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Despite the potentially protective effects of estrogen on
bone and cardiovascular tissue as well as against kidney
diseases, its effects on diabetic nephropathy are un-
known. Here, we examined the therapeutic effective-
ness of 17pB-estradiol and raloxifene, a selective estro-
gen receptor modulator, for preventing functional and
histological alterations in the kidneys of db/db mice, a
model of type 2 diabetes. In the first experiment, ovari-
ectomized female db/db mice were treated with 17f3-
estradiol for 8 weeks. The treatment significantly ame-
liorated albuminuria, attenuated weight gain, and
reduced hyperglycemia in diabetic ovariectomized
db/db mice. Histologically, the increases in mesangial
area and the accumulation of fibronectin were signifi-
cantly inhibited by 17-estradiol. In the second experi-
ment, mice were administered vehicle or raloxifene
hydrochloride (3 mg/kg/day) for 8 weeks. Raloxifene
significantly reduced mesangial expansion and fi-
bronectin accumulation in db/db mice, but in contrast
to 17B-estradiol, it failed to affect body weight or hyper-
glycemia. An in vitro experiment further demonstrated
that raloxifene inhibited transforming growth factor
B-1-induced fibronectin transcription and AP-1 activity.
Thus, our findings suggest that raloxifene, which lacks
the harmful effects of estrogen, is useful for the treat-
ment of diabetic nephropathy. (Am J Pathol 2005,
166:1629-1636)

Female gender is associated with a slower progression of
chronic kidney disease to end-stage renal failure.’ Fur-

thermore, premenopausal diabetic women have a lower
risk of developing end-stage renal disease compared
with age-matched diabetic males, and this protection is
lost after menopause.? A population-based study also
demonstrated that male gender is associated with the
development of diabetic nephropathy.® These clinical
studies, therefore, indicate that estrogen-like effects may
potentially prevent the progression of diabetic nephrop-
athy. Indeed, experimental results also suggest that es-
trogen may have favorable effects on the progression of
renal diseases in uninephrectomized and hypertensive
rats.*® In mesangial cell cultures, estrogens reduce pro-
liferation and collagen synthesis.®” In contrast, it is re-
ported that the incidence of glomerulosclerosis is in-
creased in ovariectomized diabetic rats treated with
estrogen.? In female obese Zucker rats, it has been
shown that estrogen accelerates the development of
renal disease.® Moreover, in Otsuka Long-Evans To-
kushima Fatty rats, estrogen also contributes to the
development of glomerulosclerosis.'® Given these incon-
sistent results, it is unclear whether estrogen replacement
therapy can protect against the development of diabetic
nephropathy.

Recent large clinical studies have indicated that the
usefulness of estrogen is limited because of its harmful
effects such as carcinogenesis of the mamma."" Thus,
selective estrogen receptor modulators (SERMs), which
bind to the estrogen receptor and modulate estrogen
receptor-mediated gene transcription, are clinically ap-
plied to treat all stages of hormone-responsive breast
cancer. Raloxifene hydrochloride (RLX) is a SERM with a
benzothiophene structure that has been approved for the
prevention and treatment of osteoporosis in postmeno-
pausal women.'® SERMs specifically behave in certain
tissue not only as estrogen agonists but also as anties-
trogens. In addition to the beneficial effect on bone, RLX
has favorable effects on the cardiovascular system. '3
Interestingly, it is also reported that RLX suppresses mes-
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angial cell collagen synthesis in vitro,'® suggesting that
RLX may be useful for the treatment of kidney diseases.
Based on these observations, we performed the present
study to clarify the separate effects of 17B-estradiol and
RLX on functional and histological alterations in the kid-
neys of db/db mice, a model of type 2 diabetes.

Materials and Methods

Animals

Female C57BLKsJ-db/db mice and their age-matched non-
diabetic db/m littermates were purchased from Japan Clea
(Tokyo, Japan). All animals were housed in box cages
under standard conditions and had free access to water
and standard chow. The Shiga University of Medical Sci-
ence Animal Care Committee approved all experiments.

