AGE (2010) 32:421-434
DOI 10.1007/s11357-010-9148-6

Acute effects of 173-estradiol and genistein on insulin
sensitivity and spatial memory in aged ovariectomized

female rats

Ana Alonso - Héctor Gonzalez-Pardo - Pablo Garrido - Nélida M. Conejo -
Plicido Llaneza - Fernando Diaz - Carmen Gonzalez del Rey - Celestino Gonzalez

Received: 22 October 2009 /Accepted: 26 April 2010 /Published online: 14 May 2010

© American Aging Association 2010

Abstract Aging is characterized by decline in meta-
bolic function and insulin resistance, and both seem to
be in the basis of neurodegenerative diseases and
cognitive dysfunction. Estrogens prevent age-related
changes, and phytoestrogens influence learning and
memory. Our hypothesis was that estradiol and genis-
tein, using rapid-action mechanisms, are able to modify
insulin sensitivity, process of learning, and spatial
memory. Young and aged ovariectomized rats received
acute treatment with estradiol or genistein. Aged
animals were more insulin-resistant than young. In each
age, estradiol and genistein-treated animals were less
insulin-resistant than the others, except in the case of
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young animals treated with high doses of genistein. In
aged rats, no differences between groups were found in
spatial memory test, showing a poor performance in the
water maze task. However, young females treated with
estradiol or high doses of genistein performed well in
spatial memory task like the control group. Only rats
treated with high doses of genistein showed an optimal
spatial memory similar to the control group. Conversely,
acute treatment with high doses of phytoestrogens
improved spatial memory consolidation only in young
rats, supporting the critical period hypothesis for the
beneficial effects of estrogens on memory. Therefore,
genistein treatment seems to be suitable treatment in
aged rats in order to prevent insulin resistance but not
memory decline associated with aging. Acute genistein
treatment is not effective to restore insulin resistance
associated to the early loss of ovarian function, although
it can be useful to improve memory deficits in this
condition.

Keywords 173-estradiol - Genistein - Insulin
sensitivity - Spatial memory - Aging - Rat

Introduction

Aging is characterized by a decline in metabolic
function, which may have particularly significant

consequences not only on average life span, but also
on the quality of life of the elderly. In this regard, the
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association of aging with the development of insulin
resistance in human and rodents has been reported
(Larkin et al. 2001; Reaven and Reaven 1985).
However, the mechanism underlying the increase in
insulin resistance with advanced age remains unclear,
although it seems to be related in females to a
decrease in estrogen plasma levels. In spite of this,
previous studies (Gonzalez et al. 2000, 2002, 2003)
and several clinical observations (Kumagai et al.
1993; Polderman et al. 1994) not only suggest an
interaction between insulin and sex hormones, but
also demonstrate that estrogen replacement therapy
improves insulin sensitivity in postmenopausal
women (Colacurci et al. 1998; Karjalainen et al.
2001) and rodents (Alonso et al. 2006a, 2008).

Estrogen deficiency caused by loss of ovarian
function has been related with the development of
metabolic alterations (dyslipidemia, insulin resistance,
and diabetes type II) together with behavioral disorders
(changes in mood and memory impairment; Kaaja
2008; Rasgon and Jarvik 2004; Weber and Mapstone
2009). Therefore, these findings suggest that neuro-
degenerative diseases or memory impairment should
be considered as a result of metabolic syndrome and
that postmenopausal women are more vulnerable to
these diseases than are young women. These con-
ditions suggest that the loss of gonadal function is
determinant for the deleterious consequences of aging
on brain function. In this way, some clinical data have
shown a beneficial effect on memory and cognitive
skills in postmenopausal women using estrogen
replacement therapy (Simpkins et al. 1994). However,
rodent studies have shown that protection against
ischemic brain injury disappears following ovariecto-
my (Simpkins et al. 1997) and that it can be restored
by estrogen replacement (Pelligrino et al. 1998).
Accordingly, our previous study demonstrated that
estradiol treatment did not prevent memory impair-
ment associated with aging (Alonso et al. 2006a) even
though insulin sensitivity was improved. We also
showed that estradiol treatment was efficient enough
to improve some aspects of neuronal homeostasis,
which is affected by aging (Alonso et al. 2008).

