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Abstract

Bisphenol A (BPA) is well known environmental toxicant and endocrine disruptor that
can mimic endogenous estrogenic activity. BPA is monomer and used in manufacturing
of food packing material and plastic products. It may be leached from walls of food cans
into circulating blood and can cause cytotoxic effect. The present study was designed to
investigate possible protective effect of quercetin against BPA induced reproductive
toxicity. Twenty adult male Sprague Dawley rats (75-90 days old, 190-250g) were
divided into four groups. First group served as control and was provided with normal
saline. Second group of rats was treated with 50 mg/kg of BPA dissolved in normal
saline. Third group was provided with oral gavage of 50 mg/kg quercetin while fourth
group was treated with quercetin (50 mg/kg) along with BPA (50 mg/kg). All the
treatments were carried out for 52 days. Rats were dissected and their testicular tissues
and epididymis were used for histology while blood plasma was used for hormonal and
biochemical analysis. Results of present investigation revealed adverse morphological
and histopathological changes in rat testis and epididymis after BPA administration.
These degenerative changes include significant decrease in seminiferous tubule diameter
and epithelial height and increased luminal diameter. In addition, number of
spermatogonia, primary spermatocytes, secondary spermatocytes and spermatids were
significantly reduced (p<0.001) due to impaired spermatogenesis. Furthermore, BPA
treatment significantly reduced (p<0.05) plasma testosterone level (ng/ml) while
elevated estrogen level (ng/ml). Similarly, this also caused significant increase
(p<0.001) in blood urea nitrogen (BUN) levels, serum creatinine levels as well as in
lipid profile. Interestingly, these harmful effects of BPA were ameliorated by quercetin
administration. Quercetin treatment resulted in restoration of spermatogenesis, reversal
of histological damages and marked increase in plasma testosterone concentration along
with decrease in estrogen concentration. Similarly, BUN and creatinin levels were
reversed when cotreated with quercetin. Lipid profile was also normalized when treated
with quercetin. In conclusion, present findings suggest that BPA administration induce

toxic effects on testis and epididymis, decrease in germ cell numbers, imbalance plasma
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hormonal levels and lipid profile while quercetin amended those toxic effects by
restoring normal spermatogenesis, testicular tissue damage and hormonal level. Hence,
it was suggested that quercetin can be used as potential therapeutic drug against BPA

induced testicular toxicity.
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Chapter 1 Introduction

Introduction
It is well accepted that environmental contaminants including synthetic industrial
and biomedical chemicals disrupt male reproduction of animals and humans. These
chemicals are known to decline the quality as well as quantity of human semen (Colborn
et al., 1993). Among these chemicals, bisphenol A [BPA, 2, 2-bis (hydroxyphenyl)
propane] is produced in one of the largest volume.

Bisphenol A (BPA) is made by acetone and phenol (Figure 1). BPA is a monomer
used in the manufacturing of epoxy resins (e.g. food packaging and can-coating),
polycarbonate and numerous plastic products (including baby bottles, water storage and
supply pipes), dental devices and dental sealants (VVandenberg et al., 2009; Fleisch et al.,
2010). Approximately 3 million tons of BPA is produced annually and almost 100 tons

of BPA is entered into environment each year (Vandenberg et al., 2009).

CH3z CHj

Fig 1. Chemical structure of Bisphenol A

BPA compound may be released from polycarbonate flask during autoclaving
(Krishnan et al., 1993), from dental sealant into saliva (Chung et al., 2012) and from
walls of food cans into water or food (Geens et al., 2012), reach circulating blood and
can cause genotoxic and cytotoxic effects (Verma and Sangai 2009). For example, it is
reported that from canned food 10- 20 ug of BPA/can was leached from lacquer lining,
while 20- 30 pug of BPA/ml was detected in saliva of those patients who were treated
with dental sealant (Brotons et al., 1995; Olea et al., 1996). Therefore, it is possible that

Possible therapeutic effects of Quercetin against Bisphenol A induced testicular damage
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Chapter 1 Introduction

even low doses of BPA could affect development and reproduction (Talsness et al.,
2000; Welshons et al., 2006).

The potential of BPA to cause adverse effects on human health is highly
documented (Rochester 2013; Rezg et al., 2014). The detection of BPA in urine has
been confirmed in humans (0.3-7.9 ug/day) (Takeuchi and Tsutsumi 2002; Fujimaki et
al., 2004; Calafat et al., 2005). Similarly, BPA has been found in the human blood,
serum of pregnant women (1-2 ng/ml), amniotic fluid (8.3-8.7 ng/ml), fetus blood (0.2—
9.2 ng/ml), placental tissue (1.0-104.9 ng/g), and milk of lactating mothers (1.1 ng/l)
(Ikezuki et al., 2002; Schonfelder et al., 2002; Ye et al., 2005), suggesting that the

human fetus is freely exposed to BPA during pre- and postnatal development.

BPA exhibits estrogenic hormone-like properties which can disrupt endocrine
system and may lead to negative health effects (Staples et al., 1998). It is evident that
the early stage of mammalian life is the most sensitive period of the life to BPA effects
(vom Saal et al., 2007).

BPA shows acute, short-term, and subchronic toxicity (Tyl et al., 2002; Tyl
2008). Some studies recognized BPA effect on the kidney, liver, and body weight at
doses of 50 mg/kg and higher (Tyl 2008). Many experimental studies revealed possible
association between BPA exposure and the development of cancer (e.g. prostate and
mammary gland cancer), metabolic complications and disorders of reproductive,
neuroendocrine and immune systems (Richter et al., 2007; Rochester 2013). Early
exposure of rodents to BPA caused increased susceptibility to both mammary and
prostate cancer (Prins et al., 2007; Soto et al., 2008). Other studies have linked high
levels of circulating BPA with cardiovascular diseases including obesity, hypertension,
diabetes, atherosclerosis and coronary heart diseases (Lang et al., 2008; Melzer et al.,
2010; Lind and Lind 2011).

The deleterious effects of BPA on the adult pancreas have been studied (Alonso-
Magdalena et al., 2006). A single exposure to low doses of BPA (10 or 100 BPA/kg
BW) rapidly increased secretion of plasma insulin levels and decreased glucose levels in

male mice. After 4 days of exposure, the mice developed hyperinsulinemia. Effects on
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glucose homeostasis and altered pancreatic functions were also observed when similar
doses of BPA were given to pregnant mouse dams on days 9-16 of gestation (Alonso-
Magdalena et al., 2010). BPA exposure also lead to hypercholesterolemia by
interrupting adipokines release from adipose tissue, therefore, increasing plasma leptin
and decreasing plasma adiponectin levels (Miyazaki et al., 2007; Somm et al., 2009;
Wei et al., 2011).

BPA has been reported to induce the conversion of xanthine dehydrogenase into
xanthine oxidase in the rat liver thus increasing the reactive oxygen species (ROS)
(Sakuma et al., 2010). ROS generation and oxidative DNA may be responsible for the
harmful side effects of BPA on the human liver. Korkmaz et al., (2011) investigated

oxidative stress on the kidney tissue of male rats was induced by BPA.

A number of studies have linked BPA exposure to behavioural alterations during
gestation and lactation, for example masculinization in female pups (Dessi-Fulgheri et
al., 2002; Farabollini et al., 2002; Ishido et al., 2004; Palanza et al., 2008). Hence,
suggesting the effects of BPA on development of central nervous system (CNS). So far,
a few in vivo studies have examined the influence of BPA exposure on brain
development during gestation and lactation (Facciolo et al., 2002). The effect of BPA on
synaptogenesis has been reported in the brains of adult rats and nonhuman primates
(Hajszan and Leranth 2010).

Reproductive disorders:

BPA exposure has shown multiple effects on the reproductive system of male and
female. Recent epidemiological studies associated the BPA exposure with low semen
quality thus suggesting the possible effect of BPA on spermatogenesis by interacting
with estrogen receptors (Petersen et al., 1998; Li et al., 2011). Though mechanism of
BPA induced reproductive damage is still ambiguous. But the existing data indicate the
involvement of endocrine disruptors interrupting the hypothalamus- pituitary-gonadal
axis in BPA induced reproductive toxicity (Ramos et al., 2003; Timms et al., 2005)

Previous studies reported dose dependent reproductive damage. The exposures of

adult male rats to BPA lead to decrease the testicular weight and impaired
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spermatogenesis (Taepongsorat et al. 2008; Sakaue et al. 2001). Spermatogenesis is
regulated by Follicular-stimulating hormone (FSH) and testosterone (T) released from
Leydig cells, and reduced levels of these hormones can affect spermatogenesis.
Subcutaneous administration of adult male rats with a dose of 3 mg BPA/kg/bw per day
significantly lower the level of testosterone and elevated the levels of luteinizing
hormone (LH) in both serum and testis (Sun et al., 2006). At testicular level, oxidative
stress caused disruption of steroidogenic activity of Leydig cells (Hales et al., 2005).
Recently, a group has established the effect of BPA exposure to neonatal male rats

leading to aberrant DNA methylation in testis of adult male rats (Doshi et al., 2011).

