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Genistein Induces Estrogen-Like Effects in Ovariectomized Rats
but Fails to Increase Cardiac GLUT4 and Oxidative Stress
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ABSTRACT This study aimed to determine whether a 2-week genistein treatment induced estrogen-like effects in
ovariectomized (OVX) Sprague-Dawley rats, after 2 weeks of subcutaneous genistein injections (250 mg/kg of body
weight/day). Uterine weight, uterine-to-body weight ratio, femur weight, and femur-to-body weight ratio were all
significantly increased with genistein in OVX rats. Body weight was significantly decreased with genistein in OVX rats.
Genistein had no effect on the weights of heart, heart-to-body ratio, and fat pad but significantly decreased heart rate and
pulse pressure. Genistein had no effect on cardiac GLUT4 protein, oxidative stress, plasma glucose, nonesterified fatty
acids, or low-density lipoprotein levels; however, plasma insulin levels were significantly increased. Our results show that a
2-week genistein treatment produced favorable estrogen-like effects on some physical and physiological characteristics in
OVX rats. However, based on our experimental conditions, the effects of genistein were not associated with changes in

cardiac GLUT4 or oxidative stress.
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INTRODUCTION

L 0SS OF THE PURPORTED cardioprotective effects of
estrogen with onset of menopause is hypothesized to be
responsible for the increased incidence of cardiovascular
disease and associated elevated morbidity rates in postmen-
opausal women compared to their premenopausal counter-
parts.' Genistein, a phytoestrogen, binds to estrogen receptors,
thereby exerting estrogenic effects, and has therefore been
proposed as a natural alternative to estrogen replacement.”
Evidence suggests that genistein exhibits a potency similar to
that of 17f-estradiol (each administered at 100 ug/kg i.v.)
to exert pharmacological postconditioning in a rabbit model
of coronary artery occlusion, acting via an estrogen receptor-
dependent mechanism, utilizing the phosphatidylinositol
3-kinase/Akt pathway.” However, unlike the use of estrogen-
based hormone therapy, which may increase the risk of cor-
onary artery disease*> and uterine cancer,’ genistein therapy
has the noted benefit of improving cardiovascular health with
contradictory and unequivocal effects on the female repro-
ductive system’ or cancer induction.®

One of the more notable cardiovascular-related effects of
genistein is a lowering of blood pressure observed in both
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hypertensive and normotensive postmenopausal women'°

or rat models.'! This beneficial effect is purported to be
mediated via improvements in endothelial function and re-
ductions in both antioxidant stress in aorta and arterial stiff-
ness.'> Moreover, genistein treatment in postmenopausal
women was shown to increase flow-mediated endothelium
vasodilation, likely by increasing the nitric oxide to en-
dothelin ratio,'""">"'* and has a beneficial effect on the lipid
profile.'® As genistein is pleiotropic in nature, genistein
therapy has been associated with improved bone health
in postmenopausal women and ovariectomized (OVX)
mice.'”?° Furthermore, recent evidence suggests that genis-
tein treatment reduces fat weight and fasting blood glucose
and lipid levels in a mouse model of diabetes and has a pos-
itive effect on plasma lipid profiles in clinical studies and thus
may help prevent obesity-associated diseases.*'** In addition,
we recently demonstrated that genistein exerts an anti-ische-
mic effect in the hearts of OVX rats following a 2-day treat-
ment period with the same concentration of genistein
(250 mg/kg/day) and same route of administration (daily
subcutaneous injections) as is used in the current study.?

In view of the aforementioned previously reported pro-
tective effects of genistein on cardiovascular functions/
systems, the purpose of this study was to better understand
genistein’s mechanism of action, more specifically in terms
of its estrogen-like effects. We examined the effects of a
2-week treatment period of genistein (250 mg/kg/day) on
physical and several physiological characteristics of OVX
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rats, measuring products of oxidative stress, cardiac GLUT4
protein expression, and various cardiovascular plasma
markers. We predicted that this study would help explain
our previously reported anti-ischemic effects of genistein
following a 2-day treatment.