Experimental Protocol

In the first experiment, 10-week-old female db/db mice were
randomly divided into the following three groups: sham-
operated (Sham) (n = 10), ovariectomized (OVX) (n = 10),
and OVX and estradiol treated (OVX+E) (n = 10). Bilateral
ovariectomy or sham surgery via dorsal approach was per-
formed, and estrogen or placebo treatment was started at
10 weeks of age. Sixty-day-release pellet (Innovative Re-
search of America, Sarasota, FL), which releases 173-es-
tradiol at the dose of 8.3 ug/day, was implanted in the
OVX+E group. Placebo pellet was implanted in the Sham
and OVX groups. All pellets were inserted subcutaneously
via a small incision on the nape of the neck.

At 18 weeks of age, body weights and blood glucose
levels were measured, and 24-hour urine samples were
collected and stored frozen at —80°C until analysis. Blood
pressure was measured with a tail cuff sphygmomanome-
ter. Mice were deeply anesthetized by an intraperitoneal
injection of 50 mg/kg pentobarbital sodium. After perfusion
with ice-cold phosphate-buffered saline (0.1 mol/L, pH 7.4),
the right kidney was fixed with 4% paraformaldehyde in
phosphate-buffered saline. The kidneys were sectioned in a
plane perpendicular to the long axis and were embedded in
paraffin for morphometric and immunohistochemical analy-
sis. Total RNA was extracted from the renal cortex of the left
kidney. Urinary albumin excretion was measured with a
mouse-specific sandwich enzyme-linked immunosorbent
assay system (Albuwell; Exocell, Philadelphia, PA).

In the second experiment, 10-week-old female db/db
mice were treated subcutaneously with either vehicle
(sesame oil) or RLX (8 mg/kg/day) for 8 weeks (n = 10).
Samples were collected and mice were sacrificed as
described above.

Glucose Tolerance Test and Insulin Tolerance
Test
Glucose tolerance tests (GTTs) and insulin tolerance

tests (ITTs) were performed at the age of 14 weeks (n =
3). For GTTs, mice were fasted overnight for 14 hours

followed by intraperitoneal glucose injection (1 g/kg body
weight). Blood glucose was measured by using tail blood
collected at 0, 15, 30, 60, and 120 minutes after the
injection. For ITTs, mice were injected with human regular
insulin (Novolin R; Novo Nordisk, Clayton, NC) at 0.75
U/kg of body weight intraperitoneally after a 6-hour fast,
and blood glucose was measured at 0, 15, 30, and 60
minutes.

Morphological Investigations

For the morphometric analysis, sections were stained
with periodic acid-Schiff (PAS) as previously de-
scribed.'® From each animal of the experimental groups,
20 glomeruli cut at their vascular poles were used for the
morphometric analysis. The extent of the mesangial ma-
trix (defined as mesangial area) was determined by as-
sessing the PAS-positive and nuclei-free area in the mes-
angium. The glomerular area was traced along the outline
of the capillary loop using a computer-assisted color
image analyzer (LUZEX F; Nikon, Tokyo, Japan).

Immunohistochemical staining was performed with fi-
bronectin-specific polyclonal anti-mouse fibronectin anti-
body (A852/R5H; Biogenesis, Poole, United Kingdom).
To evaluate the immunostaining for fibronectin, a total of
20 randomly chosen glomeruli per mouse were graded
as follows: 0, staining absent to 5%; 1, 5 to 25%; 2, 25 to
50%; 3, 50 to 75%; and 4, >75%.""

Extraction of Total RNA and Real-Time Reverse
Transcription-Polymerase Chain Reaction
(RT-PCR)

Real-time RT-PCR was used to quantify renal fibronectin
transcript levels in experimental animals. Briefly, RNA
was extracted with TRIzol (Invitrogen Co., Carlsbad, CA),
and total RNA (4 ng) was reverse transcribed with Su-
perscript Il (Invitrogen). Real-time quantitative PCR was
performed using fluorescence dye SYBR Green | (Roche
Molecular Biochemicals, Mannheim, Germany) and
LightCycler (Roche). The following PCR primers sets
were designed: fibronectin forward, GCAAGCCAGTTTC-
CATCAAT, and fibronectin reverse, CATTTTTGGGAGT-
GGTGGTCA; and p-actin forward, CTGAGAGGGAAA-
TCGTGCGT, and B-actin reverse, AGGGACTTCCTG-
TAACCACT, for a two-step PCR protocol. In the first part,
polymerase was activated for 10 minutes at 95°C. During
the second part, the target region was amplified (45
cycles: 10 seconds, 95°C; 10 seconds, 55°C; and 5
seconds, 72°C). B-actin was used as a house-keeping
gene.

