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KEYWORDS Abstract The present study was designed to examine the effect of long-term treatment with the

phytoestrogen soy isoflavone [(SIF); 43 mg/kg body weight/day] and/or the plastics component
bisphenol-A [(BPA); 3 mg/kg body weight/day] on some monoamines in the forebrain and both
serum thyroid hormones and cortisol levels of adult rats. Significant increases in serotonin (5-
HT) and norepinephrine (NE) level, and significant decreases in 5-hydroxyindoleacetic acid (5-
HIAA) level and 5-HIAA/5-HT ratio, were observed after treatment with SIF or BPA. Level of
dopamine (DA) was increased in SIF-treated group and decreased in BPA-treated group. Activity
of monoamine oxidase (MAO) was decreased in all treated groups. The level of serum thyroid hor-
mones (fT; and fT,) was increased after treatment with SIF and decreased after exposure to BPA,
while cortisol level was increased in all treated groups. It may be concluded that long-term exposure
to SIF or BPA disrupts monoamine levels in the forebrain of adult rats through alteration in the
metabolic pathways of amines and disorders of thyroid hormones and cortisol levels.
© 2014 The Egyptian German Society for Zoology. Production and hosting by Elsevier B.V. All rights
reserved.
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Introduction and humans (Setchell et al., 2001). Soy isoflavones have been
suggested as alternative to estrogen replacement therapy in
postmenopausal women but might be harmful to the degree
that they contribute to carcinogens or other adverse effects
(Whitten et al., 1995).

Reports on the effects of SIF on thyroid gland are contra-
dictory. Soy consumption has been shown to have a depressive
effect on thyroid function (Doerge,2002; Teede et al., 2004).
In contrast some lines of evidence suggested that soy isoflav-
ones have been associated with an increase in the thyroid hor-

Xenoestrogens are natural or synthetic compounds, which are
able to mimic and/or interfere with hormone receptors gener-
ating as unexpected ligands deleterious effects on animals
(Witorsch, 2002; Naciff and Daston, 2004).

Among xenoestrogens, the soy isoflavone (SIF) has been
identified as a naturally-occurring and estrogen-like phytoes-
trogen, which is widely contained in various diets of rodents
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mone thyroxine (Lueprasitsakul et al., 1990; Balmir et al.,
1996). In another study, soy isoflavones had no effect on thy-
roid gland size or thyroid hormone levels (Son et al., 2001).
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Previous studies have explored the beneficial and protective
effects of soy isoflavone against neuronal death induced by
various diseases in both humans and animal species (Chen
et al., 2002; Lee et al., 2005; Liu et al., 2008), and in contrast
other reports indicated that soy treatment induced neuronal
apoptosis and/or DNA fragmentation in neurons of adult rats
(Choi and Lee, 2004; Bu and Lephart, 2007). However, the
underlying mechanisms involved in these effects of SIF are still
largely unknown.

Among other xenoestrogens, the synthetic endocrine dis-
ruptor bisphenol A (BPA) deserves particular attention due
to its widespread use by humans. It is widely used in the pro-
duction of polycarbonate plastics and epoxy resins and the
largest source for human exposure to it is food containers, bev-
erage cans and medical devices (Geens et al., 2012). Under var-
ious conditions, BPA can leach out of plastic containers and
pass to the food or beverage which is then a source for human
exposure (Kang et al., 2006). BPA is reported to bind to estro-
gen receptors, and also affects androgen and thyroid hormone
systems (Wetherill et al., 2007).

Several authors reported that perinatal exposure of rodents
to BPA can induce behavioral alteration by affecting the cen-
tral nervous system (Miyagawa et al., 2007; Tian et al., 2010;
Fan et al., 2013; Matsuda et al., 2013). Other findings also sug-
gested that chronic exposure to BPA in rodents during devel-
opment may result in extensive physical and mental
alterations (Hajszan and Leranth 2010; Wolstenholme et al.,
2011).

Various studies have established a definite effect of BPA
during perinatal and postnatal stages on monoamine levels
(Honma et al., 2006; Matsuda et al., 2010, 2013; Nakamura
et al., 2010) and monoamine oxidase activity (Matsuda et al.,
2012).

