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The impact of sex dimorphism on chronic renal failure
(CRF)-induced oxidative multiorgan damage and the effects of
estradiol (E2) loss and E2 supplementation on the progress of CRF
were studied. Sprague-Dawley rats underwent 5/6 nephrectomy
(CRF), and a group of female rats had bilateral ovariectomy
(OVX), while the sham-operated rats had no nephrectomy or
OVX. Rats received either estradiol propionate (50 μg/kg/day) or
vehicle for six weeks. Serum BUN levels were elevated in both
male and female CRF groups treated with vehicle, while creati-
nine level was not significantly changed in the female CRF
group. CRF-induced elevation in serum TNF-a of male rats was
abolished when the animals were treated with E2, while OVX
exaggerated TNF-a response. In OVX and male rats with CRF,
E2 treatment reversed the malondialdehyde elevations in all the
studied tissues (kidney, heart, lung, ileum, brain, liver, and gastroc-
nemius muscle), while depletion of glutathione in these tissues

was prevented by E2 treatment. Similarly, increased levels of
myeloperoxidase activity, lucigenin chemiluminescence, and
collagen in most of the tissues were reversed by E2 treatment.
The findings show that the extent of tissue injuries was relatively
less in females, while ovariectomy exacerbated all the indices of
oxidative injury. Moreover, the administration of E2, with its
potent anti-oxidant and anti-inflammatory effects, markedly
improved CRF-induced systemic inflammatory outcomes in both
male and female rats by depressing tissue neutrophil infiltration
and modulating the release of inflammatory cytokines.

Keywords estradiol, chronic renal failure, TNF-alpha,
myeloperoxidase, lipid peroxidation

INTRODUCTION

Chronic renal failure (CRF) is well known to be asso-
ciated with oxidative stress, which promotes the production
of reactive oxygen species (ROS) and cytokine release. In
CRF, the imbalance between increased production of ROS
and the limited or decreased antioxidant capacity results in a
persistent formation of toxic lipid peroxidation products,[1]
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with a subsequent risk of damage to organic molecules
such as proteins, nucleic acids, and lipids, both in the
vicinity of their origin and far from the site of their forma-
tion, contributing to the development of serious complica-
tions in CRF.[2,3] Data obtained from many experimental
models of renal disease in animals indicate that renal dam-
age is tolerated differently by the two sexes, while several
epidemiological studies indicate a sexual dimorphism in
the progression of human renal disease.[4] Although the
incidence of chronic renal disease is lower in premeno-
pausal women compared with age-matched men,[5,6] the
risk for development and progression of renal disease in
women is increased with menopause,[7,8] suggesting the
important contribution of ovarian sex hormones in the reg-
ulation of renal function. There is substantial evidence that
the sexual dimorphism in kidney aging, with females pro-
tected, is associated with beneficial vascular actions[9] and
antioxidant properties of estrogens.[10]

Estrogen, which is a fat-soluble hormone that can
contribute to membrane fluidity by direct interactions
with phospholipids, exerts potentially vasoprotective effects
through modulation of pro-oxidant and anti-oxidant
enzyme expression and activity.[11,12] It has also been
suggested that estrogen can suppress free radical-induced
peroxidation chain reactions because of the similarity in
structure to vitamin E, namely, the presence of the hydroxyl
group in the phenolic A ring.[13,14] Substantive data
show that estrogen supplementation decreases oxidative
damage and plays a major role in the protection of the
heart,[15] brain,[16,17] liver,[18] and skeletal muscle[19] in
different models of oxidant injury. We have previously
reported that 17b-estradiol (E2) protects the liver and
intestines against sepsis-induced damage,[20] improves
the healing of gastric and colonic injury,[21] and amelio-
rates burn-induced liver and lung injury in rats.[22]

However, the effect of E2 treatment on the oxidative
complications of CRF has not (to our knowledge) been
previously addressed.

Based on the aforementioned observations, the aim of
the present study was to determine the impact of sex
dimorphism on CRF-induced oxidative multiorgan dam-
age, and elucidate the effects of E2 loss in female rats and
E2 supplementation in both sexes using biochemical and
histopathological analysis.

MATERIALS AND METHODS

Animals

Both sexes of Sprague Dawley rats (200–250 g) were
housed in a room at a mean temperature of 22 ± 2°C with a
12-hour light-dark cycle with free access to standard pellet

chow and water. The study was approved by the Marmara
University Animal Experiments Ethical Committee.

