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The development and progression of glomeruloscle-
rosis (GS) is determined by the genetic background.
The incidence of end-stage renal disease is increased
in postmenopausal women, suggesting that estrogen
deficiency may play a role in the accumulation of
extracellular matrix by mesangial cells (MCs), which
are primarily responsible for the synthesis and deg-
radation of this matrix. Using mouse models that are
prone or resistant to the development of GS, we com-
pared the expression of estrogen receptor (ER)-� and
ER-� subtypes in GS-prone and GS-resistant glomeruli
and isolated MCs, and examined the effects of estro-
gens on ER, collagen, and matrix metalloproteinase
(MMP) expression in MCs.

Glomeruli and MCs from GS-prone mice had de-
creased expression of ER-� and ER-� subtypes and ER
transcriptional activity was also decreased in their
MCs. Importantly, although 17�-estradiol treatment
resulted in decreased collagen accumulation and in-
creased MMP-9 expression and activity in MCs from
GS-resistant mice, there was, paradoxically, no effect
on collagen accumulation and decreased MMP-9 ex-
pression and activity in MCs from GS-prone mice.
Thus, GS susceptibility is associated with diminished
ER expression in MCs. The renal protective effects of
estrogens, including decreased collagen accumula-
tion and increased MMP-9 expression, seem to be
blunted in GS-prone MCs. (Am J Pathol 2002,
160:1877–1885)

Glomerulosclerosis (GS), a process characterized by the
accumulation of extracellular matrix (ECM) in the mesan-
gium, is thought to result from an imbalance between
ECM synthesis and degradation.1 Mesangial cells (MCs)
have a central role in this process because they synthe-
size both the structural components of ECM, mainly col-

lagens and matrix metalloproteinases (MMP) that are
enzymes that degrade ECM.2,3 The propensity of devel-
oping GS in humans as well as in mice is genetically
determined.4 GS susceptibility is inherited in a recessive
manner in mice involving at least 8 to 10 loci.5 We found
that the expression of mRNA, proteins, and enzyme ac-
tivity involved in the synthesis and degradation of ECM
found in vivo were also present in MCs isolated from the
glomeruli. This was true of MCs from both GS-resistant
and GS-prone mice. Thus, MCs isolated from the glomer-
uli of these mouse strains [C57BL6J (B6) or C57BL6/
SJLF1/J (B6SJL) and ROP/Le-�Es1b/ES1a (ROP)] can
be used to study the influence of the genetic background
on GS.6 We used MCs to determine whether estrogen
responsiveness was dependent on the level of ER sub-
type expression and to study the effects of estrogens
on collagen accumulation and MMP-9 expression and
activity.

Before menopause, diabetic women have a lower risk
of developing end-stage renal disease (ESRD) than age-
matched male diabetics (female:male ratio, 0.68).7 How-
ever, after menopause, this protection is lost (female:
male ratio, 1.04). Furthermore, the relative risk is even
higher in postmenopausal African-Americans (female:
male ratio, 1.33). These data provided the impetus for the
current study. We hypothesized that estrogens may pro-
tect against GS and that MCs may represent an important
target for estrogens in preventing the development or
progression of GS.

The effects of estrogens are primarily mediated via two
estrogen receptor (ER) subtypes, � and �.8 We reported
that MCs isolated from a GS-resistant B6SJL mouse
strain expressed both ER subtypes and that estrogens
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positively regulated their transcription and translation. We
found that 17�-estradiol (E2) up-regulated the expression
and activity of MMP-9, an enzyme that degrades ECM
components, suggesting that estrogens may act to re-
duce the accumulation of ECM.9 Estrogens have also
been shown to decrease the synthesis of type I and IV
collagens by MCs, which may also contribute to de-
creased glomerular ECM accumulation.10,11 In the
present study, we compared the expression of the ER
subtypes � and � in intact glomeruli and in MCs isolated
from GS-resistant and GS-prone mice. We compared the
effects of E2 on the expression of ER-� and ER-� sub-
types, collagen type I and type IV accumulation, and on
MMP expression and activity in MCs derived from both
mouse strains. We found that glomeruli and MCs isolated
from GS-prone mice had decreased expression of ER-�
and ER-� subtypes. There was decreased ER transcrip-
tional activity in MCs from GS-prone mice. Surprisingly,
we found that although collagen accumulation was down-
regulated and MMP-9 expression and activity was up-
regulated by estrogens in MCs isolated from GS-resistant
mice, there was no effect on collagen accumulation and
a decrease in MMP-9 expression and activity in MCs
isolated from GS-prone mice. Thus, MCs from GS-prone
mice have two estrogen-related abnormalities, a reduced
ER expression and a prosclerotic response after estro-
gen treatment.

