
Introduction
Estrogen receptors are expressed in cardiovascular tis-
sues, and the direct effects of estrogen on the cardio-
vascular system are now well recognized (reviewed in
ref. 1, 2). Much less is known, however, regarding the
vascular expression of progesterone receptors and the
effects of progestins on the cardiovascular system.
The essential role of progestins in the behavioral and
physiologic processes that maintain mammalian
pregnancy have been recognized for many years (3, 4).
More recently, progestins have also been shown to
regulate many physiologic processes that impact on
the atherosclerotic process. For example, progestins
can adversely affect circulating levels of atherogenic
and atheroprotective lipids (5) and expression of coag-
ulation and thrombolytic proteins (6–8). Progestins
also can inhibit vasorelaxation (9–12) and decrease
proliferation of both vascular smooth muscle cells
(VSMCs) (13–15) and endothelial cells (15, 16) in
vitro. Although many observational studies, most of
them related to primary prevention, support the
atheroprotective effects of unopposed estrogens in
postmenopausal women (reviewed in refs 1, 2, 17), the

vascular effects of hormone replacement therapy
(HRT) with estrogens in combination with progestins
remain controversial. Progestins have been reported
in animal studies to reverse estrogen’s atheroprotec-
tive effects in both nonhuman primate (18–20) and
rat models (21–23). Earlier observational studies of
women without known coronary artery disease (CAD)
suggest that combined HRT was as beneficial as estro-
gen alone (24). In contrast, the Heart and Estro-
gen/Progestin Replacement Study (HERS), a large-
scale, randomized, controlled trial for secondary
prevention demonstrated no benefit of treatment
with combined HRT over 4.1 years in women with
established CAD (25). Although many factors likely
contributed to the neutral outcome in HERS (e.g.,
insufficient duration of follow up), some investiga-
tors have speculated that the neutral outcome in
HERS resulted from the addition of a progestin, the-
orizing that its presence in this population might off-
set the beneficial vascular effects of estrogen alone.

Progesterone receptors (PRs), like other sex steroid hor-
mone receptors, are members of a superfamily of ligand-
activated transcription factors that regulate gene expres-
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sion following hormone binding (26–31). PRs are
expressed in vascular cells (13, 32–34), and PR expression
in vascular tissues is induced by estrogen (32, 33), sup-
porting that direct vascular effects of progestins and/or
estrogen may be mediated in part by PRs. To date, how-
ever, a direct role for PRs in vascular biology has not been
studied in vivo. Therefore, we hypothesized that proges-
terone, acting via the PR, can directly alter the response
to vascular injury. To examine the role of progesterone
and PRs in the vascular injury response in vivo, we used
a mouse model of vascular injury (35–37) to examine the
response to carotid arterial injury in female PR knock-
out (PRKO) mice and their wild-type (WT) littermates.

Methods
The PRKO mice were generated by targeted disrup-
tion of exon 1 of the PR gene and are devoid of both
known forms of PR, PRA and PRB (38). These mice
develop normally into adulthood, though the female
mice have selected reproductive (39) and endocrino-
logic (40) abnormalities.

Mouse model of carotid arterial injury. The mouse carotid
injury model used in this study has been described in
detail previously (35–37, 41). The experimental design
of the present study is shown in Figure 1. Fifty-nine
adult female mice (29 PRKO, 30 WT littermates) were
ovariectomized, allowed to recover for 7–10 days, and
then randomly assigned to receive vehicle or subcuta-
neous pellets that continuously release progesterone
(35 mg) for 21 days (Innovative Research of America,
Sarasota, Florida, USA). Previous studies have shown
that ovariectomy reduces circulating progesterone to
undetectable levels and that the progesterone pellets
used in this study produce constant and physiological-
ly relevant circulating hormone levels in mice (38–40,
42–44). One week after pellet implantation, anes-
thetized mice underwent unilateral common carotid
artery injury by intraluminal passage of a fine wire,
denuding the vascular endothelium and inducing a
characteristic increase in medial area and VSMC pro-
liferation. On the same day as the carotid injury, the
mice were implanted subcutaneously with an osmotic
minipump (Alzet Inc., Palo Alto, California, USA) that
continuously releases bromo-deoxy-uridine (BrdU; 25
mg/kg/d) throughout the experiment.