The beneficial effects of estrogen in the prevention
and treatment of age-related physiological changes
and neurodegenerative diseases may be a result of
neuroprotective effects and benefits of estrogen on
cognitive function, mostly due to the antioxidant
properties of estrogens (Garcia-Segura et al. 2001;
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Oge et al. 2003). Estrogens can exert complex effects
on learning and memory in rats, which show a clear
decline with aging similar to humans, thus represent-
ing an appropriate animal model to study the effects
of estrogens and phytoestrogens on aging.

Genistein has been identified in many plants,
including those commonly consumed by humans
and animals, such as soybean, alfalfa, and clover
(Cornwell et al. 2004; Reinli and Block 1996).
Phytoestrogens bind estrogen receptors (Kuiper et al.
1998; Kurzer and Xu 1997; Patisaul et al. 2002),
although weakly in comparison to estrogens. For this
reason, it seems that estrogens from plants have some
estrogenic activity. The biological activity of phytoes-
trogens is ubiquitous, and their effects are not always
comparable to animal estrogens. Currently, it seems
enough to prove the benefits of phytoestrogens on
human health (Adlercreutz 1998; Altavilla et al. 2004;
Cornwell et al. 2004; Cotter and Cashman 2003;
Setchell 1998) because their positive role is related to
its ability to modify the metabolic pathways of an
organism (Nogowski et al. 2002). However, not all
studies have found evidences for these positive effects
(Gallagher et al. 2004; Huntley and Ernst 2004; Krebs
et al. 2004). Due to its estrogenic potential, genistein
has been proposed to play a role in the maintenance
of health status by acting on several organs and to
prevent cardiovascular risk by regulating lipid and
carbohydrate homeostasis (Cruz et al. 2006;
Kreijkamp-Kaspers et al. 2004; Park et al. 2005).
The estrogenic activity of genistein is reported to
depend on its concentration (Wilson et al. 2004) and
gender differences (Faughnan et al. 2004).

In the nervous system, phytoestrogens have a
potential to act as estrogen receptor agonists (Pan et al.
1999; Schreihofer 2005) or antagonists (Patisaul et al.
2002), affect learning and memory (Lund et al. 2001),
and show neuroprotective effects (Azcoitia et al. 2006;
Bang et al. 2004; Ho et al. 2003; Linford and Dorsa
2002; Sonee et al. 2004; Zeng et al. 2004; Zhao et al.
2002). Previous studies suggest that the neuroprotec-
tive effects of genistein seem to be mediated by
estrogen receptors (Bang et al. 2004; Linford and
Dorsa 2002; Zeng et al. 2004). However, it is also
possible that these effects are independent of estrogen
receptor activation (Simpkins et al. 2004). In this
regard, genistein has estrogen receptor-independent
effects, influencing the activity of enzymes such as
protein tyrosine kinases (Akiyama et al. 1987; Foti et
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al. 2005; Markovits et al. 1989), and therefore, it may
alter phosphorylation events associated with the
activation of neurotransmitter receptors (Sweatt 2001).

Since it has been previously demonstrated that age-
induced insulin resistance in rats is detectable at
4 months of age and insulin resistance has been
recently associated with cognitive deficits in rats
(affecting spatial memory in particular; Stranahan et
al. 2008) and that rats aged between 6 and 24 months
represent a suitable animal model to study the “aging”
phenomenon (Barzilai and Rossetti 1996; Iossa et al.
1999), in this paper, we have worked on the
hypothesis that estradiol and genistein using rapid or
non-genomic action mechanisms were able to control
two parameters affected by aging process: insulin
sensitivity and spatial memory.

Methods
Animals

Virgin female Wistar rats (supplied by the Central
Biotery of the University of Oviedo) weighing 130—
150 g (age 68 weeks, young animals, Y) and 500—
600 g (age 9096 weeks, aged animals, A) were kept
under standard conditions of temperature (23+3°C) and
humidity (65+1%), and on a regular 12 h light/dark
cycle (08:00-20.00). The animals were fed a standard
diet (Panlab A04, Barcelona, Spain), and all of them had
free access to water. Experimental handling was
performed between 09:30 and 12:30 h. All experimental
procedures carried out with animals were approved by a
local veterinary committee from the University of
Oviedo biotery and subsequent handling strictly
followed the European Communities Council Directive
of 24 November 1986 (86/609/EEC).

