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Abstract. Genistein, an isoflavonoid phytoestrogen, has a similar structure to endogenous estrogen and is
also able to produce estrogen-like effects. Administration of exogenous estrogens as well as phytoestrogens
causes reproductive abnormalities in adult birds. Here, we examine whether genistein affects reproductive
organ development in Japanese quail at the sexually differentiated stage. Genistein (16 and 24 pg/g egg)
was injected into the yolk via the blunt end of the fertilized egg prior to incubation. Both concentrations caused
Mullerian duct abnormalities in both sexes and ovotestis formation in male embryos. This is the first report
that genistein affects reproductive organ development in avian embryos.
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INTRODUCTION

Phytoestrogens are estrogen-like substances produced
by plants, especially from the family Leguminosae. Due
to their chemical structures being similar to endogenous
estrogen (estradiol), they have estrogen-like effects
(Kanno ef al., 2002). Phytoestrogens are classified into
three groups: isoflavones, coumestans and lignans
(Turner and Sharpe, 1997; Setchell, 1998). Isoflavones
are found at high concentrations in soybean and soy
products (Adlercreutz, 1995). The isoflavones genistein
and daidzein are considered to bind to the estrogen
receptor (ER) with high affinity (Hanafy et a/, 2004;
Hanafy et a/., 2005). Once they bind to ER they are able
to act as either estrogen agonists or antagonists
(Setchell, 1998; Lephart et a/., 2002).

The impacts of soy isoflavones on mammalian
reproductive system and their estrogen-like effects were
seriously concerned. It has been reported that female
rats-treated with 50 pg/d of genistein at day 21 of
gestation exhibited decreasing of ovaries and uterine
weights as well as estrogen and progesterone levels in
plasma (Awoniyi et af., 1998). Casanova and colleagues
have found that genistein and daidzein were estrogen
agonists being able to bind with both ER alpha and beta
that increased a ratio of uterine weight per body weight
(Casanova et al, 1999). Furthermore, female rats-
treated with 40 mg/kg of genistein resulted in the
increasing of uterine weight at day 22 of postnatal period
(Lewis et al., 2003). Moreover, prenatal rats-treated with
genistein revealed sex differentiation and developmental
failures (Lewis ef af., 2003). In female rats-treated with
250-1,250 ppm. of genistein exhibited the ductal-alveolar

hyperplasia, atretic follicles and ovarian antral follicles
(Delclos et al., 2001). In male rats-treated with genistein
at concentration 1,250 ppm. delayed a
spermatogenesis, whereas genistein at concentration
625 and 1,250 ppm. caused abnormal spermatozoa in
epididymis (Delclos ef al., 2001). However, genistein at
concentration 250 and 1,000 mg/kg affected neither
testicular weight nor morphology (Fritz et al., 2003). In
mice, female-treated with 40 mg/kg body weight of
genistein resulted in uterine enlargement, keratinization
of vaginal epithelium and uterine squamous metaplasia
(Cline ef af, 2004). Conversely, genistein at a
concentration 40 mg/kg caused reduction of plasma
testosterone concentrations, atrophy of seminiferous
epithelium and accessory sex glands as well as
squamous metaplasia of seminal vesicles (Cline ef af.,
2004), whereas genistein at concentration 5 mg/kg
reduced a number of spermatozoa (Lee et al.,, 2004).
There have been reported that genistein caused multi-
oocyte follicle and polyovular follicles in female-mice
treated with genistein at concentrations 50,000 pg/kg
and 50 mg/kg, respectively (Jefferson and Newbold,
2000; Nagao et al, 2001). Jefferson and colleagues
have described that these phenomena caused by a
binding of genistein with ER alpha, since these have not
been observed in knocked out-ER beta gene mice
(Jefferson ef af., 2002).

In the poultry industry, soybean is one of the most
common sources of protein used for quails during the
eqgq laying period (Woodard ef af, 1973). Isoflavones
contained in soybean accumulate in products derived
from poultry including eggs and meat (Lin ef al, 2004,
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Jiang et al, 2007). Moreover, the effects of
phytoestrogens on avian reproduction have only heen
reported for adults in California quail (Lophortyx
california) (Leopold et al, 1976), zebra finch
(Taeniopygia guttata)y (Millam ef af, 2002), chicken
(Gallus galfus domesticus) (Opalka ef al., 2004, Wistedt
et al., 2012), duck (Anas platyrhynchos) (Zhao et al,
2004, Zhao et af, 2005), gander (Anser anser
domesticus) (Opalka et al., 2006, Kaminska ef af., 2008,
Opalka et al., 2008; Opalka et al., 2012) and Japanese
quail (Coturnix japonica) (de Man and Peeke, 1982,
Akdemir and Sahin, 2009; Rochester et al., 2009; Sahin
et al., 2009; Ekinci and Erkan, 2012) but not in embryos
of any of these species.

