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PREFACE

The idea for this study came from my personal interest in toxicology and several reports in the lay media
regarding the health effects of Bisphenol A (BPA). At the time I had a young child that was still bottle-
feeding and when looking for plastic bottles I was advised to choose BPA free options. I realized that
in South Africa we had almost no regulation regarding the presence of BPA in food and consumer
products. Additionally, we had no idea of what BPA exposure was like in our population, especially,
in the populations supposedly most vulnerable to the effects of BPA- pregnant women and neonates.
Also, none of the major academic clinical laboratories including the national occupational health
laboratories were measuring BPA in any type of human fluids at the time of the conception of this study.
It represented to me an important knowledge gap in South Africa. Considering that NHANES reported
that the presence of BPA in urine represented an increased overall risk in morbidity and mortality — this

1ssue needed further scientific research.

This PhD thesis is presented as 7 chapters:

e Chapters 1 and 2 are the literature review and methods chapters, respectively.

e Chapters 3 to 6 contain the results of the studies undertaken for this PhD, with each chapter

written in the format of a research publication.

e Chapters 3 and 4 has been published as papers, whilst the other 2 chapters have been submitted

and are currently under review by the respective journals.

e Chapter 7 comprises of the conclusions and recommendations for further work.
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ABSTRACT

Bisphenol A (BPA) is an endocrine disruptor that has become ubiquitous in our environment. It is
utilised in numerous consumer products related to the manufacture of plastics. Exposure to BPA has
been linked to a wide range of disease including disorders of immune, reproductive and neurological
development as well as malignancy. The in-utero stage is particularly vulnerable to the effects of BPA
exposure. Maternal exposure has been shown to be positively correlated to BPA levels in the foetus and
in early infancy. There is a paucity of data on the extent of exposure to BPA in sub-Saharan populations.
As an endocrine disruptor BPA has been shown to affect steroid hormone function and production.
However, the mechanism of BPAs action on steroid hormones have not been fully elucidated. The
objectives of this study were to describe the extent of BPA exposure in maternal-child pairs in a local
cohort, to determine the effect BPA exposure on their steroid hormone concentrations and to elucidate
further mechanisms of BPA action via methylation studies of promoter regions of enzymes involved in
steroid metabolism.

Method: Matched maternal and cord blood samples collected as part of the Maternal and Child
Environment birth cohort study were utilised for the purpose of the study. BPA and its metabolite BPA
glucuronide (BPA-g) were analysed in the serum maternal and cord blood samples using an in-house
developed liquid chromatography tandem mass spectrometry (LC-MS/MS) method. Samples were also
analysed for nine sex steroid hormones namely-: oestradiol (E2), total testosterone (TT), 11-
deoxycorticosterone (11DOC), Dehydroepiandrosterone (DHEA), dehydroepiandrosterone sulfate
(DHEAS) androstenedione (Andro), 17-OH progesterone (170HP), dihydrosterone (DHT) and
progesterone (Prog) using LC-MS/MS. 25 hydroxy-Vitamin D (D2 and D3) concentrations were
determined in the study cohort using high performance liquid chromatography (HPLC). The degree of
the methylation status of the promoter regions of the CYPIBI and CYP3A44 was assessed using
quantitative PCR. A p value of <0.05 was considered significant. Statistical analysis was performed on
Medcalc statistical software program version 18.11 (Medcalc, Belgium).

Results: Significant exposure to BPA was described in this cohort with more than 75 percent of maternal
and cord blood samples exhibiting detectable BPA and/or BPA-g levels. This study demonstrated a
statistically significant positive correlation of maternal BPA and BPA-g concentrations with cord blood
samples as well as a significant association with cord blood oestradiol and testosterone. A significant
negative relationship with cord (p=0.03) and maternal BPA-g levels (p=0.04) and cord total 250HD
levels was noted. No significant association with CYPIBI and CYP3A44 promoter methylation status
and BPA concentrations was identified.

Conclusion. This study is the first in South Africa to describe the extent of BPA exposure in a human
cohort and in maternal-child pairs. It is also the first in Africa and one of the few studies worldwide to
describe the relationship between steroid hormones and BPA in maternal and cord blood samples. The

significant BPA exposure noted in this study has important implications with regards to public health

Xiv



strategies to limit BPA exposure as well as to prevent, identify and manage associated disease

conditions.
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CHAPTER 1
INTRODUCTION

1.1 Introduction, Aims and Objectives

Bisphenol A has been shown to have significant effects on human health ranging from reproductive,
neurodevelopmental and metabolic pathologies as well as the promotion of tumorigenesis. Its presence
in the environment has become ubiquitous (1,2,3). Steroid hormone function has been shown to be
affected by BPA and the effect of BPA exposure is particularly deleterious in the developmental in-
utero stage based on animal and in-vitro studies (4,5,6). Maternal exposure and the subsequent effects
on progeny have been demonstrated to be not just through direct action of toxins on tissue but as a result

of epigenetic changes (7,8).

Although there are several studies examining the levels of exposure to Bisphenol A in populations from
industrialised or developed nations, there is a significant paucity of data with regards to the developing
world and no data available with regards to maternal and child pair exposure for the continent of Africa
and sub-Saharan Africa. There are no studies in Africa reviewing the association of steroid hormones
including 25-hydroxy vitamin D with BPA exposure. Additionally, the mechanisms of BPA effect on
health have still to be fully elucidated.

This study will attempt to address the three main knowledge gaps identified: 1) lack of data regarding
BPA exposure in South Africa, 2) effect of BPA exposure on steroid hormones in vulnerable
populations namely maternal child pairs, and 3) further elucidate mechanism of BPA health effects by

exploring epigenetic effects on steroid metabolising enzymes.

Hypothesis: The hypothesis to be tested in this study is that there is significant BPA exposure in

maternal/infant pairs and this contributes to alteration in steroid hormone concentrations.

Aims and objectives

Aim

The aim of this study was to describe the degree and effect of BPA exposure on serum steroid hormones
in a maternal-child cohort.

Objectives

The objectives of this study were fourfold
1) Firstly, to develop an in-house method for the determination of serum BPA and BPA-g
concentration.
2) Secondly to describe the extent of BPA exposure in maternal-child pairs in a local cohort.

3) Thirdly to determine the effect BPA exposure on their steroid hormone concentrations and,



4) Lastly to attempt to elucidate further mechanisms of BPA action via methylation studies of

promoter regions of enzymes involved in steroid metabolism and possible mechanisms thereof.

1.2 Thesis Framework

The layout of the thesis is as follows with each chapter addressing specific objectives of the study.

Chapter 1 This chapter gives a brief introduction and rationale of the study. Aims and
objectives of the study are summarised in this chapter

Chapter 2 — This chapter contains the literature review that informs the conduct of the study.
Chapter 3 - provides a detailed description of the study population and methodologies
utilised for all laboratory analysis performed during the course of this study

Chapters 4-7 are the data chapters

Chapter 4 — addresses the first two objectives of the study. This chapter describes the
method developed and validated for the analysis of BPA and BPG levels in serum and the
findings on analysis of the cohort of maternal-child pairs.

Chapter 5 and 6 address the third objective of the study. These chapters detail the
measurement of the serum concentrations of sex steroid hormones and 25-hydroxy-Vitamin
D in the maternal-child pairs and describe any association with BPA and/or BPA-g levels

Chapter 7 addresses the last objective to examine possible epigenetic changes (in this case
DNA methylation) of the promoter regions of the steroid hormone metabolising enzymes
that would further elucidate the mechanism of the action of BPA

Chapter 8 Synthesis chapter. This is the concluding chapter, the important findings of this
study are highlighted and limitations are further discussed. This chapter also serves to place
the results of this study in the larger context of the health consequence of environmental

€xposures.
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CHAPTER 2
LITERATURE REVIEW

2.1 Endocrine disruptors

Environmental endocrine disruptors (EDCs) are environmental chemicals that can interfere with
endocrine hormone signalling to alter cellular function. An endocrine-disrupting compound is defined
by the United States (US) Environmental Protection Agency (EPA) as “an exogenous agent that
interferes with the synthesis, secretion, transport, metabolism, binding action, or elimination of natural
blood-borne hormones that are present in the body and are responsible for homeostasis, reproduction,
and developmental process (1). EDCs can enter the environment mainly through industrial and urban
discharges, agricultural run-off and the burning and release of waste. Human exposure can occur via
the ingestion of food, dust and water, inhalation of gases and particles in the air, and skin contact. In
humans EDCs have been linked to adverse effects on reproductive systems including development of
malignancy (for example breast and testicular cancers), abnormal neuronal development as well as
intra-uterine growth restriction. Apart from the direct effect at the level of hormone signalling affecting
the individual exposed to EDCs it has been suggested that exposure to EDCs can cause transgenerational
epigenetic effects (1-5). Currently, a definitive list of endocrine disrupting chemicals does not exist (6).
The reported endocrine disruptors do not appear to share any structural similarity except that most have

a small molecular mass (< 1000 da) (7).

Substances found to have endocrine disrupting potential form a diverse group that may occur naturally
in the environment and food or synthetically manufactured. Phyto-oestrogens such as genistein and
coumesterol found commonly in food products containing soya are also considered to be potential
endocrine disruptors. Synthetic chemicals include plastics such as Bisphenol A which is recognised as
a synthetic xenoestrogen, plasticisers (phthalates), industrial solvents and their by-products
polychlorinated biphenyls (PCB), pesticides [methoxychlor, chlorpyrifos,
dichlorodiphenyltrichloroethane (DDT)], fungicides for example vinclozolin which has antiandrogen
properties, dioxins and pharmaceutical agents [diethylstilbestrol (DES)] (2,8). Table 2.1 below lists the

common classes of endocrine disruptors and source of exposure.



Table 2.1 Summary of Common EDCs and Potential sources of exposure [Adapted from Michatowicz

I1(8)
Chemical Potential sources of exposure
Bisphenol A Food, drinking water, toys, cosmetics

e Used in the manufacture of epoxy resins used to coat food cans,
bottle tops and water supply lines

e Used in the manufacture of Polycarbonate plastics

e Used in the manufacture of rigid plastics used for food storage
and water containers, plastic tableware, coatings for wine storage
vats

e Toys made from rigid plastics especially in case of young
children

e Migration from the plastics used to package cosmetics

e Medical devices made from plastics

Polychlorinated biphenyls
(PCB)

(persistent organic
pollutant)

Food, drinking water, contaminated indoor air

e Were widely used as coolant and lubricants in transformers,
capacitors and other electrical equipment — released into the
environment (soil, air and water) from poorly maintained
hazardous waste sites that contain PCB, via illegal or improper
dumping of PCB waste.

e Environmental contamination taken up by plants, fish and other
aquatic animals

e Skin contact

e Flame retardants

Polybrominated biphenyls

Use discontinued in the United States of America in 1970’s.
Contaminated food, air, water and soil
e Used as flame retardant is a wide variety of consumer products
including computer monitors, televisions, textiles

Phthalates Food, air, dust, toys, medical devices
e Eating and drinking foods that have been in contact with
containers and products containing phthalates
e Breathing in indoor air containing phthalate vapours or dust
contaminated with phthalate particles originating from flooring,
wall covering, lacquers, varnishing and coatings
e Cosmetics, personal care products, plastic toys
e Coatings on nutritional supplements
Pesticides Contaminated food and water

Fungicides (for example
vinclozolin)

Contaminated food and water

Polychlorinated Food (especially dairy products, meat and fish), soil

dibenzodioxins Produced as a by-product of industrial processes but can also result from
(persistent organic natural processes for example forest fires

pollutant)

Phytoestrogens Plant derived found in a variety of foods most notably soy and soy related

products including many processed foods such as hotdogs and other meat
products, ice cream, infant formula, sports drinks, imitation dairy products




2.2 Bisphenol A

Bisphenol A (BPA) is a synthetic phenol that is utilised in the production of polycarbonate plastics and
epoxy resins. It is found in a wide range of consumer products globally. These include toys, water
pipes, drinking containers, eyeglass lenses, sport safety equipment, medical equipment and tubing, and
consumer electronics (1,2,9). It is the most widely used synthetic compound in the world, with annual
production estimated to reach over 7000 tons by the year 2023, owing to a significant growth in
production and demand in Asia (10). Figure 2.1 below depicts the worldwide production of BPA over
the period of 1993-2005 showing the highest producing regions. Total global production of BPA in

2015 was reported to be around 7.7 million metric tons (11).
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Figure 2.1 Worldwide production of BPA (1993-2005) in kilotonnes (kt) (12)

2.2.1 Physicochemical properties
BPA has a molecular weight of 228.29 g/mol and has a white crystalline solid structure. The mechanical
properties of polymers made from BPA include thermal stability and low adsorption, making it a

versatile choice to be used in the manufacture of a wide range of consumer products and devices (13).



0 IUPAC name 4-[2-(4-hydroxyphenyl)propan-2-ylJphenol
) ‘ Molecular formula C15H1602 /(CH3)2C(C6H40H)2
“:- ” Melting point 220 °C at 4 mmHg
Boiling point 156 °C
Vapour pressure 5.32-5 Pa

Very soluble in ethanol, ether benzene

Figure 2.2 Structure and chemical properties of Bisphenol A (13) (Source: National Center for
Biotechnology Information. PubChem Compound Summary for CID 6623, Bisphenol

A. https://pubchem.ncbi.nlm.nih.gov/compound/Bisphenol-A)

2.2.2 Sources and routes of exposure
The release and migration of BPA monomers that are formed during the production and treatment of
BPA material or plastic polymer degradation constitute the main origins of environmental BPA (14).
BPA may enter an organism via various routes (15, 16):

- The digestive tract

- Absorption, by the skin

- The respiratory tract

Significant concentrations of BPA have been detected in amniotic fluid, cord blood and breast milk, as
BPA is able to cross cell membranes due to its strong lipophilic properties. As such, growing foetuses
and infants are continuously exposed to this synthetic phenol (17-20).
Sources
a) Food and water
Dietary intake constitutes the primary source of BPA intake amongst humans. This can occur
via intake of animal and plant material exposed to BPA. Table 2.2 below indicates the BPA

concentrations of various food items as reported by different regional studies.



Table 2.2 Concentrations of BPA reported worldwide in different foods and water

Fish Meat/meat Fruits  and | Grains Water Region Reference
products vegetables
1.2 pg’kg | 0.24 pg/kg 0.19 pg/kg 0.11 Norway Sakhi et al, 2014
ngkg (21)
419.26pg/kg | 6.15 ng/kg Taiwan Chen et al, 2016
(22)
36.9 ug/kg 9.92 ug/kg Spain Martinez et al,
2018 (23)
6.26 ND-12.7 ND-2.21 ND Nigeria Babalola, 2019
ng/kg ng/kg ng/kg (24)
3.3-8.8 ng/L (bottled | Saudi Arabia Elobeid et al,
water) 2012 (25)
Asia 33.16 ng/L mixed Corrales et al,

Europe 5.32 ng/L
North America 0.65

ng/L ( surface water)

2015 (26)

0.0173 -1.468 pg/L

(effluent water )

Eastern Cape ,

South Africa

Farounbi et al,

2020 (27)

<0.0002 pg/L to <
0.002 ug/L (Europe)
<0.002 pg/L to <1 ug/L
(North America
<0.014 pg/L-
ug/L ( Asia)

0.026

Mixed

Arnold et al, 2012
(28)

ND-not detectable

BPA released from plastic food containers and linings of cans also contributes significantly to

dietary ingestion. The amount of BPA released from the polymer lined food containers also

depends on pH, usage time and temperature. In a study by Lorber et al (29), it was demonstrated

that BPA from canned food accounts for a large proportion of the daily BPA intake. Elobeid

et al (25), reported significantly increased levels of BPA in plastic waste bottles when bottles

were exposed to outside temperatures versus room temperature.




Breast milk is also a source of BPA. This is due to its high lipophilic property and accumulation
in mammary gland fat. The mean amount of BPA exposure has been reported to be around 0.3

ug/kg bw/day for exclusively breast-fed infants (15).

b) Air and dust
The respiratory route is estimated to account for more than 70% of non-dietary BPA exposure.
BPA can be released into the air during the use of products containing BPA synthetic polymers.
The degree of release is also directly related to the duration of usage of the product in question.
Products that have been reported to release BPA into the air include commonly used household
products, such as epoxy-based floorings, adhesives and electronic equipment (23). Liu et al
(30) and Loganathan et al (31) reported the accumulation of BPA in indoor dust. This in turn
can be inhaled, ingested or absorbed via the skin. Alkasir et al (32) reported BPA concentration
of 0.05 to 3.87 pg/g in several different household dust samples. A further study in Belgium
estimated mean BPA concentrations in dust of around 1.46 pg/g (33). BPA in dust and air may

also be routes of occupational exposure (34).

c) Other sources
Thermal paper is used for cash receipts, boarding passes and various tickets. Exposure is higher
in those groups who utilise thermal paper in their occupations, like cashiers for example (14).
Bernier et al, estimated BPA exposure from handling thermal paper to be 0.0511pg/kg/bw/day

(35). Dental materials have been shown to contribute minimally to total BPA exposure (15, 36).

2.2.3. Metabolism

Once BPA is ingested it is rapidly absorbed via the digestive tract and has a short half-life in humans
of less than 6 hours. Following absorption, it is metabolised primarily by the liver and is conjugated via
the action of the enzyme UDP glucuronyl-transferase (UGT) into BPA-glucuronide (BPA-g). BPA-g
represents the major metabolite of BPA with other conjugates such as sulphates produced by the action
of sulfotransferases, comprising the remainder. The water-soluble metabolites of BPA then enter the
circulation and are excreted via urine (14). Most of the studies examining human exposure to BPA
including the large epidemiological studies such as NHANES have measured urinary BPA
concentrations (37). Due to the rapid rate of clearance via urine this may not represent an adequate
picture of long term exposure. In humans, levels of the enzyme UGT have been shown to be lower in
the foetal liver than the adult liver. The concentration of BPA in the placenta has been found to be much
higher than that of maternal plasma (38). This indicates the likelihood of increased BPA exposure for

the foetus even when maternal BPA concentrations are not significant.



2.2.4 Adverse Health Effects

Exposure to BPA is of the greatest health concern in early life where exposure in utero produces prenatal

and postnatal adverse effects on multiple tissues, including the brain. Animal and human studies have

demonstrated that BPA readily crosses the placenta and has been detected in amniotic fluid (39-42).

Whilst studies demonstrating causation in humans have been relatively limited, studies in animal

models have associated BPA exposure to the development of breast and prostate cancers, polycystic

ovarian syndrome, preterm delivery, intrauterine growth restriction and low birth weight (1,7,9,14).

Recent studies have also associated elevated serum and urine BPA levels with cardiovascular disease,

obesity and type 2 diabetes mellitus (43-45).

pathologies associated with BPA exposure.