Experimental design

Rats were ovariectomized through a midline incision
under light anesthesia by inhalation of halothane.
Ovariectomy was performed immediately after sexual
maturity of young rats (Y) and after reproductive
period of aged rats (A). Rats were randomly divided
into four groups: sham surgery animals (intact; YC
and AC), ovariectomized animals treated with vehicle
(YV and AV), ovariectomized animals treated with
173-estradiol (YE and AE), and ovariectomized

animals treated with two different doses of genistein
(YG1, YG2, AGI, and AG2) and housed individually
throughout the experiment. All experimental treat-
ments began exactly 2 weeks after ovariectomy to
ensure a uniform period of estrogen depletion before
replacement and to recover from surgical stress. In
order to perform glucose and insulin determinations,
1 h prior to killing of the animals, they were injected
with vehicle (olive oil/ethanol 3:2 v/v); 17[3-estradiol
(1.4 pg/kg body weight; Sigma Chemical Co., St
Louis, MO, USA) in olive oil/ethanol (3:2 v/v) or
genistein (LC Laboratories, Woburn, MA, USA; G1=
10 mg/kg body weight; G2=40 mg/kg body weight)
in olive oil/ethanol (3:2 v/v).

Euglycemic insulin clamp

Clamp experiments were performed in anesthetized
rats using a previously described procedure (Alonso
et al. 2006a, 2008; Gonzalez et al. 2000). After 12 h
of fasting, animals were anesthetized with sodium
pentobarbital (50 mg/kg), and the left saphenous vein
was catheterized for insulin and glucose infusion.

Approximately 30 min after surgery and as soon as
anesthesia was assured by loss of pedal and corneal
reflexes, blood samples (2 ml) were drawn from the
jugular vein and placed into heparinized tubes,
centrifuged at 3,000 rpm during 20 min at 4°C, and
the plasma was immediately collected and stored
frozen at —20°C until assayed in order to determine
basal insulin concentration. Another blood sample
was collected from the tail in order to determine basal
blood glucose. Plasma glucose was measured using
an Accutrend System (Accutrend Alpha®. Roche
Diagnostic S.L., Barcelona, Spain).

After the clamp study, additional blood samples
(4 ml) were collected for the determination of final
insulin concentration and 173-estradiol plasma con-
centrations as described above. The total blood
volume extracted was 5.5-6.5 ml from each animal.
Plasma insulin was measured by radio immunoassay
(RIA) using a DGR Instruments GmbH (Germany) kit
for determination of rat insulin. The sensitivity of the
assay was 0.1 ng/ml, and the intra-assay coefficient of
variation was 9.32%. The sample was assayed in
duplicate. Plasma 17f3-estradiol was measured by
RIA wusing Immuchem kits of cover tubes (ICN
Biomedicals Inc.). The assay sensitivity was 10 pg/ml,
and the intra-assay coefficient of variation was 12.26%.
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All samples were measured on the same day. Finally,
samples of different tissues were collected and immedi-
ately frozen in liquid nitrogen for future experiments,
and animals were killed by bleeding.

Spatial learning test

The remaining animals in each experimental group were
trained in a water maze to test spatial learning and
memory (Morris 1984). The maze consisted of a
circular pool made of black fiberglass, 1.5 m in
diameter and 75 cm high. The pool was filled with
tap water to a height of 32 cm, and a black escape
platform was placed 2 cm beneath the water surface.
The water temperature was kept at 23+1°C during the
entire test period. The experimental room had
numerous visual cues such as colour maps, posters,
and plastic dishes fixed on the walls, a shelf, covered
windows, and a table. Lighting was provided by two
halogen spotlights (500 W) placed on the floor and
facing the walls. Animal cages were kept outside the
experimental room to avoid odor cues, and the bucket
where the rats remained between consecutive trials was
placed randomly around the pool during each trial.
Maze performance was recorded live by a video
camera mounted in the ceiling and connected to a
computerized video tracking system (Ethovision Pro,
Noldus Information Technology, Wageningen, The
Netherlands).

The pool was conceptually divided into four quad-
rants, according to the cardinal points (N, S, E, W). Rats
were released facing the pool wall from the central
border of each quadrant following a pseudorandom
sequence, four times each session. We used a 2-day
water maze testing procedure based on similar studies
previously published (Packard and Teather 1997,
Rhodes and Frye 2006). Subjects received three four-
trial sessions of training on day 1, with each block
spaced 1 h apart. Rats were returned to their home
cages between sessions. The escape platform used on
the first trial session was painted white and stood up to
2 cm above the water surface. Rats were allowed to
swim to locate the escape platform, where they
remained for 15 s before they were placed in a black
plastic bucket for 30 s. When rats failed to reach the
platform within 60 s, they were gently guided to the
platform. Since the platform is visible during the first
trial session, the task can be considered as a test for
visual acuity and sensory-motor coordination. Spatial