QOviparous species use yolk as an energy supply for the
embryo during development (Romanoff and Romanoff,
1949; Romanoff, 1960, Walker, 1967). A major
component of the yolk is lipid. Endocrine disruptors
(Eds) are mostly lipophilic substances dissolved in the
yolk (Berg et al, 1999). Several isoflavones are
transferred and accumulated in the yolk such as equol
(Saitoh et al, 2004), daidzein (Saitoh et a/, 2001) and
genistein (Saitoh ef af, 2001; Lin et af., 2004, Jiang ef
al., 2007). Therefore, avian embryos are the most likely
to obtain phytoestrogens from isoflavone-enriched diet
fed to the mother during the egg-laying period. Thus, it is
possible that embryos become exposed to EDs
accumulated in the yolk by maternal transfer via blood
circulation.

Several routes of administration of EDs to avian
embryos have been reported including egg dipping
(Scheib and Reyss-Brion, 1979, Perrin et af., 1995) and
eqgyg yolk (in ovo) injection (Brunstrom and Orberg, 1982,
Berg ef al,, 1998; Berg et al, 1999; Biau ef al,, 2007). The
in ovo injection method is preferable for toxicity testing in
oviparous species because it can deliver standardized
doses (Walker, 1967) and it is also ecologically
advantageous because it can minimize ED
contamination of the environment (Berg ef al, 1998,
Berg et al., 1999).

Quail eggs have several advantages as the endocrine
disrupting model: the eggs are small and easily
exposed to substances (Berg ef al, 1998; Berg ef al,
1999; Halldin, 2005), they are available all year round
(Berg et af., 1999, Halldin, 2005) and their hypothalamic-
pituitary-gonadal axis is well understood (Ottinger et al.,
2001; Ottinger et al., 2002). Quails are therefore often
recommended as a model for testing estrogen-like
effects of EDs in birds (OECD, 1984, OECD, 2000;
Touart, 2004).

Although genistein is widely used for studying estrogen-
like effects and reproductive toxicity in mammalian
reproductive system (Awoniyi et al., 1998, Casanova ef
al., 1999; Jefferson and Newhold, 2000; Delclos et al.,
2001; Nagao et al., 2001; Jefferson et al., 2002; Lewis ef
al, 2003; Cline ef al., 2004; Lee ef al., 2004), little is

known about such effects on avian species. There have
been found that genistein reduced a number of egg-
laying periods in California quail (Leopold ef a/., 1976)
as well as inhibited testosterone secretion in roosters
(Opalka ef af., 2004). Furthermore, genistein inhibited
basal LH-stimulated testosterone production by Leydig
cells and decreased the volume of ejaculates, the
percentage of normal spermatozoa of Bilgoraj ganders
(Opalka et af., 2006; Opalka et a/., 2008). Mechanism of
action of genistein inhibiting testosterone secretion in
avian testicular cells was concluded that it interacted
with key steroidogenic enzymes rather than estrogen
receptors (Opalka et af, 2012). In mammals,
testosterone was also a target of estrogenic compounds
since suppression of testosterone synthesis during a
fetal life resulted in cryptorchidism and dysfunction of
adult testis (Clark and Cochrum, 2007; Wohlfahrt-Veje et
al., 2009). There were strong evidences showed that
genistein inhibited testosterone secretion by Leydig
cells of mice fetal testes (Lehraiki ef a/., 2011; Zhang et
al., 2013). Recently, it was reported that adult male
quails received high doses of genistein exhibited
testicular damage and apoptosis of germ cells (Ekinci
and Erkan, 2012). Thus, the study of effects of genistein
on embryonic testes in male quails needs to be
investigated.