Figure 3 below summarises the reported human

Abnormal neurodevelopment, ADHD, autism
spectrum disorders

Asthma, lung function damage
Cancer : Breast cancer, lung cancer,

Increased risk of allergic disease,
type 1 diabetes, autaimmune
thyroid disease

Cardiovascular disease, increased

prostate cancer, ovarian cancer, cervical

CanCer
Abnormal liver function, non

alcoholic fatty liver disease

decreased FAl

sexual desire,
Infertility

risk of hypertension

Increased risk obesity, increased BMI,

waist circumference , type 2 diabetes

Male reproduction
Increased TT, prolactin, E2,

Decreased sexual function,

Decreased sperm guality

Albuminuria; decreased renal function /GFR

Female reproduction

Increased E2, progesterone, LH

Ovarian disease; ovarian insufficiency, PCOS
Decreased fertility

Adverse pregnancy outcomes | recurrent miscarriage,
preterm birth, premature rupture of membranes

Developmental disorder

Low birth weight , childhood obesity;
decreased of height in boys

Shertened anogenital distance in boys and
girls

Idiopathic precadious puberty

Figure 2.3: Summary of pathologies associated with BPA exposure in humans [adapted from Ma et al,

2019 (14)]
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2.2.4.1 Effects on Reproduction

Disorders or disruption of the reproductive system have been reported to be associated with BPA
exposure in several epidemiological studies. BPA is an endocrine disruptor and exerts its effects on the
reproductive system by reducing or increasing the concerned regulatory hormones or interrupting the
action of these hormones in some manner (14). BPA has been reported to increase serum oestradiol,
progesterone, luteinising hormone (LH) and total testosterone levels (46). Other studies report a
decrease in testosterone concentration with increased oestradiol and an altered serum oestradiol:
testosterone ratio (47). Increased BPA concentrations have been reported in women diagnosed with
polycystic ovarian disease (48,49). Various reproductive cancers such as endometrial, ovarian and
prostate have been associated with BPA exposure (1,7,9,14). In males, infertility has been linked to
BPA exposure, together with decreased sperm quality, sexual drive and erectile dysfunction (50, 51).
Poor pregnancy outcomes such as miscarriage, premature rupture of membranes, preterm birth have

been reported to be associated with BPA exposure (52, 53).

a) Precocious puberty
Precocious puberty is defined as the onset of features of puberty before the age of 8 years old in girls
and before the age of 9 in boys (54). Many studies have reported an increasing trend in lowering of age
of onset of puberty in girls in the last few decades. The effect of environmental exposure has been
suggested as a possible causative factor (55-57). BPAs structural homology to 17[]-oestradiol as well
as its ability to have agonistic and antagonistic effects at the level of the ER alpha and ER beta receptors
results in its potential to cause early puberty as well as infertility. The mechanism of precocious puberty
caused by BPA is linked to its oestrogen like activity and ability to trigger positive feedback at the level
of hypothalamus and pituitary eventually resulting in increased FSH and LH levels which induces
puberty onset (58). Additionally, BPA is also associated with increased risk of obesity. Elevated body
mass index (BMI) is a known trigger for early puberty particularly in girls. High levels of urinary BPA

have been demonstrated in obese children and adolescents (59, 60).

b) Polycystic ovary syndrome (PCOS) and BPA
PCOS is characterised by reproductive and metabolic dysfunction in females of reproductive age.
Infertility and hyperandrogenism are the most common clinical presentations. PCOS has been strongly
associated with increased insulin resistance and obesity, similar to the metabolic syndrome. The
pathogenesis of this PCOS remains to be fully elucidated but the growing incidence makes exposure to
environmental toxins an important consideration (61). Several in vitro and animal studies have cited
exposure to EDCs such as BPA as risk factors for PCOS development (62-64). However due to the
mixed exposure in the environment, it is difficult to assess the individual effects of BPA. Thus
epidemiological data from human studies remain limited. A study by Takeuchi et al (65) showed higher

concentrations of BPA in biological fluids in women with PCOS and confirmed biochemical

11



hyperandrogenism. Higher levels of BPA have also been shown in women with PCOS versus healthy
controls (62). A combination of genetic predisposition and exposure to BPA and other EDCs in critical
development stages may induce a PCOS phenotype. Prenatal exposure to BPA may alter foetal
programming and promote PCOS development later in life. High doses of BPA in the neonatal period
in rat models resulted in the following changes in adulthood consistent with a PCOS-like picture: -
increased serum testosterone and oestradiol levels, decreased progesterone and presence of ovarian

cysts (64).

¢) Malignancy

A significant proportion of the tumour inducing effects of BPA is as a result of its oestrogenic like
properties. Hence many of the associations with malignancy are often with tumours predominantly
found in females (66,67).

Ovarian cancer: Elevated levels of oestrogen receptors expression have been noted in approximately
half of ovarian epithelial cancer cells when compared to normal or benign tumour cells (68). Some
reports have shown an association of oestrogen replacement therapy and ovarian cancer in post-
menopausal women (69,70). Exposure to higher or inappropriate levels of oestrogen are thought to
stimulate tumour progression and proliferation. Since BPA mimics oestrogen it may have the same
effects. In animal models, neonatal BPA exposure has been associated with abnormal ovarian
morphology, hyperplasia cystic lesions and endometriosis (71,72). BPA has been shown to further
promote ovarian tumorigenesis by altering the expression of several genes in ovarian tissues including
altering mRNA expression of mRNAs such as CDK4, cyclin D1 and A (73-76).

Breast Cancer: The development of mammary glands and breast tumorigenesis is strongly influenced
by oestrogen exposure and oestrogen signalling pathways. Several reports have demonstrated that foetal
exposure to low doses of BPA alters cell proliferation, apoptosis, and development of mammary glands
as well as increasing ductal density and sensitivity to oestrogens (77,78,79). All of these changes can
be associated with breast cancer development. The exact mechanism of these changes have not been
fully elucidated. Studies in rats exposed to BPA during intrauterine development reported an increase
in hyperplastic ducts and incidence of mammary tumours (80,81). The increasing incidence of breast
cancer over the last 40 years have resulted in strong case for the role of environmental factors in
tumorigenesis. Human studies on exposure and cancer development are very limited. A study from
South Korea collected blood samples between 1994 and 1997 from 167 adult females. These were then
followed up after 10 years for development of breast cancer and the stored serum samples were analysed
for BPA. They reported some association with BPA levels and risks of breast cancer in age matched
subjects however overall there was no significant difference (p=0.42) in BPA levels between cases and

controls (82).
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Prostate Cancer: The role of steroid hormones in the development of these tumours has been well
described, with both androgens and oestrogens being of significance. Rodent studies have demonstrated
that BPA exposure affects prostate cells and cancer development, regulating proliferation and migration

of prostate cancer cells (83-85).

2.2.4.2 Cardiac and metabolic effects

Metabolic syndrome, increased insulin resistance and overt type 2 diabetes mellitus have been
associated with BPA exposure (43-45). Teppala et al (86) reported a positive association with elevated
urinary BPA levels and the presence of metabolic syndrome. Their group also showed a positive
correlation with urine BPA levels and the presence of hypertension and cardiovascular disease (87,88).
Obesity and increased abdominal fat deposition have also been associated with higher BPA
concentrations. BPA and its metabolites have been described as obesogens with evidence demonstrating
the direct action of BPA on adipocyte differentiation and the expression of genes involved in
adipogenesis (89). Mackay et al reported that female mice fed a high fat diet and exposed to BPA had
higher feed intake and gained more weight than control mice fed the same diet. This supports evidence
of neurological effects affecting weight and satiety with BPA exposure (90). Increased blood pressure
in pregnancy and preeclampsia has been directly correlated with higher concentrations of urinary BPA

(91,92).

2.2.4.3 Neurodevelopmental disorders

Steroid hormones play a critical role in the central nervous system development, brain organization of
the neuroendocrine circuitry and behaviour. The developing brain contains receptors for steroid
hormones and exposure to different levels of hormones in-utero co-ordinate sex specific physiology
and behaviour. EDs may alter any of these developmental processes as well as the alteration of activity
of appetite and satiety neurons. In addition to BPAs interaction with steroid hormone receptors in the
central nervous system, it has also been demonstrated to effect thyroid hormone signalling. Several
studies in both animals and humans have demonstrated associations between BPA exposure and
neurobehavioral sequelae.

Animal studies have shown changes in the following systems due to BPA exposure

-dopaminergic system in the forebrain

-sex specific anxiety, depression and hyperactivity in rodent models

-memory impairment

-effect on gene expression involved in socio-sexual behaviour (93)

Braun et al, showed a positive association between gestational BPA levels and aggression and

hyperactivity in children, with this association being stronger in female children (94). Another study in
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a cohort of Korean children also demonstrated a positive relationship between child urinary BPA

concentrations and attention problems (95).

2.2.4.5 BPA and bone

Oestrogens play a pivotal role in bone formation and resorption. The cellular components important for
bone metabolism, osteoblasts and osteoclasts have shown to be affected by BPA exposure. Studies have
reported the inhibition of differentiation and apoptosis of both cells when exposed to BPA in vitro (96,
97). NHANES studies have reported an association with higher urinary BPA levels and lower serum 25
hydroxy-Vitamin D concentrations (98). Additionally, as a steroid hormone vitamin D receptor and
binding proteins may be affected by the binding of BPA. Studies reviewing bone mineral density in pre

and post-menopausal did not show any association with BPA levels (99, 100).

2.2.5 Worldwide extent of BPA exposure
Population based studies have been performed in countries across the globe with notably fewer from
Africa. Reported measured levels of BPA appear to vary, however the extent of exposure appears to be

ubiquitous across age groups, geographical location, gender and race.

Estimated daily intake of BPA: In 2018, Huang et al reviewed urinary BPA concentration data from
over 140 peer reviewed published studies originating from 30 different countries (101). Utilising the
provided urine concentration data which was input into a previously published estimation equation they
were able to calculate the daily BPA intake in ng/kg body weight (bw)/ day (102). Predictably, estimated
values were overall higher in Europe and North America, with significant exposure in Asian nations as
well. The highest estimation of BPA intake in adults was reported to be from Italy with an estimated
64.75 ng/kg bw/day. However, Ghana was ranked 8" in terms of adult estimated intake at around 40
ng/kg bw/day. It should be noted that the data from Ghana was based on a small sample number of 35.
The estimated average global BPA intake was reported to be 30.76 mg/kg bw/day. Reports of human
BPA intake via inhalation ranged from 0.008 to 9.9 ng/kg bw/ day whilst those in tap water ranged from
0.03- 15 ng/kg bw/day.

Findings in terms of estimated exposure in children and infants: Only 18 of the 30 countries had
published data pertaining to childhood urinary BPA levels. Taiwan had the highest estimated child BPA
daily intake with 201 ng/kg bw/day with Italy conversely having the lowest. Huang et al (101) did not
show a linear relationship between adult and child BPA exposure in the nations that reported for both
groups. When only reports with sample number (n) >1000 was utilised a linear relationship was
observed (R=0.956 p=<0.05). Exposure in pregnant women and infants was also estimated. Of note the

global estimated BPA daily intake in pregnant women was 42.03 ng/ kg bw/day which was higher than
14



that for the adult group. Limited data was available for estimation of infant BP exposure. This ranged
from 7.93 ng/kg bw/day to 475.80 ng/kg bw/day. Notably, they reported the global estimate of BPA
intake by children and pregnant women to be 1.4-2 times the general adult population (101).

[ Decimal Degrees
100

0 125 25 50 75
Estimated BPA exposure levels of adult group (ng/kg bw/day)
‘ 7. 92 | | 19.81 ~ 23.80 26.42 - 29.34 [ 2421 - 39.42 [ 15.99 - 55.98
\ | 7.03 - 19.80 | | 28.81 - 26,41 129,35 - 34,20 [ 29. 43 - 16.08 M 5590 - 61.75

Figure 2.4 Estimated global BPA exposure amongst adults (101)

In a recent systematic review Rotimi et al (103) retrieved 42 publications arising from African countries
describing measured BPA estimates in the environment, food sources and human biological fluids. Only
10 studies were retrieved that looked at human BPA levels either in urine, serum or other fluids. The
range of BPA levels observed in the African studies were lower than that reported by Huang et al (101).
Of the 10 studies five originated from Egypt. The highest values were seen in a study performed in

obese children in Egypt with urine BPA concentrations ranging from 23.2 to 208.55 ng/mL (104).

2.2.6 Regulatory control of BPA exposure

Regulations banning or limiting the use of BPA in consumer products, in particular those used for
infants, have been introduced in the United States, European Union and Canada, however use of BPA
products remains largely unregulated across Africa. The recommended tolerable daily intake (TDI) of
BPA varies depending on regulatory authority. In 2015 the European Food Safety Authority reduced
their TDI from 50 to 4 pg/kg bw/day. In contrast South Korea and Japan still recommend a TDI of 50
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ug/kg bw/day (105-107). As of 2012 the American Food and Drugs administration (FDA) banned the
use of BPA in infant products such as baby bottles and formula packaging (108).

2.2.7 Mechanisms of BPA action
Molecular mechanisms that underlie the neurodevelopmental toxicity and sex-specific effects of BPA
are not well understood (4,5). Most of the work examining the mechanisms of action have been

performed in animal or in vitro models and this may not be directly translatable to humans.

2.2.7.1 Hormonal disruption
a) Receptor binding

BPA shares structural homology to endogenous steroid hormones in particular oestradiol.

BPA is a selective oestrogen receptor (ER) modulator that binds both, ERa and ERB. BPA effects are
typically attributed to its estrogenic or anti-oestrogenic action, however this action cannot completely
account for the adverse effects of low potency BPA at the low-dose exposures that are commonly seen.
BPA binds to these receptors with significantly lower affinity than oestradiol. Thus it is thought that
BPA binding to receptors may actually induce alternative pathways that facilitate its actions at low
concentrations (109). BPA has also been demonstrated to bind to the non-classical ER receptors, G-
protein coupled oestrogen receptors (GEPR) and oestradiol related receptor (ERR) -1 (110,111).
Takayanagi et al (112) reported that binding to the ERR- [J receptor is 80 times more potent that the
ERa receptor. Of note it has also been reported that the concentration of ERR -[J in the placenta is
higher than other oestrogen receptors and this may provide the explanation for the high BPA
accumulation and its in-utero effects (112). BPAs action via the ER has been shown to induce cellular
proliferation and thus promote tumorigenesis (113,114). Activation of calcium signalling pathways
following binding to the membrane ER (mER) has been demonstrated to be an action of BPA as well
as the promotion of cellular proliferation or apoptosis by binding to mER (115,116). Binding of BPA
to GPER activates various secondary pathways including MAPK, STAT3 and ERK2 (117,118). BPA
has been shown to act as an antagonist at the level of the androgen receptor. This has been shown to

affect the functioning of endogenous androgens (119).

b) Steroidogenesis
BPA has been reported to interfere with ovarian steroidogenesis. The ovary is the key source of
oestrogens. Cholesterol is the precursor of all steroids, and its transport from intracellular sources into
the mitochondria is facilitated by the steroidogenic acute regulatory protein (STaR). This is the rate-
limiting step in steroid biosynthesis. Cholesterol is acted upon by CYP11A1l and converted to
pregnenolone and then acted upon by various other enzymes to form the various hormones produced
by the ovary (120). Figure 2.5 below summarises the production of hormones within the ovary and steps

in the pathway where BPA may interfere. Within the theca cells of the ovarian follicles, androgens are
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produced and transported into the developing antral follicle where it is acted upon by CYP19A1 and
converted to oestrogens (121). This pathway may be affected by BPA action (121).

LH Extrafollicular Intrafollicular FSH
Theca Cell Mural Granulosa Cell

cAMP
Testosterone Testosterone
t HSD17p

Androstenedione Androstenedione Follicle
Antrum

HSD3p _— BPA

(CYP450170) , :

DHEA (progesterone) CLLS

Estrone -------- Estradiol ”

Pregnenolone

Y /
- BPA
Cholesterol A
A IGF-1, IGF-2, SF-1, LRH-1,
Cholesterol CREB, PPARy, GATA4/
Cholesterol Extrafollicular Intrafollicular

Figure 2.5: Production of hormones within the ovarian follicle and different enzymes and receptors that
may be affected by BPA exposure, Bloom et al (122)

Key cAMP =cyclic adenosine monophosphate; CREB = cAMP-dependent response element binding
protein; CYP450scc =P450 cholesterol side chain cleavage enzyme (CYP11A1); CYP45017a= 17a-
hydroxylase-17,20-desmolase (CYP17A41); CYP450arom= cytochrome P450 aromatase (CYP19A1);
HSD3b = 3b-hydroxysteroid dehydrogenase; HSDI17b = 17b-hydroxysteroid dehydrogenase; IGF =
insulin-like growth factor; LRH-1, liver receptor homologue 1; PPAR-g, peroxisome proliferator—

activated receptor g; SF-1, steroidogenic factor 1; STAR, steroid acute regulatory protein

The effects of BPA on steroidogenesis are largely dependent on the dose and duration of exposure and
also the developmental period at which exposure occurred. Most of the knowledge regarding BPAs
effect on steroidogenesis comes from animal studies. Reports vary depending on several factors-
animals used, dose and developmental stage. Fernandez et al (64), reported an increase in oestradiol

and decrease in progesterone levels in rats exposed to BPA in the postnatal period. Other studies where
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exposure occurred in utero did not show similar results (122). Low dose BPA exposure in adult rats
reduced testosterone and oestradiol concentrations and decreased steroidogenic acute regulatory protein
(StAR) and CYP19al expression (123). In vitro studies where mouse follicles were exposed to BPA
resulted in a reduction of several sex steroid hormones being produced including progesterone,
oestradiol and testosterone as well as decreasing StAR, CYPllal, hydroxy-delta-5-steroid
dehydrogenase and 3 beta-and steroid delta-isomerase 1 (HSD3B1) transcript expression (124). In
humans, samples of oocytes obtained from women undergoing IVF showed that the extent of BPA

exposure was negatively associated with oestradiol serum concentrations.

A positive correlation with elevated androgen levels and BPA has been demonstrated in several human
studies. It has been proposed that ovarian theca-interstitial cells are stimulated to secrete androgens by
the action of BPA (61,64). BPA has also been demonstrated to affect binding of sex hormone binding
globulin to testosterone. This in turn results in higher levels of free testosterone/androgens in circulation
and disrupts the circulatory oestradiol: testosterone ratios (125). The BPA metabolising hormone UDP-
GT found in the liver is down-regulated by the action of androgens. Thus higher androgen levels may

lead to decreased metabolism of BPA and further increase in androgens synthesis (126).

¢) Hypothalamic -pituitary gonadal axis
A study examining BPA exposed and unexposed female factory workers in China revealed a significant
positive correlation with urinary BPA levels and elevated serum prolactin and progesterone (127).
Gonadotrophin releasing hormone (GnRH) is produced by the hypothalamus and acts on the anterior
pituitary to secrete FSH and LH which are important with regards to onset of puberty as well as
regulating normal ovulation, fertility, steroid hormone and sperm production. Various studies have
demonstrated an effect of BPA exposure on gonadotrophin releasing hormone as well as FSH and LH
in both genders (128,129). One study demonstrated an increase in GnRH following BPA exposure
leading to inhibition of LH release (130,131). The mechanism for this effect on GnRH is thought to be
related to the effect of BPA in regulating kisspeptin expression (14). Kisspeptin is a peptide produced
by the hypothalamus that acts upstream of GnRH and plays a regulatory role in onset of puberty, sex
hormone dependent secretion of gonadotrophins and fertility (132). BPA has also been shown to disrupt
the hypothalamic pituitary adrenal and thyroid axes. BPA binds to corticoid receptors competitively
and can regulate the expression of these receptors. BPA can also disrupt the release of TSH via its action

on the pituitary (14).

d) Obesogen
BPA has been described as an obesogen with various actions of altering lipid and fat storage, disruption
of energy balance and promotion of fat accumulation. BPA has shown to decrease adiponectin secretion

(133). In animal studies, pregnant mice subjected to BPA had significantly higher body weights for
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four months after delivery that their matched controls. Furthermore, exposure during pregnancy led to

the development of insulin resistance and weight increase in these mice (134,135).