In previous studies, seminiferous tubule development and spermatogenesis were
impaired after oral administration of various doses (2 mg to 200 mg/kg) of BPA in male
chicks (Furuya et al., 2006). In brown trout, the exposure of environmentally significant
concentrations of BPA on late prespawning reduced sperm density and swimming
velocity (Furuya et al., 2006). The possible potential of BPA to cause aneuploidy and
DNA adducts was reported in Syrian hamster embryo cells (Tsutsui et al., 1998).

Endocrine disruptors:

Endocrine disruptors are defined as the exogenous agents that interfere with
natural hormones in the body, maintain homeostasis and the regulation of developmental
processes. BPA is well known endocrine disruptor that acts as xenoestrogenic compound
even at low doses (D’Cruz et al., 2012). Xenoestrogens are small lipophilic molecules

that mimic the role of physiological estrogens (Watson et al., 2010).

Initially, BPA was known as weak environmental estrogen because of its relative
binding affinity for estrogen receptors ER a and ER B which was estimated to be 1000
10,000 fold lower than 17B- estradiol (Kuiper et al., 1998). Previous studies proposed
that increased male reproductive disorders (low sperm counts, testicular cancer,
cryptorchidism and hypospadias) might be due to the increased exposure of developing
male fetal to the estrogenic environment (Toppari et al., 1996).

Several studies have demonstrated stimulatory effects of BPA on cellular

mechanisms at very low concentration even equivalent to estradiol (Alonso-Magdalena
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et al., 2005; Zsarnovszky et al., 2005; Alonso-Magdalena et al., 2008; Hugo et al.,
2008). Some activities of BPA are attributed to its ability to bind membrane estrogen
receptors (Alonso-Magdalena et al., 2005; Watson et al., 2005; Alonso-Magdalena et
al., 2008).

Antioxidant System:

Environmental contaminants have been known to generate reactive oxygen
species (ROS) in the body including hydroxyl radical and hydrogen peroxide (Ho et al.,
1998). Reactive oxygen species (ROS) are known to be cytotoxic agents that cause
significant oxidative damage to membrane lipids, protein and nucleic acid in the cells
(Kabuto et al., 2003). ROS is generated in mitochondria from the activity of enzymes
such as xanthine, NADPH oxidase and cytochrome P450s (Banfi et al., 2001; Kumagai
et al., 2002; Zangar et al., 2004). Abnormal production of ROS leads to oxidative stress,
which harms the spermatozoa through various mechanisms (Sharma and Agarwal 1996).
Previous study showed reduction in mitochondrial enzymes in mice testis exposed to
BPA (Anjum et al., 2011).

A sophisticated system of antioxidants has been developed by testis in order to
overcome these risks. Antioxidant enzymes provide the first line of defense against free
radicals produced in organisms. Antioxidants stop the electron stealing process by
donating one of their own electrons to neutralize ROS. They act as scavengers and
prevent cell death and tissue damage that might cause cellular damage and disease
(Halliwell 1996). Antioxidant therapy could be significant to inhibit the BPA induced
toxicity (Sujatha et al., 2001; Latchoumycandane et al., 2002).

Flavonoids:

In recent years, several studies have been exploring the therapeutic properties of
plant extracts from different parts of medicinal plants. Flavonoids are polyphenolic
compounds ubiquitously distributed in natural plants and are used currently as
antioxidant additives for different kinds of foods and beverages (Motoyama et al.,
2009). The dietary intake of flavonoids is evaluated to be 1-2 g/day. Until now, over
8,000 varieties of flavonoids have been reported. Flavonoids occur as glycosides,

aglycones (i.e., flavonoids without attached sugar), and methylated derivatives
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(Harborne and Goodwin 1988). A variety of structural forms of the flavonoid aglycones
occur in plants, all containing fifteen carbon atoms in their basic nucleus: two six-

membered rings linked with a three carbon unit (Middleton 1984).

The well documented property of flavonoids is its capacity to act as antioxidant
leading to inhibition of oxidative damage mediated diseases. For this reason flavonoid
based drugs have been used for treatment of these pathologies (Lu et al., 2010;
Mirshekar et al., 2010). The antioxidant activity exhibited by flavonoids might be due to
combination of metal chelation through ortho- dihydroxy phenolic structure along with
free radical scavenging properties (Moridani et al., 2003). Because of the phenolic
structure, these compounds donate hydrogen to inhibit free radical process at three
stages i.e. the formation of superoxide ions, hydroxyl radicals generation and formation
of lipid radicals (Lien et al., 1999; Moridani et al., 2003).

Quercetin:

Quercetin (3, 5, 7, 37, 4’-pentahydroxyflavone) belongs to an extensive class of
polyphenolic flavonoid compounds occurring mainly in glycosidic form (Havsteen
1983; Lamson and Brignall 2000). It is present in a variety of human foods including red
onions (347 mg/kg), apples (36 mg/kg), cherries, broccoli, grapes, red wine (11 mg/kg)
citrus fruits, tea (20 mg/kg) and, at particularly high concentrations, in capers and lovage
(180 mg per 100 g) (Hertog et al., 1993; Bischoff 2008). It is a powerful bioactive
component of the human diet as antioxidant agent (Motoyama et al., 2009). Quercetin
prevents oxidative damage by scavenging oxygen radicals, providing protection against

lipid peroxidation and chelating metal ions (Laughton et al., 1991; Inal et al., 2002).

Quercetin has many beneficial effects including cardiovascular protection,
anticancer and antiallergic activity, anti-inflammatory effects, lowering of blood
pressure and improving hyperglycaemia-related diseases (Anjaneyulu and Chopra 2003;
Bischoff 2008). Moreover, it has stimulatory effects on sperm quality in adult male rats
(Taepongsorat et al., 2008).

Pharmacological effects of quercetin are mostly due to its antioxidant activity.

One mechanism of quercetin involved scavenging free radicals produced by xanthine/
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xanthine oxidase (Dok-Go et al., 2003). In addition, quercetin showed peroxyl radical—
scavenging activity assessed by measuring the inhibition of hydroperoxidation of methyl
linoleate (loku et al., 1995). Moreover, quercetin is known to inhibit lipid peroxidation
mediated Fe®* and Cu?* ions (Ferrali et al., 1997; da Silva et al., 1998). Negre-Salvayre
(1992) revealed that quercetin could decrease oxidative damage to peptides, lipids and
DNA (Salvayre 1992).

Because of the multiple pharmacological activities of quercetin for instance
suppression of cell proliferation, prevention of platelet aggregation, protection of LDL
oxidation and induction of apoptosis, it has been used for clinical therapy (Formica and
Regelson 1995). The beneficial effects of quercetin are attributed to different
mechanisms, such as reduction of oxidative stress by scavenging free radicals,
promoting cellular survival by modulating intracellular signals, or decreasing toxicities

of xenobiotics by regulating gene expression (Moskaug et al., 2004).

Quercetin has no effect on cortisol production from human adrenal H295R cells
stimulated with di-buthylyl cAMP (Ohno et al., 2002). An in vivo study showed that
intra peritoneal injection of 200 mg quercetin/kg for twice had no effect on fertility in
rats (Aravindakshan et al., 1985). But daily doses of 50-150 mg quercetin/kg body
weight via oral gavage slightly increased prostate weight (Ma et al., 2004). Quercetin is
found to increase serum testosterone concentration and decrease serum
dihydrotestosterone concentration in male rats (Ma et al., 2004). The reproductive
effects of quercetin in male are still controversial, may be because most of the previous
studies have been conducted in vitro. Studies on protective benefits of quercetin against
heavy metals and endocrine disruptors have been reported. Quercetin not only protects
tissue damage but also improves tissue antioxidant level (Jahan et al., 2014; Ciftci et al.
2012). Keeping these in view, present experiment was carried out to examine possible
protective effects of quercetin on reproductive organs against BPA induced toxicity in

adult male rats.
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Chapter 2 Materials and Method

Materials and method

Animals

Twenty adult male Sprague Dawley rats (Rattus norvegicus) weighing 200 + 10g were
obtained from the primate facility of Animal Sciences Department, Quaid-i-Azam
University. Animals were randomly assigned into four groups of five rats/ group and
housed in separate cages (five rats/ cage). Animals were kept in well ventilated animal
room at temperature of 20-25 C° and 12 hours dark/12 hours light cycle. The animals
were fed with food chaw and tap water ad libitum throughout experiment. Animal
handling and all the experimental protocols were assessed and approved by the Animal

sciences department ethical committee.
Chemicals

Bisphenol A: Bisphenol A was purchased from Sigma-Aldrich (Germany)
Quercetin: Quercetin in powdered form was purchased from Sigma-Aldrich (Germany).

