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Estradiol prevents fatty streak formation in chow-fed
atherosclerosis-prone apolipoprotein E (ApoE)-defi-
cient mice. We previously reported that fatty streak
development of immunodeficient ApoE�/�/recombi-
nation activating gene 2 (RAG-2�/�) double-deficient
mice was insensitive to estradiol. In the present work,
we demonstrate that the reconstitution of ApoE�/�/
RAG-2�/� with bone marrow from immunocompe-
tent ApoE�/�/RAG-2�/� mice restores the protective
effect of estradiol on fatty streak constitution. We
extended this demonstration to the model of low-
density lipoprotein receptor-deficient mice, estab-
lishing the obligatory role of mature lymphocytes in
this process. We then investigated whether the pro-
tective effect of estradiol was mediated by a specific
lymphocyte subpopulation by studying the hormonal
effect on fatty streak constitution in recently devel-
oped models of ApoE�/� mice deficient in selective
T-lymphocyte subsets (either TCR���, CD4�, CD8�,
or TCR��� lymphocytes) or B lymphocytes. In all
these specifically immunodeficient mice, estradiol
administration to ovariectomized mice conferred pro-
tection as in immunocompetent ApoE�/� mice,
clearly demonstrating that no single lymphocyte sub-
population was specifically required for this effect.
These results point to additional lymphocyte-depen-
dent mechanisms such as modulating the interactions
among lymphocytes and between lymphocytes and
endothelial and/or antigen-presenting cells. (Am J
Pathol 2005, 167:267–274)

Fuller understanding of the mechanism of atherosclerosis
prevention by estrogens is urgently needed.1 Two con-
trolled prospective and randomized studies did not dem-
onstrate a beneficial effect of hormone replacement ther-
apy whether in secondary2 or in primary prevention.3 In
contrast to these clinical data, estrogen hormones have
been shown to decrease macrophage-derived foam-cell
infiltration in different animal species including athero-
sclerosis-prone apolipoprotein E-deficient (ApoE�/�)
mice4,5 although the mechanisms of this effect have re-
mained obscure.

Recent cumulative evidence have suggested that both
innate and adaptive immune responses modulate the
rate of lesion progression.6–8 Indeed, several studies
have confirmed the importance of T lymphocytes present
in early lesions of atherosclerosis.9–12 Furthermore, pre-
vious observations have demonstrated the particular role
for specific T-lymphocyte subsets. For example, Zhou
and colleagues13 showed that CD4� T cells aggravate
the atherosclerotic process.

In this context, we previously reported that ApoE�/�

mice with homozygous disruption at the recombination
activating gene 2 (RAG-2�/�) loci presented a reduced
level of atherosclerotic lesions that were insensitive to
estradiol (E2).14 In the present studies, we first demon-
strated that the reconstitution of ApoE�/�/RAG-2�/� with
bone marrow from immunocompetent ApoE�/�/RAG-
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2�/� mice restores the protective effect of E2 on fatty
streak constitution and extended this demonstration to
the model of low-density lipoprotein receptor (LDLr)-de-
ficient mice. We then hypothesized that E2 could target a
specific lymphocyte subset to exert its protective effect
on fatty streak constitution. To solve this question, we
compared the effect of E2 in immunocompetent ApoE�/�

mice and in models of ApoE�/� mice deficient in specific
lymphocyte subsets developed in our laboratory. We ob-
served that no T- or B-lymphocyte subpopulation specif-
ically mediated the protective effect of E2, pointing to
additional lymphocyte-dependent mechanisms.

Materials and Methods

Animals

The specific pathogen-free conditions of animal care and
regular chow diet feeding as well as the production of
ApoE- and RAG-2-deficient mice (ApoE�/�/RAG-2�/�)
have been described previously.14,15 The ApoE�/�/RAG-
2�/� mice had been backcrossed into a C57BL/6 back-
ground for six generations.