BPA has been reported to influence the expression of 11 [Jhydroxy-steroid dehydrogenase type 1
(11JHSD1) (which promotes adipogenesis) and to promote lipid accumulation in adipocytes. In a study
examining omental fat from children that required abdominal surgery it was shown the BPA
concentrations was associated with higher 1 1TTHSD1 mRNA expression (136). BPA may also have a
direct impact on pancreatic cell function in turn affecting glucose homeostasis. Pancreatic beta cells
also express endocrine receptors (ERs) (137). Binding of BPA or oestradiol to the pancreatic ERs results
in activation of ERK 1/2 signalling and regulates insulin content (138,139). Additionally, BPA affects
the activity of K-ATP channels which are integral for the secretion of insulin from the beta cells. These
effects in turn have been shown to cause a 2-fold increase in release of insulin following glucose

stimulation (140).

2.2.7.2 Inflammation and oxidative stress

Murine studies have demonstrated an upregulation of pro-inflammatory cytokines TNF-o and
interleukin 6 when microglial cells were exposed to BPA. The same study also demonstrated that BPA
activates the pro-inflammatory transcription factor NF-kB (141). Cellular components of both the
innate and adaptive immune system have been shown to be affected by BPA exposure during key
developmental periods. This may accelerate the development of autoimmune disease in particular type

1 diabetes in females (142).

2.2.7.3 DNA adduct formation

A study performed in rats reported the conversion of BPA to Bisphenol-o-quinone by the action of
microsomal p450 enzymes in the rat liver. The bisphenol-o-quninone acts as a DNA adduct, forming in
the rat liver and mammary gland (14). The formation of DNA adducts can interfere with DNA
transcription and replication resulting in mutation induction in affected tissues and the formation of

tumours. DNA adducts may also induce germ cell mutations that have be associated with developmental

defects (143).

2.2.7.4 BPA induced DNA damage

In vitro studies in animal and human cells have shown evidence of the direct DNA damaging effects of
BPA. When normal breast cells were exposed to BPA an upregulation of DNA repair genes and

downregulation of apoptotic genes was reported (14).

2.2.7.5 Epigenetic modifications
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Recent research suggests that long-lasting effects of prenatal BPA exposure likely involve the
disruption of epigenetic programming during development (144,145). Epigenetics refers to a change of
gene expression that is independent of the DNA sequence. It is essentially a change in phenotype
expressed without a change in genotype. The mechanism by which this occurs may be as a result of
chemical modifications of the DNA (for example, methylation of CpG dinucleotides within gene
promoters) or the physical accessibility of the DNA by virtue of its association with histones (for
example histone acetylation), non-histone proteins, or noncoding RNA. Epigenetic changes are capable
of being passed on to somatic daughter cells and in some cases to offspring via the germline. This is
known as translational genetic inheritance. Changes in the epigenome occurring during embryonic
development will have a much greater impact on the overall epigenetic status of the organism since
these changes can be transmitted over consecutive mitotic divisions (146,147). Exposure to BPA has
been shown to induce several epigenetic modifications in both animal and human cells. BPA may not
only affect the methylation patterns for several genes but could also directly influence the genes

responsible for methylation (148).
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Table 2.3 Summary of evidence for BPA role in epigenetic changes in animal and human studies

Finding

Reference

In pregnant mice BPA exposure has been demonstrated to induce

upregulation of DNA methyl transferase expression

Ye et al, 2019 (149)

In animal studies, BPA has been shown to affect DNA methylation
of genes involved in brain development and function, such as

Bdnf, FkbpS5, and Grin2b

Xu et al, 2010 (150)
Kitraki et al, 2015 (151)

Histone acetylation (H3K9Ac and H3K27Ac) enhanced in

spermatozoa and embryos from male zebrafish exposed BPA

Lombo et al, 2019 (152)

Hypermethylation of Era and Erf in testes in rat studies

Doshi et al, 2011 (153)

Murine studies hypomethylation of maternally imprinted genes

Igf2r, in BPA exposed group

Trapphoff et al, 2013 (154)

Porcine studies upregulation and downregulation of miRNAS in

females affecting genes involved in insulin signalling

Savabieasfahani et al, 2006
(155)

Murine: reduced DNA methylation of genes involved in fatty acid

and cholesterol metabolism in liver

Ke et al, 2016 (156)

Human breast epithelial cell line genome wide changes in DNA
methylation and  global gene  expression changes,
hypermethylation of cancer related genes BRCA1, CCNA,
CDKN2A

Fernandez et al, 2012 (157);
Qinetal, 2012 (158)

2.2.8 Challenges with measurement of BPA

There are several challenges with the measurement of BPA in humans.

- Rapid inactivation of ingested BPA and clearance via urine.

This has possibly led to discrepancies between pharmacokinetic models and the results of

epidemiologic studies.

- Different bodily fluids used for BPA analysis.

Urine is easily available but does not indicate long term exposure and would need to be

repeated over a period of time to establish ongoing levels of BPA exposure. The same

applies to serum specimens. However, serum is able to show the presence of active BPA in

circulation. Other matrices such as amniotic fluid may require more technically demanding

and time-consuming sample preparation in order for measurements to be made.

- Analytical methodologies
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Earlier studies utilised the less specific and less sensitive immunoassay (ELISA) based
techniques. These methods are subject to greater interferences than HPLC and mass
spectrometry methods. There is also currently a lack of standardisation of methods for the

measurement of BPA and this results in non-transferability of results across different units.

- Exogenous contamination of BPA in biological specimens
Due to the ubiquitous presence of BPA in the environment, contamination of specimens
during routine collection and analysis is a concern. The use of plastic tubes, lab containers
and other plastic containing equipment used in the laboratory and specimen processing may

contribute to contamination (159,160).

Hence, careful laboratory procedures and analysis with sensitive and specific methodologies are

required to obtain valid data regarding the extent of BPA exposure.
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CHAPTER 3
RESEARCH DESIGN AND METHODS

This was a cross-sectional birth cohort study.

3.1 Population and study sample

A subset of samples and data collected as part of the Mother and Child in the Environment (MACE)
birth cohort study were utilized for this study. The MACE study population consisted of pregnant
females recruited from antenatal clinics in the Durban South Basin area (Merebank, Bluff, Austerville
and Wentworth) and other clinics in the North Durban area (KwaMashu and Newlands East and West),
Durban, KwaZulu-Natal, South Africa. The Durban south basin is an area where large communities are
located within heavily polluted large scale industrial enterprises. The overall objective of the MACE
study was to describe birth outcomes among pregnant mothers in communities exposed to industrial
pollution compared to communities without such exposure. Detailed information regarding
occupational and environmental exposure as well as dietary history was collected by trainer
interviewers via use of standardized interviews. Details regarding pregnancy outcome for participants
had also been collected during course of the MACE study. Enrolment for the MACE study took place
from April 2013 through to March 2018.

Written informed consent was obtained from the pregnant females in the MACE study cohort. The
Biomedical Research Ethics Committee (BREC) of the University of KwaZulu Natal approved the
MACE study protocol (ethics clearance number BF263/12) and approved this current study (ethics
approval number BE597/16) (See appendix 1 and 2).

3.1.1 Sample size and selection of sample

For the current study subset of matched maternal and cord serum and extracted DNA samples collected
as part of the MACE study were used. This study would be regarded as a pilot study and the sample
number is 90 maternal cord pairs (180 samples). For sample size calculation the equation described by
Viechtbauer et al for sample size determination in pilot studies, was utilised (1). A confidence level of
95% and probability estimate of 0.05 was input into the equation below:

In{l — )
n=—
In{1 —7)

(where y refers to the confidence internval ; 7 to probability and n sample size)

To determine levels of probability, reference was made to previous studies that described the prevalence
of detectable serum BPA levels. These ranged from 17%-84%, thus a conservative estimate of 5% was
utilised (2,3). A minimum sample size of 59 samples was estimated for the purpose of this pilot study.

A statistician was further consulted to verify the sample size determination.
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3.1.2 Inclusion and exclusion criteria

The inclusion criteria were as per the MACE study and are listed below

Inclusion criteria

(a) The recruited participants had to be residing in the geographical area within which the clinic is
located, and had to live in this area for the full duration of the pregnancy and follow-up period.

(b) Pregnant females had to preferably be less than 20 weeks of gestational age on entry although those
presenting before the onset of the 3rd trimester were not excluded.

Exclusion criteria

Participants with the following conditions were excluded from the samples utilised for this current
study: Pre-eclampsia, Hypertension, Placenta Previa, Diabetes mellitus, genital tract infection and

multiple pregnancies.

3.2 Sample collection

Venous blood samples were taken during the third trimester (completed 27 weeks to term) from the
pregnant individuals. Cord bloods were taken at delivery. Maternal and cord bloods were collected in

5 ml ethylenediaminetetraacetic acid (EDTA), sodium citrate and plain serum tubes.

For serum: samples were centrifuged at 1000 x g for 10 minutes, separated and serum stored in cryo-
vials at -80 degrees Celsius until analysis. DNA was extracted from whole blood and stored at -80

degrees Celsius until analysis.

3.3 Biochemical Methods

3.3.1 Determination of serum Bisphenol A and Bisphenol glucuronide

Determination of serum levels of BPA and its conjugate BPA-g were performed using a liquid
chromatography tandem mass spectrometry (LC-MS/MS) methodology.

Chromatographic separations were carried out using the AB Sciex 4500 triple quadrupole mass
spectrometer (AB Sciex LLC, Framingham, USA) equipped with an Agilent 1260 Ultra high-
performance liquid chromatography (uHPLC) system (Agilent Technologies,Santa Clara, USA).
Analytes of interest were separated on a Phenomenex (Phenomenex, Torrance, USA) C18 column (2.1
x 50 mm, 1.6 pm). A 3-minute linear gradient elution was used from 10-100% of acetonitrile in water
followed by a hold for 1 minute at a flow rate of 0.4 ml/min. Total run time was 4 minutes. Injection
volume utilised was 20ul. Serum sample was prepared using 50 pl of serum mixed with 100 pl
acetonitrile containing the internal standards deuterated 5 ng/ml BPA (d6BPA, Cambridge Isotope
Laboratories, Andover, MA) and 5 ng/ml *C;, BPA-g (Sigma-Aldrich Gmbh, Munich, Germany).

Electrospray ionisation in negative modes was used for the measurement of each analyte. The following
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single reaction monitoring (SRM) transitions were used; for BPA mass to charge ratio (m/z) 227/212
(quantifier) and m/z 227 to 133 (qualifier); for d6BPA m/z 233 to115 (quantifier) and m/z 233 to 113
(qualifier); for BPA-g m/z 403 to 227 (quantifier) and m/z 403 to 113 (qualifier); for *Ci, BPA-g m/z
415 to 239 (quantifier) and m/z 415 to 113 (qualifier). Five levels of standards (including blank)
(ranging from 0 ng/ml to 25 ng/mL) and 2 levels of serum based internal quality control materials (level
1 BPA and BPA-g- 2 ng/mL; level 2 BPA and BPA-g -10 ng/mL) were analysed at the beginning and
end of each run. A procedural blank was analysed with each run. Samples were only processed when
blank showed no detectable BPA levels. Recovery, linearity, imprecision, carry over, assessment of
system contamination for BPA and sample stability studies were performed. The limit of detection
(LOD) and limit of quantification (LOQ) for BPA and BPA-g were calculated based on signal-to-noise
(S/N) ratios of 3:1 and 10:1, respectively, were obtained by injecting standard dilutions with the
corresponding S/N ratio. In order to assess system contamination: pools of charcoal stripped serum
(Sigma Aldrich Gmbh, Munich Germany) neat and spiked with known concentrations of BPA were
passed through the entire analytical procedure to calculate recoveries of BPA through the analytical
method. BPA >99% purity (Sigma Aldrich Gmbh, Munich, Germany) was utilised for recovery studies
and preparation of internal quality control material. HPLC grade water was also analysed through the
system to assess level of BPA contamination of water utilised for sample processing. Precision studies

were performed following the Clinical and Laboratory Standards Institute (CLSI) EP15-A3 protocol
4.

3.3.2 Determination of serum steroid hormone levels

The following nine steroid hormones were analysed in maternal serum and cord blood using LC-
MS/MS methodology: oestradiol (E2), total testosterone (TT), 11-deoxycorticosterone (11DOC),
Dehydroepiandrosterone (DHEA), dehydroepiandrosterone sulfate (DHEAS) androstenedione
(Andro), 17-OH progesterone (170HP), dihydrosterone (DHT) and progesterone (Prog). There

hormones were selected as they cover the major sex steroid hormones in humans.

A commercially available kit the MassChrom Steroid Panel 2 kit (Chromosystems Instruments and
Chemicals GmbH, Germany) was utilised for analysis of steroid hormones. Sample/calibrator/control
preparation was as per manufacturer’s instructions. Briefly, samples and reconstituted
controls/calibrators are added to the provided kit extraction buffer. This initiates the protein interactions
be removed to enable the bound and free steroids to be measured as total steroid. A solid phase
extraction (SPE) was performed using individual SPE columns. The prepared sample/control/calibrant
is then eluted using the provide buffer solution. Samples are evaporated to dryness using Nitrogen gas

and reconstituted with the reconstitution buffer. An injection volume of 40ul was utilised.
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Chromatographic separations were carried out using the AB Sciex 4500 triple quadrupole mass
spectrometer equipped with an Agilent 1260 Ultra high-performance liquid chromatography (uHPLC)
system. Analytes of interest were separated on the provided kit column- C18 column (2.1 x 50 mm, 1.6
um). A linear gradient was used from 10-100% of acetonitrile in water followed by a hold for 1 minute
at a flow rate of 0.4 ml/min. Total run time was 12.5 minutes. The following multiple reaction
monitoring (MRM) transitions were used: Androstenedione 287>109,287>97; DHEA 289>213,
271>213; DHEAS 271>213, 271>197; DHT 291>255; 291>159; E2 255>159, 255>133; 17 OHP
331>109, 331>97; Progesterone 315>97, 315>109; Testosterone 289>97, 289>109; 11DOC.
Deuterated internal standards were utilised for each analyte of interest and were added to samples prior
to extraction. Six levels of commercially available standards (including blank) (values as per table 1
below) and 2 levels of serum based internal quality control materials (ranges as per table 1 below) were
analysed at the beginning, middle and end of each run. A procedural blank was analysed with each run.
Within run coefficient of variation (CV) for the steroid hormones ranged from 0.48% to 12.73%, and
for the between-run CVs ranged from 1.6-10.2 percent (%) across the three internal quality control

(IQC) levels.

3.3.3 Determination of serum 25-hydroxy Vitamin D levels

Determination was performed as per previously described by George et al (5). Serum maternal and
cord blood 250H Vitamin D was measured using the Clin Rep high performance liquid chromatography
(HPLC) kit (Recipe, Munchen, Germany). In this analytical method, 25(OH)D was determined from
plasma using HPLC with a photodiode array (PDA) detector. Prior to HPLC analysis a short liquid-
liquid extraction was performed. The liquid-liquid extraction includes a precipitation step that denatured
the protein bond and extracted the 25(OH)D out of the lipid layer into a clear upper layer. Fifty
microliters of the eluent were injected onto the HPLC system where the analytes were separated on the
appropriate C18 analytical column (Recipe, Munchen, Germany) using an isocratic mobile phase
elution. The separated 25(OH)D2 and 25(OH)D3 were detected at a wavelength of 264nm. The
concentration was calculated using a standard curve with two sets of controls run every 20 samples.
The standards and controls were human based lyophilized samples that are traceable to the National
Institute of Standards and Technology (NIST) 25(OH)D standard. The chromatograms were integrated
using peak height. Total vitamin D (25(OH)D) was taken as the sum of 25(OH)D2 and 25(OH)D3. The
intra-assay and inter—assay coefficient of variation (CV) for 25(OH)D3 for controls at a mean of 61.7
nmol/L ranged from 0.36-9.4%, and for controls at a mean of 222 nmol/L ranged from 2.1-5.5%. For
25(OH)D2 the CV for the low control (mean 49.2 57 nmol/L) was 6.8-9.7% and for the high control
(mean 199 nmol/L) ranged from 1.1-5.7%. The limit of quantification was 6.5 nmol/L for 25(OH)D3
and 11.0 nmol/L for 25(OH)D2. Any samples with 25(OH)D2 below the limit of quantification was

assigned a nominal value of zero.
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3.4 Molecular methods

3.4.1 Isolation of Genomic DNA

Genomic DNA was extracted from the blood samples using the FlexiGene® DNA isolation kit (Qiagen,
Germantown, USA). DNA samples were banked and stored at -80°C for DNA methylation studies.

3.4.2 DNA Methylation studies:

Following extraction of genomic DNA from whole blood, the isolated DNA was then eluted in
nuclease-free water and purified using the Zymo Research DNA Clean and Concentrator™.-5 Kit (Zymo
Research, Irvine, USA), as per manufacturer’s instructions. DNA concentration was determined using
the Nanodrop 2000 spectrophotometer (Thermo-Fischer Scientific, Waltham, USA) and standardized
to 4 ng/ul. DNA purity was assessed using the A260/A280 absorbance ratios. A value of between 1.8-
2.0 was considered to be an acceptable A260/A280 ratio (6).

The promoter methylation of the candidate genes CYPIBI and CYP3A44 were assessed using the
OneStep gMethyl Kit (Zymo Research, Irvine, USA) as per manufacturer’s instructions. In brief, 20 ng
of DNA was subjected to a test and reference reaction containing specific primers (Table 1). Cycling
conditions were as follows: digestion by methyl sensitive restriction enzymes (37°C, 2 h), initial
denaturation (95°C, 10 min), followed by 45 cycles of denaturation (95°C, 30 s), annealing (58 °C 60
s), extension (72°C, 60 s), final extension (72°C, 60 s), and a hold at 4°C. Quantitative PCR (qPCR)
experiments were conducted using the CFX96 Real Time PCR System (Bio-Rad, Bio-Rad Life
Sciences, Hercules, USA) and analyzed using the Bio-Rad CFX Manager™ Software version 3.1 (Bio-
Rad, Bio-Rad Life Sciences, Hercules, USA).

The percentage methylation was calculated using the formula (stated below) as supplied in the OneStep
gqMethyl kit:

Quantification of percentage promoter methylation formula (7):

Methylation (%) = 100 X 22", where ACt = Ct (test reaction) — Ct (reference reaction)

The reference reaction utilises a human non-methylated DNA standard as provided in the kit.

Table 3.1: gPCR primer sequences for promotor methylation and annealing temperatures

Gene Sense Primer (5°—3°) Anti-Sense Primer (5°—3’) Annealing
Temperature
O

CYPIBI1 TTTGTGTGCCCAAGCACTGTC | CACAACTGGAGTCGCAGAA |58

CYP3A44 CATGCCCTGTCTCTCCTTTAGC | CCTTTCAGCTCTGTGTTGCTC | 58
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Note samples for which the DNA concentration were < 4 ng/ul following DNA clean up were not
utilised for qPCR analysis. Sample runs with quantification cycle (Cq) values >40 were not included in

analysis of results because of the implied low efficiency (8).

3.5 Statistical analysis

Data was assessed for normality using the Shapiro- Wilk test. Non-parametric tests Kruskal Wallis test,
Spearman’s correlation or Wilcoxon signed rank test for univariate analysis. Passing Bablock regression
analysis was performed for non-parametric data. Analysis of covariance (ANCOVA) was used to assess
for confounding variables and for multiple regression analysis A p value of <0.05 was considered
significant. Statistical analysis was performed on Medcalc statistical software program version 18.11
(Medcalc, Belgium). A detailed description of statistical analyses performed per study component has

been included in the method section of each data chapter.