Bisphenol A preparation:

One gram of Bisphenol A was dissolved in 50ml of 0.9% normal saline, thoroughly
mixed and stored at 4°C in falcon tube wrapped with aluminium foil to protect from
light.

Quercetin preparation:

One gram of quercetin was dissolved in 50ml of 0.9% normal saline, vigorously shaked

and stored at 4°C in falcon tube wrapped with aluminium foil.
Experimental design

Twenty adult male rats (weighing 190-250g) were used for this study. The animals were
divided into four groups each having five rats. All the doses were given orally for 52

consecutive days.
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Group 1: This group served as control group and was provided with oral dose of 0.9%

saline by feeding tube.

Group 2: Bisphenol A treated group received 50mg/kg dose of Bispenol A daily via
oral gavages (BPA group).

Group 3: Quercetin treated group was given oral gavage of 50mg/kg quercetin (Q
group).

Group 4: Bisphenol A+Quercetin treated group was administered with Bisphenol A (50
mg/kg) along with quercetin (50 mg/kg) orally (BPA+Q group).

The dose of Bisphenol A and Quercetin used in this experiment was selected on the
bases of previous studies by Kabuto et al., 2004 and Farombi et al., 2012.

Blood and Tissue collection

The experiment was conducted for 52 days so that the complete spermatogenic cycle
within the testis can be considered. At the end of the experiment, animals were weighed
and sacrificed by decapitation. Trunk blood was collected directly in heparinized
syringes. Blood was centrifuged at 3000 rpm for 15 minutes; plasma was separated and
stored at -20 °C until hormonal analysis and lipid profile determination. Testicular
tissues and epididymus were dissected out, washed in saline, weighed and testicular
volume was measured. Left testicular tissue and epididymis were fixed in sera for

histological studies.
Plasma Creatinine level

Plasma creatinine level was determined by using AMP diagnostic kit (AMEDA

labordiagnostik Gmbh, Austria) and analyzed on picco 5 chemistry analyzer.
Principle

In alkaline conditions the reaction of creatinine with picric acid forms a colour

complex quantified photometrically at 510 nm.
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Reagent composition:

Reagent: R1
Alkaline buffer

Reagent: R2
Picric Acid ... 40 mmol/L
Surfactant

Standard: STD

Creatinine  ......oooiiiiiiiiiie, 2 mg/dL

Organic matrix based primary standard.
Preparation and stability of working reagent:

Bring reagents to room temperature 2 hours before use. Mix 5 volume of R1 with 1

volume of R2.

Stability: 1 month at 15-25 °C when tightly capped.
Samples: Rat blood plasma was used as sample.
Procedure

The reagent was analyzed on chemistry analyzer. Application was as follows

Wavelength 510 nm
Temperature 37°C
Cuvette 1 cm light path
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Blank Sample Standard
Working reagent 1.0ml 1.0 ml 1.0ml
Sample | - 50l | -
Standard | - | - 50 pl

Plasma Blood Urea Nitrogen (BUN) level

Plasma blood urea nitrogen level (BUN) was determined by using AMP diagnostic kit
(AMEDA labordiagnostik Gmbh, Austria) and were analyzed on picco 5 chemistry

analyzer.

Reagent composition:

Reagent: R1
Trisbuffer,pH7.8 . ... 80 mmol/L
a-ketoglutarate ... 6 mmol/L
Urease 75 KU/mL
Reagent: R2
GLDH 60 KU/mL
NADH 0.32 mmol/L

Standard: STD
Urea50 mg/dL ... 8.3 mmol/L
Organic matrix based primary standard.

Preparation and stability of working reagent:
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Mix 4 volume of R1 with 1 volume of R2.
Stability: 1 month at 2-8 °C.

Samples: Rat plasma was used as sample.
Procedure:

This reagent was analyzed on chemistry analyzer. Application was as follows

Wavelength 340 nm
Temperature 37°C
Cuvette 1 cm light path
Blank Sample Standard
Working reagent 1.0 ml 1.0ml 1.0ml
Sample | - 50| -
Standard | - | - 50 pl

Cholesterol level

Plasma cholesterol level was determined by using AMP diagnostic kit (AMEDA

labordiagnostik Gmbh, Austria) and was analyzed on picco 5 chemistry analyzer.

Reagent composition:

Reagent: R
PIPES buffer,pH7.0 ... 200 mmol/L
Sodium cholate ... 1 mmol/L
Cholesterol esterase  ........ccooeiiiiiiiiiiiiininn > 250 U/L
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Cholesterol oxidase — ...........cccoeiiiiiiiiiiinin > 250 U/L
Peroxidase >1 KU/L
4-Aminoantipyrine ... 0.33 mmol/L
Phenol 4 mmol/L
Non-ionic tensioactives ...............cceeevvenvennnn.. 2g/L
biocides

Standard: STD
Cholesterol ... 200 mg/dL
5.18 mmol/L
Organic matrix based primary standard
Preparation and Stability of Working Reagent:
Bring reagent to room temperature 2 hours before use.
Samples: Rat plasma was used for the samples.
Procedure:

This reagent was used on chemistry analyzer. Application was as follows

Wavelength 510 nm
Cuvette 1 cm light path
Temperature 37 °C
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Blank Sample Standard
Reagent: 1.0 ml 1.0ml 1.0ml
Sample: | ----- 0 | -
Standard: | - | - 10 pl

Triglyceride level

Plasma triglyceride level was determined by using AMP diagnostic kit AMEDA

labordiagnostik Gmbh. and were analyzed on picco 5 chemistry analyzer.

Reagents composition:

Reagent: R
Pipes buffer, pH6.8 ... 50 mmol/L
LPL > 12 KU/L
GK > 1 KU/L
GOP > 10 KU/L
ATP 2.0 Mmol/L
MG? 40mmol/L
POD > 2.5 KU/L
4-AA 0.5 mmol/L
Phenol 3 mmol/l
Non-ionic tensioactivies ...............ocoeeevininnnn.n 2g/L
Biocides
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Standard: STD
Glycerol 2, 26 mmol/L equivalent to 200 mg/dl glycerol trioleate.
Preparation And Stability Of Working Reagent:

Stored at 2-8 °C and protected from light, the reagent is stable until the expiry date on

the label.
Procedure:

This reagent was used on chemistry analyzer. Application is as follows

Wavelength: 500 nm (480- 520)
Temperature: 37°C
Blank Sample Standard
Reagent 1.0 ml 1.0ml 1.0 ml
Sample | ---- o ] -
Standard @~ | - | - 10 pl

HDL Cholesterol level

Reagents composition:

Reagent: R
Polyethylene glycol ............................ 20 % (w/v)
Glycine buffer ... pH 10.0

Standard: STD

Cholesterol ... 50 mg/dl
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Stability of reagents:

When stored at 15-25 °C and protected from light, the reagent is stable until the expiry
date.

Procedure:

This reagent was used on chemistry analyzer. Application is as follows

Wavelength: 500nm
Temperature: 37°C
Blank Sample Standard
Reagent 2.0 ml 1.0ml 1.0 ml
Sample | ----- o ] -
Standard @~ | - | - 10 pl

LDL Cholesterol level

LDL cholesterol can be calculated using the following formula:

LDL cholesterol = Total cholesterol- HDL cholesterol- (Triglycerides/5).
Tissue Histology

Testicular and epididymis histology was carried out in order to determine the Bisphenol
A induced toxicity and protective effect of quercetin. After removal of testicular and

epididymal tissues the following steps were performed.
Fixation

Testis and epididymis were fixed in sera for 4-6 hours. Composition of sera is:
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Glacial aceticacid ...............coooeviiiiinte 10ml
Formaldehyde ...l 30ml
Absolute alcohol ... 60ml
Dehydration

Following fixation, dehydration was carried out at room temperature in the following

ascending grades of alcohol

80% Ethanol ... over night
90% Ethanol ..o 2-4 hours
100% Ethanol .. ..., 2-4 hours

After dehydration fixed tissues were transferred to the cedar wood oil to become clear

and transparent at room temperature.
Embedding

Following steps were taken for embedding.

Benzol 1 .. 10 minutes (at room temperature)
Benzol2 . 10 minutes (at room temperature)
Benzol + Paraplast (1:1) ..............oeeneen. 20 minutes (at 60 C°)
Paraplastl ... 12 hours (at 60 C°)

Paraplast2 ... 12 hours (at 60 C°)

Paraplast .. 12 hours (at 60 C°)

After embedding, tissues were transferred in a boat containing melted wax. Wax was
allowed to solidify after removing bubbles from it. With the help of knife or scalpel

paraffin wax blocks were trimmed and mounted on wooden blocks for section cutting.
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Microtomy

Paraffin embedded tissues were mounted on wooden blocks and 5 pm thin sections were
cut using microtome (Thermo, Shandon finesse 325, UK). The ribbons with tissues were
stretched and fixed to previously clean albumenized glass slides on Fischer slide warmer
at 60 °C. These glass slides were placed in incubator overnight for completion of

stretching and removal of bubbles any left.