Surgery and Experimental Design

All surgical procedures were performed under ketamine
anesthesia (100 mg/kg ketamine and 0.75 mg/kg chlorprom-
azine, intraperitoneally) using strict hemostasis and aseptic
techniques. In order to induce CRF, male (n = 16) and
female (n = 24) rats underwent 5/6 nephrectomy by surgical
resection of the upper and lower thirds of the left kidney, fol-
lowed by right nephrectomy, as described by Vaziri et al.[23]

During the same operation, a group of female rats (n = 16)
had bilateral ovariectomy (OVX). In the sham-operated rats
(n = 16), peritoneal cavity was exposed via a ventral abdom-
inal incision during which both kidneys in all animals and
the ovaries in females were gently manipulated.

In the CRF groups, rats were injected subcutaneously
with either estradiol propionate (50 μg/kg/day in olive oil)
or olive oil (1 mL/kg) for six weeks, while the sham-operated
rats received injections of oil for the same period. Rats
were decapitated at the end of six weeks, and blood was
obtained for the determination of tumor necrosis factor
(TNF)-a, blood urea nitrogen (BUN), and creatinine.
Samples from kidney, heart, lung, brain, ileum, liver, and
skeletal muscle (m. gastrocnemius) were taken for the
measurement of tissue malondialdehyde and glutathione
levels, myeloperoxidase activity, and reactive oxygen spe-
cies. Additional tissue samples were placed in 10% form-
aldehyde for histological evaluation and for the determination
of tissue collagen content as an index of tissue fibrotic
activity.

Measurement of BUN, TNF-a, and Creatinine Levels

Blood urea nitrogen[24] and serum creatinine[25] concen-
trations were determined spectrophotometrically using an
automated analyzer. Serum levels of TNF-a were quantified
according to the manufacturer’s instructions and guidelines
using enzyme-linked immunosorbent assay (ELISA) kit spe-
cific for the previously mentioned rat cytokines (Biosource
International, Nivelles, Belgium). These particular assay kits
were selected because of their high degree of sensitivity,
specificity, inter- and intra-assay precision, and small amount
of serum sample required conducting the assay.

Malondialdehyde and Glutathione Assays

Tissue samples were homogenized with ice-cold
150 mM KCl for the determination of malondialdehyde
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(MDA) and glutathione (GSH) levels. The MDA levels
were assayed for products of lipid peroxidation by moni-
toring thiobarbituric acid reactive substance formation, as
described previously.[26] Lipid peroxidation was expressed
in terms of MDA equivalents using an extinction coeffi-
cient of 1.56 × 105 M−1 cm−1, and results were expressed
as nmol MDA/g tissue. GSH measurements were per-
formed using a modification of the Ellman procedure.[27]

Briefly, after centrifugation at 2,000 g for 10 min, 0.5 ml
of supernatant was added to 2 ml of 0.3 mol/L
Na2HPO4.2H2O solution. A 0.2 ml solution of dithiobisni-
trobenzoate (0.4 mg/mL 1% sodium citrate) was added,
and the absorbance at 412 nm was measured immediately
after mixing. GSH levels were calculated using an extinc-
tion coefficient of 1.36 × 104 M−1 cm−1. Results were
expressed in μmol GSH/g tissue.

Measurement of Tissue Myeloperoxidase Activity

The activity of tissue myeloperoxidase (MPO), an
enzyme found predominantly in the azurophilic granules
of polymorphonuclear leukocytes (PMN), correlates sig-
nificantly with the number of PMN determined histochem-
ically.[28] Therefore, MPO activity is frequently utilized to
estimate tissue PMN accumulation in inflamed tissues.
MPO activity was measured in tissues in a procedure simi-
lar to that documented by Hillegas et al.[29] Briefly, tissue
samples were homogenized in 50 mM potassium phos-
phate buffer (PB, pH 6.0), and centrifuged at 41,400 g (10
min); pellets were suspended in 50 mM PB containing
0.5% hexadecyltrimethylammonium bromide (HETAB).
After three freeze and thaw cycles, with sonication between
cycles, the samples were centrifuged at 41,400 g for 10 min.
Aliquots (0.3 ml) were added to 2.3 ml of reaction mixture
containing 50 mM PB, o-dianisidine, and 20 mM H2O2
solution. One unit of enzyme activity was defined as the
amount of MPO present that caused a change in absor-
bance measured at 460 nm for 3 min. MPO activity was
expressed as U/g tissue.