Even though there some studies have been undertaken
of effects of genistein on adult quail reproduction
(Akdemir and Sahin, 2009; Sahin et af., 2009), its effects
have not yet been in embryos. Previous studies used
biclogical parameters to evaluate the endpoints of EDs
on reproductive organs in avian embryos, including
embryonic accessory duct (Willier ef al., 1935; Wiillier et
al., 1938; Romanoff, 1960; Stoll ef a/, 1993; Berg ef al,
1998; Berg ef a/., 1999; Berg et af, 2001, Biau et af,
2007) and the left testis (Willier et af., 1935; Stoll ef al,
1993; Perrin et af., 1995; Berg ef al., 1998; Berg et a/,
1999, Berg et al,, 2001; Oshima ef af., 2012). Since quail
embryos exposed to EDs in ovo resulted in MDs
retention in both sexes and ovotestis formation in male
embryos (Perrin ef af., 1995; Berg et al, 1998; Berg et
al., 1999; Berg ef a/., 2001, Shibuya et af., 2004; Shibuya
et al, 2005; Oshima et al., 2012), MDs retention and
ovotestis formation can be used as reliable biomarkers
for evaluating estrogen-like effects of EDs (Berg ef af,
1998; Berg et a/., 1999).

Though genistein was reported that it acts as a tyrosine
kinases inhibitor (Akiyama ef af, 1987, Huang et af,
1992; Hong et al, 2005%5), there were several studies
demonstrated that genistein was an endocrine disruptor
affecting the endocrine system of birds (Leopold ef af.,
1976; Opalka et af., 2004; Opalka et a/., 2006; Kaminska
ef al, 2008, Opalka et af.,, 2008, Opalka ef a/., 2012).
Interestingly, sex determination and differentiation of
avian reproductive organs are predominantly controlled
by sex hormones (Romanoff, 1960; Weniger, 1991;
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Smith and Sinclair, 2001; Brunstrom ef af, 2003; Smith
and Sinclair, 2004; Brunstrom et al., 2009; Chue and
Smith, 2011). Moreover, development of avian
reproductive organs is estrogen dependent that
estrogen-like compounds are able to disrupt such
developmental process (Romanoff, 1960; Fry and
Toone, 1981; Rattner ef a/., 1984; Fry, 1995).

The present study aimed to examine the effects of
genistein on reproductive organ development including
embryonic accessory ducts in both sexes and the left
testis in male quail embryos following in ovo exposure.

MATERIALS AND METHODS

Eggs and chemicals: Japanese quail (Cofurnix
japonica) eggs were obtained from the Department of
Animal Science, Kasetsart University, Thailand.
Genistein (4',5,7-Trihydroxyisoflavone; purity>98%) was
purchased from Sigma chemical (St. Louis, Mo, USA).
DMSO (dimethyl sulfoxide; purity=99%) was obtained
from Merck (Darmstadt, Germany) and Mazola®corn oil
was the product of CPC (AJl, Thailand).

Genistein preparation: A 10% DMSO was prepared by
diluting DMSO in the distilled water and then mixed with
corn coil for preparing the 10% DMSO/corn oil emulsion
as a vehicle. To prepare genistein, genistein was
dissolved in 10% DMSO as mentioned above. Due to
genistein did not dissolve promptly in 10% DMSO, it was
then mechanically dissolved by sonication (LR
Ultrasonic sonicator, Fisher Scientific). Thereafter, a
mixture of genistein/f10% DMSO was then emulsified
using vigorous vortexing with corn oil for preparing the
genistein/10% DMSO/corn oil emulsion.

Dosing and in ovo exposure: Fertilized quail eggs were
grouped into three treatments: the control, genistein-16
and genistein-24 pg/g-treated eggs. A mixture of 10%
DMSO/corn oil was used as vehicle control, whereas 16
and 24 ug genistein administrated in 10% DMSO/corn
oil emulsion were used as the genistein-treated groups.
In the present study, genistein {16 and 24 pg/q egg) was
selected for administration into the yolk (Brunstrom and
Orberg, 1982), since genistein at concentration 7 pg/g
egg showed no effect on quail reproductive organs
(personal communication). Since 1.6 and 2.4 mg
genistein were found in the yolk after feeding quail hens
with 50 and 100 mg genistein, respectively (Lin ef af,
2004), an increase of genistein doses up to 10 fold was
examined to observe adverse effects of genistein in this
study.

Before starting in ovo exposure, quail eggs were
cleaned with Betadine® solution (IDS manufacturing Ltd.,
Thailand). After cleaning, cleaned eggs were then
weighed and labeled. The labeled eggs were punched
with sterile disposable 25G needle (Nipro Corporation,
Japan) at the blunt end of the egg. Before injection, a
small hole was punched with a sterile disposable 25G

needle at the blunt end of the egg and the blunt end was
wiped with 70% ethanol to get rid of small pieces of the
eggshell. The eggs were then treated with two doses of
genistein, 16 and 24 pg/g egg, by injecting into the yolk
prior to incubation using Hamilton microliter syringe
(Hamilton Company, USA). The amount of a mixture (20
pl/egg) was injected into the control and genistein-
treated eggs. After in ovo exposure, the hole in the shell
was sealed with paraffin wax and wiped with 70%
ethanol. Injected eggs were then incubated at 37.5°C in
a humid atmosphere and automatically turned by the
incubator. Eggs were checked for embryonic mortality,
fertility and unfertilized/or dead eggs were discarded. At
day 15, a number of survival embryos were recorded and
frequencies of embryo mortality, fertility and viability were
analyzed. The fertilized eggs were used at minimum 30
eggs/treatment.