The forebrain included important regions such as the
thalamus, hypothalamus and hippocampus; neurotransmit-
ters (DA, NE and 5-HT) in these regions play a key role
in the regulation of some brain functions such as emotion
and behavior. Neurochemical changes are also involved in
chemical neurotoxicity (Tsuga et al., 2002). Moreover,
thyroid hormones have been shown to play an important
role in regulating central monoaminergic function, not only
during brain maturation but also in adult vertebrate brain
(Ahmed et al., 2010; Tousson et al., 2012; Hassan et al.,
2013a,b).

The hypothalamic—pituitary—adrenal (HPA) axis and the
hippocampus are potential targets for estrogen-mediated orga-
nizational events (Handa et al., 1994). The limbic-HPA axis
circuit is involved in the central regulation of stress response
and in addition hypothalamus plays an important role in the
regulation of stress (Itoi et al., 2004). During stress response,
the hypothalamus secretes corticotropin-releasing hormone,
which stimulates the anterior lobe of the pituitary gland to
release adrenocorticotropic hormone, which stimulates the
cortex of the adrenal gland to release cortisol (O’Connor
et al. (2000).

It is important to mention that studies on rats indicated the
ability of SIF and BPA to cross the blood-brain barrier into
the central nervous system (Sun et al., 2002; Lephart et al.,
2004). The present study was undertaken to examine the influ-
ence of long-term exposure to SIF and/or BPA on forebrain
monoamine levels (DA, NE, 5-HT, 5-HIAA) and 5-HIAA/5-
HT ratio in adult male rats. The activity of monoamine oxi-

dase as well as serum levels of both thyroid hormones (fT;
and fT,) and cortisol were measured.

Material and methods

Treatments

Soy isoflavones mixture (SIF, 50 mg, genistein, daidzin and
saponins, extracted from soy beans) was purchased from Mep-
aco Medifood Ltd. (Sharkeya, Egypt). SIF was suspended in
1% Tween 80 aqueous solutions. Bisphenol A was bought
from Sigma Chemical Co. (Missouri, USA) and dissolved in
corn oil.

Animals and experimental design

Forty adult male albino rats of Wistar origin, weighing 180—
200 g were used in this study. The animals were obtained from
the animal house of the National Organization for Drug Control
and Research (NODCAR). They were housed under normal
environmental conditions of temperature and humidity and
allowed to adapt to the new environment for two weeks before
starting the experiment. Animal rooms were maintained on a
12-h light, 12-h dark photoperiods. Animals were provided with
food and water ad libitum. All experiments were conducted in
accordance with the NODCAR Guidelines for the Care and
Use of Laboratory Animals.

Rats were randomly divided into five groups, with eight rats
in each group

Group 1

Control for soy isoflavone treated rats (C-SIF). Animals
received oral administration of 5 ml/kg body weight/day 1%
Tween 80 aqueous solution (v/v, the suspension of soy isofl-
avon) for 8 weeks.

Group 2

Soy isoflavone-treated group (SIF). Rats received oral suspen-
sion of soy isoflavone in a dose of 43 mg/kg body weight/day
(Khan and Sultana, 2011) for 8 weeks.

Group 3

Control for bisphenol A treated rats (C-BPA). Animals
received oral administration of 5 ml/kg body weight/day corn
oil (the solvent of bisphenol A) for 8 weeks.

Group 4

Bisphenol A-treated group (BPA). Rats received oral oil solu-
tion of bisphenol A in a dose of 3 mg/kg body weight/day
(Sakaue et al., 2001) for 8 weeks.

Group 5

Combination of soy isoflavone and bisphenol A group
(SIF + BPA). In this group rats received the same dose of
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soy isoflavone suspension orally as the SIF group, followed by
an oral identical dose of bisphenol A oil solution as the BPA
group, for 8 weeks.

Blood samples and tissues preparation

In all experiments done the conditions were adjusted to
decapitate the animals between 3.00 and 4.00 pm. Twenty-
four hours following the last treatment, rats were sacrificed
by decapitation and the trunk blood was collected and
allowed to clot, then centrifuged. Serum samples were stored
at —20 °C for determination of thyroid hormones [triiodothy-
ronine (T3) and tetraiodothyronine (T4)] as well as cortisol
levels. Thereafter, the brain was rapidly excised according
to the method of Heffner et al. (1980), and transferred to a
dry ice-cold glass plate and the forebrain was rapidly excised,
plotted dry on a filter paper to remove excess fluid and then
weighed. Forebrain samples were stored at —70 °C till taken
for an analysis of monoamine content and monoamine
oxidase activity.