Staining

For staining following method was used to prepare stains.
Preparation of Hematoxylin stain:

For Hematoxylin stain preparation, following chemicals were used.

Hematoxylin ... 29
Ammoniumalum ... 30
Sodium iodate ... 0.24¢g
Absolute ethanol ... 100 ml
Distilled water ... 100 ml
Glycerol 100 ml
Aceticacid 10 ml

Two gram hematoxylin was dissolved in 100 ml ethanol. 3g alum was dissolved in
distilled water in order to prepare ammonium alum solution and then boiled.
Ammonium alum solution was added in hematoxylin solution, then glycerol and sodium

iodate were added carefully. At the end, acid acid was poured and mixed thoroughly.
Preparation of Eosin Stain

1g of Eosin was dissolved in 100ml of 70% ethanol for Eosin stain preparation.
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Staining procedure

Following steps were performed for Hematoxylin and Eosin staining.

Hydration

The slides were deparaffinized in xylene overnight. Paraplast removed tissues were

hydrated in descending grades of alcohol.

100% Alcohol
90% Alcohol
70% Alcohol
50% Alcohol
30% Alcohol
Wash in tap water
Hematoxylin

Wash in tap water

colour.
Dehydration:
30% Alcohol
50% Alcohol
70% Alcohol
90% Alcohol
Eosin

90% Alcohol

.................. 2-5 minutes at room temperature
.................. 2-5 minutes at room temperature
.................. 2-5 minutes at room temperature
.................. 2-5 minutes at room temperature

------------------ 2-5 minutes at room temperature

.................. 2-3 dips

------------------ 5 to 10 minutes until the tissue were blue in

------------------ 3-5 minutes at room temperature
------------------ 3-5 minutes at room temperature
------------------ 3-5 minutes at room temperature

------------------ 3-5 minutes at room temperature
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100% Alcohol ~ —memmememee 2-5 minutes at room temperature
Xylene e 5-10 minutes

After staining, slides were mounted with Canada balsam. Cover slips were dipped in
xylene and placed on the slides and were placed in incubator overnight. Extra Canada

balsam was removed by xylene.
Light Microscopic Study

Five um thick sections were studied under light microscope (Nikon, 187842, Japan) at
40 magnifications. Slides of all control and treated groups were studied. For histological
and morphometrical results of bisphenol A and quercetin, tunica albuginea thickness,
seminiferous tubule diameter, seminiferous tubule epithelial height, lumen and
interstitial space of testicular tissue while tubular diameter, lumen and epithelial height

of epididymal tissue was measured using image J2x software package program.
Microphotography:

Microphotography was done by Leica LB microscope (Germany) equipped with cannon

digital camera (Japan).
Quantitative determination of Estradiol concentration
Principle of the Assay

The main principle of ELISA was based on the competitive binding between Estradiol
found in test samples and Estradiol-HRP (horseradish peroxidase) conjugate for a
constant amount of rabbit anti-estradiol.

Assay Procedure

In order to quantify estradiol concentrations in plasma, 10ul of standards, samples and
controls were allotted appropriate number of coated wells. Then 50ul of rabbit anti-
Estradiol was added and then 100ul Estradiol-horseradish peroxidase conjugates in all

the wells. ELISA plate was mixed for 30 seconds and kept for incubation in water bath
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at 37 °C for 1.5 hours. During this time, a specific amount of HRP-labeled estradiol
competes with endogenous estradiol in the standard, specimen or quality specific
estradiol antibody during incubation. After incubation, all the wells were washed with
distilled water so that unbound estradiol peroxidase conjugate get remove. Then each
well was added with a 100ul of tetra-methyl-benzidine (TMB) reagent. Wells were
again incubated at room temperature for 20 minutes. After that stop solution of 100ul
was added to each well and mixed for a while. The absorbance was read with microtiter

well reader at 450 nm. The results were shown in ng/ml.
Quantitative determination of Testosterone concentration

Testosterone concentration in plasma was determined by using Enzyme Linked Immuno
Sorbant Assay (ELISA) kits. The ELISA kit was purchased from Amgenix, Burlingame,
CA, USA. All samples were quantified in a single assay.

Principle of the Test

The testosterone EIA is based on the principle of competitive binding between
testosterone in the specimen and testosterone-horseradish peroxidase (HRP) conjugate

for a constant amount of rabbit anti-testosterone.

To determine testosterone concentrations in plasma, tissue 10 ul of standards,
specimen and controls were added to desired number of coated wells. Then 100 ul and
50 ul of testosterone-HRP conjugate reagent and rabbit anti-testosterone reagent were
added respectively into each well and mixed thoroughly for 30 seconds. All the wells
were incubated in water bath at 37 °C for 1.5 hour. A fixed amount of HRP-labelled
testosterone competes with endogenous testosterone in the standard, sample or quality-
specific testosterone anti-body during incubation. After incubation all the wells were
rinsed and flicks 5 times with distilled water to remove unbound testosterone peroxidase
conjugate. Then added 100 pl of TMB-reagent into each well and mix for 10 seconds.
Again microwell plate was incubated at 18-25 C° for 20 minutes. After incubation 100
pl of stop solution was added to each well and mixed for 30 seconds. Then read the

absorbance with microtiter well reader at 450 nm. The results were expressed in ng/ml.
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The estimated normal concentration of testosterone in plasma for adult male rat is
3.0 ng/g — 10.0 ng/ml. Sensitivity of the assay, the minimum detectable concentration of
the testosterone ELISA assay as measured by 2SD from the mean of zero standard is

estimated to be 0.05ng/ml.
Statistical analysis

All the data is shown as Mean + SEM. One way analysis of variance (ANOVA)
followed by tukey’s test was used for comparison of different groups using Graph pad

prism 5 software. Level of significance was set at p<0.05.
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Results
Body weight gain:

The mean £ SEM body weight gain of all the experimental groups are shown in
Table 1. No significant change in mean body weight gain was observed among all

experimental groups.
Testis weight and volume:

Testicular weight and volume of all the experimental groups are shown in Table

2. No significant differences were found when all groups were compared.
Epididymis and accessory organs weight

There was no significant difference in the mean weight of left and right
epididymis and seminal vesicle. No significant difference was seen in the mean weight
of prostate in BPA treated group as compare to control, quercetin treated and BPA+Q

treated group as shown in table 3.
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Table 1: Mean + SEM body weight (g) of control and treated adult male rats after

52 days of treatment.

Group (n=5) Before Treatment After Treatment
Control 196 +5.43 276.2 £12.20
Bisphenol A 196 + 7.50 247.4 +13.41
Quercetin 184.4+£2.21 288.6 + 13.98
Bisphenol A + Quercetin 203.6 +3.81 261.6 £ 10.03

Table 2: Mean + SEM testicular weight (g) and volume (ml) of control and treated

groups after 52 days of treatment.

Testicular weight (g)

Testicular volume(ml)

Group (n=5)
Left Right Left Right

Control 1.41 £0.07 1.43£0.07 1.40 £ 0.60 1.60£0.19
Bisphenol A 124 +0.04 1.27 £0.05 1.50 £ 0.40 1.40£0.19
Quercetin 1.33+£0.04 1.35+£0.03 1.30£0.40 1.40£0.19
Bisphenol

A+ 1.37£0.08 1.36 £0.08 1.00£0.10 1.10+£0.19
Quercetin
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Table 3: Mean + SEM of epididymis and accessory organs weight of control and treated rats after 52 days of

treatment.
_ Epididymus weight (g) Seminal vesicle weight Prostate weight
Group (n=5) @ @
Left Right

Control 0.51 £0.03 0.54 +£0.02 1.33+0.17 0.53+0.02
Bisphenol A 0.55+0.02 0.51+£0.02 1.02 +0.09 0.65 £ 0.07
Quercetin 0.51 +£0.02 0.54 +£0.03 1.17 +£0.12 0.73+0.05
Bisphenol A+ 0.53 +0.02 0.53 + 0.02 1.44 +0.08 0.70 + 0.07
Quercetin
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Blood urea nitrogen (BUN):

BUN levels of control, BPA treated, quercetin treated and BPA+Q treated groups
are presented in Table 4. A highly significant increase (p<0.001) was observed in BPA
treated group when compared with control group. There was significant reduction
(p<0.5) in quercetin treated group as compare to control group. Both quercetin treated
and BPA+Q treated groups showed significant decrease (p<0.01, p<0.001 respectively)
when compared with BPA treated group. No significant difference was observed among

quercetin treated and BPA treated groups (Fig 2).
Serum Creatinine:

Serum Creatinine levels of control, BPA treated, quercetin treated and BPA+Q
treated groups are shown in Table 4. A highly significant elevation (p<0.001) in
creatinin level was found in BPA treated group as compare to control group. There was
no significant difference in quercetin treated and BPA+Q treated group as compare to
control group, while, highly significant decrease was observed when compared with
BPA treated group (p<0.01, p<0.001 respectively). No significant difference was found
between quercetin treated and BPA+Q treated groups (Fig 3).
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Table 4: Mean £ SEM of BUN (mg/dl) and creatinine (mg/dl) concentration in
control and treated groups after 52 days of treatment.