41



References

L.

Viechtbauer W, Smits L, Kotz D, Bude L, Spigt M, Serroyen J et al. A simple formula for the
calculation of sample size in pilot studies. Journal of Clinical Epidemiology 2015; 68: 1375-
1379

He Y, Miao M, Herrinton LJ, Wu C, Yuan W, Li DK. Bisphenol A levels in blood and urine in
a Chinese population and the personal factors affecting the levels. Environmental Research
2009; 109: 629-633

Lee HJ, Ryu HY, Kim HK, Min CS, Lee JH, Kim E, et al. Maternal and fetal exposure to
Bisphenol A in Korea. Reproductive Toxicology 2008; 25: 413-419

CLSI. User Verification of Precision and Estimation of Bias; Approved Guideline-Third
Edition CLSI document EP15-A3. Wayne, PA: Clinical and Laboratory Standards Institute;
2014

George JA, Norris SA, van Deventer HE, Crowther NJ. The association of 25 hydroxyvitamin
D and parathyroid hormone with metabolic syndrome in two ethnic groups in South

Africa. PLoS One. 2013;8: ¢61282.

Glasel JA. Validity of nucleic acid purities monitored by A260/A280 Absorbance ratios.
Biotechniques 1995; 18: 62-63

OneStep gMethyl kit instruction manual.

https://files.zymoresearch.com/protocols/ d5310_ onestep_gmethy kit.pdf. Accessed 5 May
2021

Bustin SA, Benes V, Garson JA, Hellemans J, Huggett J, Kubista M, et al. The MIQE

Guidelines: Minimum /nformation for Publication of Quantitative Real-Time

PCR Experiments, Clinical Chemistry 2009;55: 611-622.

42



CHAPTER 4

A PILOT STUDY: BISPHENOL-A AND BISPHENOL-A GLUCURONIDE LEVELS IN
MOTHER AND CHILD PAIRS IN A SOUTH AFRICAN POPULATION

Gounden V!, Warasally MZ?2, Magwai T2, Naidoo R, Chuturgoon A*

"Department of Chemical Pathology, University of KwaZulu-Natal and 2National Health Laboratory
Services, Inkosi Albert Luthuli Central Hospital, Durban, South Africa

’Department of Occupational Health, University of KwaZulu-Natal, Durban, South Africa
“Department of Medical Biochemistry, University of KwaZulu-Natal, Durban, South Africa

Corresponding author: Verena Gounden

Department of Chemical Pathology, University of KwaZulu-Natal and National Health Laboratory
Services, Inkosi Albert Luthuli Central Hospital

2™ Floor Pathology Building Inkosi Albert Luthuli Central Hospital

800 Vusi Mzimela Road, Cato Manor, Durban, 4058

Email: verenagounden@yahoo.com

Keywords: Bisphenol A; liquid chromatography tandem mass spectrometry; mother-child pairs; cord

blood

Reproductive Toxicology. 2019 ;89:93-99.
DOI:10.1016/j.reprotox.2019.07.008

43



Abstract

Exposure to Bisphenol A (BPA) during early development particularly in-utero has been linked to a
wide range of pathology. The aim of this study was to determine serum levels of BPA and its naturally
occurring metabolite BPA-glucuronide (BPA-g) in South African mother-child pairs.

Method: Third-trimester serum maternal samples and matching cord blood samples were analysed for
BPA and BPA-g using LC-MS/MS.

Results: Ninety maternal and child pairs were analysed. BPA was detectable in more than 25% of
maternal and cord blood samples. Spearman correlation demonstrated significant positive correlation
between maternal and child BPA and BPA-g levels with correlation coefficients of 0.892 and 0.744,
respectively. A significant positive association between cord BPA levels and child birth-weight
(p=0.02) as well as with maternal BMI (p=0.04) was noted.

Conclusion: This is the first study to describe the presence of detectable BPA levels using LC-MS/MS

methodology in a South African population.
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Introduction

Environmental pollutants have been shown to have significant effects on human health. Steroid
hormone function has been shown to be affected by some of these pollutants in particular a class known
as, endocrine disruptors (EDs) (1). The United States environmental protection agency has defined
endocrine disrupting chemicals or EDs as “exogenous agents that interfere with the normal function of
endogenous hormones responsible for the maintenance of homeostasis and the regulation of
developmental processes” (2). The possible deleterious effects on human health associated with EDs
have ranged from effects on reproductive health in particular sperm health, carcinogenesis, and
increasingly effects on other endocrine and metabolic functions such as thyroid disease and obesity
(1,3,4). Deleterious neurodevelopmental effects have also been described in animal and human studies
(5,6,7). The effect of EDs are most significant when exposure occurs during developmental stages as
such the foetus is particularly vulnerable to these effects (8). Thus, exposure of the pregnant mother to
EDs may have adverse effects on the developing foetus. Examples of environmental EDs that have
been targeted for adverse effects on reproductive systems in humans and other animals are pesticides
[e.g. dichlorodiphenyltrichloroethane (DDT)], fungicides (e.g. vinclozolin), insecticides (e.g.
trichlorfon), herbicides (e.g. atrazine) and plastics (e.g. phthalates and Bisphenol A) (1, 9). Bisphenol
A (BPA) is found in a vast array of plastic consumer products including lining of tin cans, food and
water containers, medical devices and toys (1, 10). Apart from exposure due to use of these products,
environmental exposure may occur by other means. BPA has been measured in soil, river water, indoor
air and dust as well as landfill leachates (11,12). Animal and human studies have demonstrated that
BPA readily crosses the placenta and has been detected in amniotic fluid (13, 14, 15). Exposure to BPA
has been linked to prenatal and postnatal adverse effects on multiple tissues, including the reproductive
system and neurodevelopment. Whilst studies in humans have been limited, studies in animal models
have associated BPA exposure to development of breast and prostate cancers, polycystic ovarian
syndrome, preterm delivery, intrauterine growth restriction and low birth weight (1). Recent studies
have also associated elevated serum and urine BPA levels with cardiovascular disease, obesity and type

2 diabetes mellitus (16,17,18).

BPA exerts it varied effects by several different mechanisms. It has been described to have oestrogenic,
anti-oestrogenic, androgenic and anti-androgenic properties (1,19). With regards to the interaction of
BPA with oestrogen receptors it has been defined as a selective oestrogen receptor modulator which
binds to oestrogen receptors (ERs) to act as an agonist or antagonist in a tissue specific manner. The
effect of interaction depends on BPA binding to either ER alpha or ER beta and its relative concentration
(19,20). Apart from interaction with the classical ERs, BPA also been described to bind to non-

traditional ERs associated with the cell membrane. This activates intracellular pathways that can change
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cell function via a more rapid and greater extent that binding to the traditional nuclear oestrogen receptor

21).

BPA has also been shown to interact with thyroid receptors. Interaction with membrane associated G
protein-coupled oestrogen receptor located in the hypothalamus and pituitary has been described
(20,21). Recently Kojima et a/ demonstrated effects of BPA and its related analogues against the
following human nuclear receptors: oestrogen, androgen, glucocorticoid, pregnane-X and constitutive
androstane receptors (22). BPA and most of its other related analogues showed agonistic and
antagonistic effects on these afore-mentioned receptors (22). Another mechanism of action of BPA has
been reported via in-vitro studies which involves epigenetic alterations. Atkinson et al showed a
metabolite of BPA (BPA-o-quinone) being able to covalently bind to DNA and in the presence of
peroxidase produce toxic adducts. The resultant toxic adduct affects reproductive tissue organogenesis

and can result in gene modifications and chromosomal mutations (23).

Epidemiological surveys performed in the United States reported that over 90% of the Americans that
were sampled had detectable BPA levels in their urine (24). Due to growing health concerns regarding
BPA exposure there has been increased use of BPA substitutes such as bisphenol F and S (25). A follow
up to the initial NHANES data for the period 2013-2014 showed that exposure to these substitutes have
become ubiquitous, however the reported median urine BPA levels in the population tested were still
found to be higher than BPF and BPS levels (26). In the developing world we have little information or
research regarding the extent of this issue. Previous studies have reported measurable levels of BPA in
pregnant populations both in serum and urine (27-30). Urine measures which usually consist of BPA
metabolites provide an index of exposure to BPA but do not necessarily indicate circulating levels. The
presence of unconjugated BPA in circulation indicates internal exposure to the parent compound (31)
In pregnant women it may provide a more direct indication of likelihood of foetal exposure than

maternal urine.

Naturally occurring BPA metabolites, BPA glucuronide (BPA-g) and sulfate conjugates are the major
phase II metabolites produced by the liver following dietary exposure to BPA (32). BPA-g, which is
the major metabolite of BPA was widely thought of inert as it is unable to bind to oestrogen receptors
however recent evidence in animal studies suggest that it may de-conjugate to expose the foetus to BPA
even though adequate conjugation of BPA has occurred after maternal intake (33). Animal studies
have shown that whilst BPA-g levels in maternal serum may be highly variable, levels in cord serum
remain steady and are thought to reflect the cumulative dose of BPA received by the foetus during late
pregnancy (34). Acute single- human experiments have provided evidence for the recognised short half
-life of BPA, which is cleared within 24 hours of exposure/consumption (35). However, some authors

have reported that frequent exposure together with accumulation in certain tissues such as adipose
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results in ongoing release into the circulation (36). This is key to consider when examining likely

exposure of foetus to BPA via maternal routes.

To the authors knowledge no previous studies have been published that have examined maternal and
foetal exposure to BPA in an African population. The aims of the study were two-fold a) to determine
the serum levels of common environmental endocrine disruptor Bisphenol A and its glucuronide
metabolite (BPA-g) in South African mother child pairs and b) to develop and validate an in-house
method of the determination of BPA and BPA-glucuronide levels in serum utilising liquid

chromatography tandem mass spectrometry (LC-MS/MS).

Methods

Population and study samples

Blood samples and data collected as part of the Mother and Child in the Environment (MACE) birth
cohort study were utilized for this study. The MACE study population consists of pregnant females
recruited from antenatal clinics in Durban, South Africa from the “South Basin” area and other clinics
in the North Durban area. The Durban South basin is an area where large communities are located
within heavily polluted large-scale industrial enterprises. Mothers were recruited during the third
trimester of pregnancy (between 27 completed to 40 weeks of pregnancy). Overall objective of the mace
study was to describe birth outcomes among pregnant mothers in communities exposed to industrial
pollution compared to communities without such exposure. Detailed information regarding
occupational and environmental exposure as well as dietary history was collected by trainer
interviewers via use of standardized interviews. Details regarding pregnancy outcome for participants
were also collected during the course of the MACE study. Venous blood samples were taken during the
third trimester from the pregnant individuals. Cord bloods were taken at delivery. Blood were collected
from maternal participants at one of their regularly scheduled ante-natal appointments. Maternal and
cord bloods collected in serum polypropylene vacutainer tubes were later analysed for BPA and BPA-
g. These samples were centrifuged, separated and serum stored at -80 degrees Celsius until analysis.

Maternal /cord paired samples with sufficient serum volumes (n=90) were utilized for the current study.
Inclusion and exclusion criteria were as per MACE study

Inclusion criteria: pregnant females >18 years in third trimester of pregnancy attending one of the
antenatal clinics as described earlier. Exclusion criteria: presence of any of the following clinical
conditions pre-eclampsia, hypertension, placenta praevia, diabetes, genital tract infection and multiple

pregnancies.
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Bisphenol A and Bisphenol glucuronide analysis

Determination of serum levels of BPA and its conjugate BPA-g were performed. Chromatographic
separations were carried out using the AB Sciex 4500 triple quadrupole mass spectrometer equipped
with an Agilent 1260 Ultra high-performance liquid chromatography (uHPLC) system. Analytes of
interest were separated on a Phenomenex C18 column (2.1 x 50 mm, 1.6 um). A 3-minute linear gradient
was used from 10-100% of acetonitrile in water followed by a hold for 1 minute at a flow rate of 0.4
ml/min. Total run time was 4 minutes. Injection volume utilised was 20pul. Serum sample was prepared
using 50 pl of serum mixed with 100 ul acetonitrile containing the internal standards deuterated 5 ng/ml
BPA (d6BPA, Cambridge Isotope Laboratories, Andover, MA) and 5 ng/ml '*C;, BPA-g (Sigma-
Aldrich Gmbh, Munich, Germany. Electrospray ionisation in negative modes was used for the
measurement of each analyte. The following single reaction monitoring (SRM) transitions were used;
for BPA mass to charge ratio (m/z) 227/212 (quantifier) and m/z 227 to 133 (qualifier); for d6BPA m/z
233 tol15 (quantifier) and m/z 233 to 113 (qualifier); for BPA-g m/z 403 to 227 (quantifier) and m/z
403 to 113 (qualifier); for '*Ci» BPA-g m/z 415 to 239 (quantifier) and m/z 415 to 113 (qualifier). Five
levels of standards (including blank) (ranging from 0 ng/ml to 25 ng/mL) and 2 levels of serum based
internal quality control materials (level 1 BPA and BPA-g- 2 ng/mL; level 2 BPA and BPA-g -10
ng/mL) were analysed at the beginning and end of each run. A procedural blank was analysed with each
run. Samples were only processed when blank showed no detectable BPA levels. Recovery, linearity,
imprecision, carry over, assessment of system contamination for BPA and sample stability studies were
performed. The limit of detection (LOD) and limit of quantification (LOQ) for BPA and BPA-g were
calculated based on signal-to-noise (S/N) ratios of 3:1 and 10:1, respectively, were obtained by injecting
standard dilutions with the corresponding S/N ratio. In order to assess system contamination: pools of
charcoal stripped serum (Sigma Aldrich Gmbh, Munich Germany) neat and spiked with known
concentrations of BPA were passed through the entire analytical procedure to calculate recoveries of
BPA through the analytical method. BPA > 99% purity (Sigma Aldrich Gmbh, Munich, Germany)

was utilised for recovery studies and preparation of internal quality control material.
HPLC grade Milli-Q water was also analysed through the system to assess level of BPA contamination
of water utilised for sample processing. Precision studies were performed following the Clinical and

laboratory standards institute (CLSI) EP15-A3 protocol (37).

Statistical analysis

Data was assessed for normality using the Shapiro- Wilk test. Non-parametric tests Kruskal Wallis test,
Spearman’s correlation or Wilcoxon signed rank test for univariate analysis. Passing Bablock regression
analysis was performed for non-parametric data. A p value of <0.05 was considered significant.
Statistical analysis was performed on Medcalc statistical software program version 18.11 (Medcalc,

Belgium). For further analysis of data, maternal participants were categorised into different groups
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based on gestational age at the time of blood collection namely, category A=27-29 weeks’ gestation;

category B=30-32 weeks; category C=33-35 weeks; category D=36-38 weeks; category E=>38 weeks.

Ethical approval

The research has complied with all the relevant national regulations, institutional policies and in
accordance the tenets of the Helsinki Declaration, and has been approved by the authors' institutional
review board or equivalent committee. Ethical clearance for this study was obtained from the
Biomedical Research and Ethics Committee (BREC) of the University of KwaZulu-Natal (Ethics
Clearance Certificate BE 597/16).

Results

BPA and BPA-g assay

The performance characteristics of the LC-MS/MS developed assay for BPA and BPA-g measurement
are summarised in Table 4.1 below.

Table 4.1 Performance characteristics of BPA and BPA-g LC-MS/MS assay

BPA BPA-g
Level 1 IQC | Level 2 1QC | Level 1 Level 2
Within run CV (n=5) 6.4% 5.4% 4.3% 3.8%
Between Day CV (n=15) 9.4% 6.2% 4.3% 4.2%
Recoveries 91-118%
Limit of Quantitation (LOQ) | 0.4 ng/mL 0.4 ng/mL
Linearity LOQ - 25 ng/mL LOQ -25 ng/mL

Note: IQC: internal quality control; LOQ: limit of quantitation; CV: coefficient of variation
The limit of detection (LOD) for both BPA and BPA-g LOD was 0.12 ng/mL

Results for sample stability studies used spiked serum: There was a <5% difference in results and <2%
difference in results from Day 0 and Day 30 aliquots for samples stored at -20 and -70 °C respectively.
All spiked samples analysed for contamination showed recoveries between 91-118%. Analysis of water
showed undetectable BPA levels. Figure 4.1 below demonstrate selective reaction monitoring (SRM)

chromatogram for a maternal serum sample analysed for BPA.
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Figure 4.1 LC-MS/MS chromatogram obtained in negative ion mode showing the SRM transition of
maternal serum sample analysed for BPA. Mass spectrum shown above with qualifier and quantifier

transitions for BPA indicated by arrows.

3.2 BPA and BPA-g levels

Samples from a total of 90 maternal and child pairs were analysed. There was a mean time interval of

8.1 weeks (+ 3 weeks) between maternal sample collection and cord blood collection.

Participant characteristics are summarised in Table 4.2 below.

50



Table 4.2 Summary of Participant characteristics

Median (range) / Mean (+ SD)

Maternal Age (years) 25.5 years (16-41) (n=90)

Maternal BMI (kg/m?) per gestation at sample collection
Total 30.0 kg/m?(18.6-61.1) ( n=90)

Category A (27-29 weeks gestation) 30.0 kg/m? (18.6-61.0) (n=43)

Category B (30-32 weeks gestation) 30.5 kg/m?(21.5-61.1) (n=28)

Category C (33-35 weeks gestation) 29.0 kg/m? (22.2-39.6) (n=9)

Category D (36-38 weeks gestation) 31.8 kg/m?(26.3-58.0) (n=9)

Category E (>38 weeks gestation) n=1 BMI 38.1 kg/m?

Gestational length (weeks) 38 weeks (32-42) (n=90)

Birthweight(grams) per gestational length and child sex

Total 2768 g (+ 529) (n=90)
Male 2768 g (£ 538) (n=53)
Female 2769 g (£523) (n=37)

32-35 weeks gestation

All 2011 g (£303) (n=7)
Male 1998 g (n=4)
Female 2030 g (n=3)

36-40 weeks gestation

All 2822 g (=£487) (n=78)
Male 2802 g (n=46)
Female 2852 g (n=32)

>4() weeks gestation

All

2981g (£632) (n=5)
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Male

Female

3272g (n=3)

2545 g (n=2)

Maternal BPA levels per gestation at sample collection
Total

Category A (27-29 weeks gestation)

Category B (30-32 weeks gestation)

Category C (33-35 weeks gestation)

Category D (36-38 weeks gestation)

Category E (>38 weeks gestation)

0.95 ng/mL (0.4- 15.3) (n=26)
1.11 ng/mL (0.4-15.3) (n=14)
0.99 ng/mL (0.4-6.4) (n=10)
1.08 ng/mL (n=1)

0.59 ng/mL (n=1)

N=0

Maternal BPA-g levels per gestation & sample collection
Total

Category A (27-29 weeks gestation)

Category B (30-32 weeks gestation)

Category C (33-35 weeks gestation)

Category D (36-38 weeks gestation)

Category E (>38 weeks gestation)

4.71 ng/mL (0.48-21.8) (n=75)
3.5 ng/mL (0.4-14.8) (n=36)
4.34 ng/mL (0.4-21.8) (n=26)
3.90 ng/mL (2.77) (n=2)

4.95 ng/mL (3.13) (n=8)

5.02 ng/mL (n=1)

Cord blood (child) BPA levels (ng/mL)
Total
Male

Female

0.92 ng/mL (0.4-13.2) (n=24)
0.54 ng/mL (0.4-13.2) (n=13)

1.25 ng/mL (0.4-8.3) (n=11)

Cord blood (child) BPA-g levels (ng/mL)
Total
Male

Female

4.21 ng/mL (0.4-26) (n=78)
4.2 ng/mL (0.4-26.0) (n=44)

4.1 ng/mL (0.65-21.3) (n=34)

#Non-parametric data presented as median (range); normally distributed data presented as mean (£SD).

