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Abstract

Estrogen protects females against cardiovascular diseases in both receptor-dependent, genomic or
non-genomic manner.  Although part of the protective effects is attributed to its enhancement of nitric
oxide (NO) production and antioxidant properties, in vivo evidence is difficult to establish.  We thus
employed paraquat (PQ)-treated rats as a model for oxidative stress and to compare oxidative damage
determined by malondialdehyde (MDA) contents as index for lipid peroxidation of various tissues.
Samples from aorta, lung, and liver exhibited low but detectable MDA level in intact control rats; sham
operation did not but PQ-treatment significantly enhanced the MDA levels of all tissues.  Different
hormonal status were achieved by comparing sham-operated (sham), sham treated with estrogen
receptor antagonist ICI182,780 (ICI), and ovariectomized (OVX) rats.  OVX significantly reduced
plasma estrogen level, ICI effectively blocked estrous cycle without reducing estrogen level.  Derived
from rats subjected to identical PQ treatment, MDA level was significantly higher in OVX rats than that
of sham in isolated aortic rings.  In lung tissues, MDA level were similar in all groups.  In liver tissues,
ICI rats exhibited higher level of MDA than both sham and OVX rats.  These data indicated that
hormonal status could affect the degree of lipid peroxidation under similar oxidative stress induced by
PQ, and that not all tissues responded identically.
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Introduction

Paraquat (1,1'-dimethyl-4-4'-dipyridilium
dichloride; PQ), a cyclic redox compound, is known
to damage many tissues by free radical-peroxidation
pathway in both human and animals (9).  Increase in
the level of malondialdehyde (MDA) has been found
in lung and liver of PQ (50 mg/kg)-injected rats (18).
This lipid peroxidation is reduced by melatonin co-
treatment, suggesting that antioxidant confers
protection against the PQ-induced damage (18).  PQ
treatment in rats thus provides an established model
of oxidative stress in vivo.  On the other hand, sex

steroids provide vascular protective effects via both
genomic and nongenomic actions, contributing to the
gender-related differences found in cardiovascular
diseases (19, 20).  Among the sex steroids, estrogen
has received most attention (10, 33).  Estrogen increase
nitric oxide (NO) production (7, 19, 25, 31), decreased
angiotensin receptor expression (21, 22) and
modulation of NADPH-oxidase activity (29).  In
addition, estrogens also inhibit lipid peroxidation in
in vitro liposome preparation (26).

With PQ-induced oxidative damage, we
employed ovariectomized (OVX) rats to reduce
estrogen concentration and estrogen receptor (ER)
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antagonist (ICI182,780; ICI)-treated rats to block
receptor-dependent estrogen action, in order to
evaluate whether estrogen or ER provide antioxidant
protection in various tissues.

Materials and Methods

Materials

ICI182,780 was purchased from Tocris Cookson
(Bristol, UK).  Paraquat dichloride (PQ) and other
chemicals were obtained from Sigma (St. Louis, MO,
USA).

Animals

In the first experiment, female Sprague-Dawley
(SD) rats were obtained at 5 weeks of age from the
National Science Council and maintained in the
Animal Center of Chang Gung University with 12:12
light: dark cycle.  They were fed standard rodent diet
(4.05 Kcal/gram, Laboratory Autoclavable Rodent
Diet 5010, Labdiet) and tap water ad libitum.  Rats
(16 weeks of age) were randomly assigned to one of
the 3 groups (3 each): intact control, sham-operated,
PQ-treated shams.  There was no previous report on
PQ’s effect on female rats as far as we know.  Our
preliminary tests and published values (30-50 mg/kg-
body weight; 12-72 hr) (5,18) suggested that a dosage
of 40 mg/kg-body weight for 24 hr was appropriate
for female rats.  Thus, 40 mg/kg of PQ was injected
intra-peritoneally one day (24 hr) before sacrifice in
all groups.  In the second experiment, 18 female SD
rats with similar body weight were randomly divided
into 3 groups : sham, sham+ICI (ER antagonist), and
OVX groups.  On 8-week of age, sham operation or
ovariectomy was performed.  In half of the sham rats,
ICI (1 mg/kg-body weight) was injected daily for 12
d before PQ treatment.  PQ (40 mg/kg-body weight)
was similarly administered to all rats for 24 hr before
sacrifice.  After sacrifice, aorta, lung and liver samples
were obtained and frozen in -80°C for later analysis.