Morphometry and immunohistochemistry. Two weeks
after carotid artery injury, vessels were harvested and
the response to vascular injury was assessed using two
independent measures: VSMC proliferation, meas-
ured by immunohistochemical detection of BrdU-
labeled cells, and medial area, measured by comput-
erized morphometry.

Parallel sections from all 118 carotid arteries were
stained as described previously for hematoxylin/eosin
and for elastin, and area measurements were made using
a computerized morphometric analysis system on the
elastin-stained sections (35–37). For each animal, two sec-
tions were analyzed, and the areas were averaged.
Immunostaining also was performed on parallel carotid

artery sections using anti-BrdU Ab’s, endothelial cell-spe-
cific Ab’s (factor VIII–related antigen), and VSMC-specif-
ic Ab’s (α-actin) (all from Sigma Chemical Co., St. Louis,
Missouri, USA) (35–37) to distinguish between different
vascular cell types. Medial VSMCs that were labeled with
BrdU were quantified as described (35–37). Adventitial
cells were not included in any of these analyses. All analy-
ses were performed by two observers blinded to mouse
genotype and treatment group.

Construction of PR adenoviruses. A full-length cDNA
fragment coding for WT human PRB was cloned as a
BamHI fragment (partial digest, to spare the internal
BamHI site at position 70 of the human PR cDNA)
from the plasmid hPRB-pLEM into the adenovirus
shuttle vector pACCMV.pLpA. The adenovirus adeno-
PRB was constructed by cotransfection of PRB-pAC-
CMV.pLpA and pJM17 into HEK293 cells followed by
standard selection and virus-purification procedures.
Correct insertion of the appropriate cDNA into the
shuttle vector was confirmed by sequence analysis.

Immunoblotting. To confirm proper expression of
PRB, VSMCs were infected with the adeno-PRB virus or
a control adeno–green fluorescent protein (adeno-
GFP) virus, and 24 hours later the cells were lysed in
the following buffer: 20 mM Tris HCl (pH 7.5), 140
mM NaCl, 2 mM EDTA (pH 7.4), 50 mM beta-glycerol
phosphate, 1% (vol/vol) Triton X-100, 20% (vol/vol)
glycerol. Immediately before use, 1:1000 (vol/vol) of
inhibitor cocktail set III was added to the lysis buffer
(Calbiochem-Novabiochem Corp., San Diego, Califor-
nia, USA). Total cellular proteins (25 µg) were separat-
ed by SDS-PAGE, transferred to nitrocellulose mem-
branes, incubated with the primary Ab, mouse
monoclonal anti-PR Ab, Ab-8, at a dilution of 1:500
(NeoMarkers Inc., Fremont, California, USA) followed
by the secondary Ab, anti-mouse IgG horseradish per-
oxidase–linked Ab (Amersham Pharmacia Biotech, Pis-
cataway, New Jersey, USA), and developed with
enhanced chemiluminescence techniques. Additional

612 The Journal of Clinical Investigation | August 2001 | Volume 108 | Number 4

Figure 1
Design of the carotid artery injury study. All animals were ovariec-
tomized (OVX) and then allowed to recover for 7–10 days. Proges-
terone-containing or placebo pellets were then implanted subcuta-
neously 1 week before the animals underwent unilateral carotid
injury and implantation of an osmotic mini-pump containing BrdU.
On day 14 after injury, the animals were sacrificed and both carotid
arteries were perfusion fixed, harvested, and then embedded in
paraffin. Subsequently, the vessels were sectioned transversely and
stained to allow morphometric and immunohistochemical analysis
of the response to injury. Further details of the procedure have been
published previously (35–37).



experiments were performed using monoclonal anti-
PR Ab’s, Ab-7 and Ab-4 (Amersham Pharmacia
Biotech), and the polyclonal anti-PR Ab C-19 (Santa
Cruz Biotechnology Inc., Santa Cruz, California, USA).