MATERIALS AND METHODS
Animals and treatment protocol

All animals used in the experiments were female OVX
Sprague-Dawley rats, with an initial weight of 250-300 g
(Harlan, Indianapolis, IN, USA). OVX rats were randomly
assigned to either the control group (n = 8) or the genistein-
treated group (n = 8). The control group consisted of OVX
rats injected with dimethyl sulfoxide (200 uL s.c.) for 2
weeks. We chose this group as the control to mimic the
clinical setting of postmenopause, confirmed by a signifi-
cant reduction in uterine weight (0.589 £0.074 vs.
0.097 £0.009g [n=8], P<.001). OVX-treated animals
received a single daily subcutaneous genistein injection
(250 mg/kg, dissolved in 200 uL. of dimethyl sulfoxide
[LC Laboratories, Woburn, MA, USA], >99% purity) for a
2-week period. Animals were monitored daily for the
presence of sores and signs of stress (i.e., changes in coat
appearance, lethargy, failure to thrive as indicated by
weight loss). Animals were housed two per cage, with a
12:12-hour light—dark cycle and given food and water ad
libitum. Throughout the study rats were fed casein-based
powdered diets (prepared by Dr. R.S. MacDonald, De-
partment of Food Science and Human Nutrition, lowa State
University, Ames, IA, USA) and were genistein-free, with
an estimated energy content of 16.28kJ/ g.2* All animals
used in this study were cared for in accordance with the
recommendations in the Guide for the Care and Use of
Laboratory Animals.*> This study was approved by the
Midwestern University Institutional Animal Care and Use
Committee.

Harvest of tissues

Following treatment, rats were gassed with CO, in a
sealed container, followed by decapitation. Immediately
prior to euthanasia, animals were weighed. Immediately
after euthanasia, the heart, uterus, femur, and abdominal
fat pads were removed, cleaned of extraneous tissue, and
weighed. Hearts were stored in liquid nitrogen at —80°C.

Measurement of blood pressure

Systolic and diastolic blood pressure, mean arterial
pressure, and heart rate were measured from restrained rats
using a pneumatic tail cuff device (NIBP-8, Columbus In-
struments, Columbus, OH, USA). Readings were taken be-
fore treatment (day 0) and following the 2-week treatment
protocol (day 14). Before the cuff was inflated, approxi-
mately 1.5mL of blood was removed from the tail vein
using a 25%-g Vacutainer® (BD, Franklin Lakes, NJ, USA)
blood collection set. The blood was placed in heparinized
tubes and immediately spun at 3,000 rpm (Eppendorf Mini

Spin, Hamburg, Germany), and the plasma was separated
and stored at —80°C for later assay.

Measurement of plasma nonesterified fatty acids,
low-density lipoproteins, glucose, and insulin

Measurements of plasma nonesterified fatty acids
(NEFAs) and glucose were determined by performing the
Wako NEFA-HR(2) and Wako Glucose C2 96-well assays,
respectively (Wako Diagnostics, Richmond, VA, USA).
Plasma insulin was measured using a 96-well assay from
Alpco (Salem, NH, USA). Plasma low-density lipoprotein
(LDL) was measured using a 96-well assay from BioVision
(Mountain View, CA, USA).