Chemiluminescence (CL) Assay

To assess the role of reactive oxygen species in
tissue damage, lucigenin chemiluminescence was mea-
sured as an indicator of O2

−• formation. Lucigenin (bis-
N-methylacridiniumnitrate) was obtained from Sigma
(St Louis, Missouri, USA). Measurements were made at
room temperature using Junior LB 9509 luminometer
(EG&G Berthold, Germany). Specimens were put into
vials containing PBS-HEPES buffer (0.5 M PBS contain-
ing 20 mM HEPES, pH 7.2). Counts were obtained at 1 min

intervals and the results were given as the area under curve
(AUC) for a counting period of 5 min. Counts was cor-
rected for wet tissue weight (rlu/mg tissue).[30]

Collagen Measurement

Tissue collagen was measured as a free radical-
induced fibrosis marker. Tissue samples that were cut with
a razor blade and fixed in 10% formalin were embedded in
paraffin, and 15 μm-thick sections were obtained. The col-
lagen content was determined according to the method
published by Lopez de Leon and Rojkind,[31] which is
based on the selective binding of the dyes Sirius Red and
Fast Green FCF to collagen and non-collagenous compo-
nents, respectively. Both dyes were eluted readily and
simultaneously using 0.1 N NaOH-methanol (1:1, v/v).
Finally, the absorbances at 540 and 605 nm were used to
determine the amount of collagen and protein, respectively.

Histological Analysis

For light microscopic investigations, tissue specimens
from kidney, heart, lung, brain, ileum, liver, and gastroc-
nemius muscle were fixed in 10% formaldehyde, dehy-
drated in alcohol series, cleared in toluene, and embedded
in paraffin. Paraffin sections (5 μm) were stained with
hematoxylin and eosin (H&E) and examined under a phot-
omicroscope (Olympus BH 2, Tokyo, Japan). All tissue
sections were examined microscopically for the charac-
terization of histopathological changes by an experi-
enced histologist who was unaware of the treatment
conditions.

Statistical Analysis

Statistical analysis was carried out using GraphPad
Prism 4.0 (GraphPad Software, San Diego, California,
USA). Each group consisted of eight animals. All data
were expressed as means ± SEM. Groups of data were
compared with an analysis of variance (ANOVA) followed
by Turkey’s multiple comparison tests. Values of p < 0.05
were regarded as significant.

RESULTS

Serum BUN and creatinine levels were assessed to
evaluate the extent of chronic renal failure. BUN levels
were elevated in both male (p < 0.001) and female (p < 0.05)
CRF groups treated with vehicle, while ovariectomy caused
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an additional increase in BUN of female rats with CRF (p <
0.001; see Table 1). Estradiol treatment did not alter BUN
levels in male or female CRF groups. Serum creatinine
level was significantly increased in the vehicle-treated male
CRF group (p < 0.001), but it was not significantly changed
in the corresponding female group. Estradiol treatment or
OVX did not change creatinine levels in rats with CRF.

In the vehicle-treated male rats with CRF, serum
TNF-a level was significantly increased with respect to
sham-operated control group (p < 0.01), but this CRF-
induced elevation in TNF-a of male rats was abolished
when the animals were treated with estradiol (p < 0.01). In
female CRF rats, similar to male group, TNF-a level was
also elevated (p < 0.05) when the animals were treated
with vehicle. On the other hand, this increase in TNF-a
was exaggerated in the female rats with OVX (p < 0.001)
and reversed by E2 treatment back to the level of non-
OVX group (p < 0.001; see Table 1).

In ovariectomized female rats with CRF and in
male CRF rats, MDA levels indicating enhanced lipid
peroxidation were increased in all tissues except the
gastrocnemius muscle (p < 0.05–0.001; see Figure 1).
However, MDA levels in none of the tissues were
changed in female rats with intact ovaries. Estradiol
treatment, on the other hand, reversed the MDA eleva-
tions in all the studied tissues of both male and female
CRF groups significantly (p < 0.05–0.001). Gastrocnemius
muscle MDA levels that were not changed by CRF in
either the female or male rats were further depressed
with estradiol treatment (p < 0.05).

Chronic renal failure resulted in the depletion of
antioxidant GSH in the kidney, brain, ileum, and liver
of male and ovariectomized female rats (p < 0.05–0.001),

while estradiol treatment in these groups increased tissue
GSH contents back to control levels (p < 0.05–0.001; see
Figure 2). Similarly, decreased GSH (p < 0.01) in the
gastrocnemius muscle of male CRF rats was replenished
back to control levels by E2 treatment (p < 0.01). How-
ever, skeletal muscle and cardiac GSH contents were not
changed by CRF, OVX, or E2 in the female rats. In the
lung and heart tissues of male CRF rats, GSH content was
not changed with respect to control group, but was further
elevated by estradiol treatment (p < 0.01). Likewise,
reduced pulmonary GSH in the female CRF rats with
OVX was elevated by E2 treatment (p < 0.01).