Low-density lipoprotein receptor-deficient (LDLr�/�)
mice were purchased from Charles River (L’arbresle,
France). RAG-2-deficient (RAG-2�/�) mice were pur-
chased from CDTA (Orléans, France). Both strains had
been backcrossed into a C57BL/6 background for more
than 10 generations. Female LDLr�/� mice were crossed
with male RAG-2�/� mice in our animal facility to obtain
LDLr and RAG-2 double-deficient mice (LDLr�/�/
RAG-2�/�). RAG-2 and LDLr gene disruptions were as-
sessed by polymerase chain reaction genotyping as
previously described.16,17 The production of the double-
deficient models is reported elsewhere.12 Briefly, TCR�-
deficient (TCR��/�), CD4-deficient (CD4�/�), CD8-
deficient (CD8�/�), TCR�-deficient (TCR��/�) male
mice were crossed with female ApoE�/� mice. B-
lymphocyte-deficient mice were obtained similarly by
crossing �mt-deficient18 B�/�) male mice with female
ApoE�/� mice. Heterozygous ApoE�/�/TCR��/�,
ApoE�/�/CD4�/�, ApoE�/�/CD8�/�, ApoE�/�/TCR��/�,
ApoE�/�/B�/� populations were generated and used as
the parental genotypes. The offspring of these heterozy-
gous strains, TCR��/�, CD4�/�, CD8�/�, TCR��/�, B�/�

and TCR��/�, CD4�/�, CD8�/�, TCR��/�, B�/� served as
the subjects of our studies. Confirmation of gene disruption
was screened by polymerase chain reaction genotyping
and phenotyping of blood lymphocytes or splenocytes by
flow cytometry.12 All strains had been backcrossed into a
C57BL/6 background for more than 10 generations.

Only female animals were used in the present studies.
As shown in Figure 1, mice were ovariectomized at 5
weeks of age and, 1 week later, were administered with
either 60-day time-release placebo or 0.1 mg of estradiol-
17� pellets (Innovative Research of America, Sarasota,
FL) implanted subcutaneously into the back of the ani-
mals, using a sterile trochar and forceps. New pellets
were reimplanted 7 weeks later. The dose of 0.1 mg of
E2, releasing 80 �g/kg/day, had previously been defined

as adequate for a maximal effect on fatty streak consti-
tution in female mice.15 ApoE�/� mice were maintained
under chow diet throughout the experiments, whereas
LDLr�/� mice were switched to a high-fat diet (15% fat,
1.25% cholesterol, no cholate, TD96335; Harlan Teklad,
WI) at 5 weeks of age. After E2 or placebo treatment for
12 weeks, all mice were sacrificed with an overdose of
ketalar after a 16-hour fast. Blood was collected by orbital
punction for serum lipid analysis.15 Uterus was weighted
to assess the efficacy of E2 treatment. All experimental
procedures were performed in accordance with the rec-
ommendations of the European Accreditation of Labora-
tory Animal Care Institute.

Bone Marrow Transplantation

As shown in Figure 2, ApoE�/�/RAG-2�/� and LDLr�/�/
RAG-2�/� mice were ovariectomized at 5 weeks of age
and received a sublethal dose of whole-body irradiation
(400 rads) 1 week later. The day after irradiation, donor
ApoE�/� or ApoE�/�/RAG-2�/�, C57BL/6 or RAG-2�/�

mice were killed, and their femurs and tibias removed
aseptically. Marrow cavities were flushed, and single-cell

Figure 1. Protocol to study fatty streak formation in immunocompetent or
immunodeficient ApoE-deficient mice. Ovx, ovariectomy; E2, estradiol-17�
pellet; Pl, placebo pellet.

Figure 2. Protocol of bone marrow transplantation (BMT) and flow cytom-
etry analysis of spleen lymphocyte repopulation of ApoE�/�/RAG-2�/� mice
transplanted using bone marrow from ApoE�/�/RAG-2�/� or ApoE�/�/
RAG-2�/� donor mice. Splenocytes were co-labeled with anti-TCR�-PerCP/
anti-CD19-PE-conjugated antibodies.
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suspensions were prepared. The irradiated recipients
received 15 � 106 bone marrow cells in 0.2 ml of phos-
phate-buffered saline by tail vein injection. One week
before and 4 weeks after the bone marrow transplanta-
tion, Bactrim (sulfamethoxazole 200 mg/ml, trimethoprim
48 mg/ml) was added to drinking water. After 5 additional
weeks, all transplanted mice were implanted subcutane-
ously with placebo or E2 pellets and LDLr�/�/RAG-2�/�

mice were switched to the high-fat diet to induce athero-
sclerotic lesion formation. Mice were sacrificed 11 weeks
later (at 22 weeks of age). Blood and tissues were col-
lected as described above.

