
Estrogen Deficiency Accelerates Progression of
Glomerulosclerosis in Susceptible Mice

Sharon J. Elliot, Michael Karl, Mariana Berho,
Mylene Potier, Feng Zheng, Baudouin Leclercq,
Gary E. Striker, and Liliane J. Striker
From the Vascular Biology Institute and Departments of

Medicine and Surgery, University of Miami School of Medicine,

Miami, Florida

Estrogen deficiency may contribute to the develop-
ment and progression of glomerulosclerosis in post-
menopausal women. The responsiveness to estrogens
could be controlled by genetic traits related to those
that determine the susceptibility to glomerular scar-
ring. This study was undertaken to determine
whether the intensity of the sclerotic response was
modified by the estrogen status in sclerosis-prone
ROP Os/� mice. Ovariectomized ROP Os/� mice de-
veloped more severe renal dysfunction and glomeru-
losclerosis than intact, ie, estrogen sufficient age-
matched female mice. Ovariectomized ROP Os/�
exhibited increased accumulation of extracellular ma-
trix, predominantly of laminin, and a marked distor-
tion of the glomerular architecture. We found an in-
crease in macrophage infiltration in the mesangium
of ovariectomized ROP Os/�. Estrogen deficiency de-
creased glomerular estrogen receptor expression in
ROP Os/� mice, which we had previously found to be
low in the parental ROP strain. Thus, although phys-
iological estrogen levels in young ROP Os/� mice
could not prevent the development of glomeruloscle-
rosis, estrogen deficiency accelerated the progression
of glomerular scarring in this mouse strain. This sug-
gests that estrogen replacement will slow but not pre-
vent the progression of glomerulosclerosis. It under-
scores the importance of the genetic composition of
individuals that determines the susceptibility to dis-
eases as well as the response to treatment. (Am J
Pathol 2003, 162:1441–1448)

Estrogen deficiency may contribute to the develop-
ment and progression of glomerulosclerosis in post-
menopausal women. This is suggested by data from
the United States Renal Data System, which show that
the female to male ratio of patients with end-stage renal
disease because of diabetes increases sharply in the
postmenopausal age groups, especially of those from
ethnic minorities.1 The United States Renal Data Sys-
tem data as well as additional genetic and epidemio-

logical studies also suggest that genetic factors play
an important role in the susceptibility to develop glo-
merulosclerosis and the progression to end-stage re-
nal disease.2,3 The responsiveness to estrogens,
which is primarily determined by the level of estrogen
receptor (ER) expression,4 could be controlled by ge-
netic traits related to those that determine the suscep-
tibility to glomerular scarring. We have previously
shown that the renal glomerulus is a direct target tissue
for estrogens.5,6 Human and mouse mesangial cells,
which play a central role in the pathogenesis of glo-
merulosclerosis, express both ER subtypes � and �.5

We reported that these ERs were transcriptionally ac-
tive and that estrogens positively regulated ER expres-
sion in mesangial cells.5 We also found that estrogens
provided protection from glomerulosclerosis by regu-
lating genes involved in extracellular matrix (ECM)
turnover in a manner leading to the prevention of ECM
accumulation in the mesangium.5,6 Estrogen treatment
increased the expression and activity of matrix metal-
loproteinase (MMP)-9 in mesangial cells isolated from
glomerulosclerosis-resistant mice, predominantly via
ER� activation.6 In addition, estrogens have also been
shown to decrease the synthesis of type I and IV col-
lagen in mesangial cells.6 –9 Importantly, we found that
ER levels were much lower in the glomeruli and mes-
angial cells isolated from glomerulosclerosis-prone
ROP than glomerulosclerosis-resistant C57BL6/J
mice.6

Female ROP mice develop glomerulosclerosis in re-
sponse to nephron reduction or diabetes during their
reproductive life span.10–12 This suggests that their cir-
culating estrogen levels, which are adequate to assure
fertility, do not sufficiently protect the renal glomerulus
against noxious stimuli, which cause glomerulosclerosis.
Based on these data, we now postulate that decreased
expression of ER in glomerular cells may be a critical part
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of the propensity of ROP mice to develop glomeruloscle-
rosis after injury. Female ROP mice may resemble the
group or subset of women who develop glomeruloscle-
rosis during their reproductive years, ie, before meno-
pause and who experience an acceleration and further
progression of their renal disease after the onset of meno-
pause.