Myeloperoxidase activity representing the poly-
morphonuclear leukocyte accumulation in the target tissue
was significantly elevated in all the studied tissues of male
CRF rats (p < 0.05–0.001), while E2 treatment reduced
MPO activity in all of these tissues except the gastrocne-
mius muscle (p < 0.05–0.001; see Figure 3). Similarly,
increased MPO activity observed in all tissues of female
CRF rats with OVX and in the muscle of CRF rats with
intact ovaries was depressed by E2 (p < 0.01–0.001).

Lucigenin chemiluminescence (CL) was measured to
elucidate the involvement of radical formation in CRF-
induced tissue damage. Increased levels of lucigenin CL in
the brain, muscle, liver, and ileum of female and male
CRF groups (p < 0.05–0.001) were reversed by E2 treat-
ment (p < 0.01–0.001; see Figure 4). Additionally, pulmo-
nary CL level in male rats and renal CL in female rats,
which were elevated by CRF, were also reversed by E2
treatment (p < 0.05–0.01). CRF has not altered CL levels
in the kidney and heart tissues of male rats, while no
significant change was noted in the cardiac and pulmo-
nary tissues of female rats with CRF.

Table 1 
Serum blood urea nitrogen (BUN), creatinine, and TNF-a levels in the experimental groups

Male Female

Sham-
operated

CRF CRF

Sham-
operated

Vehicle-
treated

OVX

Vehicle-
treated

Estradiol-
treated

Vehicle-
treated

Estradiol-
treated

BUN (mg/dL) 31 ± 1.2 64.5 ± 2.8‡ 60 ± 11* 39 ± 3.2 61.5 ± 2.7* 67.3 ± 2.9‡& 67.3 ± 1.5†

Creatinine (mg/dL) 0.4 ± 0.1 0.6 ± 0.01‡ 0.6 ± 0.08‡ 0.5 ± 0.1 0.6 ± 0.01 0.7 ± 0.06 0.6 ± 0.01
TNF-a (pg/mL) 3.2 ± 0.6 8.2 ± 1.1† 4.7 ± 0.4|| 4.6 ± 1.4 7.6 ± 0.8* 13.2 ± 0.8‡# 7.4 ± 0.4*§

For each group, n = 8.
*p < 0.05, †p < 0.01, ‡p < 0.001, compared to corresponding sham-operated control group.
§p < 0.05, ||p < 0.01, compared to corresponding vehicle-treated CRF group.
#p < 0.01, compared to CRF group with OVX.
Abbreviations: CRF = chronic renal failure, OVX = ovariectomy.
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Figure 1. Malondialdehyde (MDA) levels in the kidney, heart, lung, brain, ileum, liver, and gastrocnemius muscle tissues. *p < 0.05,
**p < 0.01, ***p < 0.001, compared to corresponding control group. +p < 0.05, ++p < 0.01, +++p < 0.001, compared to corresponding
CRF group. &p < 0.05, &&p < 0.01, compared to ovariectomized (OVX) CRF group.

vehicle-treated sham groups vehicle-treated CRF groups 17 β-estradiol-treated CRF groups
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Figure 2. Gluthatione (GSH) levels in the kidney, heart, lung, brain, ileum, liver, and gastrocnemius muscle tissues. *p < 0.05,
**p < 0.01, ***p < 0.001, compared to corresponding control group. +p < 0.05, ++p < 0.01, +++p < 0.001, compared to corresponding
CRF group. &p < 0.05, &&p < 0.01, &&&p < 0.001, compared to ovariectomized (OVX) CRF group.

vehicle-treated sham groups vehicle-treated CRF groups 17 β-estradiol-treated CRF groups
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Figure 3. Myeloperoxidase (MPO) activity in the kidney, heart, lung, brain, ileum, liver, and gastrocnemius muscle tissues. *p < 0.05,
**p < 0.01, ***p < 0.001, compared to corresponding control group. +p < 0.05, ++p < 0.01, +++p < 0.001, compared to corresponding
CRF group. &&p < 0.01, &&&p < 0.001, compared to ovariectomized (OVX) CRF group.

vehicle-treated sham groups vehicle-treated CRF groups 17 β-estradiol-treated CRF groups
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Figure 4. Lucigenin chemiluminescence levels as indicators of O2 formation in the kidney, heart, lung, brain, ileum, liver, and
gastrocnemius muscle tissues. *p < 0.05, **p < 0.01, ***p < 0.001, compared to corresponding control group. +p < 0.05, ++p < 0.01,
+++p < 0.001, compared to corresponding CRF group. &p < 0.05, &&p < 0.01, &&&p < 0.001, compared to ovariectomized (OVX) CRF
group.

vehicle-treated sham groups vehicle-treated CRF groups 17 β-estradiol-treated CRF groups
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As an indicator of tissue fibrotic activity, collagen levels
of all the studied tissues, except brain and muscle, were ele-
vated in CRF groups of both sexes (p < 0.05–0.001), while
this elevation in female rats was further increased in the

ovariectomized group (p < 0.001; see Figure 5). On the other
hand, the increments in tissue collagen levels were abolished
in E2-treated groups (p < 0.05–0.001), except for the cardiac
and ileal tissues of male and female rats, respectively.