Cell culture and proliferation assays. Aortic VSMCs were
obtained by the explant method as described previous-
ly (45). Cultured cells were identified as VSMCs by
immunostaining for smooth muscle–specific α-actin
according to the manufacturer’s instructions (Sigma
Chemical Co.). VSMCs were cultured from each of
three individual PRKO and WT mice. VSMCs were
grown in phenol red–free DMEM with 10% estrogen-
deficient FBS, as described (45).

VSMC proliferation was assessed under baseline con-
ditions in the absence of mitogenic stimulation and in
the presence of stimulation with FBS. Eight replicates
of each cell type were included in each experiment, and
each experiment was performed independently a min-
imum of three times. Proliferation assays included cells
from each of the three cultures of VSMCs derived inde-
pendently from different animals for each genotype,
and the results were then pooled.

For the baseline VSMC proliferation assays, cells at pas-
sage 20 or less were plated in 96-well plates at a density of
5 × 103 cells/well. Six hours after plating, the cells were
growth arrested for 16 hours in serum-free medium
(SFM), at which time 0.1 µCu/well 3H-thymidine was
added to each well. After 24 or 48 hours of incubation in
SFM with 3H-thymidine, the cells were rinsed three times
with ice-cold PBS and then treated with 5%
trichloroacetic acid for 20 minutes at 4°C, followed by
the addition of an equal volume of 0.5 N NaOH. Finally,
the cell lysate was neutralized by addition of 0.5 N HCl,
mixed with scintillation fluid, and the magnitude of 3H-
thymidine uptake determined by scintillation counting.
To examine the effect of progesterone on proliferation of
VSMCs stimulated with mitogens, WT- and PRKO-
derived VSMCs were plated at a density of 20 × 103

cells/well and incubated in SFM in the presence or
absence of progesterone and/or the PR antagonist RU
486. RU 486 was added to the appropriate wells 1 hour

before the addition of progesterone. All wells were treat-
ed with the same concentration of the vehicle ethanol.
After allowing 24 hours for the cells to become quiescent,
they were stimulated with 1% FBS, incubated with 3H-
thymidine for 24 hours, and the magnitude of 3H-thymi-
dine uptake was then determined as described above. In
a subset of experiments, the PRKO-derived VSMCs were
incubated with either adeno-PRB or the control adeno-
GFP virus at moi’s ranging from 1–50 for 24 hours before
plating. Thereafter the cells were placed in SFM with or
without progesterone and/or RU 486, stimulated with 1%
FBS, and 3H-thymidine uptake was determined as
described above. Total cell number was also determined
in parallel experiments by manual counting on a hemo-
cytometer 6 hours after plating to ensure equal plating of
WT and PRKO VSMCs.

Statistical analyses. For all statistical analyses, data were
first subjected to tests for normality and equal variance
between groups. Genotype and treatment groups were
then compared using a two-way ANOVA. Where sig-
nificant findings were noted, subsequent post hoc
analyses were carried out pairwise using the method of
Student-Newman-Keuls. A P value less than or equal to
0.05 was considered significant.

Results
Representative BrdU-stained sections are shown in
Figure 2, and representative elastin-stained sections are
shown in Figure 3. As expected, BrdU-labeled VSMCs
were detected only rarely in the uninjured vessels of ani-
mals in all groups studied (mean < 1.0 BrdU-positive
cell/section, without significant differences between
any treatment or genotype group). Uninjured carotid
arteries from the WT and PRKO mice were indistin-
guishable morphologically, regardless of treatment
assignment, and thus, as in our previous studies, 
the medial areas of the two groups were combined 
(mean = 18.1 ± 0.3 × 10–3 mm2).