Anatomical and histological examinations: Quail
embryos were sacrificed on day 15 of incubation (the
sexually differentiated stage when embryonic sex can be
distinguished by gonad morphology) and were staged
according to Padgett and lvey (Padgett and Ivey, 1960).
Gross morphological abnormalities of the reproductive
organs were  observed under the SZ-PT
stereomicroscope  (Olympus, Japan). Biological
parameters including accessory duct malformations in
both sexes (e.g. partial or complete Mdillerian duct
retention in male embryos) and right Mullerian duct
retention {longer than 3 mm compared to control group)
with or without shell gland in female embryos were
recorded.

For histological examination, the left testis was fixed in
Bouin’s fluid and embedded in Paraplast (Sherwood
Medical Company, St Louis, MO, USA) and then
sectioned at 6 pm with the microtome (The Gemmary,
Fallbrook, USA). The sections were stained with
Hematoxylin and Eosin. Ovotestis formation of the left
testis was observed by a thickening of cortex layer
containing five or more cocyte-like germ cells in meiotic
prophase, showing eosinophilic cytoplasm in cocyte-like
germ cells and transforming of germinal epithelial cells
from squamous cells into cuboidal or columnar cells as
described in previous studies (Berg et af., 1998, Berg et
al., 1999; Berg ef a/., 2001, Shibuya et af., 2004; Shibuya
et al.,, 2005). The sections were visualized by PM-10M3
camera (Olympus, Japan)

Statistical analysis: Frequencies of embryo mortality,
fertility, viability and reproductive organ abnormalities in
both sexes in control and treated groups were compared
using Fisher's exact test.

RESULTS

Mortality fertility and viability: Genistein (16 pg/g egg)
caused high embryo mortality {p<0.001) (Table 1),
whereas genistein at concentration 24 ugfg egg did not.
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Table 1: Frequencies of mortality fertility and viability of quail embryos following in ovo injection

Treatment (ug/g egg) Mortality (%)* Fertility (%) Viability (%)° Sex {(Female/Male)
Control 19 (6/31) 97 (30/31) 80 (24/30) (Female = 13/Male = 11)
Genistein® (16) 54 (19/35)*** 94 (33/35) 42 (14/33) (Female = 7Male = 7)
Genistein® (24) 28 (8/35) 100 (35/35) 77 (27135) (Female = 14Male =13)

‘Ratio (in parentheses) represents the number of dead embryos divided by the number of treated eggs. Frequencies of the mortality, fertility and
viability in the treatment groups were compared with the frequency in the control group using Fisher's exact test

*No. of fertile eggs divided by the number of total eggs

‘No. of viable embryos divided by the number of fertile eggs

‘Eggs-treated with DMSO/corn oil based emulsion

*Genistein was dissolved with DMS0 and emulsified with corn oil. Statistical difference in relation to the control group (**"p<0.001)

Table 2: Frequencies of male and female 15-day-old quail embryos exhikiting abnormalities of MDs following genistein injection i ovo prior to incubation

Treatment {(Jg/g egg) Female with MDs abnormalities (%)° Male with MDs abnormalities (%)°
Control® 0(0/13) 18 (2/11)
Genistein (16) 43 (37 715/
Genistein (24) 50 (7/14)y** 54 (713)

*Ratio (in parentheses) represents the number of affected embryos divided by the number of embryos examined. Frequencies of the abnormality in
the treatment groups were compared with the frequency in the control group using Fisher's exact test

"Quail eggs treated with DMSO/corn oil based emulsion served as controls for the genistein-treated eggs Statistical differences in relation to the control
group (*p<0.05; **p<0.01)

Table 3: Frequencies of male 15 day-old-quail embryos exhibiting ovo 80 - .
testis following genistein injection i ovo prior to incubation O Female 7

