � �Fgf2�/� mice, this effect was absent.
Altogether, these results show that FGF2 expression in
BM is required for the effect of E2 on both reendothelial-
ization and EPC mobilization.

Figure 2. Effect of E2 on reendothelialization (A) and on the EPC mo-
bilization in chimeric mice (B) in ovariectomized Fgf2�/� grafted with
Fgf2�/�BM (Fgf2�/�BM � �Fgf2�/�) and Fgf2�/� grafted with Fgf2�/�BM
(Fgf2�/�BM � �Fgf2�/�) mice treated (E2) or not (placebo) with E2. The
percentage of reendothelialization represents the ratio of the area remaining
deendothelialized at day 3 on the area initially deendothelialized. EPC levels
in peripheral blood EPCs assessed by FACS analysis to quantify Sca-1/VEGF-
R2-positive cells (seven mice in each group). *P � 0.05 versus negative
control.

Figure 3. FGF2 isoform abundance and FGF2 mRNA expression in bone
marrow (A) and in aorta (B) from Fgf2�/� mice A: Representative Western
blot analysis showed that E2 increased both FGFlmw and FGFhmw (quantifi-
cation was the sum of 21- and 22-kd bands, performed on four separate
Western blots) isoforms in BM homogenates. In contrast, abundance of FGF2
mRNA in BM was decreased by E2. *P � 0.05 versus respective placebo. B:
Quantification of Western blot showed that only FGF2hmw isoform are in-
creased in aorta homogenates. *P � 0.05 versus respective placebo.

FGF2 Effect on E2 Processes 1859
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Effect of E2 on FGF2 Expression

As previously reported,13 FGF2 isoforms are expressed
in various tissues including BM, aorta (Figure 3), and
lung (not shown). E2 treatment markedly induced both
FGF2lmw (2.5-fold, 38 � 4 versus 95 � 5 densitometric
units and FGF2hmw (9-fold, 10 � 4 versus 90 � 3 densi-
tometric units) protein levels in BM homogenates from
Fgf2�/� mice (Figure 3A). Unexpectedly, the abundance
of FGF2 mRNA was decreased sevenfold in the BM (Fig-
ure 3A).

In addition, FGF2hmw isoforms were more abundant
than the FGF2lmw protein both in aorta (Figure 3B) and in
lung (not shown) homogenates from untreated Fgf2�/�

mice. E2 treatment preferentially increased FGF2hmw pro-
tein levels both in aorta (1.4-fold, Figure 2B) and in lung
(1.5-fold, not shown) homogenates from Fgf2�/� mice.
FGF2 protein abundance in injured carotid artery homog-
enates was below the threshold level using Western blot
analysis (not shown).

To further characterize the relationship between BM-
derived cells and the regenerating endothelial cell mono-
layer, longitudinally opened and flattened mouse carotid
artery was observed using en face confocal microscopy.
To visualize cells originating from BM at the level of the
injured carotid, we grafted GFP-Tg BM to wild-type mice.
At day 3 (Figure 4A), GFP-expressing cells were de-
tected at the level of the regenerated endothelial cell
monolayer as well as in abundance in the adventitia of the
injured vessel (Figure 4B), confirming the homing of
FGF2�/� BM-derived cells in injured carotid arteries.
However, FGF2 protein could not be detected using con-
focal microscopy or classical immunohistochemistry (not
shown).

Discussion

The main findings of the present work are threefold. 1) E2

accelerates reendothelialization and increases EPC mo-
bilization through an FGF2-dependent mechanism. This
is the first in vivo evidence of the implication of FGF2 as a
mediator an in vivo effect of E2. 2) Only medullar, but not
extramedullar, FGF2 is required for both effects of E2,
demonstrating for the first time that an accelerative effect
of reendothelialization requires the involvement of bone
marrow. 3) E2 impressively increased FGF2 isoforms in
bone marrow.

Endovascular deendothelialization in mice is techni-
cally difficult because of the very small size of the
carotid artery. Carmeliet et al28 proposed a method in
which the endothelium is destroyed through a perivas-
cular electric injury, and an adaptation of this model
allowed us to demonstrate previously that E2 acceler-
ates reendothelialization through estrogen receptor �.3

Endovascular and electric perivascular injuries are
identical in their efficiency to destroy the endothelium,
but they differ significantly in their effects on the un-
derlying cell population in the vessel wall. Endovascu-
lar injury preserves most of the adventitial cells as well
as most of the medial smooth muscle cells, which
remain a potential cellular partner.29

Using the model of endovascular carotid injury, we
previously showed that the constitution of neointima hy-
perplasia was not influenced by FGF2 deficiency, sup-
porting the idea that endogenous FGF2 is not involved in
spontaneous arterial healing.13 This parameter could not
be assessed in the present study because the carotid
electric injury model does not elicit neointima hyperpla-
sia,3,28 probably due to the destruction of medial smooth

Figure 4. Localization of BM-derived cells by “en face” confocal microscopy in the injured carotid artery of chimeric mice. At day 3 after injury, BM-derived
GFP-positive cells were detected at the level of the intima (A), as well as abundantly in the adventitia (B).
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muscle cells. It is now clear that the effects of E2 are not
limited to the field of reproductive physiology but have
many other effects, in particular in the pathophysiology of
arteries.30,31 In striking contrast to the absence of con-
sequence of FGF2 deficiency on basal reendothelializa-
tion (Figure 1), we show here, for the first time to our
knowledge, that endogenous FGF2 is an absolute re-
quirement for the acceleration of this process in response
to E2.