Tissue Preparation and Lesion Analysis

The circulatory system was perfused with 0.9% NaCl by
cardiac intraventricular canalization. The heart and as-
cending aorta were removed and kept frozen. Surface
lesion area was measured by computer-assisted image
quantification in the aortic root, by a trained observer
blinded to the genotype and treatment of the mice, as
previously described15 but using a Leica image analyzer.

The rest of the entire aortic tree was removed and
cleaned of adventitia, split longitudinally to the iliac bifur-
cation, and pinned flat on a dissection pan for analysis by
en face preparation. Images were captured using a Sony-
3CCD video camera and fraction covered by lesions
evaluated as a percentage of the total aortic area.

Immunohistochemistry

Cryostat sections from the proximal aorta were fixed in
acetone, air-dried, and reacted with a primary rat mono-
clonal anti-mouse macrophage (clone MOMA-2 from Se-
rotec, Oxford, UK) used at a 1:50 dilution or a primary
goat polyclonal anti-CD3 (clone M-20 from Santa Cruz
Biotechnology, Santa Cruz, CA) used at a 1:100 dilution.
Then, sections were incubated with corresponding
preadsorbed secondary biotinylated antibodies (Vector
Laboratories, Burlingame, CA): binding of rat monoclonal
anti-macrophage was revealed using biotinylated rabbit
anti-rat IgG and binding of goat polyclonal anti-CD3 was
revealed using biotinylated horse anti-goat IgG. The
binding of the biotinylated antibodies was visualized with
an avidin DH-biotinylated peroxidase complex (Vec-
tastain ABC kit, Vector Laboratories) and AEC peroxi-
dase substrate kit (Vector Laboratories). Countercolora-
tion was performed using Mayer’s hemalun. Macrophage
and T-cell quantification was determined by scoring sam-
ples from at least four sections per animal. A minimum of
three animals was analyzed per group. Two investigators
who were blinded to the sample identity performed
analysis.

Analysis of Plasma Lipids and Lipoproteins

Serum cholesterol concentrations were determined by an
enzymatic assay adapted to microtiter plates using com-

Figure 3. Immunohistochemical analysis of representative lesions from in-
dividual ApoE�/�/RAG-2�/� transplanted using bone marrow from ApoE�/

�/RAG-2�/� or ApoE�/�/RAG-2�/� donor mice using anti-CD3 antibodies.

Table 1. Body Weight, Total Cholesterol, and Aortic Root Lesion Area in Placebo (Pl)- or Estradiol-17ß (E2)-Treated
Ovariectomized ApoE�/�/RAG�/� Female Mice after Bone Marrow Transplantation from ApoE�/�/RAG�/� or ApoE�/�/
RAG�/� Donors

Donor genotype Treatment Body weight (g) Total cholesterol (g/L) Lesion area (�m2)

ApoE�/�/RAG�/� Pl 25.3 � 0.7 5.9 � 0.4 66662 � 5838
E2 23.5 � 0.6 4.8 � 0.4 34919 � 6532*

ApoE�/�/RAG�/� Pl 26.8 � 1.7 5.4 � 0.4 33451 � 5816†

E2 24.3 � 0.3 4.4 � 0.7 41844 � 5294

Results are means � SEM (n � 7).
*P � 0.05 versus the corresponding Pl-treated mice.
†P � 0.05 versus ApoE�/�/RAG�/�-transplanted Pl-treated mice.

Table 2. Body Weight, Total Cholesterol, and Aortic Root Lesion Area in Placebo (Pl)- or Estradiol-17ß (E2)-Treated
Ovariectomized LDLr�/�/RAG�/� Female Mice after Bone Marrow Transplantation from RAG�/� or C57BL/6 Mice

Donor genotype Treatment Body weight (g) Total cholesterol (g/L) Lesion area (�m2/section)