Treatment (ug/g egg) Male with ovotestis (%)*" o Male
gont.rol . 0N 1)m ~ 60 w13

enistein (16) 86 (6/7) x 14 —
Genistein (24) 85 (11113)*** = 7
‘Ratio (in parentheses) represents the number of affected embryos 2 40
divided by the number of embryos examined. Frequencies of ovotestis 03)
in the treatment groups were compared with the frequency in the control g
group using Fisher's exact test TR 20 11
*ldentifying characteristics of ovotestis formation according to the
criteria including thickening of cortex layer containing oocyte-like germ
cells in meictic prophase, showing eosinophilic cytoplasm in oocyte-like
germ cells, transformation of germinal epithelial cells from squamous 0 0 " 16 ! 24 !
cels into cuboidal and columnar cells. Statistical differences in relation
to the control group {***p<0.001) Dose (ug/g egg)
Frequencies of fertility of the control, 16 pg genistein and Fig. 1: Frequencies of female and male 15 day-old-qualil
24 ug genistein-treated eggs were 97, 94 and 100%, embryos exhibiting abnormalities of MDs
respectively (Table 1). Frequencies of embryo viability of following genistein injection in ovo prior to
the control, 16 pg genistein and 24 g genistein-treated incubation. A number of the examined embryos
eggs were 80, 42 and 77%, respectively (Table 1). are indicated above the bars
Abnormality of embryonic accessory ducts: Normally, 100 x —r
two days before anticipated hatching, female embryonic 7 13
accessory ducts (Mdllerian ducts, MDs) regress 80
completely in male embryos, whereas the left MD still 9
remains in female embryos. In quail embryos treated z 601
with 16 ug genistein/g egg, Mdallerian duct (MD) 5
abnormalities occurred in 3 of the 7 female embryos qg; 40
(p<0.05) and 5 of the 7 male embryos (p<0.05) (Table 2, w
Fig. 1). In contrast, MD abnormalities were observed in 20 1
7 of the 14 female embryos (p<0.01) and 7 of the 13
male embryos treated with 24 pg genistein/g egg (not 0 0 T P T >4 1
significant compared with the control group; Table 2,
Fig. 1). The frequencies of MD abnormalities in Dose (Hg/g egg)

female and male embryos treated with 16 pg genistein/g
egg were 43 and 71%, respectively (Table 2, Fig. 1), Fig. 2: Frequencies of male 15 days-old-quail embryos

while the frequencies of MD abnormalities in female exhibiting ovotestis following genistein injection
and male embryos treated with 24 pg genistein/g egg in ovo prior to incubation. A number of the
were 50 and 54%, respectively (Table 2, Fig. 1). MD examined embryos are indicated above the bars
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Fig. 3(A-E): Gross morphology of accessory ducts of 15 day-old-female quail embryos. (A) Millerian Ducts, MDs
{white arrows) of female embryo in the control group. (B,C) MDs abnormalities of female embryos treated
with 16 pg genistein/g egg. (D,E) MDs abnormalities of female embryos treated with 24 g genistein/g
egg. Notice: right MDs retention without shell gland (SG) (black arrows) and right MDs retention with shell

gland (red arrows). Bar = 2 mm

abnormalities including right MD retention (longer than
3 mm) with or without shell gland were observed in
female embryos (Fig. 3). Likewise, left MD retention
without shell gland and cyst-like portion of left and right
MDs were observed in male embryos (Fig. 4).

Ovotestis formation in the left testis: Histological
differences of embryonic gonads between female and

male embryos were observed. In female, left ovary
exhibited a thick cortex, whereas male testes exhibited
a thin cortex. In the present study, histological
examination of 15 day-old-male embryonic testes in the
control group showed the medulla containing dispersed
testicular cords (T), (Fig. 5A) in which germ cells and
Sertoli cells located within the cords. The thin cortex with
smooth germinal epithelium consisting of one to two
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Fig. 4(A-E). Gross morphology of accessory ducts of 15 days-old-male quail embryos. (A) Wolffian Ducts, WDs (white
arrow) of male embryo in the control group. (B,C) Accessory ducts abnormalities of male embryos treated
with 16 pg genistein/g egg. (D,E) Accessory ducts abnormalities of male embryos treated with 24 g
genistein/g egg. Notice: cyst-like structure on WDs (black arrows) and left MDs retention (red arrows).

Bar=2 mm

layers of squamous epithelial cells covering the
testicular cords was observed (Fig. 5B). The left ovary of
15 day-old-female embryos in the control group
exhibited a thick cortex containing eight to ten layers of
germinal epithelium (Fig. 5G) that lined by a cuboidal
andfor columnar epithelum. Female germ cells
(oocytes) locating in the cortex showed specific

characteristics such as a large nucleus with condensed
chromatin and eosinophilic cytoplasm (Fig. 5H).