Determination of serum levels of thyroid hormones and cortisol

Thyroid hormones (fT3 and fT,) and cortisol levels were deter-
mined in serum samples using ELISA commercial kits (Diagnos-
tic Systems Laboratories INC. USA for fT; and fT4 according to
the methods of Wenzel (1981) and Midgeley (2001), respectively)
and (Immunospec Corp. USA for cortisol according to the
method of Foster and Dunn, 1974).

Estimation of the amine contents

Each tissue sample was homogenized in 10 volumes of cold
acidified n-butanol using a glass homogenizer; the sample

weighing less than 300 mg was homogenized in 3 ml of acidi-
fied n-butanol (Chang, 1964). The estimation of DA, NE
and 5-HT levels in the forebrain of rats was carried out accord-
ing to the fluorometric method described by Ciarlone (1978)
and 5-H TAA level was determined by the method of Miller
et al. (1970). 5-HIAA/5-HT ratio was calculated and used as
a marker for the turnover of 5-HT.

Determination of monoamine oxidase

Monoamine oxidase enzyme activity in the forebrain homoge-
nate of rats was measured by a fluorometric method described
by Olcese and De Vlaming (1979).

Statistical analysis

The values of the parameters determined are expressed as
mean + S.E. Data were analyzed using the SPSS statistical
package (version 18). Statistical significance was calculated
using a one-way analysis of variance (ANOVA) followed by
LSD post hoc test. Values of p < 0.05 were considered statis-
tically significant.

Results

The effects of SIF and/or BPA on DA, NE, 5-HT, 5-HIAA
levels, 5-HIAA/5-HT ratio and MAO activity as well as T3,
fT4 and serum cortisol levels are shown in Tables 1 and 2.
The data expressed in Table 1 indicated that levels of 5-HT
and NE in the forebrain of adult male rats were significantly
(p < 0.05) increased following 8 weeks of treatment with SIF
(38.5% and 17.5%, respectively) or BPA (22.7% and 16.9%,
respectively) compared with the respective controls. The DA
level was significantly increased in SIF-treated group

Table 1 Effect of oral administration of soy isoflavone (SIF) and/or bisphenol A (BPA) for 8§ weeks on monoamines (5-HT, 5-HIAA,
DA and NE), 5-HIAA/5-HT ratio and monoamine oxidase (MAQ) activity in the forebrain of adult male albino rats.

Items Groups

C-SIF SIF % difference C-BPA BPA % difference SIF + BPA % difference
5-HT 0.39 + 0.02  0.54 + 0.02"° 38.5 0.44 + 0.01  0.54 + 0.03° (22.7) 0.46 + 0.01°%% 17.9
(ng/g) 4.5)
5-HIAA 0.17 = 0.00  0.14 £ 0.01* —17.6 0.15 = 0.01  0.13 £ 0.00° (—13.3) 0.15 + 0.01¢ —11.8
(ng/g) (0.0)
5-HIAA/5-HT 0.34 + 0.00  0.26 + 0.01° —23.5 0.33 = 0.02 024 + 0.01° (=27.3) 0.32 £ 0.01  —59
(ratio) (—3.0)
DA 0.88 + 0.024 1.08 + 0.01" 22.7 1.02 + 0.04*  0.89 + 0.02° (—12.7) 0.90 + 0.02°¢ 2.3
(ng/g) (=11.8)
NE 0.63 £ 0.041 0.74 + 0.05* 17.5 0.65 + 0.04  0.76 £ 0.02° (16.9) 0.71 + 0.03 12.7
(ng/g) .2)
MAO 9.15 + 0.46  6.81 £ 0.65° —25.6 9.09 £ 0.17 7.96 + 0.09° (—12.4) 7.73 £ 0.11%"  —15.5
(1M/g/h) (=15.0)

Data were expressed as mean + S.E. The number of animals in each group was eight.
% difference: represent a comparison between C-SIF group and treated groups.
(%) difference: represent a comparison between C-BPA group and treated groups.

4 p < 0.05vs. C-SIF.
® p < 0.05 vs. C-BPA.
¢ p < 0.05 vs. SIF.
4 p < 0.05 vs. BPA.