Therefore, we examined whether estrogen deficiency
had an effect on the development and progression of
glomerulosclerosis in a glomerulosclerosis-prone mouse
model. In a previous study of the oligosyndactyly (Os)
mutation that causes a congenital 50% reduction in
nephron number, we found that young ROP Os/� mice
developed glomerular hypertrophy and glomerulosclero-
sis, ie, during their estrogen-sufficient period of life.10

This was associated with an increase in both cell turnover
and ECM synthesis. In contrast, sclerosis-resistant C57
Os/� mice developed only minimal glomerular scarring
despite an identical reduction in nephron number.11

These data suggested that the development of glomer-
ulosclerosis was primarily dependent on the genetic
background.13 Pathological stimuli such as unilateral
nephrectomy or diabetes further accelerated the pro-
gression and intensity of glomerulosclerosis in young
sclerosis-prone ROP Os/� but not in sclerosis-resis-
tant mouse strains.11–13

In the current study, we asked whether estrogen
deficiency after ovariectomy accelerated and wors-
ened the sclerotic response in young adult female ROP
Os/� mice. In other words, we wanted to determine
whether the intensity of the sclerotic response to
nephron reduction was modified by the estrogen status
in these mice. Ovariectomized (Ovx) ROP Os/� mice,
ie, estrogen-deficient mice, developed more severe
renal dysfunction and glomerulosclerosis than intact,
ie, estrogen-sufficient age-matched female mice. Ovx
ROP Os/� exhibited increased accumulation of ECM,
predominantly of laminin. In addition, we found macro-
phage infiltration in the mesangium of Ovx ROP Os/�.
Long-standing estrogen deficiency further decreased
glomerular ER expression in ROP Os/� mice, which
was already significantly lower in the parental ROP
strain compared to glomerulosclerosis-resistant
C57BL6/J mice. Thus, although physiological estrogen
levels in young ROP Os/� mice could not prevent the
development of glomerulosclerosis, estrogen defi-
ciency accelerated the progression of glomerular scar-
ring in this mouse strain. These data confirm that es-
trogens provide only a partial and relative protection in
sclerosis-prone individuals. They are also in line with
the results of the randomized estrogen replacement
therapy trials.14,15 This suggests that estrogen re-
placement, which in humans and rodents raises estro-
gen levels only into the lower range of what is usually
seen during the menstrual/estrous cycle, will not re-
verse or prevent the development but may slow the
rate of progression of glomerulosclerosis in suscepti-
ble individuals.

Materials and Methods

Experimental Design

Female ROP Os/� (ROP/Le-Os Es1b/� Es1a) mice were
obtained from Jackson Laboratories (Bar Harbor, ME). At
3 to 4 months of age, six animals were ovariectomized
(Ovx) using the following procedure, which was ap-
proved by the committee for animal safety at the Univer-
sity of Miami School of Medicine. Mice were anesthetized
with ketamine/xylazine (80:5 mg/kg i.m.). A small area of
both flanks was shaved and disinfected with Septisol
foam (Calgon-Vestal, St. Louis, MO) and bilateral inci-
sions were made. The ovaries and fallopian tubes were
removed and the uterine horns were placed in the ab-
dominal cavity. The incisions were closed with silk su-
tures. Six intact female mice served as controls.

Animal Sacrifice

Intact or Ovx animals were allowed free food and water
for 10 to 11 months and were sacrificed at 14 months of
age, as previously described.11 Briefly, the left kidney
was perfused with a buffer solution containing collage-
nase and RNase inhibitors for microdissection of glomer-
uli. The right kidney was perfused in situ with 6 ml of
phosphate-buffered saline and 3 ml of 4% paraformalde-
hyde, postfixed in 4% paraformaldehyde solution for at
least 12 hours, and embedded in methacrylate. Sections,
which were 4-�m thick, were stained with periodic acid-
Schiff. Other kidney fragments were immediately frozen
in OCT.