52




Kruskal Wallis analysis showed no statistically significant difference of maternal BMI across the
different gestation categories (p=0.79). Most maternal samples with detectable BPA levels were
collected in the early third trimester (<33 weeks; n=24 of 26). Third trimester maternal BPA
concentrations ranged from the limit of detection 0.4 ng/mL to 15.3 ng/mL, median 0.95 ng/mL; the
majority of mothers n=64 (71%) did not have detectable BPA levels. However, most mothers n=75
(83%) had detectable BPA-g levels, range 0.48 ng/mL -21.8 ng/mL with a median of 4.71 ng/mL. Both
maternal BPA (p=0.88) and BPA-g (p=0.85) were not significantly different across different the
gestation categories for time of maternal sample collection. Analysis via ANCOV A when corrected for,
maternal age, parity and gestation at time of blood collection showed no significant relationship
between maternal BMI and maternal BPA and BPA-g levels with p values of 0.06 and 0.11 respectively.
Child (cord blood) levels correlated with maternal findings with BPA levels ranging from 0.4-13.2
ng/mL, median 0.92 ng/mL; with majority of samples (n=66; 73%) being undetectable. Child BPA-g
levels ranged from 0.4-26 ng/mL, median 4.21 ng/mL; with 13% of samples having undetectable levels.
Kruskal Wallis analysis shows no significant difference in cord BPA (p=0.25) and BPA-g levels
(p=0.25) between male and female infants on analysis. When taking into consideration gestational
length and sex of infant there was not significant association of these with BPA levels. When taking
into consideration gestational length there was no significant association with child gender and birth

weight (p=0.38).

A significant positive correlation between maternal and child BPA and BPA-g levels were observed
with Spearman rank correlation coefficients of 0.892 (95% CI 0.736 -0.958) and 0.744 (95%CI 0.623-
0.830) respectively. Passing-Bablock regression analysis data for relationship between maternal and
cord BPA and BPA-g levels respectively is shown in Figures 4.2 and 4.3.

On ANCOVA analysis maternal BPA and (p<0.001) and maternal BPA-g levels (p<0.001) had the most
significant associations with cord BPA and BPA-g levels respectively. In addition, child-birth-weight
(p=0.02) and maternal BMI (p=0.04) also had significant positive associations with cord BPA levels
but not cord BPA-g levels. Other factors included in the ANCOVA analysis: child gender, infant
gestational length and maternal gestation at collection of samples for analysis, weeks interval between
collection of maternal and cord sample as well maternal parity did not have a significant association

with cord BPA and BPA-g levels.
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Figure 4.3: Passing-Bablock regression analysis between maternal and child (cord) BPA-g levels

Wilcoxon paired sample analysis (pairs n=19) showed no significant differences between maternal and

cord blood pairs median BPA values (p=0.4). (Refer to Figure 4). However, whilst there was correlation
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between maternal BPA and cord BPA-g levels, paired sample analysis showed significant difference

between medians (p=0.007) with a higher median seen in cord blood. (Refer Figure 4.5).
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Figure 4.4 Box and whiskers plot- showing paired maternal and child (cord) BPA levels

Note each line represents a maternal-child pair.
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Figure 4.5 Box and whiskers plot- showing paired maternal BPA and child(cord) BPA-g levels (Note

each shape represents a maternal-child pair)
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Effect of BPA and BPA-g levels on child birth weight:

On ANCOVA analysis following correction for gestational length there was no significant association
between child birth weight and the following: maternal serum BPA levels (p=0.09); maternal BPA-g
levels (p=0.83); cord BPA levels (p=0.06) and cord BPA-g levels (p=0.65). However, it should be noted
that both maternal and cord BPA levels were close to significant p value of 0.05. When further corrected

for sex of child levels of significance did not change.

Discussion

Research examining levels of BPA exposure in developing countries has been identified as an important
research need (35). Research over several years on animal models has shown that BPA exposure has
significant adverse effects on the health of the subject and progeny exposed in-utero. The crux of the
current public health issue around BPA is centred around determining what levels of exposure and for
what time period would affect human health. Animal studies and the smaller number of human studies

have indicated that exposure in the perinatal period is of particular significance (1).

The findings of this study have demonstrated lower median levels of maternal BPA (0.95 ng/mL)
however a similar range of values (0.4-15.3 ng/mL) were seen as previous studies performed in
industrialised nations. Padmanabhan et al reported values of serum maternal BPA ranging from
undetectable (<0.5 ng/mL) to 22.3 ng/mL with a mean value of 5.9 ng/mL in a US study cohort (27).
Another study in German women reported serum maternal BPA levels between 0.3 to 18.9 ng/mL with
median values of 3.1 ng/mL (38). A larger study of 300 participants in South Korea investigating serum
BPA levels in maternal and cord blood reported BPA concentrations from non-detectable to
66.48 ng/mL in pregnant women and from non-detectable to 8.86 ng/mL in umbilical cord blood (39).
Previous studies using chromatographic methodologies to measure BPA in term cord blood have
reported similar findings to the current study with mean levels ranging from 0.13 ng/mL to 1.13 ng/mL
(current study median cord serum BPA 0.92 ng/mL) (39,40). We reported the majority of both maternal
serum (71%) and cord blood samples (73%) had BPA levels lower than the detectable limit of the assay.
Detection rates in other studies ranged from 14 to 17% above lower limit of detection for serum maternal
BPA (41,42). In the current study where serum BPA was detectable in maternal/child pairs, median
maternal levels were not statistically significant from the median cord bloods when analysed using
Wilcoxon paired analysis (p=0.4). A positive correlation was found between maternal and foetal BPA
concentrations, correlation coefficient 0.892. The child birth weight and maternal BMI also showed
statistically significant association with cord BPA levels but to a lesser degree than maternal BPA
levels. However maternal BMI had no significant association with maternal serum BPA or BPA-g

levels. This may be due to the relatively homogenous distribution of BMI with very few maternal
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participants having normal or low BMIs. The current study also displayed highly variable BPA levels

in maternal and cord blood as has been previously reported (27-31).

Serum BPA levels of greater than 0.23 ng/mL has been reported as the lowest observed adverse effect
concentration (LOEC) where in vitro effects on human tissues are observed (11,43). In this study all
the detectable cord blood BPA levels were 0.4 ng/mL or greater indicating that in those infants where
BPA was present it was present in significant levels to possibly impact on health. In the current study
we did not demonstrate any significant association of either BPA and BPA-g levels in maternal serum
or cord blood on child birth weight, when birth weight was analysed as the dependent variable.
However, effects of BPA exposure such as the endocrine, metabolic and neurodevelopmental sequelae
will only present later in childhood, puberty or even adulthood. Molecular mechanisms that underlie
the neurodevelopmental toxicity and sex-specific effects of BPA are still not completely elucidated (35,
44). Recent research suggests that long-lasting effects of prenatal BPA exposure likely involve
disruption of epigenetic programming during development (44). In particular, DNA methylation and
histone modifications are the epigenetic processes that are sensitive to environmental disruptors (46).
This further underlines the importance of exposure of progeny in-utero due to possibility of generational

effects. Unfortunately, at this stage we are unable to assess these outcomes as part of the study.

Controversy exists with regards to contamination of samples with BPA during sample collection,
preparation and measurement processes. The finding that the majority of our samples (maternal serum
and cord blood) had BPA values that were below the detection level of our assay is highly suggestive
that BPA contamination if indeed present was minimal/non-detectable. Wherever possible glass
equipment including flasks, vials, pipettes were used during sample preparation and analysis.
Polypropylene tubes not containing BPA were used for sample collection. Water used for sample
preparation was also run and found not to have detectable BPA levels. Additionally, blanks were run
with each batch to further ensure contamination was not present from the sample preparation and
handling phases. We also demonstrated that storage of blank serum samples and BPA spiked samples
for several months in polyethylene tubes did not show any significant increase in BPA concentrations
indicating leaching was not appreciable. Recovery studies with charcoal stripped serum also indicate
that leaching from any plastic equipment used was minimal (not detectable from instrument noise) and
the soft ionisation extraction techniques utilised for sample analysis and preparation did not result in
deconjugation of BPA-g to BPA in the analysis process. It is conceivable that small amounts of BPA
may have contaminated samples such that samples that would have otherwise been lower than the
detectable limit are now just above the limit. In the case of this study only 3 samples for the maternal
samples were close to BPA LOQ or less than 10% above it and for cord blood samples 3 were at LOQ.
The rest of both maternal serum and cord blood samples were 20% or more higher than the LOQ. In a

review of recent studies involving BPA measurement vom Saal et a/ indicated that there appears to be
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no, or little significant contamination noted with current procedures of analysis and sample handling
(47). Demonstration of detectable BPA-g levels in the vast majority of maternal child pairs with
detectable BPA levels is also an indicator that BPA contamination of samples in this study was not to
a significant degree. For maternal serum there was only 1 participant were BPA was detectable and
BPA-g was undetectable in serum. For cord blood there was only 2 participants where BPA was
detectable, and BPA-g was undetectable in serum. BPA levels in both patients was close to limit of

quantitation and BPA-g just below.

Another limitation of this study that could be cited is that maternal BPA measurements from earlier in
pregnancy were not performed as part of the study. The early intra-uterine period, specifically the 8-
14 weeks when organogenesis occurs, is generally considered the most sensitive period for any
interference from toxin exposure. However, exposure in late pregnancy has also been shown to be of
clinical significance by animal studies (48). Since repeating sampling was not performed for each
maternal /child pair the findings of this study represent only a snapshot of possible exposure.
Unfortunately, data for exact time of day of maternal collection was not available and further analysis
could not be performed to determine the effect of time of day on maternal BPA serum levels. However,
the clinics at which collection of samples occurred routinely see individuals from 8 am to around 12

pm., thus samples were taken during mid-morning for the majority of volunteers.

The current study is the first to the authors’ knowledge to measure and demonstrate significant BPA
and BPA-g levels amongst a maternal/child cohort in the African continent. This illustrates that the
issue of BPA exposure is not reserved to western industrialised nations. Additionally, analyses of BPA
and BPA-g were performed utilising the specific and sensitive liquid chromatography tandem mass
spectrometry methodology with deuterated internal standards as opposed to less specific methods such
as immunoassay and spectrophotometry. The method utilises small serum volumes of 50 ul with only
20 pl injection volume required for analysis making it a relatively sensitive method given minimal
sample volumes used. This together with the short run time and simple sample preparation would allow

for easier implementation in other centres.
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Abstract

Exposure to Bisphenol A (BPA) during early development particularly in- utero has been linked to a
wide range of pathology. The aim of this study was to examine the relationship of BPA and its naturally
occurring metabolite BPA-glucuronide (BPA-g) with sex steroid hormone levels in South African
mother-child pairs.

Third-trimester serum maternal samples and matching cord blood samples were analyzed for BPA,
BPA-g and nine sex steroid hormones using liquid chromatography tandem mass spectrometry (LC-
MS/MS).

Sixty maternal and child pairs were analyzed. Rank correlation demonstrated a significant positive
relationship between cord blood estradiol and cord blood BPA (p=0.002) and maternal BPA levels
(p=0.02) respectively. Cord blood testosterone from male infants showed a negative Spearman’s
correlation (r=-0.5, p=0.02) with maternal BPA-g. There was no statistical difference in total
testosterone levels in cord blood from male and female infants.

The findings of the current study indicate a significant relationship between some key sex steroid

hormones namely testosterone, dihydro-testosterone and estradiol. and fetal exposure BPA.

65



Introduction

The United States environmental protection agency has defined endocrine disrupting chemicals or
endocrine disruptors (EDs) as “exogenous agents that interfere with the normal function of endogenous
hormones responsible for the maintenance of homeostasis and the regulation of developmental
processes. These agents act by disrupting the synthesis release, transport, metabolism binding action or
elimination of natural hormones in the body”(1). Over the past 15-20 years both the scientific literature
and then in turn the lay media have reported on the possible deleterious effects of these exogenous
agents on fish, wildlife, the environment and human health. The possible deleterious effects on human
health associated with endocrine disruptors has ranged from effect on reproductive health in particular
sperm health, their role as carcinogens, and increasingly reports on effects on other endocrine and

metabolic functions, such as, thyroid disease and obesity.

Bisphenol A (BPA), an endocrine disruptor, is found in a vast array of plastic consumer products
including lining of tin cans, food and water containers, medical devices and toys (1,2). Exposure to
BPA has been linked to prenatal and postnatal adverse effects on multiple tissues, including the
reproductive system and neurodevelopment. Animal studies and the smaller number of human studies
have indicated that exposure in the perinatal period is of particular significance (1). BPA effects are
typically attributed to its estrogenic or anti-estrogenic action however this action can not completely
account for the adverse effects of low potency BPA at the low-dose exposures that are commonly seen
(1,3). BPA has also been reported interact with androgen, glucocorticoid and thyroid receptors (4).
Previous reports have described effects of BPA on steroid hormone levels and metabolism. In vitro
studies of exposure of BPA to human granulosa cells have shown changes in progesterone and estradiol
synthesis with effect on enzyme levels (5). Animal studies have also demonstrated that BPA exposure
at some doses affects ovarian follicle numbers as well and progesterone and estradiol levels (6).
Takeuchi et al in an earlier study described significant correlation between BPA levels and total and

free testosterone levels in humans (7).

BPA-glucuronide (BPA-g) is a major metabolite of BPA metabolism. Levels in cord blood remain
steady and are thought to reflect the cumulative dose of BPA received during late pregnancy (8). BPA-
g was widely thought of inert as it is unable to bind to oestrogen receptors however recent evidence in
animal studies suggest that it may deconjugate to expose the foetus to BPA even though adequate
conjugation of BPA has occurred after maternal intake (33/9). In context of the short half-life of BPA,
BPA-g acts as a surrogate marker of BPA exposure (9).

In a previously published study, we reported BPA was detectable in more than 25% of maternal and
cord blood samples. We demonstrated significant positive correlation between maternal and child BPA

and BPA-g levels with correlation coefficients of 0.892 and 0.744, respectively (10).
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As part of a larger study examining the effect of BPA on maternal and child-pairs we examined the
relationship between BPA and BPA-g levels on sex steroid and related hormone levels in maternal and

child pairs.

Methods

Population and study samples

Blood samples and data collected as part of the mother and child in the environment (MACE) birth
cohort study were utilized for this study. The MACE study population consists of pregnant females
recruited from antenatal clinics in Durban, South Africa from the “South basin” area and other clinics
in the North Durban area. The Durban South basin is an area where large communities are located
within heavily polluted large-scale industrial enterprises. Mothers were recruited during the third
trimester of pregnancy (between 27 completed to 40 weeks of pregnancy). Details regarding pregnancy
outcome for participants were also collected during the course of the MACE study. Venous blood
samples were taken during the third trimester from the pregnant individuals. Cord bloods were taken at
delivery. Blood were collected from maternal participants at one of their regularly scheduled ante-natal
appointments. Maternal and cord bloods collected in serum polypropylene vacutainer tubes were later
analyzed for BPA and BPA-g. These samples were centrifuged, separated and serum stored at -80
degrees Celsius until analysis. Maternal /cord paired samples with sufficient serum volumes were
utilized for the current study. Inclusion and exclusion criteria were as per MACE study which has been

described previously (10).

Bisphenol A and Bisphenol glucuronide analysis

The methods used for determination of BPA and BPA-g levels has been previously described in detail
(10).

Determination of steroid hormone levels

The following nine steroid hormones were analyzed in maternal serum and cord blood using LC-
MS/MS methodology: estradiol (E2), total testosterone (TT), 11-deoxycorticosterone (11DOC),
Dehydroepiandrosterone (DHEA), dehydroepiandrosterone sulfate (DHEAS) androstenedione
(Andro), 17-OH progesterone (170HP), dihydrotestosterone (DHT) and progesterone (Prog). There
hormones were selected as they cover the major sex steroid hormones in humans.

A commercially available kit the MassChrom Steroid Panel 2 kit (Chromosystems Instruments and
Chemicals GmbH, Germany) was utilized for analysis of steroid hormones

Sample/calibrator/control preparation was as per manufacturer’s instructions. Chromatographic

separations were carried out using the AB-Sciex 4500 triple quadrupole mass spectrometer equipped
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with an Agilent 1260 Ultra high-performance liquid chromatography (uHPLC) system. Analytes of
interest were separated on the analytical column provided in the commercially available kit. A linear
gradient was used from 0-70% of Mobile phase B in Mobile phase A followed by a hold for 1 minute
at a flow rate of 0.8 ml/min. Total run time was 12.5 minutes. Injection volume utilized was 30ul.
The following single reaction monitoring (SRM) quantifier and qualifier transitions were used:
Androstenedione 287>109,287>97; DHEA 289>213, 271>213; DHEAS 271>213, 271>197, DHT
291>255; 291>159; E2255>159, 255>133; 17 OHP 331>109, 331>97; Progesterone 315>97,
315>109; Testosterone 289>97, 289>109; 11DOC 331>109, 331>91.

De-deuterated internal standards were utilized for each analyte of interest and were added to samples
prior to extraction. Six levels of commercially available standards (including blank) and three levels of
serum based internal quality control materials were analyzed at the beginning, middle and end of each
run. MassChrom® steroid serum calibrators and controls were purchased from Chromsystems
Instruments & Chemicals GmbH (Munich, Germany). A procedural blank was analyzed with each run.
Within run coefficient of variation (CV) for the steroid hormones ranged from 0.48% to 12.73%, and
for the between-run CVs ranged from 1.6-10.2 percent (%) across the three internal quality control

(IQC) levels.

Statistical analysis

Data was assessed for normality using the Shapiro-Wilk test. Non-parametric tests Kruskal Wallis test,
Spearman’s correlation or Wilcoxon signed rank test for univariate analysis. A p value of <0.05 was
considered significant. Analysis of covariance (ANCOVA) was used to assess for confounding
variables and for multiple regression analysis. Statistical analysis was performed on Medcalc statistical

software program version 18.11 (Medcalc, Belgium).

Ethical approval

The research has complied with all the relevant national regulations, institutional policies and in
accordance the tenets of the Helsinki Declaration, and has been approved by the authors' institutional
review board or equivalent committee. Ethical clearance for this study was obtained from the
Biomedical Research and Ethics Committee (BREC) of the University of KwaZulu-Natal (Ethics
Clearance Certificate BE 597/16).

Results

Following exclusion of maternal-child pairs where all analytes could not be measured due to insufficient
sample volume data analysis of sixty pairs of maternal and cord blood samples were performed and are

described here.

68



Table 5.1 summarizes information regarding hormone levels found in maternal samples, and cord blood
samples for male and female newborns. Kruskal-Wallis analysis was performed to determine if
statistically significant difference could be identified between the two genders for cord blood hormone
levels. There was no noted statistically significant difference between the two genders for the medians
of cord blood steroid hormones measured. E2 missed statistical significance with a p value of 0.08. It
was noted that the upper range of androgen levels (TT; DHT, Andro, DHEA; DHEAS) were higher for
male infant cord blood than for females. As most parameters had a non-gaussian distribution, non-
parametric statistical methods were used to analyze data. Spearman’s rank correlation showed no

statistically significant correlation between maternal estradiol (p=0.55) and testosterone levels (p=0.56).