Measurement of cardiac GLUT4 protein expression

Standard western blot techniques were used to detect
GLUT4 protein (~40kDa). Protein concentrations of heart
tissues were determined (Pierce, Thermo Scientific, Rock-
ford, IL, USA). In brief, 25 uL. of sample was loaded on 10%
bis-Tris gels and electrophoresed at 150 V for approximately
120 minutes. Gels were transferred at 100V for approxi-
mately 40 minutes (4°C). Gels were incubated with primary
antibody (1:2,500 diluted anti-GLUT4 from rabbit [Cal-
biochem, Gibbstown, NJ, USA]) overnight at 4°C in 3%
milk in phosphate-buffered saline plus 0.1% Tween 20
(PBST). Gels were then incubated with secondary antibody
(1:1,500 diluted anti-rabbit immunoglobulin G [Amersham
Biosciences, Piscataway, NJ, USA]) in 3% milk in PBST for
1 hour at room temperature. GLUT4 protein was detected
with enhanced chemiluminescent substrate (Amersham
Biosciences). Membranes were washed with PBST to re-
move enhanced chemiluminescent substrate and incubated
in Restore™ western blot stripping buffer (Pierce, Thermo
Scientific) for 5-15 minutes at room temperature. The ECL
Plus western blotting detection system (Amersham Bios-
ciences) was used to verify removal of antibodies. Cleaned
membranes were incubated with primary antibody (1:2,000
diluted anti-actin [Millipore, Temecula, CA, USA]) at room
temperature for 2 hours in 5% milk in PBST. Membranes
were incubated with secondary antibody (1:10,000 diluted
goat anti-mouse horseradish peroxidase-conjugated immu-
noglobulin G [Millipore]). The ECL Plus detection system
was used to detect actin at 43 kDa, and GLUT4 protein was
normalized to the actin.

Determination of nonprotein thiols and thiobarbituric
acid-reactive substances

Pulverized samples of frozen heart tissue were homoge-
nized in 10 volumes of cold phosphate buffer (pH 6.8).
A portion (0.4mL) of each homogenate was drawn off
and assayed for thiobarbituric acid-reactive substances
(TBARS) by the method of Ohkawa et al*® using 1,1,3,
3-tetramethoxypropane as an external standard. Results
were reported as nmol of 1,1,3,3-tetramethoxypropane
equivalents/g of tissue. For the determination of reduced
and oxidized glutathione (GSH and GSSG), the remaining
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portions of the original homogenates were deproteinized by
adding trichloroacetic acid to a final concentration of 5%,
incubating at 0°C for 1 hour, and centrifuging at 3,000 g for
10 minutes at 4°C. Aliquots of the deproteinized samples
were drawn off, neutralized, and assayed for GSH and GSSG
using O-phthalaldehyde according to the method of Senft
et al.?” Reduced glutathione (GSH) was used as a standard.

Statistical analysis

Statistical analyses (paired and unpaired ¢ test) per-
formed using Graphpad Prism version 4 (Graphpad Soft-
ware Inc., San Diego, CA, USA). All results are reported as
mean = SEM values. P <.05 was considered statistically
significant.

RESULTS

Effect of genistein on physical characteristics
and plasma metabolites

The effect of genistein treatment on the physical char-
acteristics of OVX rats is shown in Table 1. Heart weight,
heart-to-body weight ratio, and fat pad weight remained
unchanged following the 2-week treatment protocol. Uterine
weight and uterine-to-body weight ratio both significantly
increased (both P < .0001). Interestingly, femur weight was
significantly increased in genistein-treated rats (by approx-
imately 0.08 g, P <.05). Femur-to-body weight ratio was
also significantly increased in the genistein-treated group
(P < .05). However, the genistein-treated rats weighed sig-
nificantly less (approximately 14 g, P <.05); thus this in-
creased femur weight is likely not attributed to a
concomitant increase in body mass and is therefore likely
attributable to the genistein treatment.

Assessment of plasma glucose levels showed no change
in value after the 2-week treatment duration (P =.1226,
Fig. 1A). Plasma insulin was significantly increased with
the 2-week genistein treatment from 0.64540.102 to
1.013£0.074ng/mL (P<.05) and was significantly
increased compared to dimethyl sulfoxide controls
(1.013+0.074ng/mL and 0.447 £0.086 ng/mL respec-
tively, P <.05) at the end of the 2-week study (Fig. 1B).
Measurements of plasma NEFA (Fig. 2A) and LDL (Fig. 2B)

TABLE 1. EFFECTS OF A 2-WEEK GENISTEIN TREATMENT PERIOD
ON PHYSICAL CHARACTERISTICS OF OVARIECTOMIZED RATS

Physical characteristic Control (n=8)  Genistein (n=23)