Measurements of Urinary Albumin and
Creatinine and Blood Urea Nitrogen

Urine samples were collected once a month and at sac-
rifice. Albumin excretion was measured by enzyme-
linked immunosorbent assay (Wako International, Tokyo,
Japan), corrected for creatinine concentration in the urine
(kit using the Jaffe method; Stanbio, San Antonio, TX) and
expressed as the urinary albumin/creatinine excretion ratio
(AER). Serum was collected at the time of sacrifice and
used to determine blood urea nitrogen concentrations (Ure-
ase method; Sigma Chemical Co., St. Louis, MO).

Noninvasive Measurement of Blood Pressure

Tail cuff blood pressure measurements were obtained in
conscious mice using the Non-Invasive Blood Pressure
system from Columbus Instruments (Columbus, OH) con-
nected to a 133 MHz Pentium computer. Mice were ac-
climated to the restrainers throughout a period of several
days, and on the day of measurement, were left undis-
turbed for 10 to 15 minutes before recording the blood
pressure. An inflatable occlusion cuff was placed proxi-
mally on the tail and a sensor cuff was placed distally.
The tail was warmed to a temperature between 30 to
37°C. Six measurements of systolic pressure were re-
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corded throughout an approximate time of 10 minutes,
and expressed as the mean.

Morphometry

A morphometric approach was used to quantify the de-
gree of glomerulosclerosis.11 Fifty cortical glomeruli, ran-
domly selected from each mouse, were recorded with an
Olympus BH-2 microscope and Micro Image A209RGB
color video camera. Glomerular volume (�m3) and mes-
angial area (�m2) were measured using MetaMorph 4.5.4
Imaging System computer program (Universal Imaging
Corporation, West Chester, PA). Because the glomerular
lesions were too advanced to measure the mesangial
areas we chose to measure the vascular spaces. The
ratio vascular space/glomerular area was calculated for
each mouse. The result (percent vascular space/glomer-
ular area) was used to determine the severity of glomer-
ulosclerosis in each animal.16

Immunofluorescence Staining

Cryostat sections of 4-�m thickness were exposed to
either rabbit anti-mouse collagen type IV (Biodesign,
Saco, ME), rabbit anti-mouse laminin (Research Diagnos-
tics, Flanders, NJ), rabbit anti-chicken tenascin (Chemi-
con, Temecula, CA) or rat anti-mouse CD68 (Serotec,
Raleigh, NC) followed by goat anti-rabbit-conjugated flu-
orescein isothiocyanate. The sections were examined
and graded on a scale of 0 to 4 by a renal pathologist
blinded to the origin of the kidney slides.

Isolation of RNA and Quantitative Analysis of
RNA Expression by Real-Time Reverse
Transcriptase-Polymerase Chain Reaction

Total RNA was extracted from 100 glomeruli, microdis-
sected from each animal, using the guanidinium thiocy-
anate-phenol-chloroform method as described.17 Ampli-
fication and quantification of target RNAs was performed
on an ABI PRISM 7700 Sequence Detection System (Ap-
plied Biosystems, Foster City, CA).6 TaqMan probes and
primers for amplification of the specific transcripts were
designed using the Primer Express 1.5 from Applied
Biosystems. Primer sequences were identified with Tm

values 10°C less than the probe. The TaqMan probes
were labeled with the reporter dyes FAM, VIC, or TET at
the 5�-end and with the quencher dye TAMRA at the
3�-end. The primers and probes for ER�, ER�, MMP-2,
type IV collagen, and laminin were synthesized commer-
cially (Applied Biosystems, ABI Primer & Probes, Foster
City, CA). TaqMan ribosomal RNA control reagents de-
signed to detect 18S ribosomal RNA, which served as an
endogenous control to normalize for variations in the
isolated RNA amount, were purchased from Applied Bio-
systems.