@ Springer

learning took place during the following three sessions.
Testing was identical to the habituation day, but, in this
case, the escape platform was hidden beneath the water
surface. The platform was located in the same position
across training days. Escape latencies and swimming
paths were recorded using the video tracking system
for each rat. Immediately after training on the first day,
the different experimental groups received posttraining
injections of vehicle (olive oil/ethanol 3:2 v/v), 17(3-
estradiol (0.2 mg/kg body weight; Sigma Chemical
Co., St Louis, MO, USA) in olive oil/ethanol (3:2 v/v)
or genistein (LC Laboratories, Woburn, MA, USA; G1
=10 mg/kg body weight; G2=40 mg/kg body weight)
in olive oil/ethanol (3:2 v/v). On day 2, animals
received an additional four-trial session to assess
spatial memory. Five minutes after finishing the last
trial, a probe test was performed. During the probe test,
the escape platform was removed, and rats were
required to swim for 30 s. The percent of total time
spent in the quadrant was recorded for each animal.

Statistical analysis

Data are expressed as mean +SEM. We evaluated the
Gaussian distribution of each variable previously.
After this, for each age, data were statistically
analyzed using an analysis of variance (ANOVA)
design followed by between-group comparisons using
the Tukey honestly significant difference test. The
comparisons between young and aged were analyzed
by unpaired Student's ¢ testing.

Average daily escape latencies in the water maze
within a group were analyzed using one-way repeated
measures ANOVA, followed by Student-Newman—
Keuls post hoc tests to determine significant differences
across training days. One-way ANOVAs were used to
compare the performance of the experimental groups in
the probe tests. Differences between vehicle, estradiol,
and genistein-treated rats of each age group were
assessed by comparing the mean escape latencies of
the last training day using Student's # tests. A p value
<0.05 was considered significant. Statistical analysis
was performed using SPSS for Windows v. 6.01.

Results

Table 1 shows fasting blood glucose, fasting serum
insulin, and serum insulin corresponding to the clamp
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experiment. Fasting blood glucose levels were
observed to be significantly higher in aged groups
than in young groups. Young groups treated with
genistein (YG1 and YG2) had significantly higher
fasting blood glucose levels than groups YC and YE.
However, the highest fasting blood glucose level of
aged groups was observed in group AC, and the
lowest level was observed in group AE.

As regards to fasting serum insulin, we found
significant higher values in YG1 and YG2 than in
AG1 and AG2. However, fasting serum insulin was
higher in aged rats than in young rats in groups C, V,
and E. On the other hand, fasting serum insulin was
significantly higher in groups YC and YG2 than in
the remaining groups of young animals. However,
fasting serum insulin in aged rats was significantly
higher in groups AC and AV as compared with the
rest of groups.

Finally, serum insulin levels after clamp experi-
ments were significantly higher in aged groups than in
young groups. Moreover, in young groups, this
parameter was significantly higher in groups YC and
YG2 than in the remaining young groups, whereas
group AV had significantly higher serum insulin
levels after clamp experiments than the remaining
aged groups. Group AG2 had significantly lower
values as compared with the rest of groups.

In order to investigate insulin resistance, glucose
clamp experiments were carried out under euglycemic
and hyperinsulinemic conditions. Figure 1 shows the
results of clamp experiments, and Fig. 2 shows the
comparison of glucose infusion rates as mean values
from 40 to 60 min during euglycemic hyperinsuline-
mic clamp experiments in young and aged rats. We
used this parameter as an in vivo measure of insulin
sensitivity. Aged animals were significantly more
resistant to the insulin action than young animals,
except in group AG2, where aged animals were
significantly less resistant than YG2. In young
animals, groups treated with estradiol (YE) and low
doses of genistein (YG1) were significantly less
resistant to insulin action than the rest of young
groups, while the most resistant one was group YG2.
In aged rats, groups treated with estradiol (AE) and
genistein (AG1 and AG2) were significantly less
resistant to insulin action than AC and AV groups.
Moreover, the genistein-treated groups (AG1 and
AG?2) were significantly less resistant to insulin action
than estradiol treated group (AE).