C57BL/6 Pl 28.1 � 1.2 9.3 � 0.8 84480 � 9185
E2 24.9 � 0.7* 6.4 � 0.7* 35333 � 8317*

RAG�/� Pl 27.1 � 0.6 11.1 � 0.6 35900 � 5600†

E2 24.0 � 0.5* 9.9 � 0.5 42800 � 6600

The animals had been on HFD for 12 weeks. Results are means � SEM (n � 7).
*P � 0.05 versus C57BL/6-transplanted Pl-treated mice.
†P � 0.05 versus the corresponding Pl-treated mice.
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mercially available reagents (Roche Molecular Biochemi-
cals, Germany). Lipoprotein cholesterol profiles were
obtained by Fast Protein liquid chromatography as pre-
viously described.19

Statistical Analysis

The results are expressed as means � SEM. For each
parameter (body weight, total cholesterol, lesion area), the
effects of genotype were studied by comparing each im-
munodeficient group with its corresponding immunocom-
petent group of mice. The effect of E2 treatment was stud-
ied comparing placebo- and E2-treated mice in selective
immunodeficient or in immunocompetent mice. A one-fac-
tor analysis of variance was used (Bonferroni/Dunn’s test);
P � 0.05 was considered as significant. Statistical analyses
were performed using the Statview statistical software (Aba-
cus Concepts, Inc., Berkeley, CA). When appropriate, an
unpaired t-test was also performed.

Results

Immunocompetent Bone Marrow
Transplantation Restored Both the Level of
Lesions and E2 Sensitivity in ApoE�/�/
RAG-2�/� and LDLr�/�/RAG-2�/� Mice

To explore the role of lymphocytes in fatty streak consti-
tution and E2 prevention, ApoE�/�/RAG-2�/� ovariecto-
mized female mice received bone marrow transplantation
from ApoE�/�/RAG-2�/� (ApoE�/�/RAG-2�/�3 ApoE�/�/
RAG-2�/�) or from ApoE�/�/RAG-2�/� (ApoE�/�/RAG-
2�/�3ApoE�/�/RAG-2�/�) mice (Figure 2), and then were
treated with placebo or E2 pellets. Sixteen weeks after bone
marrow transplantation, ApoE�/�/RAG-2�/� 3 ApoE�/�/
RAG-2�/� placebo-treated mice presented a significantly
higher level of fatty streaks when compared with ApoE�/�/
RAG-2�/� 3 ApoE�/�/RAG-2�/� placebo-treated mice
(Table 1). Immunohistochemical analysis showed the
presence of CD3-reactive cells in lesions obtained from
ApoE�/�/RAG-2�/�3 ApoE�/�/RAG-2�/� mice but not in
lesions obtained from ApoE�/�/RAG-2�/� 3 ApoE�/�/

RAG-2�/� mice, irrespective of placebo or E2 treatment
(Figure 3 and data not shown). Importantly, although E2
was still ineffective in ApoE�/�/RAG-2�/�3ApoE�/�/RAG-
2�/� mice, the protective effect of the hormone was re-
stored in ApoE�/�/RAG-2�/� 3 ApoE�/�/RAG-2�/� mice
(Table 1).

Because ApoE-deficiency could be involved in these
observations and because the RAG-2-deficient mice
used were not fully backcrossed into the C57/BL6 back-
ground, similar experiments were performed in the LDLr-
deficient mice. We first confirmed that E2 significantly
decreased body weight (26.1 � 0.6 g versus 23.6 �
0.5 g, P � 0.05), serum cholesterol (11.1 � 0.4 g/L versus
7.9 � 0.7 g/L, P � 0.01), and fatty streak deposit
(119,400 � 7400 �m2/section versus 41,400 � 5400
�m2/section for placebo- and E2-treated mice, respec-
tively; n � 9, P � 0.01) in immunocompetent LDLr�/�

mice on a 12-week high-fat diet in agreement with a
previous report.20 The effect on fatty streak was abol-
ished in LDLr�/�/RAG-2�/� mice (42,000 � 13,100 �m2/
section versus 40,300 � 11,300 �m2/section, respec-
tively; n � 8) whereas the effect on body weight (24.4 �
1.3 g/L versus 22.9 � 0.9 g/L, P � 0.05) and serum
cholesterol (9.9 � 0.4 g/L versus 7.4 � 0.7 g/L, P � 0.01)
persisted. Bone marrow graft experiments were also
performed in this last model of ovariectomized female
LDLr�/�/RAG-2�/� mice. As shown in Table 2, Placebo-
treated LDLr�/�/RAG-2�/� mice that had received
C57BL/6 bone marrow, presented a significantly higher
level of fatty streaks when compared with those that had
received RAG-2�/� bone marrow. Again, although E2
remained ineffective in RAG-2�/� 3 LDLr�/�/RAG-2�/�

mice, the protective effect of the hormone was restored in
C57BL/6 3 LDLr�/�/RAG-2�/� mice (Table 2).