Zymography for MMPs

A piece of kidney cortex from each mouse was lysed in
buffer and protein concentration was determined using
the Bradford method, as previously described.6 Equal
amounts of protein were electrophoresed on a gelatin gel
and processed to determine MMP-2 and MMP-9 activity,
as previously described.6

Electron Microscopy

Kidney tissue was postfixed for 1 hour in 1.0% osmium
tetroxide (in 0.2 mol/L of sodium cacodylate), prestained
in 1.25% uranyl acetate for 1 hour, dehydrated through a
series of graded alcohol solutions, and embedded in
EPON epoxy resin.

Statistical Analysis

All values were expressed as mean � SEM. The two-
tailed unpaired Student’s t-test was used to evaluate
differences between means of corresponding sets of
data obtained from Ovx and intact mice.

Results

Body, Kidney, and Uterine Weight in Intact and
Ovx ROP Os/� Mice

Intact and Ovx ROP Os/� mice were sacrificed at 14
months of age. Body and kidney weight were not different
between the two groups (Table 1). As expected, the
estrogen-deficient state, which began at 3 to 4 months of
age and lasted �10 to 11 months in the Ovx mice,
resulted in a lower mean uterine weight in Ovx than in
intact animals (0.103 � 0.038 g versus 0.198 � 0.026 g).
Each group of intact and Ovx mice contained six animals.
However, two of the Ovx and one of the intact mice died
before they reached the age of 14 months and were not
included in the analysis.

Renal Function

The AER of intact and Ovx mice was determined once
monthly throughout the study and at the time of sacrifice
(Table 1). AER was fourfold higher in the Ovx mice (P �
0.05). In addition, blood urea nitrogen concentrations, a

Table 1. Comparison of Intact and Ovx Mice

Intact (control) Ovx

n 5 4
Body weight (g) 24.12 � 1.4 23.5 � 1.1
Kidney weight (g) 0.18 � 0.035 0.12 � 0.008
Kidney weight/body

weight ratio (g)
0.007 � 0.001 0.004 � 0.0003

Uterus weight (g) 0.198 � 0.026 0.103 � 0.038
Albumin/creatinine ratio 0.25 � 0.03 1.05 � 0.3*
Serum blood urea

nitrogen (n � 3)
46.1 � 5.3 67.7 � 4.6*

*P � 0.05
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measure of kidney function, also significantly increased
in Ovx mice as a result of an accelerated decline in
kidney function (Table 1).

Systolic Blood Pressure in Ovx and Intact ROP
Os/� Mice

We measured systolic blood pressure in Ovx and intact
mice at the age of 14 months using a noninvasive tail cuff
blood pressure system. There was no difference in the
systolic blood pressure between the Ovx and intact mice
(120.0 � 4.243 mmHg versus 119.3 � 3.786 mmHg, re-
spectively).

Histology

Although there was some degree of mesangial sclerosis in
the intact animals, Ovx ROP Os/� mice showed more ad-
vanced sclerosis with marked decrease of the vascular
lumen (Figure 1). Approximately 10% of the glomeruli were
close to complete obsolescence with only occasional loops
recognizable. The remaining peripheral basement mem-
brane appeared markedly thickened. The lesions were dif-
fuse and relatively homogeneous. The interstitial tissue con-
tained occasional inflammatory cells and proteinaceous

casts in the tubules in both the cortex and medullary regions
(Figure 1, A and C). Some tubular basement membranes
were severely thickened. In contrast, the intact animals had
a minor reduction in the vascular lumen with moderate
thickening of the basement membrane. There was no ap-
parent increase in cellularity in the glomeruli. Occasional
vessels showed intimal thickening.

Morphometry of the Glomeruli of Ovx and Intact
ROP Os/� Mice

There was a conspicuous increase in the size of glomeruli
in Ovx ROP Os/� mice (Figure 2). Specifically, glomeru-
lar volume (13.9 � 1.28 � 105 �m3 versus 9.40300 �
1.5 � 105 �m3) and glomerular area (10,330 � 761 �m2

versus 8169 � 272 �m2) were increased (P � 0.05),
whereas the percent ratio vascular space/glomerular
area was decreased (Figure 2C, P � 0.05) in Ovx mice.