As nicely demonstrated by Schwartz, Haudenschild,
and others 20 years ago,17,18 the acceleration of reen-
dothelialization by E2 could be the consequence of an
increase in migration and proliferation of endothelial
cells from each side of the adjacent uninjured area.
Since E2 increases endothelial cell migration in
vitro,14 –16 acceleration of reendothelialization by E2

could be the consequence of the direct effect of the
hormone on the in situ regenerating endothelium. This
possibility was further supported by the fact that en-
dogenous FGF2 is required for the stimulatory effect of
E2 on migration and proliferation of cultured endothelial
cells7 as well as for the acceleration of reendothelial-
ization by E2 in vivo (Figure 1). The modest but signif-
icant induction of both FGF2hmw in the intact aorta in
response to E2 (present work), in line to the induction of
FGF2hmw in cultured endothelial cells by E2,7 was con-
sistent with the idea of a local regulation of the reen-
dothelialization process by E2.

However, Asahara et al19 clearly demonstrated that
vascular function not only depends on cells residing
within the vessel wall but is also significantly modulated
by circulating BM-derived cells, opening a new area of
research. E2 was shown to increase the number of circu-
lating EPCs. As previously shown,4,5 we confirm that E2

increases EPC mobilization in Fgf2�/� mice and demon-
strate the abolition of this effect in Fgf2�/� mice (Figure
1). Of major interest, we developed chimeric mice by
grafting Fgf2�/�BM to Fgf2�/� (Fgf2�/�BM � �Fgf2�/�)
mice and vice versa and demonstrated that bone marrow
FGF2 is absolutely required for EPC mobilization by E2,
whereas extramedullary FGF2 is dispensable for this ef-
fect (Figure 2).

The same chimeric models indicated that bone marrow
FGF2, but not extramedullary FGF2, is also necessary for
the acceleration of reendothelialization by E2, supporting
the hypothesis that EPC mobilization could be determi-
nant in the healing effect of E2 (Figure 2B). In addition, it
appeared that extramedullary FGF2 is dispensable for
the accelerative effect of E2 on reendothelialization, ex-
cluding a role for the FGF2 expressed in the adjacent
uninjured endothelium in this process.

In the present work, E2 treatment markedly increased
FGF2 isoforms levels in BM homogenates from Fgf2�/�

mice (Figure 3A). At the same time, E2 treatment was
found to markedly decrease FGF2 mRNA abundance in
the same tissues (Figure 3A). Such a discrepancy has
been previously reported by us in 3T3 cells32 and by
others in erythroid cells.33 This strongly suggests a reg-
ulation at the translational level. Indeed, when the ribo-
somal machinery mobilizes the pool of silent mRNA, its
translation could activate its instability, possibly by re-

moving masking-protein able to protect the instability
region.33 Such a region has been clearly identified within
the 3�-end of Fgf2 mRNA.34 Furthermore, we have previ-
ously identified a translational enhancer located at the
end of the 3�-untranslated region of the Fgf2 gene, the
activation of which promotes a preferential increase of
the FGF2hmw forms.35 These two phenomena involving
the role of the 3�-untranslated region of Fgf2 mRNA could
explain the effect observed here after stimulation by E2.
Interestingly, the systematic analysis of gene expression
in yeast clearly showed the lack of correlation between
mRNA and protein levels, showing that this discrepancy
between mRNA and protein abundance could be the rule
rather than the exception in genes expressed at a low
level.36,37

We previously demonstrated that estrogens increase
the number of EPCs by exerting antiapoptotic effects,
and suggested that this could lead to accelerated
vascular repair and decreased neointima formation in
the model of endovascular carotid artery injury.5 Fur-
thermore, we5 and others4 have shown an increased
incorporation of BM-derived cells in the reendothelial-
ized area. In the present study, the effects of E2 on
circulating EPCs and on the acceleration of reendothe-
lialization correlated in Fgf2�/� and Fgf2�/� mice as
well as in chimeric Fgf2�/�/Fgf2�/� mice (Figures 1
and 2), further suggesting that EPCs participate in
accelerating reendothelialization. The development of
“en face” confocal microscopy allowed us to confirm
the presence of GFP-expressing cells (potentially
EPCs) present at the level of the regenerated endothe-
lial monolayer (Figure 4A) but also of the adventitia
(Figure 4B). The respective role of both of these BM-
derived populations on the reendothelialization pro-
cess remains to be determined.

Although the phenotype of Fgf2�/� mice suggests a
nonessential role of FGF2 in basal reendothelialization
and in angiogenesis during reproduction and develop-
ment, the present results demonstrate for the first time an
essential role of FGF2 in the effect of E2 on reendotheli-
alization and EPC mobilization. The induction of FGF2
expression by E2 in bone marrow is, to our knowledge,
the strongest physiological regulation reported so far.
More specifically, BM FGF2 appears to be a key deter-
minant of the effect of E2 on the reendothelialization pro-
cess, as well as on EPC mobilization. These functions
represent novel insight into the physiological roles attrib-
utable to FGF2. In addition, the role of FGF2 may not be
restricted to the effect of E2, and other major vasculopro-
tective interventions such as exercise or statins, both of
which are known to share several mechanisms with E2

and to mobilize EPCs,4,20,38,39 could also rely on FGF2 to
mediate their effect. Furthermore, FGF2 could also be
involved in the beneficial effects of exercise or statins on
reendothelialization and arterial repair. These hypotheses
should be tested in future studies. A better understanding
of the role of FGF2 in pathophysiology could help to
design or optimize novel strategies for therapeutic
intervention.
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