Figures 3, 4, and 5 show the spatial reference
memory test results. No significant differences in path
lengths to find the hidden escape platform were found
across trials during the 2 days of testing in all aged
groups (Fig. 3). There was a high inter-individual
variability in swim paths as shown by the high error
bars calculated in all aged groups. However, young
females of groups C, E, and G2 performed signifi-
cantly better than aged groups as shown by significant
decreases in mean path length on day 2 (Fig. 4). It is
noteworthy that animals of group G2 reached the
shortest mean path length to find the platform in the
last trial as compared with groups C and E. Finally, all
aged groups did not perform above chance level in the
probe test without escape platform available (Fig. 5).
Conversely, only young animals in groups C and G2
performed well in the probe test (Fig. 5) because they
spent significantly more time searching in the target
quadrant in comparison to the other quadrants.

Discussion

Most studies trying to demonstrate that phytoestro-
gens in general and genistein in particular can
attenuate insulin resistance associated with loss of
ovarian function have been successful in women
(Bhathena and Velasquez 2002; Jayagopal et al.
2002) and female rats (Choi and Song 2009;
Jayagopal et al. 2002). In all cases, treatment with
phytoestrogens ranged from several days to several
weeks or months. However, in the present study we
have hypothesized that genistein, like estradiol, is
able to perform rapid actions on some steps of the
intracellular insulin signaling pathways and thus
improve the insulin sensitivity associated with the
loss of ovarian function (Fig. 2).

In experimental models of acute cerebral ischemia,
the acute administration of estradiol immediately
before causing brain damage (between 30 and
120 min earlier) demonstrated the neuroprotective
role of estrogen (Bryant et al. 2005; Chiappetta et al.
2007; Corasaniti et al. 2005). In addition, 7 h of
treatment with estradiol or genistein appear sufficient
to determine changes in uterine weight (Diel et al.
2004). On the other hand, previously conducted pilot
experiments showed that 1 h after administration of
estradiol produced significant changes in key points
of the cascade of intracellular insulin signaling, and
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Table 1 Fasting blood glucose, fasting serum insulin, and serum insulin after clamp experiments in control (C), vehicle (V), estradiol

(E), and genistein (G1 and G2)-treated rats

Young Aged
Fasting blood glucose (mg/dl) C 51.40+1.80 119.80+3.46"
v 56.60+1.50 140.80+4.55%
E 48.80+1.68 105.60+2.117
Gl 62.60+2.06 126.20+2.22%
G2 60.60+2.65 114.40+2.95%
Comparisons C vs G1,G2 V vs C,E,G1,G2
E vs G1,G2 E vs V,G1
Fasting serum insulin(ng/ml) C 6.51+£0.24 7.05+0.32%
v 2.34+0.16 3.59+0.12%
E 1.71+0.33 1.95+0.1%
Gl 2.66+0.17 1.54+0.07°
G2 4.26+0.15 1.43+0.10*
Comparisons C vs VE,G1,G2 C vs VE,G1,G2
G2 vs VE,G1 V vs E,G1,G2
Serum insulin after clamp experiments (ng/ml) C 7.06+0.23 11.83+0.06"
v 2.78+0.26 16.34+£0.40%
E 3.94+0.14 9.45+0.30%
Gl 3.43+0.37 12.56+0.46"
G2 6.62+0.35 8.32+0.11*
Comparisons C vs VE,G1 C vs V,E,G1,G2
G2 vs VE,GI V vs E,G1,G2
G1 vs E,G2

Mean+standard error of the mean for seven animals
Significant differences are shown

?Young versus aged

these changes had some similarity to those observed
1 h after insulin administration (data not shown and
not published). Taken together, we believe that acute
administration of estradiol or genistein at a short time
had an impact on the sensitivity to insulin action, or
learning processes and memory.

We have found that young animals treated with
both estradiol (YE) or low doses of genistein (YG1)
administered 1 h before clamp experiments was
sufficient to increase significantly insulin sensitivity
compared with intact (YC) or ovariectomized animals
treated with vehicle (YV). However, high doses of
genistein (YG2) seem to have the opposite effect in
young animals (Fig. 2). On the other hand, insulin
sensitivity in aged animals was significantly lower
than in young animals as expected, conversely to
group AG2. This result is very interesting, especially
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when the aged group of animals treated with genistein
at low or high doses (AGl and AG2) was more
sensitive to insulin action than the rest of aged groups.
These results suggest two issues that should be taken
into consideration when extrapolating experimental
data to the clinical practice: first, insulin sensitivity
can be improved in patients who have lost their
ovarian function prematurely after surgery, although
high doses of genistein did not seem to be an
appropriate treatment. Secondly, genistein dosage in
elderly patients did not seem to be decisive; but
taking into account the side effects of estradiol
treatments, genistein seems to be more appropriate
to improve insulin sensitivity.