Body weight (g) 235.75 £3.94 221.25 +5.30%*
Uterine weight (mg) 97.14+8.73 347.5£42.37*
Uterine-to-body weight ratio 0.41+£0.03 1.56 £0.02*
Heart weight (g) 0.88 +£0.02 0.95+0.04
Heart-to-body weight ratio 3.73£0.79 4.30+0.12
Femur weight (g) 0.61+0.03 0.69 £0.03*

Femur-to-body weight ratio  0.0026 +0.00012 0.0031 % 0.00008*
Fat pad weight (g) 1.10£0.21 1.11£0.11

Data are mean &= SEM values.
*P < .05 compared to dimethyl sulfoxide-treated (control) rats.
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FIG. 1. Effect of genistein treatment on plasma (A) glucose (in
mg/dL) and (B) insulin (in ng/mL) levels. Data are mean + SEM values
(n=>5 and 6 for glucose and insulin, respectively). *P < .05. The di-
methyl sulfoxide-treated control group is represented by open columns,
and the genistein-treated group is indicated by the solid columns.
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FIG. 2. Effect of genistein treatment on plasma (A) nonesterified
fatty acid (NEFA) (in mmol/L) and (B) low-density lipoprotein
(LDL) (in pg/mL) levels. Data are mean 4+ SEM values (n=8 for
NEFA and 5 for LDL, respectively). The dimethyl sulfoxide-treated
control group is represented by open columns, and the genistein-
treated group is indicated by the solid columns.
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levels showed no significant changes after the 2-week geni-
stein treatment compared to controls (P =.0669 and P =
.6987, respectively).

Effect of genistein on in vivo blood pressure

Figure 3 illustrates the effects of genistein on blood
pressure. The 2-week genistein-treated group had a signifi-
cant increase in diastolic blood pressure compared to the
start of the study at day O (from 82.3+2.1mm Hg to
89.2+2.1mm Hg, P=.0421). In addition, the 2-week
genistein-treated group had a significant increase in mean
arterial pressure compared to the start of the study at day 0
(from 96.0 £2.1 mm Hg to 103.7 £ 1.7 mm Hg, P =.0165).
However, compared to the control group at 2 weeks, there
was no effect of genistein treatment on systolic, diastolic,
and mean arterial blood pressure.

The 2-week genistein-treated group had a significant
decrease in heart rate compared to the control group
(444.7 £ 8.2 beats/minute and 425.0+£4.6 beats/minute,
respectively, P =.0491). The 2-week genistein-treated
group had a significantly decreased pulse pressure compared
to the control group (53.0 +5.0 mm Hg and 40.0 £+ 3.8 mm
Hg, respectively, P =.0494).

Effect of genistein on cardiac GLUT4 expression,
glutathione, and TBARS

Figure 4 shows no significant change (P = .4883) in car-
diac GLUT4/actin ratio measured using western blot analysis
in rats treated with genistein for 2 weeks compared to di-
methyl sulfoxide controls (n = 6 for either dimethyl sulfoxide
only- or genistein-treated groups, Fig. 4). Table 2 shows there
was also no effect of genistein on the cardiac oxidative stress
as measured by the nonprotein thiols and TBARS levels.

DISCUSSION

Genistein, a naturally occurring phytoestrogen, has re-
peatedly been described as an alternative to estrogen, as
exemplified in a recent study demonstrating that genistein
exerted a similar potency to 17f-estradiol via an estrogen
receptor-dependent mechanism, utilizing the phosphatidy-
linositol 3-kinase/ Akt pathway.” This study aimed to follow
up on our previous work demonstrating that in OVX rats, 2
days of subcutaneous injections with genistein improved
ischemic tolerance (i.e., contractility and cardiac output
improved to ~75% and ~40% of the measured preischemic
function).”* In this study, the use of a more chronic appli-
cation of genistein (2 weeks vs. 2 days) would better rep-