Relationship maternal, cord blood BPA and steroid hormone levels

Estradiol

Expectedly a strong positive correlation between maternal and cord blood estradiol levels was observed
with p <0. 0001. Following ANCOVA analysis with inclusion of other confounding variables such as
infant gender, birth weight, gestational age and maternal BMI a statistical significant correlation
between maternal and cord estradiol was still present. None of the other variables assessed displayed a
significant correlation on ANCOVA with cord blood estradiol this included maternal and cord blood
BPA-G level. Cord estradiol levels showed a significant relationship with maternal BPA-g values
(p=0.002) when maternal estradiol was excluded from the ANCOVA analysis. Spearman’s rank
correlation showed a positive correlation of cord blood estradiol with both maternal (p =0.001) and cord
blood (p=0.01) BPA- g levels. ANCOVA analysis showed significant correlation (p<0.0001) between
maternal estradiol and maternal BPA-g levels independent of maternal body mass index (BMI), age,
gestation of pregnancy and fetal gender. Spearman’s rank correlation between cord blood estradiol with
cord blood BPA and maternal BPA levels were 0.7 (p=0.002) and 0.6 (p=0.02) respectively. ANCOVA
analysis of the relationship of the steroid hormones with maternal and cord BPA levels to determine the
effect of confounding variables could not be performed due to the limited number of samples that had

detectable BPA levels (n=15).

Total Testosterone

There was no statistically significant correlation between maternal and cord blood testosterone levels
(p=0.09). Cord blood testosterone levels showed statistically significant negative correlation (p=0.009)
with both maternal BPA-g and cord BPA-g levels. Cord blood testosterone from male infants showed
a negative Spearman’s correlation (r=-0.5, p=0.02) with maternal BPA-g levels. Following ANCOVA
analysis variables such as birth weight, infant gender, gestational age had no significant relationship

with cord testosterone levels. Figure 5.1 illustrates the lack of statistically significant difference of cord
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blood testosterone concentrations between both sexes. Overall cord blood testosterone levels correlated

negatively with cord (r=-0.60; p=0.02) and maternal BPA levels (r=-0.52; p=0.05).

Androstenedione

Cord blood androstenedione levels showed statistically significant negative correlation with both
maternal BPA-g (p=0.01) and cord BPA-g levels (p=0.01). Following ANCOV A analysis both maternal
BPG (p=0.01) and maternal androstenedione (p=0.001) had a statistically significant relationship with
cord blood androstenedione levels. None of the confounding variables (gestational age, infant birth
weight and gender) had a significant influence on the relationship between cord androstenedione and
BPA-g levels. Maternal androstenedione levels had a significant correlation (p=0.02) with maternal
BPA-g levels. Cord blood androstenedione levels were positively correlated with maternal

androstenedione levels (r=0.62; p<0.001).

11DOC

Cord blood 11-DOC levels showed a trend for negative correlation with maternal BPA-G levels but
this missed statistical significance (p=0.05), however, the negative correlation with cord BPA- levels
was statistically significant on Spearman’s correlation analysis (p=0.01).

On ANCOVA analysis gestational age, infant birth weight and gender did not show an association with
cord 11 DOC levels.

DHT

Cord blood DHT levels showed a negative statistically significant correlation with cord blood BPA-g
(p=0.01) but just missed statistical significance for maternal BPA-g levels (p=0.05). There was no
statistically significant difference between DHT cord blood levels in male versus female infants

(p=0.98).

DHEA
Cord blood DHEA levels showed no statistically significant correlation with maternal BPA-g (p=0.11)
and cord blood BPA-g (p=0.72).

DHEAS
Cord blood DHEA levels showed no statistically significant correlation with maternal BPA-g (p=0.65)
and cord blood BPA-g (p=0.3).

17 -hydroxyprogesterone (170OHP)
Cord blood 17 hydroxyprogesterone levels did not show a significant relationship with maternal BPA-

g (p=0.09), however cord blood 170HP levels did display a statistically significant negative relationship
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with maternal BPA-g (p=0.002). Analysis examining relationship with cord blood BPA-g levels

showed no statistically significant findings.

Progesterone
Cord blood progesterone levels showed statistically significant negative correlation with both maternal
BPA-g (p=0.03) and cord BPA-g levels (p=0.0027). However, when corrected for other confounder

variables -birth weight and gestational age the correlation was not statistically significant.

Testosterone and estradiol ratio

Testosterone/estradiol (T/E) ratios, expressed in nmol/nmol ranged from 0.0008 to 202 (median 4.80)
in male cord bloods. In female cord blood samples, the T/E ratios ranged from 0.001 to 25.10
nmol/nmol with a median of 2.15 nmol/nmol. (refer Figure 2)

There was a negative correlation between male cord T/E ratios and cord blood BPA-g levels (r=-0.617;
p=0.0003) and maternal BPA-levels r=-0.63; p=0.0001). Kruskal-Wallis analysis between T/E ratios in

male and female cord blood samples did not reach statistical difference (p=0.17).
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Figure 5.1 Box and whiskers diagram depicting the range of cord blood testosterone levels in male and

female infants

71



250 |-
200 o ML
T/E 50 | Key:
ratio —r maximum
100 | 75th Centile
Median
| |
7 Y| - . &
! - 25th centile
0 = 2o I 1 ' = —Lminimum
Male cord blood Female cord blood

Figure 5.2 Box and whiskers diagram depicting the range of cord blood testosterone/estradiol ratios in

male and female infants

72



Table 5.1 Summary data of maternal and cord blood pairs

Maternal Age BMI kg/m? | BPA(ng/mL) | BPA-g E2 TT 11-DOC DHEA DHEAS | Andro 17-OHP | DHT Prog
Mean (SD) | Median (ng/mL) | (pmol/L) | (nmol/L) | (nmol/L) (nmol/L) | (nmol/L) | (nmol/L) | (nmol/L) | (nmol/L) | (nmol/L)
(range) Median | Median Median Median Median Median Median Median Median Median
(range) (range) (range) (range) (range) (range) (range) (range) (range) (range)
N=60 25 (16-40) | 32.2(7.7) 1.16  (04- | 4.64 7985 12.7 1.44(0.22- | 133 (6.6- | 1390 72.6 27.6 2.3(0.4- | 2995
15.3) (0.15- (219- (0.34- 28) 764) (170- (1.71- (2.61- 37.8) (45.6-
N=15 21.8) 468000) 85.2) 9250) 1570) 465) 3810)
N=54
Cord blood Gestational | Birth BPA BPA-g 182 TT 11-DOC DHEA DHEAS | Andro 17-OHP | DHT Prog
Age weight (ng/mL) (ng/mL) | (pmol/L) | (nmol/L) | (nmol/L) (nmol/L) | (nmol/L) | (nmol/L) | (nmol/L) | (nmol/L) | (nmol/L)
(weeks) (grams) Median Median | Median Median Median Median Median Median Median Median Median
Median Mean (SD) | (range) (range) (range) (range) (range) (range) (range) (range) (range) (range) (range)
(range)
Male (N=36) | 38 (35-41) 2910 (475) | 0.53 4.4 (0.4- | 5950 (33- | 21.5 4.7 121 1840 146 49.3 2.58 869
(0.4-8.3) 16.9) 268000) (0.16- (1.0-128) | (6.29- (194- (0.29- (12-315) | (0.32- (228-
N=9 N=30 166) 741) 8080) 965) 7.72) 2950)
Female 38 (36-41) 2936 (452) | 1.09 4.64 14700 24.1 4.7 (1.98- | 91.8 1795 126 (49- | 54.1 2.4(0.51- | 1385
(N=24) (0.5-13.2) (0.65- (1160- (0,17- 55.8) (14.6- (5.1- 814) (16.6- 7.54) (63.7-
N=6 21.3) 121000) 142) 450) 8230) 302) 3490)
N=22
P=0.085 | P=0.52 P=0.73 P=0.71 P=0.99 P=0.4 P=0.12 P=0.98 P=0.22

Non parametric data presented as median (range); normally distributed data presented as mean (+SD)
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Discussion

The presence of BPA in the environment is ubiquitous. There has been much research on how the
intrauterine environment and exposure of an individual preconception and pregnant females during the
gestational period affect eventual infant outcomes and disease occurrence throughout life (11). The
distribution of disease that can result from the interaction of the fetus with its environment range from
poor birth outcome, disorders of anatomical development, reproductive health, malignancy, neuro-
behavioral, metabolic and endocrine related disorders. Several studies in animal models and humans

have described the association of BPA exposure with all of the afore-mentioned pathologies (12,13,14).

The inter-play of steroid hormones is a vital element to the normal functioning of the feto-maternal-
placental unit. Abnormalities of these hormones may lead to disorders of conception, abnormal fetal
development, poor birth outcomes and pathology later in life. Aberrant progesterone levels have been
associated with poor placental implantation, pregnancy loss and pre-eclampsia (15,16,17). Elevated
testosterone and elevated estradiol levels in the fetus have been linked to autism (18,19). Abnormal
levels of testosterone have been associated with abnormal reproductive organ development in the male
and female fetus (20). Low levels of testosterone in -utero have also been linked to increased incidence
of obesity, diabetes and hypertension in adulthood (21). High levels of androgen exposure in-utero
have been associated with pre-eclampsia as well as polycystic ovarian disease later in life (16,22,23).
The number of studies reviewing the relationship between BPA and steroid hormones in maternal-child
pairs is limited. A study by Kolatorova et a/, which evaluated BPA and steroid hormones in 27 maternal-
child pairs reported no association with maternal BPA and cord blood steroids (24). A further larger
study by Minatoya et al, reported findings that suggest that fetal BPA levels may be associated with
changes in certain reproductive hormones (25). To the authors knowledge this is the first study to
examine the relationship of BPA as well as one of its major metabolites (BPA-g) with steroid

reproductive hormones in maternal-child pairs.

It should be highlighted that for all steroid hormones analysed no statistically significant differences
were noted between the cord blood levels between female and male infants. For hormones like
estradiol, which is high in both genders in cord blood and then declines soon after birth there is
conflicting data with regards to whether female or male infants have the higher cord blood levels. In a
review by Kuijper ef al, none of the studies analyzed showed a statistical significance between estradiol
cord blood levels between both sexes (26). This is in keeping with the current study findings which
shows a trend for higher estradiol values in the cord blood of female infants but is not statistically

significant. We demonstrated a significant positive correlation between BPA-g levels in maternal and
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cord blood with cord blood estradiol levels. The study by Minatoya et al, reviewing cord blood BPA
levels and reproductive hormones in neonates demonstrated that cord BPA level showed weak positive
association with testosterone, estradiol, and progesterone levels in boys (25). Their findings suggested
that foetal BPA levels might be associated with changes in certain reproductive hormone levels of
neonates in a sex-specific manner. Whilst the present study showed trends for increased levels of certain
sex steroid hormones, for example estradiol in female infants these did not approach statistical

significance.

Studies by Barry et al/ and Robinson et al, have reported significantly lower total or bioavailable
testosterone in cord blood of healthy female infants versus male infants (27, 28). Of particular note, is
that the current study did not show a significant difference between cord blood total testosterone levels
and T/E ratios in female and male infants. In a metanalysis of 18 studies reviewing sex differences in
testosterone in cord blood revealed significantly higher cord TT in boys than girls at a moderate effect
size. However, the authors also reported significant heterogeneity between the 18 studies (27).

In the current study a significant negative relationship between testosterone levels in cord blood and
maternal serum BPA-g levels was described. Liu ef @/ in their study examining urine maternal bisphenol
levels also reported lower cord testosterone levels and lower T/E ratios in male newborns with high
urine BPA levels. They reported total testosterone levels in male cord blood ranging from 0.8 to 65
nmol/L (median 10.5 nmol/l) (29). We report male cord blood testosterone values ranged from 0.16-

166 nmol/L (median 21.5 nmol/L).

The current study does not demonstrate significant correlation between maternal and child testosterone
levels. The data with regards to normal testosterone ranges in infant cord blood is varied, conflicting
and depends on the methodology used (immunoassay based or chromatography/mass spectrometry) to
assess testosterone and the different forms of testosterone (total, bioavailable or free) measured.

High androstenedione levels were observed in both maternal and cord blood with maternal blood
median of 72.6 nmol/L and male and female cord blood medians of 146 nmol/L and 126 nmol/l,
respectively. In this study we have reported higher androstenedione levels in maternal and cord blood
than have been previously reported in healthy newborns and mothers at full term (26). Following
removal of possible outliers, median androstenedione values remained significantly elevated with
values of 68 nmol/L and 128 nmol/l for maternal and cord blood respectively. The presence of an
interference/s causing falsely elevated androstenedione values in the cord blood samples is a possible
consideration. This has been described in another study measuring steroid hormones in newborns
utilizing an LC-MS/MS method with a similar extraction technique (protein precipitation and solid
phase extraction) as the current study. Whilst the interferent was not identified in the study by Lima-
Valassi et al, a change in sample extraction technique was able to reduce the androstenedione values

observed (30).
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DHT like TT displayed a negative correlation with maternal and cord blood BPA-g levels. Additionally,
both hormones displayed no statistical difference between levels of these hormones in male and female
cord blood. A previous study using gas chromatography tandem mass spectrometry (GC-MS/MS)
reported DHT levels of 2.4 fold higher in male cord blood. The same study reported a smaller difference
in male and female cord blood for total testosterone with values in males being 1.3-fold higher (31).
The lack of a significant difference between male and female cord blood levels for DHT and TT in the
current study is thus a significant finding, particularly in view of the fact that androgen exposure plays
a vital role in development of the fetus in the intra-uterine period as well as later in life. Exposure of
male fetuses to anti-androgen EDs results in feminization and exposure of female fetuses to androgens
leads to their masculinization (32). Both insufficient and excessive androgen levels have sequelae on
development of both sexes affecting reproductive, metabolic and neurological development.

BPA has been reported to affect the action of the 5 alpha reductase enzymes responsible for synthesis
of DHT from circulating testosterone. Animal studies have shown decreased expression of some 5-
alpha reductase isoenzymes in certain tissues following exposure to BPA. DHT may also be decreased

due to possible downregulation of TT synthesis mediated by BPA exposure (33, 34).

The mechanisms of BPAs actions as an endocrine disruptor has been linked to its agonistic and/or
agonistic actions on hormone receptors including estradiol, androgen and thyroid hormone receptors
(35). Exposure to BPA has also been shown to significantly decrease expression CYP2AT1 and steroid
acute regulatory protein (StAR). Both of which are responsible for rate-limiting steps in the synthesis
of steroid hormones (36). Additionally, BPA has been demonstrated to affect the catabolism of steroid
hormones (37). BPA exposure may cause epigenetic dysregulation of specific genes involved in steroid
hormone production or metabolism which may also affect steroid hormone levels and balance between

the estrogens and androgens (38, 39).

The clinical effects of ED exposure are difficult to fully quantify in humans. Exposure occurs in -utero
and via the environment and there is exposure to multiple possible EDs with additive effects and
variable and ill-defined cut-offs for pathology inducing doses. Numerous studies have shown fetuses,
neonates, infants and children to be greater than 10-fold more sensitive than adults to the effect of EDs
(40,41). This is further made more complex by reported exposure/s in-utero only developing pathology
much later in life for example infertility in adult males. Additionally, the sequalae of ED exposure
during fetal development is different from exposure as an adult. One of the more obvious clinical
consequences of anti-androgenic exposure with BPA in-utero-is interference with masculinization and
neurodevelopment. However, several other clinical effects on for example immune maturation, or
metabolic function may not be so obvious a result of ED exposure. Clinical evaluation is further made

difficult by the lack of sensitive markers of these ED exposure events (42).
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There are limitations to the current study. This includes the cross-sectional nature of the study and the
small sample size. Additionally, as BPA and BPA-g levels were not followed over time during the
course of the pregnancy we cannot be certain to what degree the measured maternal serum and cord
blood BPA/BPA-g levels reflect the actual exposure throughout pregnancy and to what extent cord sex
steroid hormone reflects the actual hormonal levels throughout the entire intra-uterine period. The
advantages of this study is the use of LC-MS/MS methodology to measure both BPA and steroid
hormones in maternal and cord blood. BPA-g, a metabolite of BPA was also measured as a surrogate

for exposure.

Cord blood is a particularly challenging medium to analyse. Previous methodologies for measurement
of steroid hormones that were primarily immunoassay based suffered from significant cross-
interference between steroids and their metabolites. The use of liquid chromatography coupled with
tandem mass spectrometry reduces the likelihood of interference. Another limitation of the current
study was that biologically active fractions of testosterone such as bioavailable testosterone or free

testosterone were not estimated or measured directly.

This is the first study to the authors knowledge to examine the relationship between BPA as well as
BPA-g with steroid hormones in maternal-child pairs. Our findings suggest a possible relationship
between fetal/cord blood steroid hormone levels in particular estradiol (positive) and testosterone
(negative) with maternal and cord BPA-g levels a surrogate marker for BPA exposure). Due to the
cross-sectional nature of the current study causality or associations with development of disease cannot
be shown in the BPA exposed infants. Future studies monitoring the presence of disease in a similar
cohort from birth into later adulthood examining the impact of fetal and environmental exposure are
required. Also, studies defining the mechanisms for BPA disturbance of steroid hormones levels in

humans are needed.
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Abstract

Exposure to Bisphenol A (BPA) during early development particularly in- utero has been linked to a
wide range of pathology. Over the last two decades the importance of vitamin D in maternal and child
health has been highlighted. The aim of this study was to examine the relationship of BPA and its
naturally occurring metabolite BPA-glucuronide (BPA-g) with 25 hydoxy-vitamin D (250HD) levels
in South African mother-child pairs.

Third-trimester serum maternal samples and matching cord blood samples were analyzed for BPA and
BPA-g using liquid chromatography tandem mass spectrometry (LC-MS/MS) and 250HD3 and
250HD2 using high performance liquid chromatography

A total of 58 maternal and child pairs were analyzed. More than fifty percent of maternal-child pairs
were noted to be vitamin D deficient or insufficient using the Endocrine Society Practice guidelines
cut-off of 50 nmol/L. Analysis of covariance showed a significant relationship between cord BPA-g
levels and cord 250HD levels (p=0.03) as well as between maternal BPA-g levels (p=0.04) and cord
total 250OHD levels (p=0.04).

The findings of the current study confirm the significant direct relationship between foetal and maternal
vitamin D levels and indicate a possible relationship with BPA/BPA-g and foetal/early infant Vitamin

D levels that needs to be further investigated in this population.
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Background

Vitamin D is a cholesterol derived prohormone that is available in two common storage forms, the plant
derived, ergo-cholecalciferol (25-hydroxy vitamin D2) and the animal derived cholecalciferol (25
hydroxy vitamin D3) (1,2). In humans, vitamin D3 is converted to the active form 1,25 hydroxy vitamin
D which acts via vitamin D binding receptors in various tissues (2, 3,4,5). Classically vitamin D has
long been associated with bone and skeletal health, including calcium and phosphate metabolism (2).
There are numerous studies that support the importance of vitamin D in other aspects of health including
the development and maintenance of the immune system, neurodevelopment and development of
reproductive organs. Inadequate levels of Vitamin D have been associated with tumorigenesis,
abnormalities in glucose metabolism, cardiovascular disease, obesity and development of autoimmune

disease (6,7).