Effect of E2 Treatment on Body Weight and
Serum Lipids in Immunocompetent and
Selectively Immunodeficient ApoE�/� Mice

We then asked whether the protective effect of E2 could
be mediated by a specific T-lymphocyte subset or B
lymphocytes, considering the hormonal effect in selec-

Table 3. Body Weight, Total Cholesterol, and Lesion Area of Ovariectomized Placebo (Pl)- or Estradiol-17ß (E2)-Treated
Immunocompetent ApoE�/� Control and Immunodeficient ApoE�/�/TCRß�/�, CD4�/�, CD8�/�, TCR��/� or B�/�

Female Mice

Genotype Body weight (g) Total cholesterol (g/L)

NC Pl E2 NC

ApoE�/� 22.0 � 0.5 28.7 � 1.5 22.9 � 0.5* 3.4 � 0.1
ApoE�/�TCRß�/� 21.0 � 0.5 20.9 � 0.6† 21.5 � 0.5 3.0 � 0.2
ApoE�/�CD4�/� 19.5 � 0.4 21.9 � 1.2† 21.9 � 0.6 3.0 � 0.2
ApoE�/�CD8�/� 21.5 � 0.5 23.5 � 0.8† 22.9 � 0.5 3.1 � 0.2
ApoE�/�TCR��/� 20.1 � 0.4 27.6 �1.4 21.9 � 0.1* 2.9 � 0.1
ApoE�/�B�/� — 26.8 � 0.9 24.3 � 0.4* —

Data of intact corresponding mice (NC) have been published previously12 and are indicated in italics for comparison. Results are means � SEM
(n � 8).

*P � 0.05 versus corresponding C (placebo-treated) mice.
†P � 0.05 versus corresponding immunocompetent mice.

(table continues)
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tively immunodeficient ApoE�/� female mice. The statis-
tical analysis presented in Table 3 refers to comparisons
of each group of immunodeficient mice with its corre-
sponding immunocompetent group. Data from a group of
10 ApoE�/� female mice are given for comparison (Table
3, line 1).

Uterine weight was �20 mg in ovariectomized mice
and increased to 172 � 13 mg on average with E2
treatment, showing that the level of E2 stimulation was
similar in all genotypes. Body weight decreased, reflect-
ing mainly adipose tissue reduction, in immunocompe-
tent ApoE�/� control and in immunodeficient ApoE�/�/
TCR��/� and ApoE�/�/B�/� mice under E2 treatment.
In the immunodeficient ApoE�/�/TCR��/�, ApoE�/�/
CD4�/�, and ApoE�/�/CD8�/� mice, body weight was
lower in placebo-treated mice when compared to their
immunocompetent littermates and was not influenced by
E2, suggesting a role for TCR��� T lymphocytes in
weight regulation. Total serum cholesterol was lower in
ovariectomized ApoE�/�/TCR��/� and ApoE�/�/B�/�

when compared with their respective immunocompetent
littermates and decreased under E2 treatment in all
strains. Fast performance liquid chromatography showed
that the E2-induced decrease concerned the very low-
density lipoprotein, intermediary/low-density lipoprotein,
and high-density lipoprotein fractions (see Supplemental
Figure A at http://ajp.amjpathol.org) in agreement with our
previous report.15

Effect of E2 Treatment on Lesion Area in
Immunocompetent and Selectively
Immunodeficient ApoE�/� Mice