In quail embryos treated with 16 pg genistein/g egg,
ovotestes were found in 6 of the 7 male embryos (86%;
p<0.001 with respect to controls) (Table 3, Fig. 2), while
in genistein-treated embryos at concentration 24 pg/g
egg, ovotestes were observed in 11 of the 13 male
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embryos (85%; p<0.001 compared to controls) (Table 3,
Fig. 2).

Ovotestis formation in embryos treated with both
concentrations of genistein is characterized by the
thickening of the cortex, containing oocyte-like germ cells
in meiotic prophase (Fig. 5C,E), showing eosinophilic
cytoplasm in oocyte-like germ cells (Fig. 5D,F) and
transformation of germinal epithelial cells from
squamous cells to cuboidal and/or columnar cells
(Fig. S5E,F). The section of the left ovary in the control
group (Fig. 5G,H) was compared.

DISCUSSION

In the present study, Japanese quail embryos were
used as the endocrine disrupting model for testing
estrogen-like effects of genistein on reproductive organ
development. Both concentrations of genistein (16 and
24 ygfg egq) used in this study caused abnormalities of
reproductive organs including MD retention and
ovotestis formation. Since both concentrations resulted
in reproductive organ abnormalities in both sexes, it
indicates the effective doses of genistein.

Quail embryos treated with genistein via injection into
the yolk exhibited reproductive organ abnormalities,
suggesting that genistein accumulating in the yolk can
be transferred to the embryos. This also demonstrates
that in ovo exposure of genistein via injection method is
comparable to oral exposure since both routes elicit
estrogen-like effects (Jefferson et al, 2007). Due to
several natural EDs are lipophilic substances, yolk sac
injection is an environmentally relevant exposure of EDs
to the embryos (Berg et a/, 1998; Berg et al,, 1999). In
the present study, accumulated genistein in the yolk
caused the abnormalities of quail reproductive organs,
demonstrating that such accumulated genistein is high
enough to cause adverse effects to both male and
female embryos. Studies in mammals showed that
phytoestrogens existing in the environment at high
concentration caused adverse effects (Hearnshaw ef af,,
1972; Setchell et al, 1987). In mammals, nutritional
doses of genistein given to the dam were passed to the
pups during lactation in an amount sufficient to exert
estrogen-like effects in suckling pups (Montani et al,
2009). Moreover, transgenerational effects were
observed in female offspring delivered from female
dam-treated with 25 mg/kg genistein (Jefferson et al,
2007). Thus, these findings demonstrate that genistein
can be passed from maternal to fetal blood circulation
and transmitted adverse effects to subsequent
generation.

It has been reported that when female quails are fed
with 50 and 100 mg of encapsulated genistein, 1.6 and
2.4 pg of the drug can be detected, respectively, in the
yolk of the eggs laid by these hens (Lin ef af., 2004). In
this study, doses of genistein were increased up to 10
fold (16 and 24 pg) compared with the previous study

(Lin ef al.,, 2004), to examine whether a higher dose of
genistein affects reproductive organ development. Both
doses used in this study have deleterious rather than
advantageous effects. Thus, feeding hens with a diet
enriched with a high content of soybean phytoestrogen
during the egg-laying period might affect embryos. In
addition, the study of advantages in having genistein in
poultry industry or whether the lower 16 and 24 g
genistein/g egg do have advantageous effect, or whether
it causes anomalies, needs to be investigated.

Sexual differentiation of quail embryos can be
distinguished by morphological criteria of embryonic
gonads and accessory ducts on day 8 of incubation.
Here, the reproductive organs including embryonic
accessory ducts and the left testis were used as
biological parameters to observe the endpoint of
estrogen-like effects of genistein. Several hormones and
EDs caused accessory duct abnormalities (MD
retention) and ovotestis formation in avian embryos,
such as o,p’-DDT (Berg ef al., 1998), estriol (Biau ef af.,
2007}, estrone (Biau ef af., 2007), ethynylestradiol (Berg
etal., 1998; Berg et a/., 1999), diethylstilbestrol (Perrin et
al., 1995; Berg et al, 1999), bisphenol A (Berg et af.,
2001; Oshima et af., 2012), tetrabromobisphenol A (Berg
et al., 2001; Halldin et a/, 2001) and nonylphenol
(Oshima et af, 2012), suggesting the endpoints of
estrogen-like effects of EDs on reproductive organ in
avian embryos.