208

N.M. Saied, W.A. Hassan

Table 2 Effect of oral administration of soy isoflavone (SIF) and/or bisphenol A (BPA) for 8 weeks on both serum thyroid hormones

(fT5 and fT,) and cortisol levels of adult male albino rats.

Items Groups
C-SIF SIF % difference C-BPA BPA % difference BPA + SIF % difference
T3 247 £0.12  3.00 £ 0.07° 215 2.63 £ 0.15 2.14 + 0.04° (—18.6) 2.60 £ 0.06%¢ 5.3
(pg/ml) (=1.1)
T, 2.70 £ 0.18  3.20 £ 0.11*  18.5 3.00 £+ 0.15 249 + 0.08°  (—17.0) 3.20 + 0.06™%  18.5
(ng/dl) (6.7)
Cortisol ~ 2.80 + 0.2 3.37 £ 0.18" 204 1.44 + 0.03°  1.87 £ 0.05° (29.9) 295 + 026%™ 54
(ug/dl) (104.9)

Data were expressed as mean + S.E. The number of animals in each group was eight.
% difference: represent a comparison between C-SIF group and treated groups.
(%) difference: represent a comparison between C-BPA group and treated groups.

& p < 0.05 vs. C-SIF.
° p < 0.05 vs. C-BPA.
¢ p < 0.05 vs. SIF.
4 p < 0.05 vs. BPA.

(22.7%), and decreased in BPA-treated group (—12.7%) as
compared to their controls. Administration of either SIF or
BPA significantly decreased the level of 5-HIAA (—17.6% or
—13.3%, respectively) and ratio of 5-HIAA/5-HT (—23.5%
or —27.3%, respectively) compared to their corresponding
control. Co-administration of SIF and BPA restored the level
of 5-HT, NE, 5-HIAA and 5-HIAA/S5-HT ratio near the C-
BPA group. Activity of MAO was significantly decreased in
all the treated groups.

Serum levels of fT5 and fT4 were significantly increased in
SIF-treated group (21.5% and 18.5%, respectively), decreased
in BPA-treated group (—18.6% and —17.0%, respectively) and
non-significantly increased in SIF + BPA-treated-group com-
pared to the C-BPA group (Table 2). Serum cortisol level was
significantly elevated in SIF, BPA and SIF + BPA treated
groups relative to the controls (Table 2).

Discussion

The major findings of the present study were the significant dif-
ferences in the level of monoamines (DA, NE, 5-HT and 5-
HIAA) in the forebrain of adult male rats after long-term
exposure to SIF or BPA compared with the respective control,
suggesting that SIF or BPA might induce neurotransmitters
dysregulation in the adult life. Monoamine oxidase activity,
thyroid hormones and cortisol levels were also altered follow-
ing long-term exposure to these compounds.

Several factors were postulated to explain the disturbances
in monoamines following long-term exposure of SIF or BPA.
Considering the notion that estrogen regulates the production
of monoamines such as 5-HT and DA (Sotomayor-Zarate
et al., 2011), and that SIF or BPA have an estrogenic activity,
exposure to SIF or BPA might disrupt the level of these amines
in the brain, as shown in the present study.

A significant increase in 5-HT level, which was associated
with a decrease in its metabolite, 5-HIAA level and 5-
HIAA/5-HT ratio (a markers of 5-HT turnover), was found
in the forebrain after long-term exposure to either SIF or
BPA, suggesting the incidence of an abnormality in seroto-
nin metabolism following exposure to these compounds.
However, co-administration of SIF and BPA restored 5-

HT and 5-HIAA levels and 5-HIAA/S-HT ratio near to
the control values, indicating that no synergistic effect
existed between SIF and BPA.

It is important to note that the serotonergic system is regu-
lated by gonadal hormones (Sotomayor-Zarate et al., 2011).
Also, Sheng et al. (2004) reported that in the dorsal raphe
nuclei of mice, many 5-HT releasing neurons showed estrogen
receptor o and/or estrogen receptor B expression. Shimizu and
Bray (1993) found that estradiol administration decreased the
5-HIAA/5-HT ratio in the nucleus accumbens of ovariecto-
mized rats. Therefore, the decrease of 5-HIAA level observed
in the present study may be related to the estrogenic activity
of SIF or BPA. Estrogen replacement for one or five months
significantly increased tryptophan hydroxylase (the rate-limit-
ing enzyme for the synthesis of 5-HT) as well as serotonin
reuptake transporter (which is important for the regulation
of extracellular 5-HT level) in the dorsal raphe region of maca-
ques (Smith et al., 2004).