Materials and Methods

Materials

Mice were purchased from the Jackson Laboratory (Bar
Harbor, ME). All reagents used for real-time polymerase
chain reaction (PCR) were purchased from Perkin Elmer
Applied Biosystems (Foster City, CA). Culture media,
supplements, and primers were obtained from Life Tech-
nologies, Inc. (Grand Island, NY). Charcoal-stripped fetal
bovine serum (FBS) was purchased from Hyclone (Pitts-
burgh, PA). 17�-estradiol (E2), tamoxifen, anti-�-smooth
muscle actin and �-galactosidase substrate were pur-
chased from Sigma (St. Louis, MO). ICI 182,780 (ICI) was
obtained from Tocris (Ballwin, MO). First Strand cDNA
Synthesis Kit for Reverse Transcriptase (RT)-PCR (AMV)
and Taq polymerase were purchased from Roche (Indi-
anapolis, IN). Pierce BCA Assay to measure protein con-
centrations and prestained molecular weight marker was
purchased from Bio-Rad Laboratories (Hercules, CA).
Human recombinant proteins for ER-� and ER-� were
purchased from Panvera (Madison, WI). ER antibodies
and their respective blocking peptides (ER-�, MC-20,
H-184, and ER-� Y-19) were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). Nitrocellulose mem-
branes (Hybond ECL) and films (Hyperfilm ECL) for
chemiluminescence detection were from Amersham
Pharmacia Biotech (Buckinghamshire, England). Trans-
Fast and lysis buffer were purchased from Promega
(Madison, WI). Zymography gels were purchased from
Invitrogen (San Diego, CA) and zymography standards
were from Chemicon (Temecula, CA). To perform en-

zyme-linked immunosorbent assays, standard collagen
type I and type IV were from Collaborative Biomedical
Products (Bedford, MA) and collagen type I and type
IV antibodies were purchased from Biodesign Interna-
tional (Kennebunk, ME). The secondary biotinylated
goat anti-rabbit IgG was from Biosource International
(Camarillo, CA).

Isolation of Glomeruli

Kidneys from 8-week-old female C57BL/6J (B6) (n � 4)
and ROP/Le-�Es1b/ES1a (ROP) (n � 4) were perfused
and 100 glomeruli were isolated from each animal by
microdissection at 4°C in a solution containing RNase
inhibitors as described previously.12 Total RNA was ex-
tracted using Tri-Reagent13 and used to assess ER-� and
ER-� mRNA levels.

Real-Time PCR

Primer Express (Perkin Elmer Applied Biosystems) was
used to determine the optimal primer pairs and probe
sequences for mouse ER-� and ER-�. Primer pairs were
selected so that they amplified different exons (exons 3
and 4 and exons 5 and 6, for ER-� and ER-� primers,
respectively) to prevent the amplification of contaminat-
ing genomic DNA. The sequence of probe for ER-� was
5�-TGGGCATGATGAAAGGCGGCA-3� and labeled FAM
(6-carboxyfluorescein) fluorescent spectrum as a re-
porter. The amplification primer pairs were 5�-GGCT-
GCGCAAGTGTTACGA-3� and 5�-TCCTCGGCGGTCTT-
TCC-3� for ER-�. For ER-� the sequence of the probe was
5�-TGCACATGATTGGCTGGGCCA-3� labeled with the
TET (tetrachloro-6-carboxyfluorescein) fluorescent spec-
trum as reporter. The sequences of the primers used for
ER-� amplification were 5�-AAGCTGGCTGACAAG-
GAACTG-3� and 5�-CCACAAAGCCAGGGATTTTC-3�.
RT-PCR reactions were performed using the TaqMan
One-step RT PCR Master Mix reagents kit and the ABI
Prism 7700 sequence detection system (Perkin Elmer
Applied Biosystems) in a total volume of 50 �l of reaction
mixture. The TaqMan ribosomal RNA control reagents kit
was used to detect 18S ribosomal RNA gene, which
represented an endogenous control. Each sample was
normalized to the 18S transcript content. The primer
probe mixture was purchased from Perkin Elmer Applied
Biosystems and used as specified by the manufacturer’s
protocol. The standard curves for ER-�, ER-�, and 18S
were generated using serially diluted solutions (0.001 to
100 ng) of mRNA from mouse uterus. PCR assays were
conducted in duplicate for each sample. Data are ex-
pressed in percentage of glomeruli isolated from B6
strain and represent the mean � SEM of four animals for
each group.