FIG. 3. Effect of genistein treatment on blood pressures and heart
rate (HR) in ovariectomized rats: (A) systolic blood pressure (SBP)
(in mm Hg), (B) diastolic blood pressure (DBP) (in mm Hg), (C)
mean arterial pressure (MAP) (in mm Hg), (D) HR (in beats/minute),
and (E) pulse pressure (PP) (in mm Hg). Data are mean+ SEM
values (n=6). *P <.05. The dimethyl sulfoxide-treated control
group is represented by open columns, and the genistein-treated
group is indicated by the solid columns.
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FIG. 4. (A) Western blots obtained from each rat heart in each
group. (B) Effect of genistein treatment on cardiac GLUT4 expres-
sion in ovariectomized (OVX) rats. Data are mean+ SEM values
(n=6). DMSO, dimethyl sulfoxide.

resent physiologically the responses that would likely ensue
from taking such daily supplements.

We predicted that genistein, administered via subcuta-
neous injections over a 2-week period, would have estrogen-
like effects on the OVX rats. A major strength of this study
is the ability to eliminate common cardiovascular risk fac-
tors as contenders for genistein’s mechanism of action, in
addition to monitoring genistein’s effect over a longer time

TABLE 2. EFFECTS OF A 2-WEEK GENISTEIN TREATMENT PERIOD
ON CARDIAC NONPROTEIN THIOLS AND THIOBARBITURIC
ACID-REACTIVE SUBSTANCES CONTENT

Parameter DMSO Genistein
Nonprotein thiols
nmol of GSH 2,023+28  2,118+108
equivalents/g of tissue
nmol of GSSG 500+ 57 499 + 36
equivalents/g of tissue
GSH/GSSG (reduced/ oxidized) ratio  4.24+0.42  4.07+0.28
TBARS (nmol of TMP 250+ 46 258 +£32

equivalents/g of tissue)

Data are mean + SEM values (n = 6-8).
GSH, reduced glutathione; GSSG, oxidized glutathione; TBARS, thiobar-
bituric acid-reactive substances; TMP, 1,1,3,3-tetramethoxypropane.

period. Of the physical characteristics we measured, only
uterine weight, uterine-to-body weight ratio, femur weight,
and femur-to-body weight ratio were significantly increased
following the 2-week treatment with genistein. Our ob-
served effect of genistein on uterine weight is consistent
with previous reports in the literature. For example, Rimoldi
et al.?® showed in OVX rats that a 3-month oral regimen of
genistein (54 mg/kg/day) significantly increased uterine
weight. Our observed increase in femur weight was also in
accord with previous studies demonstrating that genistein
(administered for either 3 or 7 weeks) increased bone for-
mation in OVX rats.”

On the other hand, some of our data were in stark con-
tradiction with previously published evidence. A 3-week
exposure to dietary genistein (1,500 mg/kg of food) has
been shown to successfully decrease body fat in older OVX
mice.*® In contrast, we observed no effect of genistein on fat
pad weight after a 2-week duration. This could perhaps be
explained by the following differences in our studies: the
dose of genistein that we used was lower (250 mg/kg vs.
1,500 mg/kg), the route of administration was different
(subcutaneous injection vs. oral), our duration of exposure
to genistein was shorter (2 weeks vs. 3 weeks), and, lastly,
we used rats versus mice. A reduction in fat pad weight by
genistein has been attributed to an increase in lipolysis and
adipocyte apoptosis.30

Osteoporosis is a widely known phenomenon occurring
in the estrogen-depleted state, i.e., following ovariectomy
or postmenopause. The effects of bone loss in OVX mice
have been shown to be reversed by a 4-week treatment of
either 0.7 mg/day genistein or 0.03 ug/day 17f-estradiol
administered via daily subcutaneous injections.'’ In addi-
tion, genistein (54 mg/day in the form of two oral tablets
for 24 months) has been shown to increase bone mineral
density in osteopenic postmenopausal women.?’ These
results are consistent with our observed increase (~0.08 g)
in femur weight with the 2-week genistein treatment;
however, we report this effect with a shorter treatment
duration.