Measurement of Plasma Estrogen Concentration

Blood was collected from tail vein before and
after operation, and after ICI administration.  The
estrogen concentration of plasma was measured using
an estradiol EIA kit (No. 582551, Cayman, Ann Arbor,
MI, USA).

Photomicrography of Unstained Vaginal Smear Cell

Vaginal secretion was collected with a pasteur
pipettes filled with normal saline (200 µl, 0.9% NaCl).
By inserting the pipette into the rat vagina, fluid was

collected and placed on glass slides. Unstained
material from the fluid was observed (10x objective)
without the use of the condenser lens. Three types of
cells could be recognized: round and nucleated
(epithelial cells); irregular ones without nucleus
(cornified cells); and the little round ones (leukocytes).
The proportion among these types of cells was used to
determine phases of the estrous cycle (16).

Measurement of Malondialdehyde Content (MDA)

Determination of MDA was carried out to
estimate the extent of lipid peroxidation in aorta,
lung, and liver, following the method of previous
study (3).  Samples of tissue were added with butylated
hydroxy toluene (BHT; 1 mg/ml of 20 mM Tris-HCl)
and then frozen at -80°C until the assay.  Tissue
samples, after thawing, were washed in ice-cold 20
mM Tris-HCl, pH 7.4, blotted on absorbent paper and
weighed.  Each sample was then minced in ice-cold
20 mM Tris-HCl, pH 7.4, and homogenized, in a 1:10
w/v ratio by using a Teflon pestle.  After centrifugation
at 3000 g for 10 min at 4°C, the clear homogenate
supernatant was used for biochemical assay.  The
assay was carried out by using a colorimetric
commercial kit (lipid peroxidation assay kit, cat. No.
437634, Calbiochem-Novabiochem Corporation, San
Diego, CA, USA).  We followed the protocol of
MDA-586 method; which is specific to assay free
MDA, or after a hydrolysis step, total MDA.
Concentration of MDA was normalized to sample
protein content and protein was quantified using the
Coomassie blue dye binding assay (BioRad, Hercules,
CA, USA) with bovine serum albumin as standard.

Statistical Analyses

Data are express as mean ± SEM.  Differences
between mean values of multiple or two groups were
analyzed either by ANOVA with a Turkey-Kramer
multiple comparisons test or by Student’s t test.  All
comparisons were computed with the Graph PadInstat
2.0 software program.  Significant was accepted at P
< 0.05.

Results

To ascertain the respective effects of OVX and
ICI, we examined the estrous cycle and estrogen level
of all rats.  The cell patterns of vaginal smear of rats
were recorded.  As reported by others (16), 4 phases
of cell patterns were recognized including diestrus
(mostly ‘small’ polymorphonuclear leukocytes with
little or no mucus) phase, early proestrus (nucleated
and a few cornified cells present together with stringy
mucus) phase, late proestrus (only nucleated cells)
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phase, and estrus (only cornified epithelial cells)
phase.  For sham rats, random distribution of each
phase was observed, indicating normal cycling pattern
over a period of 2 weeks.  However, for both OVX (8
wks) and ICI (7d post-treatment) rats, only diestrus-
phase pattern was observed (Fig. 1), demonstrating
that estrous cycle was completely eliminated by OVX
or ICI treatment.  We also determined plasma estrogen
level.  Plasma samples were taken during estrus phase
before operation and that concentrations of estrogen
(~ 14 pg/ml) were found to be similar in all groups

(Fig. 2).  Following OVX, estrogen level was reduced
to near zero in OVX rats.  However, ICI did not alter
plasma estrogen level.