Vitamin D levels during the intrauterine and neonatal period are largely dependent on maternal vitamin
D levels (8-10). Maternal vitamin D deficiency (VDD) can result in neonatal hypocalcaemia. In
addition, maternal VDD has been associated with other gestational pathologies including poor
placentation and maintenance of the pregnancy, maternal obstetric complications such as preeclampsia,
preterm birth as well as deleterious effect on foetal immune, neural and metabolic development.
Maternal VDD may also negatively affect the anthropometric parameters in the neonate and increase
the risk for asthma and type 1 diabetes in later life (11-14). Recent literature from different regions have
reported significant proportions of neonates with insufficient 25 hydroxy-vitamin D (250HD) levels
and a similar prevalence in the mothers (15-22). However, the issue of VDD is clouded by lack of
consensus for optimal cut offs to denote deficiency in young infancy and the possibility of different cut
offs based on racial groups. Limited data is available on maternal and neonatal vitamin D status in the
African continent and associated deleterious effects. A study performed in a Kenyan pregnant cohort
reported a 51% Vitamin D insufficiency and a 21 % deficiency (using Endocrine Society Guidelines)
(23). However, a study in a Zimbabwean cohort did not show similarly high levels of

deficiency/insufficiency (24).

The intra-uterine period is highly susceptible to the effect of endocrine disruptors on foetal health.
Bisphenol A (BPA), an environmental chemical and endocrine disruptor, is found in a vast array of
plastic consumer products including lining of tin cans, food and water containers, medical devices and
toys (25,26). Exposure to BPA has been linked to prenatal and postnatal adverse effects on multiple
tissues, including the reproductive system and neurodevelopment. BPA effects are typically attributed
to its estrogenic or anti-estrogenic action however this action can not completely account for the adverse
effects of low potency BPA at the low-dose exposures that are commonly seen (25,27). BPA has also

been reported to interact with other steroid hormone receptors including androgens and glucocorticoids
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(28). The structural homology of vitamin D with sex steroid hormones like estradiol and testosterone,
make it possible that BPA may also disrupt the actions of Vitamin D as well. A 2016 report from the
US National Health and Nutrition Examination Survey (NHANES) examined the relationship between
urinary BPA (uBPA) and 250HD levels in a large cohort of pregnant women. Their findings showed
an inverse association with uBPA and total 250HD levels. BPA was significantly associated with a

20% increase in the odds of VDD at 26 weeks’ gestation in the women (29).

BPA-glucuronide (BPA-g) is a major metabolite of BPA metabolism. Levels in cord blood remain
steady and are thought to reflect the cumulative does of BPA received during late pregnancy (30). BPA-
g, was widely thought of inert however recent evidence from animal studies suggest that it may
deconjugate to expose the foetus to BPA (31). In context of the short half-life of BPA, BPA-g acts as

a surrogate marker of BPA exposure (31).

In a previously published study, we reported BPA was detectable in more than 25% of maternal and
cord blood samples in a South African cohort. We demonstrated significant positive correlation
between maternal and child BPA and BPA-g levels with correlation coefficients of 0.892 and 0.744,
respectively (32). As part of a larger study examining the effect of BPA on maternal and child-pairs we
examined the relationship between BPA and BPA-g levels on 25-hydroxy Vitamin D levels in maternal
and child pairs. As a secondary objective in this study we also examined the relationship between 25

OH Vitamin D levels and birth parameters.

Methods

Population and study samples

Blood samples and data collected as part of the mother and child in the environment (MACE) birth
cohort study were utilized for this study. This is described in detail in another publication (33). The
MACE study population consists of “healthy” pregnant females recruited from antenatal clinics in
industrially dense south Durban, South Africa and other clinics in the north Durban area. The south
Durban is an area where large communities are located within heavily polluted large-scale industrial
enterprises. The north communities, although of similar socio-economic profile, is less industrially
active. Mothers were recruited during the first trimester of pregnancy. Details regarding pregnancy
outcome for participants were also collected during the course of the MACE study (33). Venous blood
samples were taken during the third trimester (between 27 completed to 40 weeks of gestation) from
the pregnant individuals. Cord bloods were taken at delivery. Bloods were collected from maternal
participants at one of their regularly scheduled ante-natal appointments. Maternal and cord bloods
collected in serum polypropylene vacutainer tubes were later analyzed for BPA and BPA-g. These

samples were centrifuged, separated and serum stored at -80 degrees Celsius until analysis. Maternal
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/cord paired samples with sufficient serum volumes were utilized for the current study. Vitamin D
measurement and supplementation in pregnancy is not part of routine practice guidelines in the South
African public health care system. Inclusion and exclusion criteria were as per MACE study which has

been described previously (32).

Bisphenol A and Bisphenol glucuronide analysis

The methods used for determination of BPA and BPA-g levels has been previously described in detail
(32). Briefly BPA and BPA-g levels were carried out using the AB Sciex 4500 triple quadrupole mass
spectrometer equipped with an Agilent 1260 Ultra high-performance liquid chromatography (uHPLC)
system. Analytes of interest were separated on a Phenomenex C18 column (2.1 x 50 mm, 1.6 um). A
3-minute linear gradient was used from 10-100% of acetonitrile in water followed by a hold for 1 minute
at a flow rate of 0.4 ml/min. Serum samples were prepared using 50 pl of serum mixed with 100 pl
acetonitrile containing the internal standards deuterated 5 ng/ml BPA (d6BPA, Cambridge Isotope
Laboratories, Andover, MA) and 5 ng/ml *C;, BPA-g (Sigma-Aldrich Gmbh, Munich, Germany.
Electrospray ionisation in negative modes was used for the measurement of each analyte. Qualifier and

quantifier single reaction monitoring (SRM) transitions were used for both BPA and BPA-g.

Determination of 25 hydroxy Vitamin D levels

Maternal serum and cord blood that were analysed for BPA and BPA-G were then analysed for vitamin
D. Fifty-eight pairs of the initial 90 pairs for which BPA was measured were sufficient for Vitamin D
analysis. 25 OHD3 and 25 OHD2 were measured in maternal and cord serum by high performance
liquid chromatography using a commercial kit, ClinRep (Recipe, Munich, Germany). Total25 OHD is
the sum of the measured D3 and D2. The intra assay CV for 25(OH)D ranged from 0.9-4.9% and the
inter-assay CV ranged from 3.0— 4.9%. The limit of detection was 2.5 nmol/l for 25(OH)Ds and 7.5
nmol/L for 25(OH)D,. Further details on this method have been previously published (34). Total
Vitamin D levels of < 50 nmol/L were considered to be deficient and values between 50 and 75 nmol/l
were classified as insufficient as defined by Endocrine Society practice guidelines (35). (Refer to Table

6.1).

Table 6.1: Endocrine Society Practice guidelines classification of vitamin D status in relation to 25(OH)

D concentrations

25(0OH) Vitamin D Concentration (nmol/L) | Classification

< 50 nmol/L Deficient
>50 - <75 nmol/L Insufficient
>75 nmol/L Sufficient
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Statistical analysis

Univariate analyses were performed for maternal and newborn characteristics, including means and
standard deviations or median and range for continuous variables. Data was assessed for normality
using the Shapiro-Wilk test. Non-parametric tests Kruskal Wallis test, Spearman’s correlation or
Wilcoxon signed rank test for performed for the univariate analysis. Kruskal-Wallis analysis (or one-
way ANOVA for parametric data) was performed to determine if any statistically significant difference
could be identified between the two genders for cord blood BPA, BPA-g and total 250HD levels. A p
value of <0.05 was considered significant. Analysis of covariance (ANCOVA) was used to assess for
confounding variables, with the dependent continuous variable being total 250HD levels and
independent variable either maternal or cord BPA or BPA-g levels. Statistical analysis was performed

on Medcalc statistical software program version 18.11 (Medcalc, Belgium).

Ethical approval

The research has complied with all the relevant national regulations, institutional policies and in
accordance the tenets of the Helsinki Declaration and has been approved by the authors' institutional
review board or equivalent committee. Ethical clearance for this study was obtained from the
Biomedical Research and Ethics Committee (BREC) of the University of KwaZulu-Natal (Ethics
Clearance Certificate BE 597/16).

Results

A total of 58 maternal-cord pairs were analysed for 25OHD. Table 6.2 summarises the demographic
data, associated 250HD levels and other baseline characteristics of the cohort. There was no

statistically significant sex difference for any of the parameters presented.
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Table 6.2 Baseline characteristics of cohort

Maternal Child
(n=58) (n=58; male n=36; | Male Female p
female=22) value
Age (years) (range) 25.0 Gestation (weeks) 38 (33-41) Male 38 Female 38 p=0.87
(17-40) (32-41) (33-41)
BMI ( kg/m?) (SD) 32.8(9.4) Birth weight (grams) 2695 (541) Male 2588 Female 287 p=0.06
(502) (569)
Gestation when samples | 30 (3) Length (cm) 49 (33-56) Male 49 Female 49 p=0.78
taken (40-53) (33-56)
(weeks) (SD)
Head circumference (cm) 33.5(27-47) Male 34 Female 33 p=0.95
(27-44) (30-47)
Total 250HD  levels | 55.7 (12.9) Cord blood Total 25 OHD | 54.7 (19.1) Male 56.6 Female 51.5 | p=0.34
(nmol/L) (SD) levels (nmol/L) (19.8) (18.0)
BPA (ng/mL) 0.8 (0.4-6.4) Cord blood BPA (ng/mL) 0.91 (0.4-8.0) Male(n=9) Female(n=6) | p=0.60
(n=17) (n=15) 0.7 (0.4-7.9) 1.3 (0.4-6.9)
BPA-g(ng/mL) 3.9 (0.15-21.8) | Cord blood BPA-g (ng/mL) | 4.1 (0.34-26) Male 3.7 Female 4.3 p=0.74
(0.34-26.0) (0.65-21.3)
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Maternal and cord total 250HD levels

Only four (2 pairs) of the 116 serum samples had detectable 25 OHD 2 levels. Thus analysis performed
examined total 250HD levels. Maternal total 250HD levels ranged from 29.5 to 94.4 nmol/L and cord
levels from < than detectable to 100.6 nmol/L. Thirty-four percent (n=20) of maternal samples and 50%
(n=29) of cord blood samples had deficient (i.e. < 50 nmol/L) 250HD levels. Twenty-one percent
(n=12) of maternal-child pairs were 250HD deficient and 33% of the pairs were considered insufficient
(>50-75 nmol/L). Table 6.3 below provides further information regarding the categorisation of 250HD

levels across the maternal-child pairs.
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Table 6.3 Categorisation of 250HD levels (based on Endocrine Society Practice Guidelines) across the maternal-child pairs (n=58 pairs)

Both maternal and

Both maternal and cord

Only maternal sample

Only cord sample deficient

Both maternal and cord blood

cord blood samples | blood samples | deficient (<50 nmol/L) sufficient > 75 nmol/L
deficient insufficient (<50 nmol/L)
(<50 nmol/L) (<75 nmol/L)
N (%) 12 (21%) 19 (33%) 8(14%) 17 (29%) 2 (3%)
Serum BPA-g levels per 250HD categorisation
Deficient Insufficient Sufficient p value
Maternal 4.58 3.29 3.5 P=0.75
BPA-g (1.03-11.7) (0.15-21.8) (3.23-6.35)
(ng/mL)
Cord BPA- | 4.14 3.91 2.62 P=0.36
g (0.357-26) (0.34-9.85) (2.15-3.4)
(ng/mL)
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Relationship between maternal, cord blood BPA/BPA-g and Vitamin D levels

Spearman’s rank correlation showed a positive correlation of cord blood and maternal BPA-g levels
(r=0.74 p <0.001) as well as with cord blood and maternal BPA levels (p=0.008). BPA levels were
detected in a smaller percentage of the cohort as compared to BPA-g (maternal n=17; cord n=15). Cord
blood 250HD directly correlated with maternal 250HD levels (Spearman’s correlation coefficient

(r=0.5 p=0.002) (see figure 6.1).

120 |-
100 -

80

Total
250HD 60
(nmol/L)

40

Key:

_I_ maximum

20 kL : ! 75th Centile

Median

Maternal Child (cord blood)

25th centile
minimum

Figure 6.1: Box and whiskers plot- showing paired maternal and child (cord blood) total 250HD levels.

Note each shape represents a maternal-child pair

On rank correlation maternal BPA (slope=-1; p=0.18) and cord BPA (slope =-1,2 p=0.4) showed a
negative but not statistically significant relationship with cord total 250HD levels. Due to the small
number of samples with detectable BPA levels further analysis was not performed. Spearman rank
correlation also showed a slight negative relationship between cord total 250HD levels and maternal
(slope -0.2 p=0.6) and cord BPA- g (slope -0.3 p=0.6) levels but these were not statistically significant.
Kruskal Wallis analysis of maternal and cord BPA-g levels across total 250HD categories was
performed (refer Figure 6.2). This showed no statistical difference of BPA-g median levels (for
maternal BPA-g p=0.75 and cord levels p=0.36) between study participants classed as having deficient,

insufficient or sufficient vitamin D.
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Figure 6.2: Box and whiskers plot- showing BPA-g levels per total 2S0OHD category as found in cord

blood samples (1=deficient; 2=insufficient; 3= sufficient)

Notably a trend for higher BPA-g levels was observed in both maternal and cord bloods for those with
deficient and insufficient 250HD (Table 3). Analysis of covariance was performed to determine the
effect of other confounders on this relationship. We wished to examine for any significant association
with the presence of BPA or its metabolite on cord or maternal total 250HD levels (continuous variable)
when controlling for these confounders. Of note cord (p=0.033) and maternal BPA-g (p=0.04) levels
showed statistically significant associations with cord total 2SOHD levels. Maternal BMI, gestational
age of infant and infant sex did not show any statistically significant relationship with cord total 250HD
levels on ANCOVA analysis.

On ANCOVA analysis maternal total 2SOHD levels showed no significant relationship with BMI
(p=0.9), age (p=0.7), weeks of gestation (p=0.9) or maternal BPA-g levels (p=0.8).

Infant anthropometric parameters and Vitamin D levels

On Spearman’s rank correlation neither head circumference nor length were significantly correlated
with either maternal (p=0.24 and p=0.40 respectively) or cord blood (p=0.7 and p=0.2 respectively)
total 250HD levels. Whilst on ANCOVA analysis birth weight showed a statistically significant
association with cord total 250HD levels (p=0.05), Spearman’s rank correlation was not significant
(p=0.15).

Influence of seasonal variation

Based on the month samples were taken, data was classified with regards to season [winter (June-

August), summer (December-February), spring (September- November) and autumn(March-May)].
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The mean values for samples (n=5 pairs) taken in autumn were higher for both cord and maternal total
250HD versus the other seasons, with levels ranging from 15-30% higher. Seasonal variation lacked
statistical significance on one-way ANOVA analysis with regards to association with cord blood

vitamin D levels (p=0.07) and maternal vitamin D levels (p=0.06).

Discussion

The most striking finding in our study was the association (after correction for confounders) between a
known endocrine disruptor (BPA metabolite BPA-g) and cord total 250HD levels. Two previous
studies have described a significant negative relationship with urine BPA metabolites and 250HD in
women, pregnant women and cord blood (29,36). These studies did not examine serum BPA or BPA-g
levels in their cohorts. BPA-g reflects the cumulative dose of exposure of both the foetus to maternal
BPA in late pregnancy, as well as environmental BPA exposure in the mothers (30). As such is more
likely a better surrogate of in-utero exposure than maternal urinary BPA or isolated serum BPA levels.
However, no studies to date have reported on the relationship of serum BPA metabolites including
BPA-g on total 250HD levels. Furthermore, the relationship between maternal and cord levels support
the evidence for antenatal BPA exposure being transferred to the new-born (32), while maternal 250HD

levels influence that of the growing infant (11-14).

The significant role 250HD plays in maternal, foetal and childhood health and beyond, has been
previously described (2-10). An inverse relationship between vitamin D and serum BPA has been
reported, across both adult males and females, in a single study (37). However, BPA-g levels were also
not measured in this instance. BPA-g, which is the major metabolite of BPA was widely thought of
inert as it is unable to bind to steroid receptors however recent evidence in animal studies suggest that
it may deconjugate to expose the foetus to BPA even though adequate conjugation of BPA has occurred

after maternal intake (31).

The presence of BPA in the environment is ubiquitous. There has been much research on how the
intrauterine environment and exposure of individuals’ preconception and pregnant females during the
gestational period affect eventual infant outcomes and disease occurrence throughout life (25). There
is sparse data arising from the limited mechanistic studies examining the effect of BPA on the vitamin
D endocrine system. Animal studies have demonstrated that BPA can disturb calcium metabolism by
influencing the expression of vitamin D—dependent calcium binding protein (38,39,41). The study by
Otsuka et also showed an inverse relationship with serum calcium levels and BPA in pregnant mice
(39). Another possible mechanism of BPA on Vitamin D metabolism is via an effect on metabolising
enzymes; either by changing the expression of cytochrome P450 enzymes responsible for steroid
metabolism or affecting messenger RNA (mRNA) expression (40,41). A recent study examining the

effect of BPA exposure on male and female rats beginning from post-natal day 9, for 91 days
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demonstrated that BPA increased urinary excretion of 25SOHD?3 thus decreasing vitamin D levels in
serum (42). This is further suggestive of mechanistic effect of BPA on vitamin D metabolism.

The findings of this study demonstrated that a significant proportion of pregnant women and neonates
have suboptimal 250HD levels. More than 50% of the maternal and cord blood samples were either
deficient or had insufficient levels of total 250HD. Whilst there was a direct and significant correlation
between maternal and cord blood total 25 OHD levels, the correlation was moderate (R=0.5 p=0.002)
in this study as compared to some previous studies. Jacquemyn et al reported a correlation of R=0.91
in a multi-ethnic cohort from Belgium (43). One possibility to be considered to explain the moderate

correlation in this study is the effect of BPA exposure on the cohort.

The current study utilised the Endocrine Society practice guidelines for determination of cut-offs for
interpretation of Vitamin D levels in the maternal cord pairs (35). There is currently no consensus with
regards optimal cut-offs in pregnant women or infants and various cut -offs recommended by the various
authorities and societies. The Institute of Medicine (IOM) guidelines stipulate values > 50 nmol/L as
being sufficient (2). Using this cut off: 31% (n=18/58) of mothers and 41% of new-borns (n=24/58)
would be vitamin D insufficient. However, these cut points are based solely on sufficiency for adequate
bone health and not for the other aspects of health and physiological functions that have been linked to
vitamin D status (44). These functions include neurodevelopment, immune, cardio-metabolic,
reproductive function and protection against cancer (44-47). BPA exposure has itself been linked to
negative sequelae affecting the same physiological systems as well as in the development of malignancy
(25,48). These cut-off guidelines have also been largely developed in European/North American
populations and have not been verified in other populations with randomised controlled trials (44).

Some seasonal variation was also noted with higher total 2SOHD values noted in autumn. This is in

keeping with previous reports in southern hemisphere cohorts (34, 49).

One of the strengths of this study is the use of the specific and sensitive HPLC methodology to measure
the 25 hydroxy vitamin D2 and D3 levels. Many of the previous studies examining the relationship
between maternal and cord Vitamin D utilised immunoassay based techniques. Immunoassay is more
susceptible to interferences from compounds of similar structure and from heterophile antibodies (50).
Race has been reported as a significant confounder on Vitamin D levels - the current study cohort was

homogenous with regards to race as all participants were Black African.

There are limitations to the current study. This includes the cross-sectional nature of the study and the
small sample size. As BPA and BPA-g levels were not followed over time during the course of the
pregnancy we cannot be certain to what degree the measured maternal serum and cord blood BPA/BPA-
g levels reflect the actual exposure throughout pregnancy. The current study did not take into account

the possible confounding effect of dietary food intake and use of sunscreen on the maternal vitamin D

96



levels. However, in this population cohort due to low socio-economic status use of both sunscreen and
vitamin D supplementation is unlikely. Additionally, the almost absence of detectable 250HD2 levels
amongst this study population is an indication that vitamin D supplementation did not occur during

pregnancy.