Cell Culture, Transfection, and Luciferase Assay

SV40-transformed murine mesangial cells (American
Type Culture Collection, Rockville, MD) were grown in
Dulbecco’s modified Eagle’s medium containing 10%
heat-inactivated fetal bovine serum and antibiotics. All
experiments were performed in Dulbecco’s modified Ea-
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Table 1. Characteristics of Experimental Animals at the Age of 18 Weeks
ab/db, Sham ab/db, OVX db/db, OVX+E ab/m
Body weight (g) 60.0 = 1.26~ 56.6 = 1.19* 48.8 = 1.56*T* 21.6 = 0.52
Blood glucose (mmol/L) 15.8 = 0.97* 22.0 = 1.95*T 6.9 + 0.39™* 7.0+0.23
Kidney weight (g) 0.39 = 0.01* 0.38 = 0.02* 0.35 £ 0.02* 0.27 £ 0.01
Mean BP (mmHg) 91.9 + 2.2 97.0 = 1.9* 925 + 2.6* 83.0+ 27

Data are expressed as means = SE (n = 10).
*P < 0.05 versus db/m mice.

TP < 0.05 versus Sham.

*P < 0.05 versus OVX.

gle’s medium containing 0.2% fatty-acid-free bovine se-
rum albumin. Subconfluent mesangial cells on a six-well
plate (Falcon, Franklin Lakes, NJ) were transfected with
0.8 ug of pGL2F1900 containing the —1908-bp 5’ flank-
ing region of the rat fibronectin gene fused to the lucif-
erase reporter gene'® or the 3XAP-1 luciferase reporter
construct (Stratagene, La Jolla, CA), using Lipo-
fectAMINE-2000 reagents (Gibco-BRL, Rockville, MD).
The B-galactosidase-containing pCMVB vector (Clon-
tech, Palo Alto, CA) was used to control for transfection
efficiency.

Twenty-four hours after transfection, the cells were
preincubated for 1 hour in media containing RLX. The
cells were then co-incubated with transforming growth
factor-B1 (TGF-B1) (R&D System, Minneapolis, MN) for
an additional 24 hours. The cells were harvested in 200 ul
of a reporter lysis buffer (Promega, Madison, WI). Twenty-
microliter aliquots of extracts were used to measure lu-
ciferase activity by Luciferase Assay System (Promega)
and a luminometer (AutoLUMIcounter Nu1422ES; Nition,
Tokyo, Japan). Luciferase activity was normalized to
B-galactosidase activity.

Statistical Analysis

Results are expressed as mean = SE. Comparison
among groups was performed by one-way analysis of
variance, followed by Bonferroni’s test. P values of < 0.05
were defined as statistically significant.

Results

Effects of 17B-Estradiol on Body Weight, Blood
Glucose Level, Kidney Weight, and Urinary
Albumin Excretion

At the beginning of the study, there were no significant
differences in body weight and blood glucose level
among the Sham, OVX, and OVX+E groups (data not
shown). In animals supplemented with 17B-estradiol, the
mean circulating concentration of 17B-estradiol at the
end of the experiment was 793.2 pmol/L. In the db/db
mice in the Sham and OVX groups, the levels of 178-
estradiol were 121.5 pmol/L and 125.8 pmol/L, respec-
tively, whereas that in the db/m mice was 183.9 pmol/L.

As shown in Table 1, body weight was increased in
db/db mice as compared with non-diabetic, db/m mice at
the age of 18 weeks. In the Sham and OVX groups, the