Figure 5. Collagen measurements in the kidney, heart, lung, brain, ileum, liver, and gastrocnemius muscle tissues. *p < 0.05,
**p < 0.01, ***p < 0.001, compared to corresponding control group. ++p < 0.01, +++p < 0.001, compared to corresponding CRF
group. &p < 0.05, &&p < 0.01, &&&p < 0.001, compared to ovariectomized (OVX) CRF group.
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0

10

20

30

male  female

OVX

+++

***
***

***
+++

+++
***

&&&

K
id

ne
y

C
ol

la
ge

n 
( μ

g/
m

g 
pr

ot
)

0.0

2.5

5.0

7.5

10.0

12.5
male female

OVX

*** ***
***

***

***

+++

+++
&&&

H
ea

rt
C

ol
la

ge
n 

( μ
g/

m
g 

pr
ot

)
0

5

10

15

20

25

OVX

+++
&&

***

**

Lu
ng

C
ol

la
ge

n 
( μ

g/
m

g 
pr

ot
)

0

1

2

3

4

5

6

OVX
B

ra
in

C
ol

la
ge

n(
μg

/m
g 

pr
ot

)

0

10

20

OVX

**
++
**** **

*

Ile
um

C
ol

la
ge

n 
( μ

g/
m

g 
pr

ot
)

0

10

20

OVX

*** ++***

**
***

+++ &

Li
ve

r
C

ol
la

ge
n 

( μ
g/

m
g 

pr
ot

)

0

1

2

3

4

5

6

7

OVX

S
ke

le
ta

l M
us

cl
e

C
ol

la
ge

n 
( μ

g/
m

g 
pr

ot
)



720 Ö. Kasimay et al.

In CRF rats, histological analysis revealed degenera-
tions in all of the observed tissues, while E2 treatment
resulted in the amelioration of the damage that varied
among the tissues. CRF induction devastated the kidney
tissues, where the male rats (see Figure 6b, first row) were
affected more than females (Figure 6c, first row). In
female CRF rats with OVX that received vehicle treat-
ment, the deterioration of tubules and interstitium was
prominent (see Figure 6d, first row). The E2-treated male
CRF group showed a reduction in the interstitial edema
and tubular degeneration, but a mild congestion was still
present (see Figure 6e, first row). The E2-treated CRF+OVX
group presented similar morphology with the E2-treated
male group with reduced edema and regenerated tubules
(see Figure 6f, first row). Control cardiac muscle showed a
regular alignment with fibers and capillaries (see Figure 6a,
second row). CRF induction leading to severe congestion
was more prominent in the male group (see Figure 6b,
second row), but also present in the females as well (see
Figure 6c, second row). In the OVX group with vehicle
treatment, severe congestion and interstitial edema were
present (see Figure 6d, second row), while in the E2-treated
groups, cardiac muscle was settled to nearly normal orga-
nization with minor congestions (see Figures 6e and
6f, second row). Similarly, in CRF-induced groups (see
Figures 6b and 6c, third row), lung tissue showed diffuse
interstitial edema and congestion, while OVX resulted in
severe edema and congestion (see Figure 6d, third row)
with the fused alveoli that were dilated in some regions.
E2-treated groups showed prominent reduction in both
interstitial edema and congestion, and the alveoli structure
was resettled (see Figure 6e and 6f, third row). CRF in
both male and female groups showed similar findings in
the brain tissues with increased capillary structures and
cellular dilations (see Figures 6b and 6c, fourth row). In
the vehicle-treated OVX group, a slight increase in glial
cells and rare pyknotic nuclei were observed (see Figure 6d,
fourth row). When treated with E2, a reduction in the den-
sity of capillaries was observed in the male rats (see Figure 6e,
fourth row), while capillary density and cellular dilations
were reduced in the female rats (see Figure 6f, fourth row).
Control ileum with the villi and lamina propria showed
regular morphology (see Figure 6a, fifth row), whereas the
CRF groups presented degeneration of both epithelium
and lamina propria that were more severe in male (see
Figures 6b and 6c, fifth row). In the OVX group with vehicle
treatment, nearly half of the villi were desquamated and
glandular deterioration was prominent (see Figure 6d, fifth
row), while E2-treated groups showed the regeneration of
villi and glandular structures (see Figures 6e and 6f, fifth
row). CRF led to a congestion and sinusoidal dilation in
liver tissue (see Figures 6b and 6c, sixth row), which was
more intensive in males. In vehicle-treated OVX group, a

diffuse congestion and severe sinusoidal dilation were
observed (see Figure 6d, sixth row), while E2-treated
groups presented a reduction in congestion and sinusoidal
dilation (see Figure 6e and 6f, sixth row). Skeletal muscle
from CRF groups demonstrated an interstitial edema and
congestion in perimysium (see Figures 6b and 6c, last row),
while in the OVX group without E2 treatment, edema was
more apparent, and some detachments of the fibers were
observed (see Figure 6d, last row). In the E2-treated groups,
edema was reduced, and there were no detachments
observed (see Figures 6e and 6f, last row).