The present study is the first report on effective doses of
genistein affecting reproductive organ development in
quail. Both concentrations of genistein used in this study
(16 and 24 pg/g egg) caused the transformation of the
left testis into ovotestis and the retention of MDs,
suggesting that the abnormalities caused by genistein
treatments gave the same effects. The minimum
concentration of genistein that causes abnormalities
needs further study. Quail embryos-treated with 16 and
24 ug genistein/g egg exhibited ovotestis formation in
the left testis, suggesting that both concentrations of
genistein used in this study can induce a feminization of
male embryonic gonad. Ovotestis formation and MD
retention in male embryos have also been found in
chicken treated with EDs at different concentrations,
such as 20 ug of o,p’-DDT/g eqgg (Fry and Toone, 1981),
2 mg of theelin (Willier et af., 1935), 0.2 mg of theelol
(Willier et al.,, 193%), 1.2 mg of dehydroandrosterone
(Willier et af., 1938). It suggests that MD retention and
ovotestis formation may primary targets of EDs as well
as useful biological parameters for evaluating endpoints
of EDs in avian embryos.

Genistein at 16 pg/g egg caused mortality in quail
embryos, whereas genistein at 24 pg/g egg did not,
suggesting that the specificity of a dose-response
relationship of quail embryos exposed to genistein at 16
Hafg egg. The relevant study has been demonstrated
that the high mortality in quail embryos occurred after
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Fig. 5: Histology of the left testis of 15 day-old-quail embryos. (A B) the left testis of male embryo in the control group.
Notice: thin cortex (Co) and testicular cords (T) in the medulla (M), spermatogonia (red arrowhead) and Sertoli

cells (black arrowhead) located within the cords.

(C,D) Ovotestis of male embryos treated with 16 g

genistein/g egg. Notice: thick cortex (Co) containing cocyte-like germ cells in meictic prophase (red arrows)
is adjacent to testicular cords (T) in the medulla (M). (E,F) Characteristics of ovotestis were observed in male
embryos treated with 24 ug genistein/g egg. (G,H) the section of left ovary of 15 days-old-female quail embryo
was compared with that of ovotestes. H&E, Bar = 10 pm.

injecting the eggs with DES at 0.002 ug/g egq.
while DES (0.2 pg/g egg) was not lethal to the
embryos (Berg et af, 2001). Although genistein at
16 pg/g egg caused high mortality, the mortality rate of
quail embryos in the control and 24 pg genistein-treated
eggs was relatively low. Moreover, frequencies of

embryo viability of the control and 24 ug genistein-
treated eggs were 80% and 77%, respectively, which are
considerably high. This demonstrates the acceptability
of survival rate of the treated embryos. However,
decreasing dose of genistein from 16 pg to observe the
lowest observed adverse effect level (LOAEL) of
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genistein on mortality rate of quail embryos requires
further investigation.

In the present study, ovotestis formation was seen in the
left testis of about 85% of quail embryos treated with
genistein, suggesting that the left testis of quail embryos
is sensitive to EDs. From histology of ovotestis,
thickening of the cortex containing oocyte-like germ cells
and transformation of epithelial cells were observed,
suggesting that genistein alters cellular architectures of
male embryonic gonads. Increase of cell proliferation in
the cortex of embryonic testis is likely to be a result of the
thick cortex. It has been reported that follicle stimulating
hormone (FSH) is involved in the regulation of cell
proliferation in chicken embryonic testis (Peralta et af,
2009). Furthermore, molecular mechanism underlying
testicular cell proliferation is regulated by tyrosine kinase
(PTK) signaling. Since PTK inhibitor-herbimycin but not
genistein increased 3H-thymidine proliferative cells
(Peralta et a/., 2009), suggesting genistein did not act as
a tyrosine kinase inhibitor for inducing testicular cell
proliferation in chicken embryos. In this regard, genistein
might act as an estrogen receptor medulator binding
with ER in the fetal testicular tissue; since an activation
of cell proliferation-correlated with luciferase activity
increased two fold in fetal testis-exposed to genistein
(Montani et af., 2008; Montani ef af., 2009). In mammals,
genistein altered testicular morphology as well as male
germ cells in fetal mice and rat (Lehraiki et a/, 2011;
Lehraiki ef af., 2011; Zhang et al., 2013), demonstrating
detrimental effects of genistein on male reproductive
development. However, molecular mechanism in which
genistein induces ovotestis formation in male embryos
is still unknown.