Evidence in the literature suggests that genistein typically
decreases blood pressure.31 Mahn er al.'" showed that male
rats fed a soy-enriched diet for up to 10 months had sig-
nificantly lowered systolic and diastolic blood pressures.
Similarly, Li er al.*> showed that genistein treatment
(0.4 mg/kg/day for 21 days) decreased mean arterial pres-
sure in OVX rats. Furthermore, a 6-week dietary genistein
regimen (2.0g/kg of diet) has been shown to decrease
systolic blood pressure in male spontaneously hypertensive
rats.* Interestingly, there is also evidence in the literature to
suggest that soy can exert hypertensive actions; a clinical
study using hypertensive male and female subjects con-
cluded that a 3-month dietary soy supplementation did not
lower blood pressure, but rather marginally increased blood
pressure.'® We observed no change in systolic, diastolic, and
mean arterial pressure, comparing genistein-treated and
control groups at day 14. The 2-week genistein treatment
significantly decreased heart rate and pulse pressure com-
pared to controls at day 14.
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Several studies have documented the effects of genistein
on glucose uptake and metabolism in tissues. For instance,
in the adipocyte, genistein treatment has been associated
with a decrease in glucose uptake and oxidation.**° In
contrast, in skeletal muscle and L6 myotubes, increased
glucose uptake was reported.’’ Genistein may increase
glucose uptake in muscle cells through an up-regulation of
the insulin-dependent translocation of the glucose trans-
porter, GLUT4, into the plasma membrane, as well as by
increased insulin-independent mechanisms.>’ The precise
role of genistein on cardiac GLUT4 expression remains
unclear, although we have demonstrated that an acute 2-day
genistein treatment in OVX rats reduced cardiac GLUT4
levels.” Those data suggested that decreased GLUT4 levels
could be related to the genistein-mediated ischemic toler-
ance.” In the present study, cardiac GLUT4 levels remained
unchanged at the end of the 2-week genistein treatment. The
reasons for these differences are not clear but may reflect
the duration of the treatment period and consequently the
amount of genistein metabolized. It is also possible that the
decrease in GLUT4 seen following 2 days of treatment is a
transient effect that is later restored. Regardless, the obser-
vation that genistein treatment is anti-ischemic also suggests
that changes in glucose metabolism involving GLUT4 may
not necessarily be a mechanism of action of genistein even if
this is a concept widely linked to improved left ventricular
function during reperfusion.*®*°

A role for genistein’s effects in regulating oxidative stress
in cardiac tissue has not been explored adequately to date.
Most studies have used mixed phytoestrogen supplements
given to rats or mice or added phytoestrogens acutely to cell
lines or other tissues. Given that these studies have used
inconsistent phytoestrogen dosages and treatment regimens
(or routes), therefore the results of this study need to be
analyzed in the light of the limited available literature.
Nonetheless, most previous studies indicate that treatment
with genistein improves the antioxidant status in tissues, as
reflected by increases or prevention of loss of intracellular
GSH levels, by decreased oxidized glutathione to GSH ra-
tios, or by restoring levels of TBARS. This role of genistein
is also confirmed in soy-deficient diets, which cause mito-
chondrial levels of glutathione to decrease as a result of
increased production of reactive oxygen species.**™** In
contrast with these studies, our data failed to show an in-
crease in cardiac GSH content with genistein treatment.
However, this does not suggest that the oxidative stress
capacity of genistein-treated hearts is limited because we
recently reported that a 2-day treatment period increases
tolerance of hearts to severe ischemia.”® Cellular defenses
against oxidative stress also include superoxide dismutase,
catalase, and glutathione peroxidase, all of which are in-
creased with either estrogen or genistein.''*>4

In conclusion, the results of this study demonstrate fa-
vorable effects of genistein on physical characteristics in the
OVX rat, used here as a model for the postmenopausal
condition. These favorable effects are evidenced by in-
creased uterine weight and femur weight, along with re-
duced heart rate and pulse pressure. However, these effects

appear not to be associated with cardiac GLUT4 expression
and cardiac tissue oxidative stress. Further studies are re-
quired to better elucidate genistein’s mechanism of action.
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