At the level of the aortic root, the lesion area of ovariec-
tomized immunodeficient mice given placebo did not
differ significantly from the corresponding immunocom-
petent mice except for the ApoE�/�/TCR��/� mice,
which presented a decreased level of lesions (Table 3).
E2 treatment induced a significant decrease of fatty
streak development in all groups of mice, including the
ApoE�/�/TCR��/� strain. To further analyze the influence
of serum cholesterol on the lesion formation, we sought to
analyze subgroups of mice with comparable serum cho-
lesterol levels. Such subgroups could be selected among

the whole series of immunocompetent mice that serve as
control for the immunodeficient groups (ie, a total of 50
Pl-treated and 50 E2-treated mice) with cholesterolemia
arbitrarily encompassed between 4 and 6 g/L. In these
subgroups of ovariectomized placebo (n � 19)- and E2
(n � 12)-treated mice, with similar serum cholesterol
(5.0 � 0.1 g/L and 4.9 � 0.1 g/L, respectively; P � 0.67),
lesion area still dramatically differed (109,824 � 4304
�m2/section and 35,722 � 4206 �m2/section, P � 0.001),
strongly suggesting that the E2-induced decrease of se-
rum cholesterol is not the main factor preventing fatty
streak formation.

Histo- as well as immunohistochemical analysis
showed that, under E2 treatment, residual lesions were
essentially fatty streaks containing lipid-laden macro-
phages, with few characteristics of advanced lesions
such as fibrous caps and were substantially less complex
than lesions in ovariectomized ApoE�/� control mice (not
shown). Remarkably, T lymphocytes were still detectable
at a comparable density (2 � 1%) in these residual
lesions (Figure 4). Similar observations were made in all
of the series of specifically immunodeficient mice includ-
ing the ApoE�/�/TCR��/� (Figure 4).

In the rest of the aorta, lesions were identifiable by en
face analysis at predilection sites including the aortic
arch and the orifices of the brachiocephalic, left subcla-
vian, common carotid, and intercostal arteries. However,
the level was low (�3.0% of the total aortic area) except
in the ApoE�/�/CD4�/� group of mice (13.5 � 3.0%, n �
3). In this last group, lesions were observed at the pre-
dilection sites and also at the orifice of the large abdom-
inal arteries, in particular the celiac trunk and renal arter-
ies. E2 induced a spectacular (more than fivefold)

Figure 4. Anti-CD3 immunolabeling of representative lesions from ovariec-
tomized ApoE�/�, ApoE�/�/TCR��/�, and ApoE�/�/TCR��/� mice after 3
months of treatment with E2 pellets.

Table 3. Continued

Total cholesterol (g/L) Lesion area (�m2/section)

Pl E2 NC Pl E2

5.6 � 0.3 3.1 � 0.2* 73,214 � 2963 113,465 � 5288 36,299 � 1979*
4.4 � 0.2† 3.1 � 0.2* 37,048 � 4749 65,053 � 7753† 37,104 � 4418*
5.8 � 0.5 2.7 � 0.2* 77,745 � 12,629 114,835 � 21,656 42,541 � 5431*
5.6 � 0.4 3.2 � 0.1* 76,909 � 4722 110,537 � 16,142 47,782 � 11,285*
5.6 � 0.3 2.8 � 0.2* 57,589 � 3737 101,557 � 8125 27,730 � 3637*
4.6 � 0.2† 2.6 � 0.3* — 93,432 � 11,183 38,348 � 5752*
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protective effect at these different sites, especially in the
ApoE�/�/CD4�/� group (�3.0%, n � 3; Figure 5).

Discussion

The present results definitely demonstrate that, in the
C57BL/6 mouse strain, mature lymphocytes are required
for the preventive effect of E2 on the atheromatous pro-
cess irrespective of the model of genetically-induced
hypercholesterolemia, namely ApoE�/� and LDLr�/�

mice. Indeed, after bone marrow transplantation from
immunocompetent donors into immunodeficient mice,
lymphocytes were recovered in the lesions and a signif-
icant increase in the level of these lesions could be
demonstrated. Most importantly, E2 activity was restored
after bone marrow transplantation from immunocompe-
tent donors, while E2 was still inactive after bone marrow
transplantation from immunodeficient donors to the im-
munodeficient recipients.