Cell Culture

MCs were isolated from microdissected glomeruli of
B6SJL and ROP female mice14 and have been previously
characterized.6 MCs were routinely cultured in Dulbec-
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co’s modified Eagle’s medium (DMEM)/F12 containing
phenol red [3/1 (v/v)], supplemented with 20% FBS and
used between passages 19 and 26. A second cell line
independently isolated from the same strain was used to
confirm ER subtypes mRNA and protein expression. To
examine ER regulation, MCs were transferred into phenol
red-free medium supplemented with charcoal-stripped
FBS, as previously described.15 Proliferation was as-
sessed by culturing MCs in phenol red-free medium sup-
plemented with 20% charcoal-stripped FBS in the pres-
ence of increasing concentrations of E2 (0, 0.1, 1, and 10
nmol/L) for 5 days. Cell number, determined every 2 days
with a Coulter cell counter (Hialeah, FL), was not affected
by the presence of E2 in either MC type (data not shown).
For all experiments the number of MCs initially plated was
adjusted to obtain a similar cell density at the end of the
experiment. The function of endogenous ER, was as-
sessed by transfection experiments, as described previ-
ously.9 To study the regulation of ER subtype mRNA and
protein expression, as well as collagen type I and type IV
accumulation, and the regulation of MMP expression and
activity by E2, MCs were plated and maintained for 3
days in phenol red-free medium supplemented with 20%
charcoal-stripped FBS. The medium was replaced by
0.1% charcoal-stripped FBS with increasing concentra-
tions of E2 (0.1 and 1 nmol/L) or with vehicle (ethanol
0.001%) for 24 hours. When the cell layers reached con-
fluency they were harvested for RNA and/or protein col-
lection. The supernatants were saved for the measure-
ment of MMP activity. All experiments (duplicate wells for
each condition) were performed in triplicate.

Transfection and Luciferase Assays

Before transfection, MCs were cultured 4 days in phenol
red-free medium containing 20% charcoal-stripped FBS.
Subsequently, MCs were transfected with the reporter
construct, 4ERE-TATA-Luc (0.25 �g/well; generous gift
from Dr. D. Shapiro, Department of Biochemistry, Univer-
sity of Illinois, Urbana IL16) as previously described.9 The
TATA-Luc vector, which does not contain an ERE, served
as a control. Transfection efficiency was adjusted by
co-transfection with pRSV-�gal (0.25 �g/well). MCs
were incubated for an additional 24 hours in the pres-
ence of 0.1 or 10 nmol/L of E2, 1 �mol/L of ICI, or
vehicle (ethanol 0.001%). Three experiments were per-
formed in triplicate. Results are expressed as percent-
age of vehicle-treated MCs.

Isolation of mRNA and RT-PCR

Total RNA was extracted from confluent cell cultures
using Tri-Reagent.13 RT was performed on 2 �g of total
RNA in a total volume of 20 �l. RNA analysis was per-
formed as described previously.9 Briefly, to assess ER-�
and ER-� mRNA expression, cDNA was amplified by
PCR using previously described primers.9,17,18 PCR
products were, respectively, 408 and 409 bp. Murine
MMP-2, MMP-9, and GAPDH primer pairs were used as
previously described,19 which resulted in PCR products

of 760 bp, 414 bp, and 561 bp in length, respectively.
PCR data obtained for ER-�, ER-�, MMP-2, and MMP-9
were normalized to GAPDH signals as previously de-
scribed.19 Samples from at least three independent ex-
periments were run in duplicate.

Western Blots

ER-� and ER-� protein expression were assessed by
Western blot as described previously.9 Confluent MC
layers were washed once in phosphate-buffered saline
and protein was extracted with a lysis buffer. Equal
amounts of protein lysates (ER-�) or immunoprecipitates
(for ER-�) from each experimental condition were run on
a 10% polyacrylamide gel. Experiments were performed
in the presence of ER-� and ER-� human recombinant
peptides as positive controls, whereas the specificity of
the signal was demonstrated by incubating blots with an
excess of the corresponding specific immunizing pep-
tide. Three independent experiments were performed in
duplicate. Densitometry was performed using ImageJ
1.17 (National Institutes of Health, Bethesda, MD), to
determine relative ER-� and ER-� amounts. Results are
expressed as percentage of vehicle-treated MCs.