Group (n=5) BUN (mg/dI) Creatinine (mg/dl)
Control 23.20+1.31 0.48 + 0.02
Bisphenol A 40.32 £1.04% 0.66 +0.02°"
Quercetin 31.63+0.74"" 0.49 +0.02"""
Bisphenol A+ Quercetin 30.22 +1.00" 0.50 +0.01°"™

Values are expressed as mean £ SEM
*p< 0.05, **p< 0.01, ***p< 0.001

= Value vs control

b=Value vs Bisphenol A

“=Value vs Bisphenol A + Quercetin
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Fig 2: Mean serum BUN (mg/dl) levels of control, BPA, quercetin and BPA + Q treated
groups after 52 days of treatment. Data is expressed in Mean + SEM.
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Fig 3: Mean serum Creatinine (mg/dl) levels of control, BPA, quercetin and BPA + Q
treated groups after 52 days of treatment. Data is expressed in Mean = SEM.
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Serum Cholesterol

The mean values of serum cholesterol levels of control, BPA treated, quercetin treated
and BPA+Q treated groups are presented in Table 5. Serum cholesterol level was
significantly increased (p<0.001) in BPA treated group as compare to control. Highly
significant difference (p<0.001) was found in quercetin treated group when compared
with control and BPA treated group. Similarly, significant reduction was observed in
BPA+Q treated group when compared with control group (p<0.05) and BPA treated
group (p<0.001). No significant difference was found among quercetin treated and
BPA+Q treated groups (Fig 4).

Triglyceride

Triglyceride levels were significantly increased (p<0.001) in BPA treated group while
significantly reduced (p<0.001) in quercetin treated group as compare to control (Table
5). Mean level of triglyceride was significantly decreased (p<0.001) in quercetin treated
and BPA+Q treated group as compare to BPA treated group. Significant difference
(p<0.001) was observed among quercetin treated and BPA+Q treated groups (Fig 4).

High-Density lipoprotein (HDL)

Mean value of HDL was significantly increased (p<0.001) in BPA treated, quercetin
treated and BPA+Q treated groups when compared with control (Table 5). Quercetin
treatment alone and in combination with BPA significantly increased (p<0.01, p<0.001)
HDL level when compared to BPA treated group. However, no significant difference

was observed between quercetin treated and BPA+Q treated groups (Fig 5).
Low-density lipoprotein (LDL)

Mean LDL level was increased significantly (p<0.001) in BPA treated, quercetin treated
and BPA+Q treated groups when compared with control (Table 5). Significant increase
(P<0.001) was observed in quercetin treated and BPA+Q treated groups when compared
to BPA treated groups. No significant difference was observed among quercetin and
BPA+Q groups (Fig 5).
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Table 5: Mean + SEM of serum total cholesterol (mg/dl), triglyceride (mg/dl), HDL (mg/dl) and LDL (mg/dl) of control

and treated groups after 52 days of treatment.

Group (n=5) Cholesterol (mg/dl) Triglyceride (mg/dl) HDL (mg/dl) LDL (mg/dl)
Control 43.84 +0.89 60.56 + 0.84 29.52 +2.75 4.66 + 1.05
Bisphenol A 65.38 + 0.98" 113.75 + 2.03*" 57.08 + 1.79*"" 14.45 + 243%™
Quercetin 51.95+ 1.38""™  48.48 + 0,54 78.01 + 1.06°" 35.76 + 1.80°""
(Bgijgl‘ceert‘ior: At 48.19 + 049%™ 61.80 + 1.13"""™ 73.69 + 1,475 37.85+ 1,574

Values are expressed as mean + SEM
*p< 0.05, **p< 0.01, ***p< 0.001

= Value vs control

®=Value vs Bisphenol A

©=Value vs Bisphenol A + Quercetin
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Histomorphometric Analysis

The histomorphometric studies of all the experimental groups are presented in
Tables 6 and 7. The parameters studied in testis include: seminiferous tubule diameter,
tubular lumen diameter, epithelial height, tunica albugenia height and interstitial space.
While, epididymal parameters are: ductular diameter, lumen diameter and epithelial
height.

Testis:

The histomorphological studies of the testis showed closely arranged seminiferous
tubules with normal spermatogenesis in control group. A thick outer layer called tunica
albugenia was present covering the seminiferous tubules (Fig 7a). A thick stratified
germinal epithelium was present containing proliferating germ cells at different stages of
spermatogenesis. Narrow lumen was filled with mature spermatozoa. Interstitial spaces
around the seminiferous tubules were filled with Leydig cells (oval, round or irregular

shaped) along with large blood vessels (Fig 6a)

BPA exposure caused massive degeneration of tunica albugenia and seminiferous
tubules, reduction in tubular diameter along with disruption in normal spermatogenesis
as compare to control, quercetin treated and BPA+Q treated groups (Fig 7b). An
increase in the interstitial space and wider lumen was also evident along with intense
intercellular spaces in germinative epithelium due to loosening of germ cells

arrangement along epithelium (Fig 6b)

Histomorphology of testicular section from quercetin treated and BPA+Q treated rats
showed major difference in the appearance of seminiferous tubules compared to BPA
treated group. Tunica albugenia of both groups was thicker as compared to BPA treated
rats (Fig 7c & d). The germinal epithelial length was restored in most of the
seminiferous tubules leading to restoration of normal spermatogenesis. Number of
spermatogonia, primary spermatocytes, secondary spermatocytes, round and elongated
spermatids were also increased as compared to the BPA treated group. Similarly,
increase in Leydig cell number caused reduction of interstitial spaces. Luminal diameter

was also reduced due to the release of mature spermatids in to the lumen (Fig 6¢ & d).
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Fig 6: photomicrograph of adult male rat testis (H & E, 40X) from: (A) Control;
showing the normal thickness of tunica albuginea (TA), (B) BPA treated; showing a
reduction in the tunica albuginea, (C) Quercetin treated; showing increase in the
tunica albuginea thickness as compared to BPA treated group alone, (D) BPA+Q;
showing increase in tunica albuginea thickness as compared to BPA treated group.
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Figure 7: Photomicrograph of seminiferous tubules.(A) Control; showing compact

tubules, filled lumen with spermatid, normal germ cell proliferation along
epithelium, (B) BPA treated; showing tubules with empty lumen and degenerated
epithelial layer with increased interstitial space, (C) Quercetin treated; showing
narrow lumen, increased epithelial height and compact tubules with less interstitial
space, (D) BPA+Q; showing minimal damage to epithelium, lumen filled with
spermatid and less interstitial space. Magnification x40. Spermatogonia (SP),
Spermatocytes (SP), Elongated spermatids (ES), Interstitial space (IS), Epithelium

(E).
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Seminiferous tubule diameter:

A significant reduction (p<0.001) in the mean seminiferous tubule diameter was
observed in BPA treated and BPA+Q treated group as compared to the control group.
Similarly, a highly significant increase was seen in the mean tubular diameters of
quercetin treated (p<0.001) and BPA+Q treated (p<0.01) groups as compared to BPA
treated group. No significant difference was noticed among the tubular diameter of

quercetin treated and BPA+Q treated groups (Table 6, Fig 8).
Tubular lumen diameter:

Mean tubular lumen diameter in BPA treated and BPA+Q treated groups was
increased significantly (p<0.001) as compare to control group. There was a slight
increase of tubular lumen diameter in quercetin treated group which was significant
(p<0.05) as compare to control group. Quercetin treatment alone and along with BPA
caused significant reduction (p<0.001) in tubular lumen diameter as compare to BPA
treated group. No significant difference was found between quercetin treated and
BPA+Q treated groups (Table 6, Fig 8).

Epithelial height:

Mean epithelial thickness was significantly reduced (p<0.001) in BPA treated,
quercetin treated and BPA+Q treated groups as compare to control group. Similarly,
quercetin treated and BPA+Q treated groups showed significant increase in germinal
epithelial height when compared with BPA treated group (p<0.001, p<0.01
respectively). No significant change was observed between quercetin treated and
BPA+Q treated groups (Table 6, Fig 9).