Like our data obtained in intact nonovariectomized
mice,12 the measurement of lesion area in placebo-
treated ovariectomized mice show a similar level of le-
sions in immunocompetent and immunodeficient mice,
except in the ApoE�/�/TCR��/� mice, supporting the
deleterious role of �� T lymphocytes in the atheromatous
process. Noteworthy, considering our previous12 and
present data, a protective effect of endogenous ovarian
estrogens could be demonstrated in all strains because
ovariectomized mice developed a higher level of lesions
than intact mice. This observation is in accordance with a
previous report.21 Moreover, E2 treatment, administered
at a dose previously defined as adequate for a maximal
effect,15 induced a significant decrease in lesion size in
all groups of mice (Table 3). Except in ApoE�/�/TCR��/�

mice, the residual lesion level was lower than that mea-
sured in intact female mice.12 In addition, en face analysis
showed that the effect of E2 was not restricted to the
aortic sinus. Interestingly, E2 exerted a stronger preven-
tive effect of lesion development in the thoracic and
abdominal sites than at the level of the aortic sinus,
particularly in ApoE�/�/CD4�/� mice (Figure 5). Although
the selective immune deficiency may generate compen-
satory expansion of other lymphocyte subsets, such as
ApoE�/�/CD4�/� mice presenting with a greater number

of CD8� and double-negative CD4-CD8 cells than
ApoE�/� mice,12,22 we demonstrate here that E2 was
active in all strains, suggesting that no single T-lympho-
cyte subpopulation directly mediated the protective ef-
fect. This included the populations of regulatory T cells
able to control the expansion and differentiation of acti-
vated T cells23,24 and the TCR��� T cells. E2 has been
recently claimed to induce one of these regulatory T-
lymphocyte subpopulations25,26 suggesting that it could
play a key role in the suppression of harmful immune
responses. Our data do not support such a hypothesis in
the atherosclerotic process. Finally, the protective effect
was also maintained in B-lymphocyte-deficient mice. This
excluded a protective role mediated by immunoglobulins
that are known to increase under E2 stimulation27 and
have been suggested to prevent atherosclerosis.27–30

Interestingly, E2 administration significantly decreased
serum cholesterol levels in nearly all conditions analyzed
in the present work. However, although serum cholesterol
level remains a key determinant of atherosclerosis, sev-
eral lines of evidence support the fact that the protective
effect of E2 occurs mainly at the level of the arterial wall.
First, although E2 decreased serum cholesterol levels in
immunodeficient LDLr�/�/RAG-2�/� mice (the present
work) as well as ApoE�/�/RAG-2�/� mice14 to a similar
extent than in immunocompetent mice, it was completely
inactive on lesion area. Second, although the maximal
decrease of serum cholesterol was obtained with endog-
enous E2 (Table 3), the maximal decrease in lesion area
required higher E2 doses, in line with previous re-
ports.15,21 Third, in subgroups of ovariectomized place-
bo- or E2-treated ApoE�/� mice arbitrarily selected for
similar serum cholesterol levels, fatty streak area was
threefold lower in the latter group. Indeed, using choles-
terol-clamped rabbits, Holm and colleagues31 had previ-
ously demonstrated a plasma lipid-independent anti-
atherogenic effect of estrogen, in line with Adams and
co-workers,32 who suggested, as early as 1990, a similar
conclusion in surgically postmenopausal monkeys.

Altogether, these series of observation points to one
(or more) additional lymphocyte-dependent mecha-
nism(s) involved in the protective effect of E2. E2 is a
negative regulator of lymphopoiesis, that selectively de-
pletes functional precursors of B and T cells.33 It also
inactivates the intrathymic T-cell differentiation pathway
and induces thymocyte apoptosis.34 Indeed, we ob-
served a remarkable 80% thymic atrophy (85.2 � 7.5 mg
versus 14.1 � 1.8 mg) and 50% decrease of circulating
lymphocytes in our E2-treated ApoE�/� mice (6804 �
568 per �l versus 3520 � 215 per �l; P � 0.001). How-
ever, in agreement with Hodgin and colleagues,35 T lym-
phocytes were still detectable in the residual lesions (Fig-
ure 3), showing that, despite their decrease in blood,
lymphocytes could still reach and infiltrate the remaining
lesions.