Deletion of the PR increases the vascular injury response in
placebo-treated female mice. Medial and intimal VSMC pro-
liferation increased significantly in the injured carotid
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Figure 2
BrdU-stained sections of uninjured
and injured WT and PRKO mouse
carotid arteries. BrdU-stained carotid
artery sections representative of the
mean BrdU counts for each group are
shown (×200). Total BrdU counts
were made on the complete section.
In the inset, examples of both BrdU-
positive VSMCs (black arrows) and
BrdU-negative VSMCs (open yellow
arrow) are shown (×200).



artery in the placebo-treated WT mice (23 ± 4 BrdU-
labeled cells per section; P < 0.001 vs. uninjured) and in
the placebo-treated PRKO mice (42 ± 8 BrdU-labeled
cells per section; P < 0.001 vs. uninjured). The injury-
induced increase in VSMC proliferation was significant-
ly greater in the placebo-treated PRKO mice than in their
WT littermates (P < 0.02). Injury also induced an increase
in medial area in the WT placebo-treated mice (20.6 ± 1.0
× 10–3 mm2; P < 0.02 vs. uninjured), and in the placebo-
treated PRKO mice (24.1 ± 1.4 × 10–3 mm2; P < 0.001 vs.
uninjured). As with the BrdU labeling, the increase in
medial area in the placebo-treated PRKO mice also was
significantly greater than that seen in the placebo-treat-
ed WT littermates (P < 0.01). Thus, in the absence of
endogenous or exogenous progesterone, disruption of
PR expression resulted in an increase in both measures
of the response to vascular injury.

Progesterone enhances the response to vascular injury in WT,
but not PRKO female mice. BrdU-labeled VSMCs in the
media and intima of the WT mice increased from 23 ±
4 BrdU-positive cells per section in the placebo-treated
animals to 40 ± 6 BrdU-positive cells per section in the
progesterone-treated group (P < 0.05). In the PRKO
mice, however, the substantial BrdU labeling evident in
the placebo-treated PRKO mice (42 ± 8 BrdU-positive
cells per section) tended to be reduced by progesterone
treatment (32 ± 7 BrdU-labeled cells per section), but
this trend did not achieve statistical significance 
(P = 0.4). In WT mice, the increase in medial area fol-

lowing injury also was greater with progesterone treat-
ment (23.3 ± 1.2 10–3 mm2 in the progesterone-treated
mice vs. 20.6 ± 1.0 × 10–3 mm2 in the placebo-treated
mice; P = 0.01). In contrast, in the placebo-treated PRKO
mice the large increase in medial area following injury
(24.1 ± 1.4 × 10–3 mm2) was somewhat attenuated by
progesterone treatment (21.4 ± 1.3 × 10–3 mm2), though
this trend was not statistically significant (P = 0.13).
These data demonstrate that progesterone adversely
affects the vascular injury response in WT animals, but
does not significantly alter the already robust response
to vascular injury in the PRKO mice.

VSMCs cultured from PRKO mice are hyperproliferative.
To determine whether the increase in VSMC prolifera-
tion observed in vivo in the PRKO mice resulted from
an intrinsic alteration in the VSMCs, a series of in vitro
VSMC proliferation assays were performed. VSMC cul-
tured from WT female mouse aortae and maintained
in SFM remained quiescent over 24–48 hours as expect-
ed (Figure 4). In contrast, VSMCs derived from the
female PRKO mice continued to proliferate through-
out both day 1 (10.0 ± 1.6–fold greater than WT-derived
VSMCs) and day 2 (13.1 ± 1.8–fold greater than the
WT-derived VSMCs) of the experiment (Figure 4; n = 5
separate experiments, P < 0.0001 vs. WT for each day),
despite being maintained in SFM. In parallel control
studies using VSMCs derived from male animals, both
WT and PRKO-derived cells remained quiescent under
the same serum-free conditions (data not shown).
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Figure 3
Elastin-stained sections of unin-
jured and injured WT and PRKO
mouse carotid arteries. Elastin-
stained carotid artery sections rep-
resentative of the mean medial area
for each group are shown (×200).
The media is delimited by the inter-
nal elastic lamina (open yellow
arrow) and the external elastic lam-
ina (black arrow).