The transformation of the left testis to ovotestis can be
explained by changing of dihormonal (estrogen and
androgen) levels hetween estrogen and androgen in
male gonads. Presumably, there was much higher level
of estrogen than androgen during gonadal differentiation
stage, since at this stage, a higher level of estrogen is
synthesized than androgens in the ovaries of female
embryos and vice versa according to the dihormonal
theory (Willier, 1952). In addition, the appropriate level of
androgen could induce medullary development of the
testes, but it also suppresses cortical development in
male testes and vice versa (Willier ef a/., 1935; Willier ef
al, 1937; Willier, 1952). This is a likely explanation of
ovotestis formation in male embryos whereby genistein
acts as an estrogen agonist, elevating the level of
estrogen in the left testis. Therefore, the level of
genistein may be enough to promote cortical
development in the left testis leading to a thickening of
the cortex of the left testis. It has been found that the level
of estrogen was much higher than that of androgen in
quail embryos-treated with DES jn ovo (Scheib and
Reyss-Brion, 1979). Further study is required to
determine whether estrogen levels are higher than

androgen levels in ovotestis of male quail embryos
treated with genistein. These findings suggest that sex
modification in male embryos (i.e., feminization or
demasculinization) is the most likely to be a result of
endocrine-disrupting effects.

Besides ovotestis formation, another the endocrine
disrupting endpoint of genistein used in this study is MD
abnormality. Abnormality of embryonic accessory ducts
occurred in embryos treated with 16 and 24 pg
genistein/g egg, including MD retention in male embryos
and MD retentions with or without shell gland formation
in female embryos. In mammalian counterparts,
neonatal mice-treated with 50 mg genistein/kg/day
cased abnormal oviduct morphogenesis (Jefferson et
al, 2011; Jefferson ef al, 2012). These findings
demonstrate that embryonic oviduct (MD) is a target of
genistein being able to exert adverse effects on both
non-mammalian and mammalian species. In this study,
we found that both concentrations of genistein resulted
in left MD retention and cyst-like structure formation of
WDs in male embryos. This alteration indicates that
genistein  somehow  disrupts  accessory  duct
development by binding to estrogen receptor in the
ducts, leading to abnormalities of male embryonic
accessory ducts. In a previous study, chick embryos-
treated with 0.2 mg of theelin in ovo on day 2 of
incubation, displayed abnormalities of embryonic
accessory ducts (Willier ef af., 1935). Moreover, male
quail embryo-treated with 2 ng DES/g egg /n ovo on day
3 of incubation exhibited MD persistence with vestigial
vesicles located on one or both sides of the ducts in the
abdomen (Berg et al, 1999). This indicates that apart
from embryonic gonads, the accessory ducts of avian
embryos are the targets of EDs. The mechanism of
action of EDs leading to abnormalities of accessory
ducts development requires further investigation.

Since quail embryos treated with bisphenol A (BPA) at
200 pg/g egq resulted in MD retention in both sexes and
ovotestis formation in the left testis of male embryos
(Berg et al, 2001), there was the similarity between
genistein and BPA in terms of their effects on
reproductive organs in quail embryos. There have been
previous reports on binding potency of xenoestrogen
and phytoestrogen on quail estrogen receptor,
suggesting that genistein had stronger binding than BPA
to ER-alpha and beta (Hanafy ef af., 2004; Hanafy et af,,
2005). This suggests that xenoestrogen-DES and
phytoestrogen-genistein are capable of binding to
estrogen receptors. Increasing of concentration of
genistein from 1.6 and 2.4 ug in the previous study (Lin
et al., 2004) to 16 and 24 pg/g egg in this study reflects
obtaining of high content of phytoestrogen containing in
quail's diet. This study showed that quail eggs injected
with 16 and 24 pug genistein/g egg developed
reproductive organ abnormalities in the embryos. Thus
there is a risk to embryos if hens are fed with a diet
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enriched with high content of phytoestrogen. Since
genistein was detected in the yolk (Lin ef al., 2004), the
embryos of oviparous species such as Japanese quail
(Lin et af., 2004) and chicken (Saitoh et af., 2001; Saitoh
et al, 2004) are likely to be susceptible to exposure to
EDs accumulated in the yolk. The effects of accumulated
genistein in the yolk on the hatching and infertility of adult
quails need further investigation.

Conclusion: In the present study, embryonic accessory
ducts and the left testis were used as bioclogical
parameters to evaluate estrogen-like effects of genistein
on reproductive organ development in Japanese quail
embryos. Genistein at 16 and 24 ug/g egg resulted in
abnormalities of accessory ducts in both sexes and
ovotestis formation in male embryos. We conclude that
accessory duct abnormalities and ovotestis formation
are endpoints of endocrine disrupting effects of
genistein. This is the first report on the effective doses of
genistein that caused reproductive organs abnormalities
in avian embryos.
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