Tunica Albuginea height:

A significant reduction (p<0.001) of tunica albuginea height was seen in BPA
treated group as compare to control. There was a slight decrease of mean tunica
albuginea height in quercetin treated and BPA+Q treated groups which was significant
(p<0.05) as compared to control. A significant increase (p<0.001) of tunica albugenia
height was observed in quercetin treated and BPA+Q treated group as compare to BPA
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treated group. However, both quercetin treated and BPA+Q treated groups, when

compared, did not show significant change in tunica albugenia height (Table 6, Fig 9).
Interstitial space:

A highly significant increase (p<0.001) of interstitial spaces between the
seminiferous tubules was observed in BPA treated group as compared to control group.
Similarly, quercetin treated group showed significant reduction (p<0.01) while BPA+Q
treated group exhibited no significant difference in interstitial spaces when compared
with control. A significant decrease in interstitial spaces was observed in quercetin
treated (p<0.001) and BPA+Q treated (p<0.01) groups when compared with BPA treated
group. While no significant difference was seen between quercetin treated and BPA+Q

treated groups (Table 6, Fig 9).
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Table 6: Mean £ SEM of seminiferous tubule diameter, tubular lumen diameter, seminiferous tubule epithelial height,
tunica albugenia height and interstitial space (um) of testis in control and treated groups after 52 days of treatment.

_ Seminiferous tubule  Tubular lumen Epithelial height Tumca . Interstitial

Group (n=5) diameter (um) diameter (um) (um) albugenia height space
(Hm) (Hm)

Control 227.11+4.20 19.29 + 0.83 78.89 +1.12 28.47 +0.62 6.83 +0.17
Bisphenol A 167.12 + 4.29° 41.31 + 1,49 44.78 +0.98°"" 19.61 £ 047" 11.28+0.20°"
Quercetin 206.76 £ 2.67""  26.63+£0.90°""" 5750 +0.69°"  25.11+0.61%""  5.62+0.12°7
Bisphenol A+ 193 58 4+ 3,067 2750 +1.36%™ 5430+ 1.06°"""  26.27 + 042%™ 633+ 017"
Quercetin

Values are expressed as mean £ SEM
*p< 0.05, **p< 0.01, ***p< 0.001

= Value vs control

®=Value vs Bisphenol A

©=Value vs Bisphenol A + Quercetin
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Fig 8: Mean seminiferous tubule diameter and tubular lumen diameter of control, BPA,

quercetin and BPA + Q treated groups of adult male rats after 52 days of treatment. Data

is expressed as Mean + SEM.
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Fig 9: Mean seminiferous tubule epithelial height, tunica albugenia height and
interstitial space of control, BPA, quercetin and BPA + Q treated groups of adult male
rats after 52 days of treatment. Data is expressed as Mean £ SEM.
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Epididymis:

Histomorphometric changes were observed in the caput and cauda of epididymis. The

data is given in Table 7.
Caput epididymis:

Histological examination of caput in the control group presented larger diameter,
wider lumen and thin pseudostratified epithelium as compare to cauda epididymis. The
epididymal tubules were densely arranged and surrounded by stroma. The lumen was
filled with large number of spermatozoa (Fig 10a).

Bisphenol A treatment resulted in significant degeneration of epididymal tubules. There
was increase in interstitial spaces and reduction in stroma that surrounded the tubules.
Number of sperms in the lumen was also significantly reduced in BPA treated rats

compared to other groups resulting in the decrease of luminal diameter (Fig 10Db).

Histological analysis of caput epididymis in quercetin treated and BPA+Q treated
groups showed slight differences from control group. However, noticeable changes were
found when both groups were compared with BPA treated group. A significant increase
in the tubular diameter as compared to BPA treated group was observed. Sperm
concentration in the lumen was restored significantly in quercetin treated and BPA+Q

treated group leading to the increase in luminal diameter (Fig 10c)
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Fig 10: Photomicrograph of adult male rat caput epididymis (H&E, 40X) from: (A)
Control group; showing normal morphology of caput epididymis, thin
pseudostratified  epithelium lined with stereocilia and lumen filled with
spermatozoa, (B) BPA treated; showing reduced pseudostratified epithelium with
distorted spermatozoa and empty lumen in most of the tubules, (C) Quercetin
group; showing no difference fron control group, (D) BPA+Q; showing increase in
pdeudostratified epithelium and increased concentration of spermatozoa as
compared to treated group. Stroma (St), Epithelium (E), Spermatozoa (S).
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Ductular diameter:

A highly significant (p<0.001) decrease was observed in the ductular diameter of
caput epididymis in BPA treated group as compare to control. A non- significant
reduction in the ductular diameter of querctin treated and BPA+Q treated groups was
seen when compared to control however both groups showed significant increase
(p<0.05) when compared to BPA treated group. There was no significant difference

between quercetin treated and BPA+Q treated groups groups (Table 7).

Luminal diameter:

There was a highly significant reduction (p<0.001) in luminal diameter of BPA
treated group as compare to control group. No significant difference in luminal diameter
of quercetin treated and BPA+Q treated groups was observed when compared to control
but both the groups showed a significant difference (p<0.05) in luminal diameter as
compare to BPA treated group. However, no significant difference was seen between
quercetin treated and BPA+Q treated groups (Table 7).

Epithelial cell height:

A highly significant decrease (p<0.001) was observed in the epithelial cell height
of BPA treated group as compared to control group. There was a significant reduction in
the epithelial cell height of quercetin treated (p<0.05) and BP+Q treated (p<0.001)
groups when compared to control group. However, a highly significant increase of
epithelial cell height was observed in quercetin treated (p<0.001) and BPA+Q treated
(p<0.05) groups when compared to BPA treated group. The epithelial cell height of
quercetin treated group showed significant difference (p<0.001) when compared to
BPA+Q treated group as shown in table 7
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Cauda epididymis:

The cauda epididymis from control group exhibited normal morphology with compactly
arranged tubules. The epididymis tubules were surrounded by stroma. In control group,
thick and pseudostratified epithelium was observed lined with stereocilia, and lumen
was filled with spermatozoa. The pseudostratified epithelium of epididymis has two
kinds of cell: the principle cells which extend from basal lamina to the short lumen

while basal cells were located at the basal lamina (Fig 11a).

A significant reduction in ductular diameter, luminar diameter and epithelium
height was observed in BPA treated group as compare to control group. The number of
spermatozoa in the lumen of cauda epididymis was significantly reduced leading to the

narrowing of lumen compared to control (Fig 11b).

Quercetin treated BPA+Q treated groups showed slight differences in
histomorphology of cauda epididymus from control group. However, both groups
showed obvious changes when compared with BPA treated group. There was significant
increase in the ductular diameter and epithelial height as compared to BPA treated
group. The increase in number of spermatozoa in the cauda lumen resulted in widening

of lumen as compared to BPA treated group (Fig 11c).
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Fig 11: photomicrograph of cross section of cauda epididymis (H&E, 40X) from:

(A) Control; showing normal morphology of cauda epididymis showing compactly
arranged tubules with thick epithelium, lumen filled with sperm, (B) BPA treated;
showing marked changes in structure of tubule with decreased concentration of
sperm, (C) Quercetin treated; showing regular arrangement of tubules surrounded
by stroma, lumen filled with spermatozoa, (D) BPA+Q; showing increase in
epithelium an lumen sperm concentration. Spermatozoa (S), Epithelium (E),
Stroma (St).
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Ductular diameter:

A highly significant reduction (p<0.001) was observed in the mean ductular
diameter of BPA treated group as compare to control. There was slight reduction in
quercetin treated group while no significant change was seen in BPA+Q treated group
when compared to control. Quercetin treated group showed no significant difference in
ductular diameter while BPA+Q treated group exhibited significant increase (p<0.01) as
compare to BPA treated group. No significant difference was observed among quercetin
treated and BPA+Q treated groups as presented in table 7.

Lumen diameter:

There was a significant reduction (p<0.001) in the mean luminal diameter of BPA
treated group as compare to control group. However, when quercetin treated and
BPA+Q treated groups were compared with BPA treated group; they showed a
significant increase (p<0.05) in luminal diameter. There was a slight increase in luminal
diameter of quercetin treated group as compare to BPA+Q treated group but that was not

significant as presented in table 7.
Epithelial cell height:

Epithelial cell height decreased significantly (p<0.001) in BPA treated group as
compare to control group. Similarly, quercetin treated and BPA+Q treated group also
showed a significant difference in epithelial cell height when compared with control
group (p<0.05, p<0.001). A significant increase (p<0.01) was also observed in epithelial
cell height of quercetin treated group and BPA+Q treated group (p<0.001) when
compared to BPA treated group. There was no significant difference in epithelial cell

height between quercetin tretaed and BPA+Q treated groups as shown in table 7.
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Table 7: Mean + SEM of ductular diameter (um), luminal diameter (um) and epididymis cell height (um) of
epididymis in control and treated groups after 52 days of treatment.