Figure 4
VSMCs derived from female PRKO mice are hyperproliferative. Aor-
tic VSMCs derived from female PRKO mice or their WT littermates
were maintained in SFM and their rate of proliferation was assessed
by 3H-thymidine uptake. Unlike the WT-derived cells, the PRKO-
derived cells did not become quiescent, but rather continued to pro-
liferate markedly for at least 48 hours (3H-thymidine uptake 10.1 ±
1.6–fold and 13.1 ± 1.8–fold greater in PRKO vs. WT cells on day 1
and day 2, respectively; n = 5 independent experiments; *P < 0.001
vs. WT for each day).



Progesterone inhibits proliferation of cultured VSMCs in a PR-
dependent manner. The effect of progesterone on FBS-
induced proliferation of isolated, cultured VSMCs was
examined next. Quiescent VSMCs cultured from WT or
PRKO mice were stimulated with 1% FBS in the presence
or absence of progesterone. Progesterone significantly
inhibited FBS-induced growth of WT-derived VSMCs in
a dose-dependent manner (Figure 5; maximum inhibi-
tion 54% ± 3%; IC50 = 34 nM), but had no significant effect
on proliferation in PRKO-derived VSMCs (Figure 5). To
investigate the role of the PR in mediating the antiprolif-
erative effect of progesterone, PRKO-derived VSMCs were
infected with various concentrations of adenovirus cod-
ing for expression of full-length, human WT PRB.
Immunostaining for PR using a PR-specific Ab demon-
strated that more than 95% of the VSMCs were success-
fully infected at an moi of 50 (data not shown). In the
absence of progesterone, infection with either adeno-PRB

or a control adenovirus encoding GFP had no significant
effect on VSMC growth (data not shown). Furthermore,
progesterone had no effect on proliferation of the GFP-
infected PRKO VSMCs (data not shown). In contrast,
progesterone dose-dependently inhibited growth of the

PRB-infected PRKO-derived VSMCs with the greatest
effect observed at the moi of 50 of adeno-PRB (Figure 6a).
Lack of PR protein in the PRKO-derived cells and expres-
sion of PR protein in the PRB-infected cells (moi 50) was
confirmed by Western blot analysis (Figure 6a, inset). To
explore further the role of the PR in progesterone-medi-
ated VSMC growth inhibition, the effects of the PR
antagonist RU 486 were examined. Using an adeno-PRB

moi of 50, progesterone dose-dependently inhibited
thymidine uptake with a maximum inhibition of 58% ±
6% and an IC50 = 11 nM; Figure 6b). Coincubation of
progesterone-treated cells with the PR antagonist RU 486
led to a dose-dependent reversal of the progesterone-
mediated growth inhibition (Figure 6b).

Discussion
In vivo findings. The findings from both in vivo measures
of vascular injury used in these studies are consistent
with each other and demonstrate previously unrecog-
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Figure 5
Progesterone inhibits proliferation of cultured VSMCs. Quiescent
aortic VSMCs derived from female PRKO mice or their WT litter-
mates were stimulated with 1% FBS in the presence or absence of
progesterone, and their rate of proliferation was assessed by 3H-
thymidine uptake. Progesterone treatment inhibited proliferation of
WT-derived VSMCs (closed circles), but had no effect on prolifera-
tion of PRKO-derived VSMCs (open circles) (*P < 0.05, **P < 0.01
vs. control cells treated with vehicle alone). Shown are the mean ± SE
from three independent experiments, each performed with eight
replicates for each concentration of progesterone.