Assessment of Collagens

Samples were collected and enzyme-linked immunosor-
bent assays were performed as previously described.20

Briefly, the medium was incubated for 2 hours at 37°C,
then in blocking solution for an additional 30 minutes.
Incubation with antibody against collagen type IV (1:
3000) or collagen type I (1:2000) was performed over-
night at 4°C. After the washes, a biotinylated goat anti-
rabbit IgG was applied for 2 hours. The concentrations of
the type I standards as well as the type IV standards were
0 to 3 ng/well. Final values were expressed as ng/105

cells and results are expressed as percentage of vehicle-
treated MCs.

MMP Activity

Cell supernatants were collected 24 hours after treat-
ment. MMP-2 and MMP-9 activities were assessed as
described previously.9 Standards were electrophoresed
in parallel. Gels were incubated 18 or 40 hours, respec-
tively, for MMP-2 and MMP-9 in 50 mmol/L of Tris buffer
allowing determination of total proteolytic MMP activities
with no interference from their associated tissue inhibi-
tors.21,22 Densitometry was performed using ImageJ 1.17
(National Institutes of Health) to determine relative MMP-2
and MMP-9 activities.

Statistical Analysis

Shown are the mean � SEM of at least three independent
experiments, performed either in duplicate or triplicate
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(as indicated). Data are expressed as percentage of
vehicle-treated MCs. One-way analysis of variance and
Dunnett’s multiple comparison post hoc test or Student’s
t-test were performed for the statistical analysis.

Results

Microdissected Glomeruli from GS-Prone Mice
Express Lower Levels of ER Subtypes mRNA
than Those from GS-Resistant Mice

The ER-� and ER-� mRNA levels in glomeruli isolated
from GS-prone ROP mice were respectively 50.9 �
8.9% and 39.9 � 13.8% of the glomeruli isolated from
GS-resistant B6 mice as measured by real-time PCR23

(Figure 1).

MCs from GS-Prone Mice Express Lower
Levels of ER Subtypes mRNA and Protein than
Those from GS-Resistant Mice

MCs from ROP mice expressed less ER mRNA of both
subtypes than did MCs from B6SJL mice (Figure 2). The
levels of ER-� and ER-� mRNA expression in MCs from
ROP mice were 4.5% and 17.2% of MCs from B6SJL
mice, respectively (Figure 2A). The expression of
mouse ER-� (�67 kd) and ER-� (�55 kd) protein was
examined by Western analysis, using human recombi-
nant ER-� (66 kd) and ER-� (53 kd) peptides as posi-
tive controls (Figure 2B, lanes 1 and 2). The levels of
ER-� and ER-� protein expression were lower (57.5%
and 48.1% of B6SJL, respectively) in the MCs from
ROP mice (Figure 2B, lanes 5 and 6) than in MCs from
B6SJL mice (Figure 2B, lanes 3 and 4). The corre-
sponding signals were abrogated by preincubation
with the respective immunizing peptide (data not
shown). Thus, MCs isolated from GS-prone mice ex-
press less ER than those isolated from GS-resistant
mice. These in vitro results are comparable to the data
obtained in isolated glomeruli.

ER Transcriptional Activity Is Lower in MCs from
GS-Prone than in Those from GS-Resistant
Mice

The ability of endogenous ER to modulate ER transcrip-
tional activity was assessed using an ERE-containing
promoter. A concentration of 10 nmol/L of E2 induced an
approximately twofold increase in luciferase activity in
MCs from ROP mice, whereas a similar response oc-
curred at a concentration of 0.1 nmol/L of E2 in MCs from
B6SJL mice. ICI, an antagonist of both ER-� and ER-�,
did not alter baseline transcriptional activity (Figure 3). In
summary, endogenous ER maintain their function as li-
gand-regulated transcription factors in MCs from both
GS-prone and GS-resistant mice. However, it required a

Figure 1. Glomeruli isolated from GS-prone mice express lower levels of
ER-� and ER-� subtype mRNA than glomeruli isolated from GS-resistant mice
by real-time PCR. Total RNA was obtained from 100 glomeruli. ER-�, ER-�,
and 18S transcripts were analyzed by real-time PCR. Graphs show ER-� and
ER-� mRNA expression, normalized to 18S. Data are expressed as percentage
of glomeruli isolated from the B6 strain. Shown are means � SEM of samples
run in duplicate from four animals for each strain. *, P � 0.05; **, P � 0.01.