DISCUSSION

In the present study, surgically induced chronic renal
failure, as assessed by increased serum creatinine and
BUN levels, led to elevated serum TNF-a levels and sig-
nificant increases in lipid peroxidation, collagen content,
lucigenin levels, and myeloperoxidase activity along with
decreased GSH levels in the kidney, as well as heart, lung,
brain, ileum, liver, and gastrocnemius muscle, demonstrat-
ing the presence of systemic oxidative injury. On the other
hand, the extent of tissue injuries and the renal dysfunction
was relatively less in females, while ovariectomy exacer-
bated all the indices of oxidative injury. However, treatment
with estradiol markedly improved oxidative damage in
both male and female rats with CRF, suggesting the potent
anti-oxidant and anti-inflammatory effects of estradiol
against CRF-induced systemic inflammatory outcomes.

Similar to the sexual dimorphism observed in the pro-
gression of cardiovascular disease, clinical data suggest
that premenopausal women are more resistant to and have
slower progression of renal disease compared with age-
matched men.[32,33] The resistance of kidneys in female
gender to the progression of renal disease is most frequently
attributed to ovarian sex hormones.[34] With menopause,
however, the risk for renal disease is increased in women
and becomes comparable to that found in men,[35,36] sug-
gesting that hormone replacement therapy would be a
rational approach to attenuate the progression of renal dis-
ease in postmenopausal women. Several studies on acute
renal injury have reported that females were relatively pro-
tected in comparison to males, have developed renal dys-
function in later periods of ischemic injury with lower BUN
and creatinine levels, and had a lower mortality rate with a
less severe tubular necrosis.[37–39] Despite the abundance
of clinical and animal studies demonstrating that estrogens
are renoprotective, the mechanisms by which estrogens
exert their protective effects on the kidney remain poorly
understood.

Due to its hydroxyl group in the phenolic A ring,
estrogen can suppress free radical-induced peroxidation
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Figure 6. Kidney (first row): A. Control group: regular morphology with glomerulus (arrow) and tubules (*). B. CRF male group:
deterioration in tubules (*) and glomeruli (arrows), interstitial edema. C. CRF female group: tubular (*) and glomerular (arrow)
degeneration, intersitial edema (arrowhead). D. CRF + OVX + vehicle group: severe interstitial edema, degenerated glomeruli
(arrows) and tubuli (*). E. CRF+ E2 male group: reduced but ongoing congestion (arrow); note the decreased interstitial edema. F.
CRF + OVX+ E2 group: regeneration of the glomeruli (arrows) and tubuli (*); interstitial edema was decreased but still present
(arrow head). Cardiac muscle (second row): A. Control group: regular alignment of cardiac muscle (arrow). B. CRF male group:
severe congestion (**) among muscle fibers and edema of connective tissue (arrowhead). C. CRF female group: moderate congestion
among muscle fibers (**). D. CRF + OVX + vehicle group: severe congestion among muscle fibers (arrows), interstitial edema. E.
CRF + E2 male group: reduced congestion (**) and edema; note the regularity of fibers. F. CRF + OVX+ E2 group: minimal
congestion among muscle fibers (**); note the loss of interstitial edema. Lung (third row): A. Control group: regular bronchial
(arrow) and alveolar (*) morphology. B. CRF male group: dense edema and inflammation in interstitium (**), deteriorated alveoli
(arrows). C. CRF female group: edema in parenchyme and alveolar degeneration (**) less severe than group B. D. CRF + OVX +
vehicle group: severe interstial edema an inflammation (*) and constricted alveoli (a). E. CRF + E2 male group: regeneration of
alveoli, moderate congestion and inflammation (**). F. CRF + OVX + E2 group: reconstitution of alveoli and mild congestion (**).
Brain (third row): A. Control group: regular morphology with neurons and glial cells (arrow), scattered capillaries (*). B. CRF male
group: increased density of capillaries (*), pericellular dilations (arrows). C. CRF female group: capillaries (*) and pericellular
dilations present but less (arrow). D. CRF + OVX + vehicle group: increase in capillaries (*) and glial cells (arrows), E. CRF + E2