Figure 6
Progesterone-mediated inhibition of cultured VSMCs is mediated by
the PR. (a) PRKO-derived VSMCs were infected with adeno-PRB at
moi’s ranging from 1 to 50, and the effect of progesterone (Prog) on
FBS-stimulated 3H-thymidine uptake was examined. Progesterone
inhibited VSMC proliferation with the greatest effect at an moi of 50
for adeno-PRB. (Moi = 1, black bars; moi = 10, gray bars; and 
moi = 50, open bars; *P < 0.01 vs. moi 1, **P < 0.001 vs. moi 1, and
P < 0.01 vs. moi 10). The inset depicts an immunoblot analysis
demonstrating the expression of PRB in adeno-PRB–infected PRKO
cells (moi = 50), while no expression was observed in adeno-
GFP–infected PRKO VSMCs. The positive control (hBCa) was pro-
vided by the manufacturer. (b) After infection of PRKO-derived
VSMCs with an moi of 50 for adeno-PRB, progesterone dose-depend-
ently inhibited growth of these cells, and progesterone-mediated
growth inhibition was abolished by coincubation with the PR antag-
onist RU 486 (*P < 0.01, **P < 0.001 vs. control cells treated with
vehicle alone). In a and b, bars represent the mean ± SE of each of
three independent experiments each performed with eight replicates
per condition. For each cell type, the results are shown relative to the
3H-thymidine uptake in the vehicle-treated cells as the absolute rate
of uptake was significantly higher in the PRKO-derived cells com-
pared with the WT-derived cells (compare Figure 4).



nized functions of the PR in the cardiovascular system.
The response to carotid artery injury was significantly
greater in the PRKO mice than in the WT animals, and
progesterone worsened the response to vascular injury
in the WT mice, but had no significant effect on vas-
cular injury in the PRKO mice. These data support a
complex role for the PR in the response to vascular
injury and in vascular biology. To our knowledge, this
represents the first study directly implicating the PR in
the vascular injury response in vivo.

The increased response to vascular injury in PRKO
mice is likely multifactorial. The increased VSMC pro-
liferation in the female PRKO mice following vascu-
lar injury suggests that the PR exerts an antiprolifer-
ative effect in VSMCs in vivo in WT animals. This is
supported further by the in vitro VSMC proliferation
assays demonstrating that female PRKO-derived
VSMCs proliferate more rapidly than do WT-derived
VSMCs, even in SFM. Thus, loss of PR expression and
the resultant increase in VSMC proliferation is likely
one mechanism that contributes to the increased vas-
cular injury response in the PRKO mice. Interesting-
ly, the hyperproliferative effect of PR disruption is
observed in the absence of progesterone both in vivo
and in vitro (see below). An important role for the PR
in the cardiovascular system also is supported by the
observation that progesterone-induced increases in
the vascular injury response are observed in the WT
but not the PRKO mice. It is interesting to note that
progesterone tended to attenuate the response to
injury in the PRKO mice, although this trend did not
reach statistical significance. It is unclear whether this
reflects a biologically relevant effect of progesterone
that is PR-independent or whether it was indeed due
to chance. The effects of progesterone on the vascular
injury response have not been examined previously in
mice. Earlier studies in other animal models regard-

ing the effects of progestins on vascular
injury have yielded conflicting results
(18–23), likely due to differences in the
dose and/or form of progestin used.

Several other mechanisms also could
contribute to the increased response to
vascular injury with progesterone treat-
ment observed in the WT animals.
Endothelial cells express PR, and prog-
estins can inhibit endothelial cell migra-
tion and proliferation in vitro and in vivo
(16). This is potentially an important
mechanism in the mouse carotid artery
injury model because restoration of an
intact endothelium returns the underly-
ing VSMCs to a quiescent state (reviewed
in refs. 46, 47). Delayed re-endothelial-
ization would thus prolong the period
during which VMSCs proliferate. Addi-
tional effects of progestins on the
endothelium include alterations in the
production of tissue plasminogen acti-

vator-1 and plasminogen activator inhibitor-1 (8),
inhibition of endothelin-induced angiotensin II pro-
duction (48), and enhancement of thrombospondin
production (7), all effects that would be expected to
affect the response to vascular injury.

In vitro findings. Cultured VSMCs have been shown to
express PR (13–15), but little is known regarding the
effects of progestins on VSMCs. In the current study,
progesterone inhibited proliferation in VSMCs cul-
tured from female WT mice, extending previous
reports demonstrating that progesterone inhibits in
vitro proliferation of aortic VSMCs derived from male
rats (13). A role for the PR in mediating the antiprolif-
erative effects of progesterone is supported by the
observation that progesterone inhibits proliferation of
PRKO-derived VSMCs infected with PR, but has no
effect on proliferation in control (GFP-infected)
PRKO-derived VSMCs. The reversal of progesterone’s
antiproliferative effect by the PR antagonist RU 486
observed in the PR-infected PRKO cells also supports
this conclusion. These observations are limited to PRB

because this was the isoform of PR used in the experi-
ments presented above. Further investigation of
potential PR isoform-specific effects on VSMC prolif-
eration is the subject of ongoing investigation.