Figure 2. MCs isolated from GS-prone mice express lower levels of ER-� and
ER-� subtypes than MCs isolated from GS-resistant mice. A: Total RNA was
collected from MCs grown in DMEM/F12 medium supplemented with 20%
FBS. ER-�, ER-�, and GAPDH transcripts were analyzed by RT-PCR. Repre-
sentative amplicons of ER-�, ER-�, GAPDH, and molecular weight standards
(M) were run in parallel. Graphs show ER-� (left) and ER-� (right) mRNA
expression normalized to GAPDH. Data are expressed as percentage of MCs
isolated from B6SJL mouse. Shown are means � SEM of three independent
experiments. ***, P � 0.001. B: Mouse MC homogenates (ER-�) or immuno-
precipitates (ER-�) were analyzed by Western blotting using the ER-� MC-20
antiserum and the ER-� Y-19 antiserum, respectively. Twenty �g of MC
homogenates or 25 �l of ER-� immunoprecipitates were loaded, respec-
tively. The 66-kd human recombinant ER-� peptide (10 ng and 5 ng) and the
53-kd human recombinant ER-� peptide (1 �g and 0.5 �g) served as positive
controls (lanes 1 and 2). Signals corresponding to the molecular weight of
the wild-type �67-kd mouse ER-�, the �55-kd ER-� for B6SJL-derived MCs
(lanes 3 and 4), and from ROP-derived MCs (lanes 5 and 6) were detected
in the immunoblots. Graphs show ER-� (left) and ER-� (right) protein
expression. Data are expressed as percentage of MCs isolated from B6SJL
mouse. Shown are means � SEM of three independent experiments. Statis-
tical significance is indicated by * and ** (P � 0.05 and P � 0.01, respectively)
when compared to MCs isolated from B6SJL mouse.
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supraphysiological concentration of E2 to induce an in-
crease in transcriptional activity in MCs from GS-prone
mice.

E2 Up-Regulates ER-� mRNA and Protein
Expression in MCs from GS-Prone and
GS-Resistant Mice

We confirmed our previous observations that E2 induces
an increase in ER-� mRNA levels in MCs from B6SJL
mice and now show that a similar regulation is present in
MCs from ROP mice.9 ER-� mRNA levels peaked at 1
nmol/L of E2 in MCs from ROP mice. ER-� mRNA expres-
sion was not changed in either MCs from ROP or B6SJL
mice (Table 1). E2 treatment increased ER-� and ER-�
protein expression in MCs from both ROP and B6SJL
mice. In ROP-derived MCs, 0.1 nmol/L of E2 increased
both ER-� and ER-� protein expression after 24 hours of
treatment. In B6SJL-derived MCs, 0.1 nmol/L of E2 in-
creased by twofold ER-� protein expression whereas 1
nmol/L of E2 was required to increase ER-� protein ex-

pression (Table 1). In summary, the response of ER-�
and ER-� to E2 treatment did not differ between MCs from
GS-prone and GS-resistant mice.

E2 Down-Regulates Collagen in MCs from
GS-Resistant Mice But Not in MCs from
GS-Prone Mice

We show that E2 treatment induced a slight decrease in
collagen type IV accumulation in MCs from B6SJL mice
(85.9 � 5.4%, 1 nmol/L E2; Figure 4A). In contrast, E2 did
not induce changes in MCs isolated from the ROP strain
(91.3 � 5.5%, Figure 4B). We also confirmed that a
similar E2 treatment (1 nmol/L) decreased type I collagen
accumulation in MCs isolated from B6SJL mice (79.2 �
6.0%, P � 0.05) as previously described.11 In contrast, in
ROP-derived MCs, E2 treatment did not change collagen
type I levels (91.1 � 7.6%). In summary, physiological
concentrations of E2 decreased type I and type IV colla-
gen accumulation in MCs from GS-resistant mice but not
in MCs from GS-prone mice.

Figure 3. Higher E2 concentration was required to initiate transcriptional
activity of ER in MCs from GS-prone mice. MCs were grown in phenol
red-free DMEM/F12 supplemented with 20% charcoal-stripped FBS for 4
days. After transfection, MCs were treated with 0 or 0.1 nmol/L of E2, 10
nmol/L of E2, or 1 �mol/L of ICI for 24 hours in phenol red-free medium
containing 10% charcoal stripped FBS. Data are expressed as percentage of
vehicle-treated MCs from three independent experiments performed in trip-
licate.