The results of the present study show that long-term admin-
istration of SIF increased DA level, however, administration
of BPA or BPA + SIF decreased DA levels. This means that
the inhibitory effect of BPA on DA level overcomes the excit-
atory effect of SIF on the DA level.

The elevated level of DA after treatment with SIF implies
that SIF could enhance the DA synthesis or decrease its degra-
dation; this was confirmed by the observed decrease in MAO
activity following treatment with SIF. Since SIF is well known
to elicit estrogenic function, dietary genistein exposure (a nat-
ural isoflavone phytoestrogen present in soybeans) may act
similarly to estradiol in augmenting amphetamine-stimulated
striatal DA release in male and female rats (Ferguson et al.,
2002). Genistein also inhibits DA uptake into the mouse stria-
tum (Simon et al., 1997).

The inhibitory effect of BPA on DA levels may reflect
decreased synthesis via decrease in tyrosine hydroxylase enzyme
activity, the first and rate-limiting enzyme in the synthetic path-
way of catecholamine. This suggestion was confirmed by a pre-
vious study of Miyagawa et al. (2007). They recorded a
significant decrease in tyrosine hydroxylase-immunoreactive
neurons in the hippocampus and substantia nigra of female off-
spring following maternal as well as early postnatal exposure to
BPA. Also, perinatal exposure to BPA disrupted DA receptor
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expression and/or function (Mizuo et al., 2004; Narita et al.,
2007).

In the present study, NE level was significantly increased
following long-term exposure to either SIF or BPA; however,
a non-significant increase was recorded following administra-
tion of both BPA + SIF group. Honma et al. (2006) found
that in neonatal rats, levels of NE in the forebrain and hind-
brain were dose-dependently increased following exposure to
BPA. The noradrenergic transmission, together with seroto-
nergic transmission in the brain, is considered to play a key
role in the behavioral abnormalities (Giorgi et al., 2003;
Arias-Carrion and Poppel, 2007). Accordingly, the increase
in the level of NE in the forebrain after treatment with SIF
and/or BPA recorded in the present study might represent an
adverse effect of these compounds on emotion and behavior
during adult life. This suggestion was consistent with that of
Matsuda et al. (2010).

The present data also demonstrated that treatment with
SIF and/or BPA caused a decrease in MAO activity of the
rat forebrain. Similarly, Matsuda et al. (2012) reported that
perinatal exposure to BPA affects MAO-B in the mouse brain.
Taking into consideration that SIF and BPA are well known to
elicit estrogenic function, estrogen replacement for one or five
months significantly decreased MAO-A, in the dorsal raphe
region of macaques (Smith et al., 2004). Moreover, Gundlah
et al. (2002) showed that MAO-A and/or -B mRNAs optical
densities in some brain areas, including dorsal raphe nuclei,
lateral hypothalamus, paraventricular nucleus, preoptic area,
and ventromedial nucleus, were significantly decreased in
estrogen-treated rhesus monkey.

The observed decreased activity of MAO was accompanied
by an increase in the level of 5-HT and NE after treatment
with SIF or BPA, and of DA after treatment with SIF. There-
fore, it could be concluded that disturbances in monoamine
levels in the forebrain of rats exposed daily to BPA and/or
SIF for 8 weeks, are a likely consequence of the depressed met-
abolic processes via a decrease in MAO enzyme activity.

An increase in serum levels of fT3 and fT4 was recorded
after long-term treatment with SIF, however, a decrease in
their levels was observed following BPA exposure. Co-admin-
istration of both compounds did not induce any significant
change in the level of fT; and fT4 compared to the control
values.