Comparison of in vivo and in vitro findings. The antipro-
liferative effects of progesterone observed in VSMCs in
vitro contrasts with the increased VSMC proliferation
seen in vivo following injury in the progesterone-treat-
ed WT mice. This may result from several factors. The
effect of progesterone on VSMCs may be altered, for
example, by the presence and proximity of other cell
types in vivo. In addition, the endpoint used to assess
VSMC proliferation in the carotid injury model, BrdU-
labeling of VSMCs over 2 weeks following injury, is a
measure of the extent of VSMC proliferation, but not
the rate of VSMC proliferation. The extent of VSMC
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Figure 7
Two models of molecular mechanisms that may mediate PR/progesterone effects
on the vascular injury response. For explanation, see text. Prog, progesterone; PIA,
progesterone-independent activation.



proliferation is likely determined by several factors,
only one of which is the rate of proliferation. For
example, if progesterone directly reduces the rate of
VSMC and endothelial cell proliferation, but inhibits
endothelial cell proliferation to a greater degree, the
net result might be to sufficiently delay re-endothe-
lialization and extend the period during which VSMCs
proliferate, thus increasing the overall extent of BrdU-
labeled VSMCs. Further investigation of the differing
effects of progesterone in vivo and in vitro will require
additional experimentation, including time-course
and coculture experiments using different vascular cell
types. These differences highlight the importance of
using in vivo, whole animal models to address the
mechanisms that mediate hormonal effects on vascu-
lar cell growth and vascular injury.

Taken together, these findings implicate the PR in vas-
cular biology and raise an intriguing mechanistic ques-
tion: how does the loss of PR cause an increase in the vas-
cular injury response, while progesterone treatment of
WT animals augments the response to injury? Since the
PR is a transcription factor, differential effects of PR on
the expression of specific vascular genes likely are
involved. One model that could explain these findings is
that the unliganded PR represses expression of propro-
liferative genes, and this repression is relieved upon hor-
mone stimulation (Figure 7a). Though transcriptional
repression such as this has been reported previously for
the thyroid hormone receptor (another member of the
superfamily of ligand-activated transcription factors; refs.
49, 50), PR-mediated transcriptional repression has only
recently been observed (K. Horowitz, personal commu-
nication). An alternative model by which the PR could
protect against vascular injury in the absence of proges-
terone, but worsen injury in the presence of progesterone,
is shown in Figure 7b. In this model, PR activates vascu-
lar protective genes in the absence of progesterone, but
upon hormone stimulation, an alternate set of propro-
liferative genes are transcribed that promote vascular
injury. Hormone-independent activation of the PR and
other steroid hormone receptors has been reported to
occur via growth factor signaling pathways in both non-
vascular and vascular cells (51–60). Thus, progesterone-
dependent and progesterone-independent activation of
the PR could result in activation of different sets of genes
that either inhibit or augment the vascular injury
response. Alternatively, endogenous progesterone-like lig-
ands may exist that are capable of activating the PR in the
absence of progesterone, though such endogenous lig-
ands have not been reported to date. Determination of
the extent to which the pathways described in this model
are unique to VSMCs or apply to other cell types will
require additional investigation.

In summary, the data presented above demonstrate a
direct role for the PR in the response to vascular injury.
In the absence of progesterone, loss of the PR leads to
more pronounced vascular injury, whereas in animals
with an intact PR, progesterone increases the vascular
injury response. These data support that the PR regu-

lates the vascular injury response, but it does so in a
complex way, having the capacity to either augment or
attenuate the degree of injury. These studies support
that further understanding of the mechanisms that
mediate the complex effects of PR on the vasculature
may have important implications for current and
newer hormone replacement therapies.
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