The protective effect could also be mediated through
the modulation of the interactions between lymphocytes
and other cell populations, such as endothelial and/or
antigen-presenting cells, leading to a local control of the
intimal immune process. First, Shi and colleagues36,37

recently provided strong evidence for the crucial role of

Figure 5. Representative en face aorta preparations from placebo- and E2-
treated ovariectomized ApoE�/�/CD4�/� mice.
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endothelial cells rather than hematopoietic cells as de-
terminants of atherosclerosis susceptibility in C57BL/6
mice. Second, decreased proinflammatory38–40 or in-
creased anti-inflammatory cytokine41,42 production re-
sulting from the local interaction between lymphocytes
and antigen-presenting cells could explain the protective
effect of E2. Indeed, it has recently been reported that
estrogens repress Th1 activity and T-cell production of
the key inflammatory cytokine tumor necrosis factor-� in
bone43 but we reported the opposite effect in antigen-
specific CD4� or NKT cell response.44,45 Further work
will be necessary to precisely define the mechanisms of
these interactions.

In conclusion, we have demonstrated that lympho-
cytes are instrumental in the protective effect of E2 but
that no single lymphocyte subpopulation is specifically
required for this effect. These data point to additional
lymphocyte-dependent mechanisms such as modulating
the interactions among lymphocytes and between lym-
phocytes and endothelial and/or antigen-presenting
cells.

Acknowledgments

We thank Mrs. M.J. Fouque, P. Guillou, and M. Larribe for
technical and secretarial assistance.

References

1. Waters DD, Gordon D, Rossouw JE, Cannon III RO, Collins P, Her-
rington DM, Hsia J, Langer R, Mosca L, Ouyang P, Sopko G, Stefan-
ick ML: Women’s ischemic syndrome evaluation: current status and
future research directions: report of the National Heart, Lung and
Blood Institute Workshop: October 2–4, 2002: section 4: lessons from
hormone replacement trials. Circulation 2004, 109:e53–e55

2. Hulley S, Grady D, Bush T, Furberg C, Herrington D, Riggs B, Vitting-
hoff E: Randomized trial of estrogen plus progestin for secondary
prevention of coronary heart disease in postmenopausal women.
Heart and Estrogen/Progestin Replacement Study (HERS) Research
Group. JAMA 1998, 280:605–613

3. Rossouw JE, Anderson GL, Prentice RL, LaCroix AZ, Kooperberg C,
Stefanick ML, Jackson RD, Beresford SA, Howard BV, Johnson KC,
Kotchen JM, Ockene J: Risks and benefits of estrogen plus progestin
in healthy postmenopausal women: principal results from the Wom-
en’s Health Initiative randomized controlled trial. JAMA 2002,
288:321–333

4. Arnal JF, Gourdy P, Elhage R, Garmy-Susini B, Delmas E, Brouchet L,
Castano C, Barreira Y, Couloumiers JC, Prats H, Prats AC, Bayard F:
Estrogens and atherosclerosis. Eur J Endocrinol 2004, 150:113–117

5. Hodgin JB, Maeda N: Minireview: estrogen and mouse models of
atherosclerosis. Endocrinology 2002, 143:4495–4501

6. Ross R: Atherosclerosis—an inflammatory disease. N Engl J Med
1999, 340:115–125

7. Hansson GK, Libby P, Schonbeck U, Yan ZQ: Innate and adaptive
immunity in the pathogenesis of atherosclerosis. Circ Res 2002,
91:281–291

8. Binder CJ, Chang MK, Shaw PX, Miller YI, Hartvigsen K, Dewan A,
Witztum JL: Innate and acquired immunity in atherogenesis. Nat Med
2002, 8:1218–1226

9. Roselaar SE, Kakkanathu PX, Daugherty A: Lymphocyte populations
in atherosclerotic lesions of apoE �/� and LDL receptor�/� mice.
Decreasing density with disease progression. Arterioscler Thromb
Vasc Biol 1996, 16:1013–1018

10. Song L, Leung C, Schindler C: Lymphocytes are important in early
atherosclerosis. J Clin Invest 2001, 108:251–259

11. Reardon CA, Blachowicz L, White T, Cabana V, Wang Y, Lukens J,

Bluestone J, Getz GS: Effect of immune deficiency on lipoproteins
and atherosclerosis in male apolipoprotein E-deficient mice. Arterio-
scler Thromb Vasc Biol 2001, 21:1011–1016

12. Elhage R, Gourdy P, Brouchet L, Jawien J, Fouque M-J, Fiévet C, Huc
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