Insulin resistance developing in obese diabetic
patients is related with cerebral atrophy (observed
mainly in the hippocampus) and alterations in memory



AGE (2010) 32:421-434

427

a

mg/dl

150
140

130

mg/dl

100
920

80

0 5 10 15 20 25 30 35 40 45 50 55 60

Fig. 1 Blood glucose concentrations (a, b) and glucose
infusion rate (¢, d) during euglycemic hyperinsulinemic clamp
experiments. Data shown for experimental groups: young rats
(a, ¢) and aged rats (b, d). Values shown for control (C, open

and mood (Reagan 2007), and insulin resistance has
also been linked to deficits in spatial memory in obese
rats (Jurdak et al. 2008). The prevalence of impaired
glucose tolerance and type 2 diabetes mellitus increases
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Fig. 2 Comparison of glucose infusion rates of control (C, .
vehicle (V, [I]) and estradiol-treated (E, [ ]) and genistein-
treated (G1, [ ] and G2, [[) rats. Mean+SEM for seven
animals. Glucose infusion rate was assessed as the mean values
from 40 to 60 min during euglycemic hyperinsulinemic clamp
experiments. Mean+SEM for seven animals. *Young vs aged. a
Cvs E,G1,G2; b V vs E,G1,G2; ¢ G2 vs E,G1; d C vs V, E,G1,
G2; e E vs G1,G2

mg/min per kg

mg/min per kg
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square), vehicle (V, closed circle) and estradiol- (E, closed
square) and genistein-treated (G1, open triangle and G2, closed
triangle) rats. Mean+SEM for seven animals

with age (Meigs et al. 2003) not only in humans, but
also in models of aging in rats (Barzilai and Rossetti
1995; Reaven and Reaven 1985). The mechanism
underlying this phenomenon remains unclear. It may
be possible that decreased insulin sensitivity and/or
impairment of (-cell function would be involved
(Basu et al. 2003; Roder et al. 2000). Alternatively, it
has been shown that the drop in estrogens levels
related to menopause is the main factor implicated in
the decreased insulin sensitivity and decreased in
insulin-mediated glucose uptake (Stoney et al. 2001).
This circumstance has profound consequences in the
life of postmenopausal women because insulin resis-
tance and related hyperinsulinemia are both the basis of
the metabolic syndrome, which includes diabetes,
hypertension, hyperuricemia, lipid abnormalities, and
alterations in the thrombotic potential. Our results
confirm that aging results in a significant increase in
the basal levels of glucose, a fact that is exacerbated by
ovariectomy. Moreover, as we expected, 1 h of
estradiol treatment was enough to improve this
parameter, a good evidence suggesting rapid or non-
genomic actions of estrogen, as we previously showed
(Alonso et al. 2006a,b, 2008; Gonzalez et al. 2000,
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Fig. 3 Water maze test. Mean path lengths to locate the escape platform across training day 1 (last session block) and day 2 in the
aged experimental groups. No significant decreases in path length across learning days were observed for all aged groups
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Fig. 4 Water maze test. Mean path lengths to locate the escape platform across training day 1 (last session block) and day 2 in the
young experimental groups. *p<0.05, significant decrease as compared with the first daily trial
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Fig. 5 Effects of posttraining treatments on spatial reference
memory evaluated in the water maze. Results of the probe test.
Groups C and G2 of young rats spent significantly more time
searching in the target quadrant (black bars). *p<0.01 as
compared with the rest of quadrants. Average percent time in
correct quadrant was not higher than chance level (25%) in
aged experimental groups. C control, V vehicle, E estradiol, G/
low genistein doses, and G2 high genistein doses

2002, 2003). However, one of the most interesting
findings in this study was that genistein was also able
to control the basal glucose plasma levels (Table 1).
We believe, although further experiments will be
necessary, that genistein is able to induce similar
effects as estradiol in relation to the control of basal
glucose plasma levels in aged rats, due to its high
binding affinity for estrogen receptors (Kostelac et al.
2003) and/or its influence on the activity of protein
tyrosine kinases (Akiyama et al. 1987; Foti et al. 2005;
Markovits et al. 1989). Although it is known that
genistein acts as an inhibitor of tyrosine kinase at low
micromolar concentrations, the effects of genistein
observed in this study appear to indicate that genistein
may activate intracellular signaling pathways of insulin
or stimulate transporter translocation glucose, or both

processes. However, genistein impairs glucose control
in young animals causing an increase in fasting blood
glucose. At the present time, we do not have a
plausible explanation for these results.