It has been reported that thyroid hormones affect 5-HT and
DA system of adult rats (Kulikov and Zubkov, 2007; Tousson
et al., 2012). Recently, Hassan et al. (2013a) found that hyper-
thyroidism induced by thyroxine caused an increased level of
DA and 5-HT. The elevated levels of thyroid hormones follow-
ing long-term treatment with SIF were concomitant with a sig-
nificant decrease in MAOQO activity. Several authors have also
observed an elevation in tyrosine hydroxylase activity follow-
ing hyperthyroidism (Claustre et al., 1996; Chaube and Joy,
2003). Consequently it appears that hyperthyroidism decreased
the enzymatic breakdown or increased the synthetic pathway
of biogenic amines, resulting in their increased level. Soy con-
sumption has been shown to have a depressive effect on thy-
roid function by increased thyroid-stimulating hormone
levels (Divi et al., 1997). Other studies have found more mod-
est changes in thyroid function (Teede et al., 2004).
Lueprasitsakul et al. (1990) found that at low doses, SIF
may increase Ty levels, perhaps by displacing T4 from its bind-
ing proteins. Because estradiol increases the sensitivity of the

thyroid gland to feedback mechanisms mediated through the
pituitary (Mazer, 2004), SIF may in part influence thyroid
function by disrupting the effects of estradiol.

On the other hand, the decrease in serum levels of fT5
and fT,4 following long-term exposure to BPA was associ-
ated with a decrease in MAO enzyme activity in the fore-
brain of adult rats. Similarly, Schwark and Keesey (1976)
showed that the activity of MAO was decreased in certain
brain regions of hypothyroid adult rats. Accordingly, it
appears that hypothyroidism induced by BPA may reflect
the decrease in enzymatic breakdown of biogenic amines,
resulting in an increase in the level of 5-HT and NE. Fur-
thermore, BPA may also interfere with thyroid hormone
action, and inhibit thyroid hormone receptor (TR)-mediated
transcription by acting as an antagonist in vitro (Moriyama
et al., 2002). BPA disrupted thyroid hormone function by
competing the T; for binding with the protein disulfide
isomerase, a multifunctional microsomal enzyme, binding
sites (Hiroi et al., 2006).

Conversely, the hypothyroid status induced by exposure to
BPA was concomitant with a decline in DA level. Recently,
Hassan et al. (2013b) found that exposure of adult rats to pro-
pylthiouracil, an inhibitor of thyroid hormone synthesis;
reduces the DA levels in several brain regions. Tan et al.
(2004) reported that dopaminergic dysfunction is associated
with thyroid hormone deficiency. These findings indicate that
the decline in the DA level induced by exposure to BPA can
be mediated by the inhibitory effect of BPA on thyroid hor-
mone levels.

Taken together, the above findings indicate that the
changes in monoamines concentration induced by long-term
exposure to either SIF or BPA can be mediated not only by
the estrogenic action of these compounds, but also through
their effects on monoamine oxidase enzyme activity and thy-
roid hormones level.

Another factor which may explain the disturbances in
monoamine levels in the forebrain of rats following treatment
with either SIF or BPA is the alteration in serum cortisol level.
In the present study, a significant increase in the serum cortisol
level in adult rats was observed following long-term exposure
to either SIF and/or BPA compared to controls. Intake of
lower levels of SIF through diet for a long time increased anx-
iety and elevated stress-induced plasma corticosterone levels in
adult male rats (Hartley et al., 2003). Soy-rich diets also were
found to increase aggressive behaviors in nonhuman primates
(Simon et al., 2004). Moreover, BPA has been shown to induce
stress hyperactive behaviors and increase corticosterone levels
through the behavioral tests such as light-dark and Y-maze
paradigms (Poimenova et al., 2010).

The hypothalamus plays an important role in the regulation
of stress (Itoi et al., 2004) and is responsible for starting the
process that leads to the secretion of cortisol by the adrenal
gland. Therefore, it could be concluded that the increase in
the serum cortisol levels following long-term exposure to SIF
and/or BPA might represent an adverse effect of these com-
pounds on stress-like behavior during adult life, resulting in
disturbances of transmitter levels.

Poimenova et al. (2010) observed that BPA treatment
resulted in an increased serum cortisol level, which could be
attributed to the estrogen-mimicking action of this compound
on the adrenals, toward increased corticosteroid synthesis
(Malendowicz and Mlynarczyk, 1982).
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In conclusion, it may be suggested that long-term exposure
to SIF or BPA either separately or in combination disrupts
monoamine levels in the forebrain of adult male rats, through
the estrogen receptor-mediated mechanism, alteration in meta-
bolic pathways of amines, disorders in thyroid hormones and
cortisol levels.
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