male group: reduction in capillar density (*) but pericellular dilations present (arrows). F. CRF + OVX + E2 group: reduction in
capillar density (*) and pericellular dilations of neurons (arrowhead) and glial cells (arrows). Ileum (fourth row): A. Control group:
regular ileal epithelium (arrows). B. CRF male group: severe desquamation of the villi (arrows) and inflammation in the lamina propria
(arrowhead). C. CRF female group: moderate desquamation of the villi (arrow) and dilation of intestinal gland (arrowhead). D. CRF
+ OVX + vehicle group: severe desquamation of the villi (arrow) and dilation of the intestinal glands (*). E. CRF + E2 male group:
regeneration of the villi morphology (arrows) and inflammatory cells in the lamina propria (arrowhead). F. CRF + OVX + E2 group:
prominent regeneration of the epithelium (arrows) and some inflammatory cells in the lamina propria. Liver (fifth row): A. Control
group: central vein (**) and radiating hepatic sinusoids. B. CRF male group: dilation of the central vein (**), congestion, interstitial
edema (arrow) and degenerated sinusoids (arrowheads). C. CRF female group: minimal congestion in central vein (**) dilation of
sinusoids (arrows). D. CRF + OVX + vehicle group: prominent congestion and dilation of sinusoids (arrows), interstitial edema
(arrowhead), congestion of central vein (inset: **). E. CRF + E2 male group: reconstitution of central vein (**), mild congestion in
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chain reactions[13,14] and protect against atherosclerosis by
binding free radicals.[40] Being a fat-soluble hormone,
estrogen can contribute to membrane fluidity by direct
interactions with phospholipids and attenuate the peroxi-
dation of vascular smooth muscle cells and peroxidation-
induced cell growth and migration.[41] On the other hand,
age-related decline in estrogen secretion is accompanied
by excessive oxidative stress and peroxidative cell dam-
age,[42] which are known features of CRF. The results of
the present study show that lipid peroxidation products
measured as MDA levels in kidney, heart, lung, intestine,
brain, and liver were significantly increased in the male
rats with CRF, while the unchanged tissue MDA levels in
female rats were increased when ovaries were removed.
Thus, the current results suggest that female gender is pro-
tective, but ovariectomy attenuates the protective effect of
female gender on the development of CRF-induced oxida-
tive injury. In addition, the administration of E2 caused
significant inhibition of MDA production in both males
and females, indicating a reduction in lipid peroxidation
and cellular injury. In vitro, high concentrations of estra-
diol were shown to inhibit renal cell-mediated low-density
lipoprotein oxidation.[43] Accordingly, hormone replacement
therapy was shown to have a favorable effect on oxidative
stress in postmenopausal women with CRF, as evidenced
by plasma MDA level and total antioxidant capacity.[44]

Similarly, female rats in experimental polycystic kidney
disease exhibited normal renin status, lesser elevation of
renal endothelin (ET-1), and proportionately lesser changes
in vascular endothelial growth factor (VEGF) and endot-
helial nitric oxide synthase (eNOS), while ovariectomy
was shown to attenuate the protective effect of female gender
with a trend toward upregulation of ET-1 and a significant

down-regulation of VEGF and eNOS.[45] Furthermore, E2
supplementation was shown to be protective in the aging
kidney by attenuating the downregulation of eNOS protein
abundance and renal inflammation.[46]

In uremia, toxic metabolites in blood activate PMN
leukocytes, which then exhibit a burst of oxygen con-
sumption,[47] generating oxygen-derived reactive interme-
diates, superoxide anion, hydrogen peroxide, nitric oxide,
and hypochlorous acid (HOCl).[48] In the present study, in
accordance with elevated tissue MDA levels, lucigenin
chemiluminescence levels showed marked elevations in
most of the studied target tissues of CRF rats, indicating the
involvement of superoxide anion in associated tissue
damages,[30] while increased MPO activity clearly dem-
onstrates that CRF-induced multiple organ damage is
neutrophil-dependent. Activated neutrophils release MPO,
causing production of large amounts of HOCl, which oxi-
dizes and damages macromolecules, including proteins,
lipids, carbohydrates, and nucleic acids.[48] Our results are
in agreement with similar studies showing that increased
MPO activity plays a role in CRF-induced oxidative injury,
and treating the animals with anti-inflammatory or antiox-
idant agents prevents tissue damage by inhibiting neutrophil
infiltration.[49,50] Moreover, the anti-inflammatory effect
of E2 observed in all the CRF-injured tissues appears to
include an inhibition on the accumulation of neutrophils
and on the generation of superoxide radicals. Similarly, E2
was shown to inhibit neutrophil infiltration and ICAM-1
expression in endotoxin-induced glomerular inflammatory
response.[51]