Likewise, it has been previously demonstrated that
the increase in fasting serum insulin is due to
impaired suppression of hepatic glucose production,
which requires significant portal hyperinsulinemia
(Gupta et al. 2000).

On the other hand, insulin is able to cross the blood—
brain barrier and act on insulin receptors of brain tissue
linked to changes in learning and memory (Zhao and
Alkon 2001), and the effect of insulin on memory
formation may be mediated by modulation of synaptic
activity at short-term and by exerting effects on neural
plasticity. Interestingly, in the present study, estradiol
and genistein treatment prevented the increase in
fasting serum insulin related to aging and lost ovarian
function observed in groups AV and AC. Our results
reveal that the reduced insulin action commonly
described during aging is usually associated with a
compensatory increase in plasma insulin and secondly,
that estradiol is an essential factor in the modulation of
glucose homeostasis during the aging process. More-
over, fasting blood glucose and fasting serum insulin
found in AV, AE, AG1, and AG2 aged groups suggest
a loss of sensitivity to insulin action in peripheral
tissues rather than a primary impaired insulin secretion
and that the role of estradiol and genistein seems to
improve peripheral insulin sensitivity, therefore pre-
venting hyperinsulinemia. This finding may have a
particular relevance since hyperinsulinemia is a
common factor in age-related diseases such as hyper-
tension, stroke, type 2 diabetes mellitus, coronary heart
disease, cancer, or neurodegenerative diseases.

The differences between fasting serum insulin and
serum insulin levels following clamp experiments
represent the insulin clearance rate, and the most
important organ involved in this process is the liver.
We have found significant increases in this parameter in
both young and aged animals, although it was more
evident in aged animals; therefore, aging impairs insulin
clearance (Table 1). Taking these results together, in
agreement with other authors (Barzilai and Rossetti
1996), hepatic insulin resistance is suggested because it
causes a decrease in the ability of insulin to modulate
glycogen stores during aging (Gupta et al. 2000). In
this case, estradiol (AE) and high dose of genistein
(AG2) also appeared to improve the insulin clearance
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rate, since serum insulin following clamp experiments
was significantly lower in groups AE and AG2 than in
groups AC, AV, and AGI (Table 1). On the other hand,
the high dose of genistein seems to impair the insulin
clearance rate in young animals; therefore, in relation
to this parameter, the high dose of genistein again does
not seem to be a very good option in order to preserve
the organism against hyperinsulinemia related to the
loss of ovarian function.