Ductular diameter (um) Lumen diameter (um) Epithelial height (um)
Group (n=5)
Caput Cauda Caput Cauda Caput Cauda
Control 260.47 £4.10 239.50 + 9.68 233.79 £ 5.48 209.47 £ 8.53 31.08 £ 0.35 209.47 £ 8.53

Bisphenol A 236.91 +5.00°" 193.92 #5.66° 205.62 +5.07*" 152.95+573*"  12.13+0.19° = 15295+573"

Quercetin 25534+ 530"  210.13+852%  221.58+458"  165.19+5.88"  26.71+0.61"""  165.19 +5.88%""

Bisphenol
A+ 250.91 + 4.06°° 21565 +5.95"" 22629 +4.85”  171.61+3.98° 19.13 +0.48°"  171.61 + 3.98®"
Quercetin

Values are expressed as mean + SEM
*p< 0.05, **p< 0.01, ***p< 0.001

= Value vs control

®=Value vs Bisphenol A

¢~ Value vs Bisphenol A + Quercetin
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Stereological analysis:

The number of different cells was counted in each seminiferous tubule and
presented in table 8. The cells counted include: Spermatogonia, Primary spermatocytes,

Secondary spermatocytes, Spermatids.
Seminiferous tubule spermatogonia:

A significant reduction (p<0.001) in the number of spermatogonia was observed
in BPA treated group as compare to control group. There was no significant difference
in number of spermatogonia of quercetin treated and BPA+Q treated groups when
compared to control, however, both groups showed significant increase (p<0.001) in
their numbers as compare to BPA treated group. A significant difference (p<0.001) was

found among BPA treated and BPA+Q treated groups as shown in Fig 12.
Seminiferous tubule primary spermatocytes:

Significant reduction (p<0.001) in the number of primary spermatocytes was
observed in BPA treated group as compare to control group. There was no significant
difference in their numbers in quercetin treated and BPA+Q treated groups when
compared to control. Quercetin treated group exhibited a significant difference
(p<0.001) in primary spermatocytes number when compared to BPA treated group. No
significant differences were noticed between quercetin treated and BPA+Q treated

groups (Fig 12).
Seminiferous tubule secondary spermatocytes:

There was a significant reduction (p<0.001) of secondary spermatocyte numbers
in BPA treated group when compared to control. Both, quercetin treated and BPA+Q
treated groups showed a non- significant difference in the number of secondary
spermatocytes when compared to control while highly significant difference (p<0.001)
was observed when compared with BPA treated group. A slight difference of
significance (p<0.05) was seen between quercetin treated and BPA+Q treated groups
(Fig 13).
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Seminiferous tubule spermatids:

Significant reduction (p<0.001) in number of spermatid was observed in BPA
treated group when compared with control group. Quercetin treated and BPA+Q treated
groups showed no significant difference in their number when compared with control
while a significant increase (p<0.001) was seen when compared with BPA treated group.
There was slight non- significant difference in the number of spermatid between

quercetin treated and BPA+Q treated groups (Fig 13).
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Table 8: Mean £ SEM number of different cell types in each seminiferous tubule per field of control and treated rats

after 52 days of treatment.

Group (1=5)
Control 60.17 + 0.93 38.81 +0.85 31.56 +1.18 93.08 + 0.97
Bisphenol A 52.17 +0.82%"" 34.72 +0.62% 21.86 +0.57° 69.53 + 1.46%
Quercetin 63.33 +1.12"" 38.97 + 0.42" 32.28 +0.54"™ 93.19 + 0.53""
gijslf‘ceer;ior'] At 57.72 +0.75"7¢" 36.78 £ 0.91 29.06 + 0.50”"" 87.97 + 1.32"™

Values are expressed as mean £ SEM
*p< 0.05, **p< 0.01, ***p< 0.001

= Value vs control

®=Value vs Bisphenol A

°=Value vs Bisphenol A + Quercetin
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Fig 13: Mean number of secondary spermatocytes and spermatids in seminiferous
tubule of control, BPA, quercetin and BPA + Q treated groups of adult male rat after 52

days of treatmnt. VValues are expressed as Mean + SEM.
Hormonal Analysis:

The change in plasma testosterone (ng/dl) and plasma estradiol concentration

(ng/dl) in adult male rats after 52 days of treatment is shown in Table 9.
Plasma Testosterone:

Plasma testosterone levels were significantly lowered (p<0.01) from 5.78 = 1.06
ng/ml to 1.67 + 0.3 ng/ml in BPA treated group as compare to control group. No
significant changes were observed in quercetin treated and BPA+Q treated groups when
compared with control. However, quercetin alone and in combination with BPA
significantly increased (p<0.05) plasma testosterone concentration when compared to
BPA treated group (Fig 14).

Plasma Estradiol:

A slight decrease in estradiol concentration from 0.86 = 0.07 ng/ml to 0.78 + 0.09
ng/ml in BPA treated group when compared to control group was noticed, but that
difference was not significant. Similarly, no significant changes were found in quercetin
treated and BPA+Q treated groups when compared to control and BPA treated groups
(Fig 14).
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Table 9: Mean + SEM plasma testosterone (ng/ml) and plasma estradiol (ng/ml)
concentration in control and treated groups after 52 days of treatment.

Group (n=5) Plasma Testosterone level ~ Plasma Estradiol level
(ng/ml) (ng/ml)
Control 5.78 £1.06 0.86 £ 0.07
Bisphenol A 1.44 +0.21%" 0.78 £ 0.09
Quercetin 3.89 +0.26™ 0.83+0.09
Bisphenol A+ Quercetin 4.03 +0.44” 0.68 + 0.07

Values are expressed as mean £ SEM
*p< 0.05, **p< 0.01, ***p< 0.001

= Value vs control

®=Value vs Bisphenol A

“=Value vs Bisphenol A + Quercetin
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Fig 14: Mean plasma testosterone concentration (ng/ml) in control, BPA, quercetin,

BPA + Q treated groups of adult male rats after 52 days of tratment. Data is expressed as

Mean + SEM.
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Fig 15: Mean plasma estradiol concentration (ng/ml) in control, BPA, quercetin, BPA +
Q treated groups of adult male rats after 52 days of treatment. Data is expressed as Mean
+ SEM.
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Discussion

The present study was designed to evaluate possible therapeutic effect of
quercetin against BPA induced reproductive toxicity and testicular damage in adult male
rats. Bisphenol A acts as endocrine disruptor; many studies have revealed its toxic
effects on reproduction (Aydogan and Barlas, 2006; Richter et al., 2007). Besides,
Bisphenol A is known to cause oxidative stress by disturbing normal redox status in
different organs (Hasselberg et al., 2004).

In order to induce reproductive toxicity, rats were exposed to BPA at the dose of
50 mg/kg/day for 52 days. The results indicated BPA induced elevation in BUN and
creatinine levels, impared spermatogenesis and hormonal imbalance. These effects were

amended by oral administration of quercetin at the dose of 50 mg/kg/day for 52 days.

The results of our study indicated no significant change in body weight and
reproductive organ weight of BPA treated group as compare to control. These results are
similar to previous studies (Wu et al., 2013). Similarly, quercetin treatment increased the
organ weight but this increase was not significant, this result is in accordance with
earlier studies in which 2ug/kg dose of TCDD to rats caused no significant change in
organ weights (Ciftci et al., 2012). But disagreed with studies reported by Taepongsorat
et al., (2008) in which no change was observed in body weights of rats when treated
with polychlorinated biphenyls. One possible explanation for contradictory results may

be difference in amount of dose, time period of experiment and rout of exposure.

As BPA is metabolized in liver and expelled out through kidney, so, there is
possibility that BPA can exert toxic effects on these organs. In the present study,
administration of BPA at the dose of 50 mg/kg for 52 days caused significant increase in
serum blood urea nitrogen levels (BUN) as well as serum creatinine levels. This result is
in accordance with previous findings in which BPA was investigated to induce
nephrotoxicity by increasing oxidative stress on kidney tissues (Korkmaz et al., 2011).
Similarly, a study conducted by Helal et al (2013) showed significant increase in BUN
and creatinine levels when treated with BPA (30 mg/kg/day) for one week. In our
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present investigation, treatment with quercetin (50 mg/kg/day) normalized the BUN and

creatinine levels.