Table 1. E2 Up-Regulates ER-� and ER-� mRNA and Protein Expression in Both GS-Prone and GS-Resistant MCs.

nM

B6SJL†, E2, nmol/L ROP†, E2, nmol/L

0 0.1 1 0 0.1 1

ER-� mRNA 100.0 � 7.5 149.8 � 18.3* 183.8 � 27.9* 100.0 � 4.0 188.1 � 16.44*** 196.6 � 29.3***
ER-� protein 100.0 � 1.3 201.1 � 39.2* 167.2 � 39.8 100.0 � 0.7 137.1 � 13.6* 84.88 � 17.9
ER-� mRNA 100.0 � 8.2 99.7 � 9.7 127.4 � 14.5 100.0 � 17.9 124.3 � 24.3 128.9 � 7.1
ER-� protein 100.0 � 2.3 152.3 � 24.4 214.5 � 15.1** 100.0 � 1.3 212.9 � 20.7** 171.6 � 18.1*

MCs were grown for 3 days in phenol red-free DMEM/F12 supplemented with 20% charcoal-stripped FBS. Medium was replaced with phenol red-
free DMEM/F12 medium supplemented with 0.1% charcoal-stripped FBS containing 0, 0.1, or 1 nmol/L of E2 for 24 hours. Data are expressed as
percent of vehicle-treated MCs (0.001% ethanol) for each cell type and shown are means � SEM of at least three independent experiments. Statistical
significance is indicated by *, **, and *** (P � 0.05, P � 0.01, and P � 0.001, respectively) compared to vehicle-treated MCs.

†% � SEM

Figure 4. E2 down-regulated collagen type IV accumulation in MCs from
GS-resistant mice, but not in MCs from GS-prone mice. MCs were grown for
3 days in phenol red-free DMEM/F12 supplemented with 20% charcoal-
stripped FBS. The medium was replaced with phenol red-free DMEM/F12
medium supplemented with 0.1% charcoal-stripped FBS and E2 (1 nmol/L)
for 24 hours. Collagen type IV accumulation in the presence of 1 nmol/L of
E2 in MCs isolated from B6SJL mice and from ROP mice. Data are expressed
as percentage of vehicle-treated MCs (0.001% ethanol, open bars) for each
cell type and shown are means � SEM of three independent experiments.
Statistical significance is indicated by * (P � 0.05) for comparison to vehicle-
treated MCs.
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E2 Increased MMP-9 in MCs from GS-Resistant
Mice But Decreased MMP-9 in MCs from GS-
Prone Mice

We confirmed that E2 treatment induced a dose-depen-
dent increase in MMP-9 mRNA in MCs from B6SJL mice
(169.0 � 13.6%, 1 nmol/L E2; Figure 5A).9 In contrast, E2

decreased MMP-9 mRNA expression in MCs isolated
from the ROP strain (29.25 � 7.6%, 0.1 nmol/L E2;
Figure 5A).

Similarly, MMP-9 activity, after 24 hours of treatment
with 1 nmol/L of E2 was markedly increased in MCs from
B6SJL mice (228.7 � 48.5%, Figure 5B). Tamoxifen (1
�mol/L) and ICI (1 �mol/L) blocked this increase
[107.4 � 2.0% (NS) and 89.7 � 21.4% (NS), respective-
ly]. However, in MCs from ROP mice, MMP-9 activity was
decreased (67.8 � 7.5%, Figure 5B) after treatment with
0.1 nmol/L of E2. Tamoxifen (1 �mol/L) and ICI (1 �mol/L)
blocked this decrease [94.3 � 13.1% (NS) and 102.4 �
23.0% (NS), respectively]. Tamoxifen or ICI treatment did
not affect baseline MMP-9 activity in MCs from either ROP
or B6SJL mice (data not shown).

Treatment of MCs from either ROP or B6SJL mice with
physiological concentrations of E2 (0.1 and 1 nmol/L)
caused no changes in MMP-2 mRNA levels or activity
(data not shown).

In summary, MMP-9 mRNA expression and activity
were up-regulated by physiological concentrations of E2

in MCs from GS-resistant mice, but were down-regulated
in MCs from GS-prone mice. Because the regulation of
MMP-9 activity by E2 was abolished by tamoxifen and by
the ER antagonist ICI, the regulation of MMP-9 by E2 is
mediated by ER.

ER-� Mediates the Effect of E2 on MMP-9
Activity

We used (R,R)-diethyl tetrahydrochrysene (THC), which
is an ER-� agonist and ER-�-selective antagonist,24 to
examine MMP-9 regulation. THC treatment mimicked the
effects of E2 on MMP-9 activity in MCs from both ROP and
B6SJL mice. Namely, there was a significant decrease of
MMP-9 activity in MCs isolated from the ROP strain after
24 hours of treatment with 1 �mol/L of THC (66.9 �
8.9%), whereas under the same conditions MMP-9 activ-
ity was increased in MCs from B6SJL mice (157.5 �
22.3%) (Figure 6). These data suggest that the effects of
E2 on MMP-9 activity are mediated by ER-�.