weight gains at the end of the experiments were 37.4 and
29.7%, respectively, whereas in the OVX+E group, it was
12.5%. Blood glucose levels were significantly higher in
the Sham (15.8 = 0.97 mmol/L) and OVX (22.0 = 1.95
mmol/L) groups than in the db/m mice (7.0 = 0.23 mmol/
L), whereas hyperglycemia was normalized in the
OVX+E group (6.9 = 0.39 mmol/L). Food intake was
reduced in the OVX+E group (3.4 + 0.13 g/day) com-
pared with those in the Sham (4.4 = 0.39 g/day) and OVX
(6.5 = 0.23 g/day) groups. To gain insights into the
mechanism of action of 17-estradiol, we examined GTTs
and ITTs. The area under the curve for blood glucose
from O to 60 minutes after glucose administration was
decreased in the OVX+E group (13,347.5 = 1946.3 mg/
dl/min) compared with the Sham (31,9425 = 1781.7
mg/dl/min) and OVX (27,862.5 = 2471.1 mg/dl/min)
groups (P < 0.01, Sham or OVX versus OVX+E). The
decreases of blood glucose levels at 60 minutes after
insulin challenge in the Sham, OVX, and OVX+E groups
were 78.9 £ 1.7%, 78.5 = 3.7%, and 24.1 = 2.3% of the
initial values, respectively (P < 0.01, Sham or OVX versus
OVX+E). Kidney weight was greater in the db/db mice
than in the db/m mice, and there were no significant
differences among the Sham, OVX, and OVX+E groups.
Mean blood pressure in db/db mice was elevated com-
pared with that in db/m mice, and it was not affected by
17B-estradiol treatment.

Urinary albumin excretions in the Sham (156.1 = 47.2
ng/24 hours) and OVX (259.5 * 43.4 ug/24 hours)
groups were increased compared with that in db/m mice
(3.26 £ 0.76 ng/24 hours), and it was significantly de-
creased in the OVX+E group (44.0 = 9.54 ug/24 hours)
compared with the Sham or OVX group (Figure 1).

Effects of 17B-Estradiol on Mesangial
Expansion and Fibronectin Expression

The mesangial areas in the Sham (562.7 = 21.9 um?) and
OVX (546.9 + 21.3 um?) groups were larger than in the
db/m mice (148.2 + 19.6 um?), but the mesangial ex-
pansion in db/db mice was significantly ameliorated by
the 17p-estradiol treatment (368.5 + 16.8 um?) (Figure
2). There was no significant change in glomerular surface
area in the Sham, OVX, and OVX+E groups (data not
shown). Immunohistochemical staining revealed an in-
crease in fibronectin deposition in the glomeruli of mice in
the Sham and OVX groups compared with that in the
db/m mice, but the intense fibronectin staining was at-
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Figure 1. 17B-Estradiol suppresses urinary albumin excretion in db/db mice.
Twenty-four-hour urine samples were collected using metabolic cages. Uri-
nary albumin excretion was measured with a mouse-specific sandwich en-
zyme-linked immunosorbent assay system. Data are expressed as means =+
SE (1= 10). “P< 0.05 versus db/m mice, *P < 0.05 versus Sham group, " P<
0.05 versus OVX group.

tenuated by 17g-estradiol treatment (Figure 3, A and B).
Renal expression of fibronectin mRNA in the OVX+E
group was significantly decreased compared with the
Sham or OVX group (Figure 3C).

Effects of RLX on Body Weight, Blood Glucose
Level, Kidney Weight, and Urinary Albumin
Excretion

We next examined whether RLX affects metabolic control
and renal damage in db/db mice. There was no signifi-

cant difference in body weight, blood glucose level, or
kidney weight between the vehicle and RLX groups

(Table 2). Food intake in the RLX group was similar to that
in the vehicle control. Mean blood pressure measured at
the age of 18 weeks was not affected by RLX treatment.
Urinary albumin excretion was somewhat decreased in
the RLX group (172.0 = 36.8 ug/24 hours) compared
with the vehicle control group (217.2 + 455 ug/24
hours), but the difference was not significant.

Effects of RLX on Mesangial Expansion and
Fibronectin Expression

PAS staining of the renal tissue revealed that the mesan-
gial area was smaller in the RLX group (314.4 = 20.5
wm?) than in the vehicle control group (476.2 + 35.9
um?) (Figure 4). Immunohistochemical staining of fi-
bronectin in glomeruli also revealed less deposition in the
former group (Figure 5, A and B). Renal expression of
fibronectin mMRNA in the RLX group was significantly de-
creased compared with the vehicle group (Figure 5C).