We next examined the effects of sham operation
and PQ on lipid peroxidation (MDA concentration) of
aorta, lung, and liver samples in female rats.  All
tissues of intact control rats exhibited low but
detectable levels of MDA (Table 1).  Sham operation
did not increase the peroxidation significantly.  PQ
significantly caused an increase of MDA level of all
three tissues: 32%, 41%, and 142% for aorta, lung,
and liver; respectively (Table 1).

To test the effects of OVX and ICI, PQ was
administered to all three groups of animals: sham,
shams treated with ICI (for 12 d), and OVX (for 8
wks) rats.  We found that over the period of observation
(6 to 15 wks of age), all rats gained weight continuously
and OVX rats became significantly heavier than sham

Table 1. Effect of sham operation and PQ on lipid
peroxidation of aorta, lung and liver in fe-
male rats.

MDA  (nmole / mg-protein)

Intact sham sham + PQ

Aorta 4.80 ± 0.08 4.93 ± 0.11 6.34 ± 0.09***
Lung 1.24 ± 0.17 1.56 ± 0.04 1.75 ± 0.03*
Liver 1.18 ± 0.17 1.42 ± 0.08 2.85 ± 0.27**

Values are means ± SEM, N = 3 in each group
*P < 0.05; **P < 0.01; ***P < 0.001, compared with
normal or sham group
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Fig. 1. Estrous cycle of sham and sham+ICI rats.  Diestrus phase
was identified by vaginal smear cell pattern showing
mostly small (polymorphonuclear) cells.  OVX (8 wks)
and ICI (7d post-treatment) completely eliminated es-
trous cycle, and only diestrus-phase pattern was observed.
N = 6 in each group
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Fig. 2. Effect of OVX and ICI on plasma estradiol concentration.
OVX (6 wks) reduced estrogen level to near zero
(0.97 ± 0.26 pg/ml).  However, ICI (7 d post-treatment)
did not alter estrogen level (14.3 ± 1.2 pg/ml), which was
similar with sham group (16.0 ± 1.4 pg/ml).  Values are
means ± SEM, ***P < 0.001, compared with sham or
sham+ICI group.  N = 6 in each group
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Fig. 3. Effect of ovariectomy (OVX) on body weight.  The
figure depicted the changes of body weight during the
experimental period.  All rats gained weight continu-
ously and OVX rats (417 ± 10 g) became significantly
heavier than others (sham : 315.2 ± 6.7 g; sham+ICI :
298.3 ± 7.3 g).  Values are means ± SEM, *P < 0.05;
**P < 0.01; ***P < 0.001, compared with OVX group.
N = 6 in each group
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(by 40%) or sham+ICI (by 33%) rats (Fig. 3).  This
observation is consistent with our earlier findings
(unpublished results) and reports by others (1,4).

We lastly compared the effect of PQ on lipid
peroxidation (MDA level) of aorta, lung, and liver
from these rats (Fig. 4).  The variation of tissue MDA
was similar to that shown before (Table 1).  Aortic
rings exhibited the highest level (per mg protein) of
MDA among these tissues and that aortic rings of
OVX rats showed significantly higher (2-fold) MDA
concentration than that of sham rats (Fig. 4A).  There
was no difference of MDA concentration of lung
tissues derived from all 3 groups of rats (Fig. 4B).  In
liver samples, tissue MDA level of sham was
significantly lower than that of ICI (by 55%), but no
significant difference was found between sham and
OVX rats (Fig. 4C).