Discussion

We studied the role of estrogens in the regulation of
glomerular ECM deposition, by examining ER expression
and regulation and resultant changes in collagen accu-
mulation and MMP-9. We compared glomeruli and MC
lines obtained from mice that were either GS-prone or
GS-resistant, and found that glomeruli and MCs isolated
from GS-prone mice expressed lower levels of ER-� and
ER-� subtypes, than those isolated from GS-resistant
mice. Using an estrogen-responsive reporter construct,

Figure 5. E2 up-regulated MMP-9 mRNA expression and activity in MCs from
GS-resistant mice, but down-regulated them in MCs from GS-prone mice.
MCs were grown for 3 days in phenol red-free DMEM/F12 supplemented
with 20% charcoal-stripped FBS. The medium was replaced with phenol
red-free DMEM/F12 medium supplemented with 0.1% charcoal-stripped FBS
and E2 (0, 0.1, or 1 nmol/L) for 24 hours. A: MMP-9 mRNA expression in the
presence of E2 in MCs isolated B6SJL and from ROP mice. B: MMP-9 activity
in the presence of E2 in MCs from B6SJL and ROP MCs. Data are expressed
as percentage of vehicle-treated MCs (0.001% ethanol, open bars) for each
cell type and shown are means � SEM of three independent experiments.
Statistical significance is indicated by *, **, and *** (P � 0.05, P � 0.01, and
P � 0.001, respectively) for comparison to vehicle-treated MCs.

Figure 6. E2 effects on MMP-9 activity are modulated by ER-�. Treatment of
MCs with THC, an ER-� agonist, down-regulated MMP-9 activity in MCs
isolated from GS-prone mice but up-regulated MMP-9 activity in GS-resistant
MCs. MCs were grown for 3 days in phenol red-free DMEM/F12 supple-
mented with 20% charcoal-stripped FBS. The medium was replaced with
phenol red-free DMEM/F12 medium supplemented with 0.1% charcoal-
stripped FBS and THC (1 �mol/L) for 24 hours. Data are expressed as
percentage of vehicle-treated MCs (0.001% EtOH, open bars) for each cell
type and shown are means � SEM of three independent experiments.
Statistical significance is indicated by *, **, and *** (P � 0.05, P � 0.01, and
P � 0.001, respectively) for comparison to vehicle-treated MCs.
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we found that the nuclear ERs were transcriptionally ac-
tive in MCs from both B6SJL and ROP mice. Both ER
subtypes were expressed and regulated by estrogens in
the MCs from B6SJL and ROP mice. E2 treatment down-
regulated collagen accumulation and up-regulated
MMP-9 mRNA and activity in MCs from GS-resistant
B6SJL mice, whereas there were no changes in collagen
accumulation and a down-regulation of MMP-9 in MCs
from GS-prone ROP mice.

This study provides the first evidence that the suscep-
tibility to GS is associated with decreased expression of
both ER-� and ER-� mRNA and protein in glomeruli and
MCs from mice with a GS-prone background. It also
provides evidence that the decreased MMP-9 levels in
response to E2 in GS-prone mice may favor ECM accu-
mulation, including collagens.

Multiple lines of evidence suggest that there is a ge-
netic propensity to develop GS in humans25,26 and rats.27

We reported that the development of GS also depends on
genetic background in mice.1,4,5 It has been shown that
E2-dependent responses (such as uterine growth) are
under genetic control and are organ-specific.28,29 Thus,
the genetic background may be a major determinant of
E2 responsiveness.

MCs have a central role in the progression of GS and
contribute to ECM accumulation by synthesizing collag-
ens.19 Decreased degradation of ECM has also been
implicated as an important determinant of progressive
GS.2 MMP-9 belongs to a group of matrix-degrading
enzymes that exhibit high activity against gelatin and
native type IV collagen.30 Increased MMP-9 levels may
contribute to ECM degradation, which could have a pro-
tective role in the glomerulus. We previously found that E2

up-regulates the expression and activity of MMP-9 in
MCs isolated from B6SJL mice.9 In addition, we, in the
present study, and others showed that estrogens regu-
late type I and IV collagen synthesis in MCs.10,11 There-
fore ECM components, including collagens and MMP-9,
are important target genes for the estrogen’s effects in
the mesangium.