The result of present study indicated a significant increase in serum total
cholesterol, triglyceride and LDL along with reduction of HDL cholesterol in BPA
treated group. These results are similar to earlier studies on rabbits, in which
administration of intravenous injections of BPA for 12 weeks caused increase in serum
total cholesterol and triglycerides (Witting et al., 1999). Probably, as BPA has
estrogenic activity, so enhanced estrogen significantly affect serum total cholesterol.
Another possibility is action of estrogen hormone on lipoproteins that are linked with
cholesterol in blood circulation. So, myocardial infractions and arterosclerotic
complications may be due to higher estrogenic activity of BPA (Ganong and Ganong
1997). Present data showed that quercetin treatment for 52 days corrected the BPA
induced hyperlipidemia. These results are in close agreement with earler studies by
Prabu et al. (2013) in which quercetin (50 mg/kg/day) treatment amended cadmium
induced hypercholesterolemia. This hypolipidemic effect of quercetin is because of its
antilipoperoxidative activity and antioxidant effect, which prevents BPA induced
oxidative damage by inhibiting oxidation of lipid components in addition to prevention

of hepercholestrolemia (Prabu et al. 2013).

In present study, BPA exposure for 52 days brought about significant decrease in
seminiferous tubule diameter, epithelial height, tunica albugenia height and germ cells,
while significant increase was observed in tubular lumen diameter and interstitial spaces
thus disturbing normal spermatogenesis. Previously, Gurmeet et al. (2014) showed
similar results when rats were treated with BPA (100 mg/kg BW). Likewise, a
significant decrease of mature spermatids was observed in seminiferous tubules when
mouse offspring were exposed to 5ug BPA for 4 weeks (Okada and Kai 2008). Sharpe
and Skakkebaek (1993) have indicated that environmental estrogens interfere with
spermatogenesis by affecting proliferation and differentiation of Sertoli cells during fetal
life (Sharpe and Skakkebaek 1993). Earlier studies show that BPA caused modifications

in hypothalamic-pituitary-gonadal axis and reduction in phagocytic functions of Sertoli
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cell are perhaps responsible for testicular pathogenicity and spermatozoa toxicity
(Vandenberg et al., 2009).

It has been reported that Sertoli cells act as central regulator of testicular functions
and maintenance of spermatogenesis by interacting with germ cells. So regulation of
Sertoli cells proliferation is necessary for normal spermatogenesis. Previous studies
showed that FSH stimulates Sertoli cells function as reduction in FSH concentration lead

to the decrease in germ cells of spermatogenic cycle (Jin et al., 2013).

The spermatogenic cycle initiates with differentiation of spermatogonia for which
testosterone action is mendatory. The results of our study showed significantly lower
level of plasma testosterone in BPA treated animals. So, it is suggested that the low
testosterone level may have caused failure of spermatogenesis and disruption of the
seminiferous epithelium. Nanjappa et al. (2012) proposed that low plasma testosterone
level in BPA treated rats was perhaps due to interference of proliferation and
development of Leydig cells in rat. On the other hand, low level of 17p3- oestradiol may
be the cause of apoptotic degeneration of male germ cells (Pentikdinen et al., 2000) that

may be the cause of lack of spermatozoa in lumen.

It is generally believed that BPA cause testicular toxicity through oxidative stress
and by the production of free radicals. Increased oxidative stress causes damage to the
sperm membranes, proteins and DNA that are associated with male fertility (Kalender et
al., 2005). Excessive production of reactive oxygen species (ROS) could be an indicator
for male infertility and causes abnormality in spermatozoa. High concentrations of
hydrogen peroxide (H,O;) induce lipid peroxidation and can cause reduction in
spermatogenesis and cell death. Spermatozoa are highly vulnerable to the damage
induced by ROS because of the high content of polyunsaturated fatty acids. To lessen
the effects of ROS, spermatozoa are equipped with antioxidant defense systems, which

inhibit cellular damage (Turrens, 2003)

The results of our study showed that quercetin amended testicular toxicity
induced by BPA that are consistent with previous studies in which quercetin reduced
reproductive toxicity induced by TCDD (Ciftci et al., 2012). Another study conducted
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by Zhang (2005) reported that quercetin prevented oxidative stress induced by
polychlorinated biphenyls. Similarly, it was reported that tubular diameter was increased
by quercetine treatment in dose dependent manner (Taepongsorat et al., 2008). In
addition, quercetin inhibited DEPs induced testicular damage (lzawa et al., 2008).
Quercetin provides protection against oxidative stress with its antioxidant and metal
chelating activity. Co-administration of quercetin along with cadmium decreased the
production of H,O, and lipid peroxidation (Ola-Mudathir et al., 2008). It is assumed
that chemical structure of quercetin play important role in free radical scavenging
activity. The B ring hydroxyl configuration is an important factor of scavenging ROS
because it donates an electron to hydroxyl radicals, thus giving rise to a relatively stable
flavonoids radical (Hernandez et al., 2009; Wolf et al., 2010; Fini et al., 2012). The
antioxidant activity of flavonoids depends upon the arrangement of functional groups
around the nuclear structure. The configuration, substitution, and total number of
hydroxyl groups significantly influence several mechanisms of antioxidant activity such
as radical scavenging and metal ion chelation ability (Zancan et al., 2002; Pourcel et al.,
2006; Agati et al., 2011).

The results of histological examination of caput and cauda exhibited significant
decrease in tubular diameter, tubular lumen diameter and epithelial height as reported in
earlier study in which BPA exposure at low dose lead to complete degeneration of
epididymal epithelium along with reduction in spermatozoa of male rats (Chitra et al.,
2003). This observation may be due to low level of serum testosterone. It was found that
quercetine treatment increased tubular diameter, lumen diameter and epithelial height in
BPA treated rats. Cotreatment of BPA along with quercetin also revised changes in
epididymal structure thus indicating that cotreatment of BPA+Q can prevent epididymal
toxicity. These results are in close agreement with previous study in which quercetin
corrected TCDD induced epididymal damage (Ciftci et al., 2012).

The exposure of rats to BPA for 52 days lead to the significant reduction in
plasma testosterone level which is in agreement with previous studies in which reduced
testosterone level was observed in rats that were administered subcutaneous injections of
BPA for one week (Helal et al., 2013). In additional, Akingbemi et al. (2004) reported

Possible therapeutic effects of Quercetin against Bisphenol A induced testicular damage
in Male Sprague Dawly Rats: A histological study 56



Chapter 4 Discussion

that BPA disrupt normal testicular functions by acting on pituitary thus reducing the
release of LH and Leydig cells steroidogenesis. This reduced serum LH levels along
with decreased Leydig cell androgen production lead to the reduction of serum
testosterone levels. Another possibility may be the interference of BPA with LH
receptor-legend binding leading thus inhibiting testosterone production. Similarly, in
vitro study conducted by Akingbemi et al. (2004) showed that oral administration of
BPA (2.4pg/kg/day) lead to the decreased testosterone production from Leydig cells
either by suppressing 17 a-hydroxylase or by enhancing aromatase activity to reduce
testosterone production (Kim et al., 2010). A recent study proposed that subcutaneous
administration of BPA for six weeks lead to reduction in Leydig cells as well as
testosterone (Nakamura et al., 2010). Therefore, BPA inhibited serum testosterone
production via reduced LH release. The treatment with quercetin at the dose of 50
mg/kg/day for 52 days elevated plasma testosterone to normal levels. These results are
comparable with previous reports in which quercetin treatment elevated testosterone
levels in diabetic rats (Tang et al., 2008; Khaki et al., 2010). Similarly, quercetin
treatment lowered TCDD induced increase in serum testosterone level (Ciftci et al.,
2012).

The results of our study showed marginal decrease in estradiol level when treated
with BPA. Similarly, a recent study showed that BPA caused reduction in estradiol
production (Peretz et al., 2011). As BPA is estrogenic compound and interacts with
estrogen receptors, but this binding to ER is week. Previous studies showed that BPA
exhibits estrogen like activities stronger than natural hormone E, (Hugo et al., 2008)
thus elevating estrogen level that is inconsistent with our studies. This conflict may be
due to change in amount of dose and period of exposure. Quercetin treatment slightly
elevated estrogen level as compare to BPA treated group in our studies. Similar results
were reported by Selim et al. (2013) where quercetine revised letrozol induced reduction

in estradiol level.

Therefore, present study concluded that exposure of Bisphenol A lead to the
structural and functional impairments in testes, epididymis and cause hormonal

imbalance in rats. BPA has the potential to cause reproductive toxicity and impair
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spermatogenesis by producing reactive oxygen species and disturbing natural
antioxidant environment. Quercetin treatment ameliorates BPA induced toxic effects by
inhibiting reactive oxygen species (ROS) by using its antioxidant properties. So, from
our studies, it is suggested that quercetin can be used as potent therapeutic agent against
BPA induced reproductive toxicity. Further studies are required to find out exact
mechanism played by quercetin as therapeutic agent against toxic effects of

environmental pollutants.
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