Discussion

We found that OVX induced a weight gain (Fig.
1), as well as a complete elimination of estrous cycling
(Fig. 2) and plasma estrogen (Fig. 3) in female rats.
ICI, an ER antagonist, on the other hand, caused no
weight gain or plasma estrogen reduction but also
eliminated estrous cycling following 7 days of
treatment (Fig. 2).  The observation that ICI leaves E2

level unchanged has not been reported.  These results
indicated that while both OVX and ICI eliminated
estrous cycling, ICI did not alter plasma estrogen
level and thus provided a different hormonal status of
these female rats (30).  PQ caused significant elevation
of all tissues examined (Table 1).  For an identical PQ
treatment, oxidative damage such as lipid peroxidation
could hence be compared among different groups to
allow us to assess the roles of estrogen and its receptor.
Our results showed that tissue-specific response
patterns were complex following oxidative challenge.
Aorta appeared to be sensitively affected by PQ, and
OVX rats exhibited significantly higher level of lipid
peroxidation than sham (Fig. 4A), suggesting that
estrogen provided some vascular protection (10,19).
However, liver from ICI-treated, but not OVX, rats
also displayed higher levels of lipid peroxidation than
sham (Fig. 4C).  In lung tissues, similar MDA level
was found in all groups of rats (Fig. 4B).  The nature
of this tissue-specific pattern was not clear.  However,
ER distribution/subtype is different in liver and lung
(28).  Furthermore, oxidative stress may change the
expression of ER subtypes, and then further affect the
action of estrogen (27).

It has long been known that estradiol, estrone,
and estriol suppress lipid peroxidation in both in vitro
and in vivo (6, 24).  The detailed mechanisms of
antioxidative action of estrogen, however, are not
clearly understood.  Estrogen inhibits oxidation of

low-density lipoprotein (LDL) by 70% in vitro (2)
and inhibits oxidized LDL-induced generation of ROS
in cultured endothelial cells (32), among other protective
effects (2, 8, 17).  However, in vivo data regarding the
protective effects of estrogen against oxidative stress

Fig. 4. Effect of ovariectomy and ICI on PQ-induced lipid
peroxidation of aorta (A), lung (B), and liver (C) in
female rats.  40 mg/kg of PQ was injected intra-perito-
neally one day (24 hr) before sacrifice in all groups.
Aortic rings exhibited the highest level of MDA and that
aortic rings of OVX rats showed significantly higher
MDA level (30.08 ± 3.55 nmole/mg-protein).  In liver
samples, tissue MDA level of sham (1.63 ± 0.05 nmole/
mg-protein) was significantly lower than that of ICI
(2.53 ± 0.22 nmole/mg-protein).  Values are means
 ± SEM, *P < 0.05; **P < 0.01; ***P < 0.001.  N = 6 in
each group
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were scarce.  It has been reported that estrogen increases
glutathione (GSH) levels and glucose-6-phosphate
dehydrogenase (G6PD) enzyme activity as potential
antioxidant protection in myocardial ischemia/
reperfusion (12).  Recently, in a dimethylnitrosamine-
induced rat model of hepatic fibrosis (15), estrogen
exerts inhibitory action on hepatic fibrosis, at least in
part due to its antioxidant effects including lowering
lipid peroxidation and loss of superoxide dismutase
as well as glutathione peroxidase (15).  Furthermore,
elevated estradiol level following hormone replacement
therapy in postmenopausal women is associated with
significant increase of serum total antioxidant status
as well as of sulfhydryl groups (14).  Our data,
therefore, provide evidence for an estrogen-dependent
reduction of lipid peroxidation by comparing aorta
derived from sham vs. OVX rats, both treated identically
with PQ under well-defined experimental protocol.
PQ-induced lipid peroxidation was significantly higher
in aorta (Fig. 3A) derived from OVX rats suggesting
that estrogen did exert protection against oxidative
stress.  Interestingly, when ER was blocked without
reducing estrogen concentration (ICI rats), lipid
peroxidation of liver samples was also higher (almost
2-fold, Fig. 3C) suggesting that ER may offer additional
protection as well.  It is generally acknowledged that
the cardioprotective actions of estrogen are ER-
dependent (10, 11, 13, 19, 23).  Our data appears to be
consistent with an ER-dependent mechanism for
antioxidant effect, suggesting that at least some in
vivo effects were exerted by estrogen.  However,
further investigation is necessary.  The specificity of
ICI in both ER subtypes and whether PQ treatment
could also affect ERs expression of these three tissues,
may play a role in the tissue-specificity of lipid
peroxidation observed in our PQ treated-animal model.
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