Immunofluorescence Microscopy

There were large amounts of type IV collagen, laminin,
and tenascin in the mesangial areas of both Ovx and
intact ROP Os/� mice. However, there was a marked

Figure 1. Light microscopy. Methacrylate-embedded sections were stained with periodic acid-Schiff silver methanamine. Sections from a ROP Os/� mouse 10
months after ovariectomy (A, C). Sections from an intact ROP Os/� mouse (B, D). Original magnifications: �200 (A, B); �400 (C, D).
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increase in laminin deposition in the glomeruli of Ovx
ROP Os/� mice (Figure 3). In addition, staining with
CD68, a specific marker of macrophages, revealed an
approximately threefold increase in the number of mac-
rophages/glomerulus in Ovx animals (Figure 4).

Glomerular mRNA Expression

Using real-time reverse transcriptase-polymerase chain
reaction, we amplified and measured the expression of
ER�, ER�, MMP-2, type IV collagen, and laminin mRNA.
There was a profound decrease in mRNA expression of
both ER subtypes (Figure 5). ER� was barely detectable
in both the intact and Ovx mice confirming our previous
data that ER� is the predominant subtype in the glomer-
ulus. Expression of MMP-2, collagen type IV, and laminin
mRNA was not different between the two groups, al-
though there was a trend of higher type IV collagen in the
Ovx group (data not shown) that did not reach statistical
significance.

MMP Activity

MMP-2 and -9 activity were assessed in the cortex tissue
of intact and Ovx mice. There was no difference between
the groups (data not shown). This correlated with the
expression of the MMP-2 mRNA found in extracted glo-
meruli, suggesting that MMP-2 transcription did not in-

crease despite increased mesangial matrix in the pres-
ence of estrogen deficiency.

Electron Microscopy of Glomerular Lesions

The glomerular architecture of the Ovx mice was mark-
edly distorted because of glomerular capillary collapse
and mesangial sclerosis. The podocyte processes
showed segmental effacement by ultrastructural exami-
nation (Figure 6).

Discussion

The purpose of this study was to determine whether the
intensity of the sclerotic response to nephron reduction
was modified by the estrogen status in sclerosis-prone
ROP Os/� mice. In general, mice start to have regular
estrous cycles around 3 to 4 months of age and go into
persistent vaginal cornification, a period to some extent
comparable to the perimenopausal state in humans, be-
tween the ages of 11 to 16 months.18 To determine the
effects of estrogen deficiency and to minimize the influ-
ence of aging per se on the scarring process, we studied
young, female ROP Os/� mice during their reproductive
life span. Therefore, mice were Ovx at 3 months and were
12 to 14 months old at the time of sacrifice while intact
animals of the same age served as control. At the time of

Figure 2. Morphometric analysis. Glomerular volume (A) and glomerular area (B) were increased and percent vascular space (C) was decreased in Ovx (black
bars) compared to intact ROP Os/� mice (open bars) (*, P � 0.05).

Figure 3. Immunofluorescence staining of laminin. A: ROP Os/� mouse 10 months after ovariectomy. B: Intact ROP Os/� mouse. Original magnifications �400.
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sacrifice, serum estradiol levels did not differ between the
two groups. However, uterine weight, which is often used
as a surrogate measure of biologically active estrogens,
was decreased in OVX compared to intact mice suggest-
ing that estradiol levels were chronically lower in the OVX
mice.

Although Ovx ROP Os/� mice had more microalbu-
minuria and higher blood urea nitrogen levels than age-
matched intact females, there was no difference in blood
pressure between both groups. Thus, the development
and progression of renal dysfunction was not because of
hypertension in the ROP Os/� mice. In addition, estrogen
deficiency did not cause a rise in the blood pressure of
this sclerosis-prone mouse model as it had been recently
described in mice, which lack ER� expression.19