Effect of RLX on TGF-B1-Induced Fibronectin
Expression

To explore the molecular mechanism by which RLX in-
hibits fibronectin expression, we examined fibronectin
promoter activity in cultured mesangial cells. TGF-B1
stimulated the activity in the mesangial cells. RLX signif-
icantly inhibited the TGF-B1-induced fibronectin pro-
moter activity in a dose-dependent manner (Figure 6A).
In addition, RLX suppressed TGF-B1-stimulated AP-1 ac-
tivity in mesangial cells (Figure 6B), indicating that RLX
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Figure 2. 173-Estradiol suppresses mesangial expansion in db/db mice. A: Representative microphotographs of glomeruli from db/db mice in the Sham (a), OVX
(b), and OVX+E (¢) groups and from a db/m mouse (d) are shown. Original magnifications, X400. B: Quantitative results for mesangial areas from 20 glomeruli
per mouse. Data are expressed as means * SE (n = 10). “P < 0.01 versus db/m mice, *P < 0.01 versus Sham group, *P < 0.01 versus OVX group.
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Figure 3. 17B-Estradiol suppresses fibronectin expression in db/db mice. A:
Representative results for immunoreactive expression of renal fibronectin
from db/db mice in the Sham (a), OVX (b), and OVX+E (¢) groups and from
a db/m mouse (d) are shown. Original magnifications, X400. B: The semi-
quantitative fibronectin scores for 20 glomeruli per mouse. Data are ex-
pressed as means * SE (n = 10). “P < 0.01 versus db/m mice, *P < 0.01
versus Sham group, *P < 0.01 versus OVX group. C: Renal expression of
fibronectin mRNA in the Sham, OVX, and OVX+E groups. Fibronectin and
B-actin mRNA levels are quantified by real-time reverse transcription-PCR
method. Data are expressed as means * SE (7 = 5). *P < 0.05 versus Sham
group, TP < 0.05 versus OVX group.
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Table 2. Characteristics of Vehicle- and RLX-Treated db/db
Mice at the Age of 18 Weeks
db/db, Vehicle db/db, RLX
Body weight (g) 555+ 1.28 545+ 113
Blood glucose (mmol/L) 223+ 219 19.3 + 2.61
Left kidney weight (g) 0.188 = 0.005 0.184 + 0.005
Mean BP (mmHg) 919+ 22 88.7 = 3.1

Data are expressed as means = SE (n = 10).

inhibited fibronectin expression via an AP-1-dependent
mechanism.

Discussion

Epidemiological studies have implicated male gender as
a risk factor for persistent proteinuria in type 2 diabetes
and as associated with increased prevalence of mi-
croalbuminuria in type 1 diabetes.®'® Thus, estrogen
could potentially protect against the progression of dia-
betic nephropathy, although apparent benefits and risks
have generated debate and confusion among research-
ers. In this study, we demonstrated that the treatment with
17B-estradiol or RLX ameliorated albuminuria, mesangial
expansion, and accumulation of extracellular matrix in
diabetic db/db mice.

In corroboration of our findings, several in vitro studies
have confirmed an antifibrotic effect of estrogen in renal
cells. 17B-Estradiol inhibits the proliferation of mesangial
cells, suppresses the synthesis of collagen types | and
IV,”29 and increases the production of matrix metallopro-
teinases-2 and -9.2"%2 TGF-B8 plays a key role in the
development of diabetic nephropathy, especially by stim-
ulating extracellular matrix proteins.?® Interestingly,
crosstalk between TGF-B and estrogen has recently been
reported: 17B-estradiol has been shown to reverse TGF-
B1-induced collagen type IV expression in mesangial
cells,?* and moreover TGF-B1-induced glomerulopathy is
prevented by 17B-estradiol in vivo.?® These findings dem-
onstrate that estrogen may inhibit the expression of ex-
tracellular matrix by interfering with TGF-B action. How-
ever, inhibition of the TGF-B pathway may not be
sufficient for preventing all renal abnormalities in diabetic
nephropathy. Although the treatment with anti-TGF-B an-
tibody ameliorated renal insufficiency and glomeruloscle-
rosis, it failed to reverse albuminuria in db/db mice.?® In
contrast, in this study, we provide evidence that 178-
estradiol does ameliorate albuminuria, in addition to its
beneficial effects on histological alteration, in db/db mice.
The discrepancy suggests potential mechanisms involv-
ing estrogen other than anti-TGF-B action. Consistent
with our findings, 17B-estradiol has been shown to cause
significant reductions in albuminuria as well as glomeru-
losclerosis and tubulointerstitial damage in uninephrec-
tomized SHRsp rats. Kang et al®” recently examined
macro- and microvascular changes in five of six remnant
kidney models in both male and female rats and found
that female rats showed less proteinuria and prominent
vascular remodeling associated with increased expres-
sion of vascular endothelial growth factor. Furthermore,
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Figure 4. Raloxifene suppresses mesangial expansion in db/db mice. A: Representative photomicrographs of glomeruli from vehicle-treated (a) and RLX-treated
(b) db/db mice are shown. Original magnifications, X400. B: Quantitative results for 20 glomeruli per mouse. Data are expressed as means * SE (7 = 10). "P <