Inflammatory diseases of the renal glomerulus and
tubulointerstitium are characterized by destructive and
restorative processes, mediated by cytokines, including TNF-a,

Figure 6. (Continued) sinusoids (arrows). F. CRF + OVX + E2 group: regenerated central vein (**) and sinusoid (arrows)
morphology, mild inflammation at the periphery of hepatic canal. Skeletal muscle (last row): A. Control group: regular alignment
of muscle fibers and connective tissue (*) among them. B. CRF male group: congestion among muscle fibers (*) and dilation of
endomysium (arrowheads). C. CRF female group: minimal congestion (*) in the connective tissue, but moderate deterioration of
general morphology. D. CRF + OVX + vehicle group: dilation in connective tissue (*);note detachments in the muscle fibers.
E. CRF+ E2 male group: cross-section of muscle bundle; note the regular morphology (arrow) and minimal congestion (*). F. CRF + OVX
+ E2 group: ongoing congestion (*) among muscle fibers; note the regular alignment of muscle fibers (arrow). HE: ×200, inset: ×400.
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that instruct target cells to alter their proliferation, differ-
entiation, and migration.[52] In chronically uremic patients,
it was demonstrated that TNF-a gene expression is enhanced
in circulating blood cells, suggesting the contribution of
systemic inflammatory response in the complications of
CRF.[53] Accordingly, in another study, diminishing TNF-a
expression significantly reduced ischemia-induced renal
fibrosis and inflammation and improved renal functions.[54]

On the other hand, the administration of E2 depressed ele-
vations in serum TNF-a levels following burn-injury[22] or
trauma-hemorrhage.[55] In addition, E2 inhibited the pro-
duction of TNF-a by the unstimulated and hydrogen per-
oxide-stimulated macrophages from males and females.[56]

Parallel to these findings, the present data demonstrate that
elevated serum TNF-a levels of CRF rats are depressed by
exogenous E2 treatment, suggesting that E2-induced allevi-
ation of CRF-induced oxidative damage involves the mod-
ulation of the synthesis of TNF-a.

To protect against the adverse effects of ROS, mam-
malian cells are equipped with various antioxidant scaven-
gers. Apart from the major enzymatic antioxidants, such as
superoxide dismutase, GSH peroxidase, and catalase, estro-
gens are also classified as nonenzymatic antioxidants that
delay or inhibit age-associated pathological and biological
changes.[57] Several experimental studies have shown that
antioxidant capacity of tissues is decreased in animals with
CRF,[58,59] while marked reductions in plasma glutathione
concentration and glutathione peroxidase activity, as well
as marked increases in the ratios of oxidized to reduced
GSH were observed in CRF patients.[60,61] Current find-
ings show that the reduction in GSH content of the studied
tissues of male and ovariectomized rats may be due to its
consumption during CRF-induced oxidative stress. On the
other hand, administration of E2, through its antioxidant
properties and by inhibiting lipid peroxidation, maintained
the glutathione levels and thereby protected the tissues
against oxidative stress.

Estrogens influence the matrix deposition and scar-
ring by stimulating the activity of collagen degrading
enzymes[62] and regulating the genes involved in extracel-
lular matrix metabolism,[63] thereby contributing to the
progression of renal disease. In vitro studies confirm that
estrogens inhibit the synthesis of type I and type IV col-
lagen in renal tissue culture[64] via the suppression of
transforming growth factor b (TGF-b) signal.[65] Accord-
ingly, in the TGF-b transgenic mouse, which develops
extensive glomerulosclerosis, estradiol supplementation
was shown to inhibit renal scarring.[66] In parallel to these
studies, current findings demonstrate that elevated collagen
contents in the renal tissue as well as in the cardiac, pul-
monary, ileal, and hepatic tissues of the male and female
rats with CRF were reduced when the rats were treated with
E2. Taken together, it appears that estradiol supplementation

may delay the progression of chronic renal disease by limit-
ing the oxidant-induced collagen accumulation.

A vast number of studies supporting the notion that
systemic inflammation is activated during the progress of
chronic renal failure provide a strong rationale for the use
of anti-inflammatory treatments in uremia. The findings of
the current study illustrate that exogenously administered
estrogen acts as a potent antioxidant and reduces CRF-
induced oxidative tissue damage by depressing tissue neu-
trophil infiltration and modulating the release of inflammatory
cytokines. Extensive experimental and clinical studies will
be necessary to further elucidate intracellular signals induced
by estrogens on the target cells and thus to establish possi-
bilities of therapeutic intervention in the progress to end-stage
renal disease.
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