Although both intact and Ovx ROP Os/� mice devel-
oped glomerular hypertrophy and glomerulosclerosis,
these abnormalities were more pronounced and severe
in the Ovx animals. This was associated with a marked
distortion of the glomerular architecture because of base-
ment membrane collapse as well as segmental efface-

ment of the podocyte processes in the Ovx mice. There
were large amounts of type IV collagen, laminin, and
tenascin in the mesangial area of intact and Ovx ROP
Os/� mice. This confirmed previous studies of our labo-
ratory showing that the glomeruli of ROP Os/� mice
contained twofold to threefold more type IV collagen,
laminin, and tenascin mRNA than those of a sclerosis-
resistant mouse strain carrying the Os/� mutation (C57/
Os/�).11 However, whereas the staining for �1-collagen
IV and tenascin were similar in both groups, there was a
marked increase in laminin deposition in the glomerulus
of Ovx ROP Os/� mice. Interestingly, we found no differ-
ence in the glomerular mRNA expression of the ECM-
digesting MMP-2 as well as of collagen type IV, tenascin,
and laminin B1 in intact and Ovx ROP Os/� mice. Simi-
larly, we did not find any change in MMP-2 activity in
cortical extracts, which may not reveal changes in glo-
meruli. This suggests that increased laminin deposition is
because of mechanisms other than transcriptional regu-
lation of this gene by estrogens. Interestingly, estrogens
have been shown to stimulate the synthesis of glycopro-
teins, such as laminin B1, by stimulating the glycosylation
apparatus without increasing protein synthesis.20 Thus,
ovariectomy accelerated the progression of glomerulo-
sclerosis, even though in the intact mice physiological
estrogen levels did not prevent glomerular lesions.

In addition, the number of macrophages was in-
creased in the mesangium of Ovx ROP Os/� mice. Infil-
trating macrophages have been suggested to play a
pivotal role in the progression to glomerulosclerosis be-
cause treatment of mesangial cells with macrophage-
conditioned medium up-regulated the production of ECM
components including laminin in a dose- and time-de-
pendent manner, independently of cell proliferation.21

Our data support the hypothesis that macrophage infil-
tration accelerates the disease process because renal
dysfunction and glomerulosclerosis were much more se-
vere in Ovx ROP Os/� mice. In addition, there exists a
link between increased macrophage infiltration and es-
trogen deficiency. In murine macrophages and human
coronary artery endothelial cells, 17�-estradiol sup-

Figure 4. Immunofluorescence staining of macrophages. A: Representative
staining of ROP Os/� mice 10 months after ovariectomy with CD68 anti-
macrophage antibody. B: Intact ROP Os/� mouse. Original magnifications
�630.

Figure 5. Expression of ER� mRNA. ER� mRNA expression (normalized to
18S mRNA) was measured by real-time polymerase chain reaction, in isolated
glomeruli from Ovx (black bars) and intact (open bars) ROP Os/� mice.
The graph represents the mean � SEM of three animals per group (**, P �
0.05).

1446 Elliot et al
AJP May 2003, Vol. 162, No. 5



pressed the expression of monocyte chemoattractant
protein-1, a chemokine that mainly attracts blood mono-
cytes.22,23 Estrogen deficiency and/or unresponsiveness
may, therefore, promote macrophage recruitment to the
glomerulus. On the other hand, suppressing macro-
phage activation and/or recruitment may represent a po-
tential mechanism by which estrogens slow the glomer-
ular scarring process in sclerosis-prone individuals.
Taken together, macrophage infiltration induced by es-
trogen deficiency is associated with acceleration but not
initiation of glomerulosclerosis.

We confirmed that female ROP Os/� mice, which de-
velop glomerulosclerosis during their estrogen-sufficient
period of life, express lower glomerular ER levels than
sclerosis-resistant mouse strains. This is in accordance
with a previous study, in which we found that expression
of ER� and ER� was significantly lower in the glomerulus
of the parental ROP strain than of glomerulosclerosis-
resistant C57BL6/J mice.6 Studies of ER have shown that
physiological ER levels limit the estrogen-mediated tran-
scriptional activity well below the cellular capacity to
respond to estrogens.4 In addition, the linear relationship,
which exists between the amount of steroid hormone
receptors and the level of transcriptional activation of
target genes after steroid treatment, suggests that the

glomerular responsiveness to estrogens is decreased in
female ROP Os/� mice. In other words, physiological
estrogen levels cannot exert the same degree of ER-
mediated responses in the glomerulus of female ROP
Os/� compared to C57BL6/J mice. This genetically de-
termined difference in ER expression may contribute to
the susceptibility to glomerulosclerosis as part of the
sclerosis-prone or -resistant phenotype.