We found that glomeruli and MCs isolated from GS-
prone mice expressed lower levels of ER-� and ER-�
subtypes, compared to those isolated from GS-resistant
mice. Steroid hormone action is, in large part, controlled
by the cellular receptor concentration. The receptor num-
ber is the limiting factor that dictates the magnitude of the
steroid response.31 For instance, in cell lines engineered
to overexpress glucocorticoid receptor, there was a lin-
ear relationship between the amount of receptor and the
transcriptional activation of target genes.32 Similar stud-
ies of ER indicated that physiological levels of ER limit
estrogen transcriptional activity well below the cellular
capacity to respond to estrogens.31 Thus, the expression
levels of ER are important determinants of responsive-
ness to estrogens.

We found that physiological concentration of E2 down-
regulated type I and type IV collagen accumulation in
MCs from GS-resistant mice. E2 has been previously
shown to suppress MC type I and type IV collagen syn-
thesis.10,11

We found that E2 regulated MMP-9 mRNA expression
and activity in a dose-dependent manner. Both a selec-
tive ER modulator (tamoxifen) and the anti-estrogen (ICI)
blocked the effect of E2 on MMP-9 activity. Thus, the
regulation of MMP-9 by E2 in MCs was mediated by ER.
Katzenellenbogen and colleagues33 have developed ER
ligands that are full agonists of ER-� and full antagonists
of ER-�. We used THC, an ER-� agonist that is also an
ER-�-selective antagonist.24 THC regulation of MMP-9
activity was indistinguishable from that of E2, suggesting
that the regulation of MMP-9 was primarily mediated by
ER-�.

We found that the effects of E2 treatment depended on
the genetic background. Namely, E2 treatment down-
regulated type I and type IV collagen accumulation and
up-regulated MMP-9 mRNA and activity in MCs from
GS-resistant mice, whereas there was no change in col-
lagen accumulation and a down-regulation of MMP-9
expression and activity in MCs from GS-prone ROP mice.
Others have reported that in the pituitary the effects of
estrogen on MMP-9 expression depend on the genetic
background. Namely, estrogen was found to up-regulate
MMP-9 expression in the pituitary in Fischer 344 rats, but
not in Brown Norway rats.34

Type I and type IV collagen promoters do not contain
ERE, but the molecular mechanisms of collagens regu-
lation by estrogens have been partly described by Neu-
garten and colleagues.11,35 Namely, AP-1 activation
through MAPK has been implicated in the down-regula-
tion of collagen type I by E2 whereas down-regulation of
type IV collagen by E2 seems to be mediated through a
Sp1 site.36 On the other hand, the molecular mechanisms
by which estrogens regulate MMP-9 transcription in MCs
are unknown. Differences in the functional expression of
transcription factors as well as alterations in the structure
of the MMP-9 promoter could be responsible for the
opposite effects of estrogens on MMP-9 expression and
activity. Comparable to collagen type I and type IV, the
MMP-9 promoter does not contain a consensus ERE, but
contains other important regulatory elements37 including
several AP-1 complexes and nuclear factor-�B that inter-
act with ERs.38,39 The proximal AP-1 complex mediates
the transcriptional down-regulation of the MMP-9 pro-
moter via c-fos,40 whereas, at the same complex, c-jun
increases MMP-9 expression at the transcriptional lev-
el.41 This could represent a mechanism by which estro-
gens regulate differentially collagen type I and type IV
and MMP-9 expression in MCs derived from GS-prone
and GS-resistant mice.

In summary, we found that glomeruli and MCs isolated
from GS-prone mice express lower levels of ER subtypes
� and � than those isolated from GS-resistant mice and
the transcription of both subtypes was up-regulated by
estrogens. Importantly, E2 down-regulated MMP-9 in
MCs from GS-prone mice while down-regulating collagen
type I and type IV accumulation and up-regulating
MMP-9 in MCs from GS-resistant mice. The regulation of
MMP-9 was mediated by ER-�. These differences in the
regulation of ECM components by E2 in MCs from GS-
prone and GS-resistant mice translate into increased or
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reduced, respectively, accumulation of ECM in the mes-
angium, therefore GS progression.

This study provides the first evidence that glomeruli
and MCs from mice that are prone to the development of
GS have decreased expression of both ER-� and ER-�
subtypes and that E2 down-regulates their expression of
MMP-9. Thus, the lack of beneficial effect of E2 treatment
in postmenopausal women from ethnic minority groups
may be the result of both a reduced number of ERs and
their aberrant response to estrogen replacement therapy.
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