0.01 versus vehicle-treated control group.

mice lacking estrogen receptor-a exhibit proteinuria and
progression of glomerulonephritis, suggesting that estro-
gen exerts its essential role in maintaining a healthy renal
vasculature through estrogen receptor-a.%®

However, the effect of estrogen on diabetic nephrop-
athy remains controversial. Rosenmann et al® showed
that the incidence of glomerulosclerosis was increased in
ovariectomized Cohen diabetic rats treated with estro-
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Figure 5. Raloxifene suppresses fibronectin deposition in db/db mice. A:
Representative photomicrographs of glomeruli from vehicle-treated (a) and
RLX-treated (b) db/db mice are shown. Original magnifications, X400. B:
Fibronectin score for 20 glomeruli per mouse. Data are expressed as
means * SE (n = 10). “P < 0.05 versus vehicle-treated control group. C:
Renal expression of fibronectin mRNA in the vehicle and RLX groups.
Fibronectin and B-actin mRNA levels are quantified by real-time RT-PCR
method. Data are expressed as means = SE (n = 5). “P < 0.05 versus
vehicle-treated control group.

gen. Furthermore, estrogen has been shown to contribute
to the development of glomerulosclerosis in Otsuka
Long-Evans Tokushima Fatty rats.'® The discrepancy be-
tween these results and ours may be explained by vari-
able susceptibilities to estrogen in the different experi-
mental animal strains. In fact, it has been shown that the
responsiveness to estrogen could be controlled by ge-
netic traits related to those that determine the suscepti-
bility to glomerular scarring.?®:3°

17B-Estradiol suppressed hyperglycemia, obesity,
and food consumption in db/db mice. Estrogen has been
shown to suppress or delay the development of diabe-
tes®' and to affect insulin sensitivity.>® We cannot ex-
clude the possibility that normalization of metabolic con-
ditions by 17B-estradiol contributed to the amelioration of
renal damage. We therefore examined the effect of RLX,
one of the selective estrogen receptor modulators, to
further clarify the effect of estrogen on renal damage,
because it is known that RLX does not affect insulin
sensitivity or glycemic control in postmenopausal women
with type 2 diabetes.®® RLX prevented the progression of
mesangial expansion and fibronectin accumulation in
db/db mice without affecting hyperglycemia and obesity,
but it failed to reduce urinary albumin excretion. There-
fore, we conclude that RLX has a beneficial effect on
diabetic kidney disease independent of glycemic control
and that 17pB-estradiol may have additional actions
through improving metabolic conditions.

Our in vitro results demonstrated that RLX suppressed
TGFB1-induced fibronectin promoter activity as well as
AP-1 activation in cultured mesangial cells. Because, as
we previously reported, AP-1 is responsible for TGF-B1-
induced fibronectin expression in mesangial cells,®*
these results suggest that RLX suppresses TGF-B1-stim-
ulated fibronectin expression possibly in part by inhibit-
ing AP-1 activity. In contrast, it has been shown that RLX
may stimulate AP-1 activity with estrogen receptors.®®
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Thus, further studies are necessary to elucidate the
mechanism by which RLX inhibits TGF-B1-induced fi-
bronectin expression.

To our knowledge, this is the first study to demonstrate
that RLX has a beneficial effect on the kidney in vivo.
Because RLX does not have the harmful effects of estro-
gen, such as carcinogenesis in the breasts and uterus,3®
but has presumably preserved beneficial effects on the
vascular system, RLX may be more useful than estrogen
as a clinical therapy for diabetic nephropathy.
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