Long-standing estrogen deficiency decreased glomer-
ular ER expression in female ROP Os/� mice. Since we
had previously found that estrogens positively regulated
ER expression in mesangial cells,5 we postulated that
lack of estrogens would lower glomerular ER expression.
In fact, this study provides the first in vivo evidence that
chronic estrogen deficiency is associated with a de-
crease in glomerular ER expression. Thus, we propose
that relative estrogen unresponsiveness because of
lower ER levels contributes to the development of glo-
merulosclerosis in intact ROP Os/� mice and that abso-
lute estrogen deficiency, ie, ovariectomy, accelerates this
process.

In several recent randomized trials studying estrogen
replacement therapy for the primary or secondary pre-
vention of coronary heart disease, estrogen replacement
therapy failed to prevent cardiovascular disease in post-
menopausal women.14,15 For instance, estrogen replace-
ment therapy did not change the thickness of the coro-
nary artery diameter in women participating in the
Estrogen Replacement in Atherosclerosis trial. This sug-
gests that these women were resistant to the potential
beneficial effects of estrogens, at least, in this specific
vascular bed.14 It is tempting to speculate that the de-
creased estrogen responsiveness in the coronary arter-
ies of women developing atherosclerosis is part of a
genetic susceptibility comparable to that leading to glo-
merular disease in female ROP Os/� mice.

In addition to causing estrogen deficiency, ovariec-
tomy also lowers circulating blood progesterone levels as
well as serum concentrations of other nonsteroidal hor-
mones such as inhibin and activin. Progesterone action is
mediated via progesterone receptors (PR), which are
expressed in arterial and venous smooth muscle cells.24

However, we previously found that PR expression in mes-
angial cells is near the limit of detection by reverse tran-
scriptase-polymerase chain reaction (unpublished ob-
servation, M. Potier) suggesting that progesterone action
and effects are very limited in this vascular bed. Thus,
progesterone deficiency may not play an important role in
the progression of glomerulosclerosis.

In summary, we found that the potential estrogen-me-
diated protection against the development and progres-
sion of glomerulosclerosis depended primarily on the
genetic background. In female ROP Os/�, estrogens
provided only a relative and partial protection against
glomerulosclerosis because of a low glomerular ER ex-
pression, which appears to be genetically determined.
Because estrogen responsiveness is decreased in glo-
merular cells, estrogens cannot prevent the development
or progression of glomerulosclerosis due to stimuli
such as nephron reduction and diabetes in young glo-
merulosclerosis-prone mice. The glomerular estrogen

Figure 6. Electron microscopy. A: Low power of a glomerulus from an Ovx
ROP Os/� mouse demonstrates extensive sclerosis. B: Glomerulus with
preserved architecture and minimal sclerosis (intact ROP Os/�). Original
magnifications �4250.
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unresponsiveness exists even during the reproductive
life of sclerosis-prone mice, therefore, at a time when
estrogen levels, despite their cyclic variations, are high-
est. On the other hand, ovariectomy accelerated the
progression of glomerulosclerosis, which indicates that
estrogens provide minimal protection against glomer-
ulosclerosis. One can conclude from these data that
estrogen replacement, which in humans and rodents
raises estrogen levels only into the lower range of what
is usually seen during the menstrual/estrous cycle, will
not reverse or prevent the development or progression
of glomerulosclerosis in susceptible individuals. At
best, estrogen replacement will only slow the progres-
sion of glomerulosclerosis, which is accelerated by
estrogen deficiency. These findings underscore the
importance of the genetic background in determining
both the susceptibility to diseases as well as the re-
sponse to treatment.
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