Regarding the acute effects of phytoestrogens and
estradiol on spatial learning and memory, only young
animals slightly tended to be benefited from their actions
as opposed to aged animals. As previously reported,
spatial memory is clearly impaired in female aged
animals due in part to the loss of ovarian function
(Markowska 1999). Accordingly, both control (AC) and
ovariectomized aged (AV) rats were similarly impaired
in the spatial reference memory task. In addition, acute
treatment with estradiol or genistein did not improve
spatial memory consolidation in aged rats. We have
previously reported that replacement treatment of aged
ovariectomized rats with estradiol had no effect on
spatial memory performance even with chronic treat-
ment (Alonso et al. 2006a). The effects of estrogens on
memory remains a controversial and complex issue,
since estrogen dosage, duration of treatment, timing of
treatment as related to the memory task, age at
treatment, and type of memory task are important
factors influencing the results of studies on hormones
and aging (Frick 2009). Probably, the extremely
deteriorated memory and associated neural function in
aged rats may not be sensitive to the short-term
estrogen treatments. Actually, recent clinical trials with
aged postmenopausal women suggest that estrogen
replacement therapy even increases the risk of cognitive
decline (Espeland et al. 2004). It is known that beta
estrogen receptors mediating the non-genomic action of
estrogens at short-term are decreased in specific brain
regions like the hippocampus in aged animals (Mehra et
al. 2005; Yamaguchi-Shima and Yuri 2007). A decrease
in the density of beta estrogen receptors in the
hippocampus of aged animals would contribute to
explain the absence of positive effects of estrogens
and phytoestrogens that require these receptors for their
immediate or short-term action on neurons. However,
both estrogen receptor isoforms are involved in the
neuroprotective effects of estrogen, therefore the rela-
tionship between the two should be the subject of
further study. Now, we are working on this possibility
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in our laboratory in order to demonstrate this
hypothesis. Probably, age-related impairment of intra-
cellular signaling cascades that mediate responses to
estrogens (Fan et al. 2010) or to several neutrophic
factors (Williams et al. 2007) together with the above-
mentioned decrease in estrogen receptors would be
directly related with the absence of memory enhance-
ment effects of genistein or estradiol in aged animals.
Conversely, estrogen and phytoestrogen treatments
actually improved significantly spatial memory in
ovariectomized young rats. However, there are nu-
merous studies reporting beneficial effects on memory
of acute posttraining administration of 17f3-estradiol
or several phytoestrogens in adult rodents (Gresack
and Frick 2006; Packard 1998; Packard and Teather
1997; Rhodes and Frye 2006). Posttraining adminis-
tration of estrogen is useful to distinguish between its
actions on non-mnemonic factors like anxiety, motor
activity, attention, etc., that take place during training
and memory consolidation after training. We found
significant positive effects of both estradiol and
especially the highest genistein dose (40 mg/kg) on
spatial memory, as revealed by a successful probe test
and short path lengths to find the escape platform in
the water maze. Acute effects of estrogens or
phytoestrogens on spatial memory consolidation
could be linked to their non-genomic actions on
estrogen receptors. Genistein has been shown to affect
protein tyrosine kinases in hippocampus in vitro
modulating long-term potentiation, a synaptic
plasticity phenomenon associated with memory
(O'Dell et al. 1991). Therefore, although we cannot
discard that “genomic” or long-term mechanisms
could be also involved in the effects of genistein or
estradiol on spatial memory, the actual evidence based
on studies using a similar experimental approach
(Fernandez et al. 2008; Luine et al. 2003) suggests
that rapid effects of estrogens acting on membrane-
bound estrogen receptors would be critical for
enhancement of hippocampal memory consolidation.
However, additional mechanisms of action of
estrogens and phytoestrogens related with memory
consolidation remain to be elucidated. For example,
exogenous estrogen administration activates several
signaling cascades in hippocampal neurons like ERK/
MAPK or PI3K/Akt leading to phosphorylated
CREB, a factor necessary for the translation of
proteins related to memory consolidation (Blum et
al. 1999). Interestingly, a recent hypothesis (Frick et al.
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2010) suggests a link between rapid and classic
morphological alterations in the hippocampus (thought
to be caused by genomic actions on nuclear estrogen
receptors) induced by memory consolidation. Accord-
ing to these researchers, acute treatment with estradiol
induces increases in hippocampal ERK activation in
minutes (possibly mediated by membrane-bound
estrogen receptors), which, in turn, induces an increase
in hippocampal synaptic protein levels and dendritic
spine density in hours.

Therefore, phytoestrogens like genistein could be
useful to attenuate memory deficits caused by loss of
estrogens in adult but not aged females. Other authors
have reported similar results of memory improvement
after estradiol treatment only in ovariectomized adult
rats but not aged females (Savonenko and Markowska
2003; Talboom et al. 2008). Accordingly, it has been
reported that treatment with genistein for 1 month
improved spatial memory in young ovariectomized rats
and prevented partially hippocampal degeneration
(Xu et al. 2007). Recent evidence also indicates that
chronic treatment with high doses of isoflavones
(genistein and daidzein, in particular) enhances spatial
memory in adult and aged men and women (Gleason et
al. 2009; Thorp et al. 2009). On the contrary, other
studies in postmenopausal women under estrogen
therapy showed that adding a soy diet (containing high
levels of genistein) for | year actually counteracted the
benefits of estrogens on cognitive function (Kreijkamp-
Kaspers et al. 2004). Accordingly, we found that only
acute treatment with high doses of genistein was
significantly better than estradiol to improve spatial
memory in young females. Our results suggest that
mainly acute treatment with selective estrogen modu-
lators like genistein could be beneficial for memory in
adults. In addition, our results would support the
“critical period hypothesis” stating that hormone
replacement therapy would be only effective to
improve memory only during early menopause occur-
ring at middle-age but not later in life. However, given
the side effects of high genistein doses related with
insulin clearance in young animals, genistein should be
cautiously considered as an alternative option for
estrogen replacement therapy in adults.
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