This is the first study to the authors’ knowledge to examine the relationship between serum BPA as
well as BPA-g with 25-hydroxy vitamin D levels in maternal-child pairs. Our findings suggest a
relationship between BPA exposure and Vitamin D levels in the intra-uterine period. Follow up is
required to understand causality or associations with development of disease in the BPA exposed
infants. Further studies are required to examine the mechanistic relationship of exposure to endocrine
disruptors like BPA and its effect on Vitamin D, in order to better evaluate and understand the health

consequences in humans.
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Abstract

Background: The wide spectrum of health effects resulting from exposure to Bisphenol A (BPA) has
been well described. This includes the effect on steroid hormone concentrations and steroidogenesis.
Animal studies have demonstrated the susceptibility of progeny to adverse effects of BPA when
exposed in the prenatal period and early infancy. However, the precise mechanism of BPAs action and
effect on different human tissues has not been fully elucidated. We postulated that a possible additional
mechanism of the interaction of BPA with steroid hormones is via its interaction with steroid hormone
metabolising enzymes. We further postulated that this may occur via an epigenetic mechanism namely
changes in DNA methylation of the promoter region of these enzymes. The aim of this study was to
assess presence of methylation changes in the promoter region of two key cytochrome 450 metabolising
enzymes CYPIBI and CYP3A4 and determine if there was an association with BPA exposure.
Method: Serum and stored genomic DNA samples from the maternal and matched cord blood pairs
collected as part of the Mother and Child in the environment (MACE) birth cohort study were utilized
for this study. The promoter methylation of the candidate genes CYPIBI and CYP3A44 were assessed
using the OneStep qMethyl Kit (Zymo Research, Irvine, USA). Serum concentrations of BPA and BPA-
glucuronide (BPA-g, a metabolite of BPA), as well as 9 sex steroid hormones were measured using
liquid chromatography tandem mass spectrometry.

Results: A total of forty-four samples which included sixteen matched mother-child pairs were
analysed. There were no statistically significant associations identified for BPA/BPA-g serum
concentrations and percentage of methylation for both promoter regions for maternal and cord samples.
Only DHEAS showed a significant (p=0.01) negative association with CYP1B1 promoter methylation
status.

Conclusion: Further studies are required to determine the effect of BPA exposure on steroid

metabolising hormones.
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Background

Bisphenol-A (BPA) is a synthetic polymer and endocrine disruptor that is a ubiquitous pollutant in our
environment (1,2). The relationship between BPA and its negative impact on health have been well
described in animal studies. BPA acts on classical and non-classical oestrogen receptors and may have
agonist and antagonistic actions on different tissues depending on duration and levels of exposure. In
humans, exposure to BPA particularly in-utero or early childhood has been associated with a host of
pathologies from neurodevelopmental anomalies, cardiometabolic disease and malignancy. In addition,
BPA has been demonstrated to have deleterious effects on normal reproductive development and
fertility (3,4). BPA concentrations have been demonstrated to be 3-4 times higher in amniotic fluid as
compared to maternal serum (5). This together with the process of organogenesis and cell differentiation
occurring within the foetus, makes in-utero exposure to BPA even more of a concern. Animal studies
have demonstrated that exposure to environmentally relevant doses of BPA can result in advanced
puberty, increased prostatic growth and altered mammary gland development (6,7,8). Further in rodent
studies exposure to BPA in-utero has been demonstrated to permanently alter the morphology and the

functionality of female reproductive organs (9).

The mechanisms that underlie the toxicity and sex-specific effects of BPA are not well understood (10,
11). BPA is a selective oestrogen receptor (ER) modulator that binds both, ERa and ERP. BPA effects
are typically attributed to its estrogenic or anti-oestrogenic action, however this action can not
completely account for the adverse effects of low potency BPA at the low-dose exposures that are
commonly seen (12). Recent research suggests that long-lasting effects of prenatal BPA exposure likely
involve disruption of epigenetic programming during development (13, 14). Epigenetics refers to a
change of gene expression that is independent of the DNA sequence. It is essentially a change in
phenotype expressed without a change in genotype. The mechanism by which this occurs may be as a
result of changes in chemical modifications of the DNA for example, methylation of cytosine-guanine
dinucleotides (CpG) within gene promoters or the physical accessibility of the DNA by virtue of its
association with histones (for example histone acetylation), nonhistone proteins, or noncoding RNA.
Epigenetic changes are capable of being passed on to somatic daughter cells and in some cases to
offspring via the germline this is known as translational genetic inheritance. Changes in the epigenome
occurring during embryonic development will have a much greater impact on the overall epigenetic
status of the organism since these changes can be transmitted over consecutive mitotic divisions (15,16).
Changes in methylation of these aggregates of CpGs or CpG islands in the promoter region of genes
can regulate gene transcription and thus gene expression. Hormonal exposures in early life have been
demonstrated to affect DNA methylation in reproductive tract tissues and thus impact on normal
development. Alterations in DNA methylation have been linked to cancer initiation and promotion

(17,18). Additionally, abnormal hormone exposure in early life can alter DNA methylation patterns and
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thus protein expression (19,20). Various epigenetic changes have been proposed to be result of BPA

exposure (21-23).

Normal reproductive development is dependent on the specific interaction of steroid hormones with
their receptors at the specific tissues. Normal development and growth of other organs such as the
brain and the central nervous system are also dependent on the appropriate hormonal milieu particular
at the periods of growth such as in-utero, infancy and puberty. Concentrations and effect of these steroid
hormones are dependent on their synthesis, availability of receptor sites and degradation. The
cytochrome P450 group of enzymes play a key role in the metabolism of steroid hormones and are
responsible for hydroxylation as well as conjugation with glucuronide and sulfate leading to steroid
hormone inactivation. The concentrations of hormones both in circulation and at the receptor level are
determined by the regulation of steroid synthesis and degradation. In addition, binding to hormone
binding proteins and metabolic conversion to inactive forms of the hormone all effect the concentration
of bioactive hormone. These processes in turn are affected by various enzymes involved in the synthesis
of hormones and proteins and their metabolism (24,25,26). The expression of these metabolising
enzymes may be increased or suppressed by exposure to various xenobiotics. Several studies have
examined the effect of DNA methylation on this group of metabolising enzymes. In rodent studies,
Peretz et al and Ziv-Gal et al reported that the exposure of ovarian follicles to BPA inhibited growth
and decreased production of steroid hormones due to the effect on transcription expression of the
relevant metabolising enzymes including StAR and CYP11al (27,28). However, reports by Zhou et al,
where differing BPA concentrations were used in vitro resulted in increased testosterone synthesis by
theca interstitial cells (29). In animal studies it appears that both the dose of BPA and the cell lines

utilised influence steroidogenesis and metabolising enzymes.

In a study examining colon cancer cells, CYPIBI and CYP3A44 genes were upregulated by treatment
with a demethylating agent caused by hypermethylation of CpG sites in the 5 promoter regions (30).
The CYPIBI enzyme is involved in particular in oestrogen metabolism and may play an important role
in susceptibility to oestrogen dependent cancers such as breast and ovarian cancer. Beedanagari et al
showed the effect of epigenetic related methylation changes in the promoter region of CYP1B1 affected
enzyme inducibility (31). CYP3A enzymes metabolise almost 50% of currently used drugs as well as
endogenous and exogenous corticosteroids. Inter-individual variability in expression of CYP3A4
enzymes are high due to epigenetic regulatory mechanisms. Different DNA methylation patterns have

been found between primary hepatocytes and hepatocyte cell lines (32,33).

A study by Nahar et al examine the effect of BPA exposure on human tissues (placenta, foetal liver and
kidney). BPA concentrations, BPA-specific metabolizing enzyme gene expression, and global DNA

methylation were characterized across three matched tissues from elective second trimester pregnancy
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terminations. The findings of this study demonstrated that BPA-specific metabolism gene expression
of the GUSB, UGT2B15, STS, and SULTI1A1 differed across each tissue type. Additionally, total BPA
concentrations were positively associated with global methylation for the placenta which suggested

organ-specific biological effects after foetal exposure (35).

We postulated that a possible additional mechanism of the interaction of BPA with steroid hormones
apart from the described interaction with hormone receptors, is via BPAs interaction with steroid
hormone metabolising enzymes. We further postulated that this may occur via an epigenetic mechanism

namely changes in DNA methylation of the promoter region of these enzymes.

Methods

Sample population

Blood samples and data collected as part of the Mother and Child in the environment (MACE) birth
cohort study were utilized for this study. The MACE study population consists of pregnant females
recruited from antenatal clinics in Durban, South Africa from the “South Basin” area and other clinics
in the North Durban area. The Durban south basin is an area where large communities are located within
heavily polluted large-scale industrial enterprises. Mothers were recruited during the third trimester of
pregnancy (between 27 completed to 40 weeks of pregnancy). Details regarding pregnancy outcome
for participants were also collected during the course of the MACE study. Inclusion and exclusion

criteria were as per MACE study which has been described previously (36).

Sample collection

Venous blood samples were taken during the third trimester from the pregnant individuals. Cord bloods
were taken at delivery. Bloods were collected from maternal participants at one of their regularly
scheduled ante-natal appointments. Whole blood samples were collected in potassium EDTA tubes.
Genomic DNA was extracted from the whole blood samples collected using the FlexiGene® DNA

isolation kit (Qiagen, Germantown, USA). DNA samples were stored at -70°C until analysis performed.

Maternal and cord bloods collected in serum polypropylene vacutainer tubes were later analyzed for
BPA and BPA-g. These samples were centrifuged, separated and serum stored at -80 degrees Celsius
until analysis. Maternal /cord paired samples with sufficient serum volumes were utilized for the

current study.

DNA Methylation studies:
Following extraction of genomic DNA from whole blood the isolated DNA was then eluted in nuclease-

free water and purified using the DNA Clean and Concentrator™-5 Kit (Zymo Research, Irvine, USA),
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as per manufacturer’s instructions. DNA concentration was determined using the Nanodrop 2000
spectrophotometer (Thermo-Fischer Scientific, Walthahm, USA) and standardized to 4 ng/ul. DNA
purity was assessed using the A260/A280 absorbance ratios (a ratio of 1.8-2.0 was considered
acceptable). The promoter methylation of the candidate genes CYPIBI and CYP3A44 were assessed
using the OneStep qMethyl Kit (Zymo Research, Irvine, USA), as per manufacturer’s instructions. In
brief, 20 ng DNA was subject to a test and reference reaction containing specific primers (see Table 1).
Cycling conditions were as follows: digestion by methyl sensitive restriction enzymes (37°C, 2 h),
initial denaturation (95°C, 10 min), followed by 45 cycles of denaturation (95°C, 30 s), annealing (58
°C 60 s), extension (72°C, 60 s), final extension (72°C, 60 s), and a hold at 4°C. Quantitative PCR
(qPCR) experiments were conducted using the CFX96 Real Time PCR System (Bio-Rad, Bio-Rad Life
Sciences, Hercules, USA) and analyzed using the Bio-Rad CFX Manager™ Software version 3.1 (Bio-
Rad, Bio-Rad Life Sciences, Hercules, USA).

The percentage methylation was calculated using the formula below as supplied in the OneStep qMethyl
kit:

Quantification of promoter methylation formula:

Methylation (%) = 100 X 22, where ACt = Ct (test reaction) — Ct (reference reaction)

Table 7.1: gPCR primer sequences for promotor methylation and annealing temperatures

Gene Sense Primer (5°—3°) Anti-Sense Primer (5°—3°) Annealing
Temperature

O

CYPIB1 TTTGTGTGCCCAAGCACTGTC | CACAACTGGAGTCGCAGAA | 58

CYP344 CATGCCCTGTCTCTCCTTTAGC | CCTTTCAGCTCTGTGTTGCTC | 58

Note samples for which the DNA concentration were < 4 ng/ul following DNA clean up were not
utilised for qPCR analysis. Sample runs with quantitation cycle (Cq) values >40 were not included in

analysis of results because of the implied low efficiency (37).

Steroid hormone analysis

Steroid hormone analysis has been described in detail in a previous publication (38). Briefly the
following nine steroid hormones were analyzed in maternal serum and cord blood using LC-MS/MS
methodology: estradiol (E2), total testosterone (TT), 11-deoxycorticosterone (11DOC),
Dehydroepiandrosterone (DHEA), dehydroepiandrosterone sulfate (DHEAS) androstenedione
(Andro), 17-OH progesterone (170HP), dihydrotestosterone (DHT) and progesterone (Prog). There
hormones were selected as they cover the major sex steroid hormones in humans. A commercially

available kit the MassChrom Steroid Panel 2 kit (Chromosystems Instruments and Chemicals GmbH,
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Germany) was utilized for analysis of steroid hormones. Chromatographic separations were carried out
using the AB-Sciex 4500 triple quadrupole mass spectrometer equipped with an Agilent 1260 Ultra
high-performance liquid chromatography (uHPLC) system. A linear gradient was used from 0-70% of
Mobile phase B in Mobile phase A followed by a hold for 1 minute at a flow rate of 0.8 ml/min. Total
run time was 12.5 minutes. Injection volume utilized was 30ul.De-deuterated internal standards were
utilized for each analyte of interest and were added to samples prior to extraction. Six levels of
commercially available standards (including blank) and three levels of serum based internal quality
control materials were analyzed at the beginning, middle and end of each run. MassChrom® steroid
serum calibrators and controls were purchased from Chromsystems Instruments & Chemicals GmbH
(Munich, Germany). Within run coefficient of variation (CV) for the steroid hormones ranged from
0.48% to 12.73%, and for the between-run CVs ranged from 1.6-10.2 percent (%) across the three

internal quality control (IQC) levels.

Ethical approval

The research has complied with all the relevant national regulations, institutional policies and in
accordance the tenets of the Helsinki Declaration and has been approved by the authors' institutional
review board or equivalent committee. Ethical clearance for this study was obtained from the
Biomedical Research and Ethics Committee (BREC) of the University of KwaZulu-Natal (Ethics
Clearance Certificate BE 597/16).

Statistical analysis

Statistical analysis was performed on Medcalc statistical software program version 18.11 (Medcalc,
Belgium). The Shapiro-Wilk test was used to determine normality. Kruskal Wallis analysis across
groups and Spearman’s rank correlation was utilised for non-parametric data. Statistical significance

was considered at p < 0.05.
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Results

Baseline characteristics for CYP1BI promoter methylation studies
A total of forty-four samples were analysed which included sixteen maternal-child pairs. The baseline characteristics of the cohort for which CYP/BI promoter

methylation studies were performed are detailed in Table 7.2. There was not statistically significant difference in methylation status between maternal and cord

blood samples. Cord blood BPA and BPA-g concentrations correlated with levels found in maternal blood.

Table 7.2 Baseline characteristics of cohort for CYP/B1 promoter methylation studies

BPA BPA-g | DOC DHEAS | Prog 170HP DHT DHEA Andro Oestradiol | TT 250H CYPIBI
(ng/L) (ng/L) (nmol/L) | (nmol/L) | (nmol/L) (nmol/L) | (nmol/L) | (nmol/L) | (nmol/L) | (pmol/L) (nmol/L) | Vitamin D | methylation
(nmol/L)
Maternal | 3.1 4.8 2.5 978 303 (38.5-|16 (2.7-] 2.5 (0.5-|53.5 82.3 9720 10.4 59.5 2.4 (0.14-
(n=21) (3.1) (0.2- (0.28- (300- 3810) 110) 9.2) (3.8- (0.77- (412- (0.7- (16.8) 71.3)
21.8) 28.0) 7260) 234) 1570) 468000) 45.5)
Cord 3.19 4.11 4.2 (0.8- | 1850 883 (270- | 60.5 2.3(1.5) | 68.3 143 17300 16.1 58.1 0.5 (0.1-
blood 3.5) (0.7- 55.8) (194- 3440) (12-315) (1.5- (0.3- (1160- (0.18- (13.4) 56.1)
(n=23) 13.4) 8230) 569) 905.0) 241000) 90.4)
P=0.21

Normal data presented as mean (SD); non-parametric data presented as median (range)
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CYPIBI analyses

Kruskal Wallis analysis showed no significant difference (p=0.21) in percentage methylation of the

CYPI1BI promoter between maternal and cord samples. (refer Figure 7.1)
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Figure 7.1: Box and whiskers plot of percentage methylation (meth%) for CYP1B1 promoter region for
maternal and cord samples

10

BPA: Samples were further divided into two categories -:1) those with detectable serum BPA
concentrations and 2) those with below detectable BPA concentrations. Kruskal Wallis analysis to
determine difference in methylation status between the two categories of BPA levels showed no
statistically significant difference (p= 0.38).

BPA-g: Spearman’s correlation showed no significant correlation (p=0.86) between methylation
percentage and BPA-g concentrations across maternal and cord blood samples.

Steroid hormones: Spearman’s rank correlation showed no significant relationship between any of the
steroid hormones concentrations and CYP1B1 promoter methylation status with the exception of DHEA

(r=-0.42; p=0.01).
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Baseline characteristics for CYP3A4 promoter methylation studies
A total of thirty-five samples were analysed, of which included sixteen maternal-child pairs.

Figure 7.2 below shows RT PCR melting curve analyses.
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Figure 7.2. CYP3A44 promoter region methylation studies melting curve analysis
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Table 7.3 Baseline characteristics of cohort for CYP344

romoter methylation studies

BPA | BPA-g | DOC DHEAS Prog 170HP DHT DHEA Andro Oestradiol | TT 250H CYP344
(ng/L) | (ng/L) | (nmol/L) | (nmol/L) | (nmol/L) | (nmol/L) | (nmol/L) | (nmol/L) | (nmol/L) | (pmol/L) (nmol/L) | Vitamin D | methylation
(nmol/L)
Maternal | 3.0 4.4 2.34 1109 (283 (38-|17.8(2.7-|2.54 62.7 (6.4- | 92.7 (0.8- | 9415(412- | 10.3(0.7- | 59.4 38.1 (11.4-
(n=18) (3.1) |(0.18- | (0.28- 302-7260) | 2490) 110) (0.49- 234) 1570) 468000) 38.2) (17.4) 94.7)
21.8) 6.27) 9.2)
Cord 3.1 5.0 4.22 1510 767 53.8 (12- | 2.03 94.4 (1.5- | 133 (0.3- | 17300(116 | 12.3(0.2- | 61.1 493  (2.8-
blood 3.2) |(0.7- (0.81- (194- (351- 315) (0.11- 569) 905) 0-241000) | 90.4) (40.5- 95.1)
(n=17) 13.4) 55.8) 8080) 2950) 5,8) 87.8)
P=0.28

Normal data presented as mean (SD); non-parametric data presented as median (range)
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BPA: Kruskal Wallis analysis to determine difference in methylation status between the two categories
of BPA levels showed no statistically significant difference (p= 0.62).

BPA-g: Spearman’s correlation showed no significant correlation (p=0.43) between BPA-g
concentrations across maternal and cord blood samples and CYP344 promoter methylation status.
Steroid hormones: Spearman’s rank correlation showed no significant relationship between any of the

sex steroid hormones or 25 OH vitamin D and CYP344 promoter methylation status.

Discussion

The current study did not demonstrate any significant correlation with BPA, BPA-g concentrations and
the degree of methylation of the promoter regions for either CYPIBI or CYP3A44 enzymes. We reported
the significant finding of a negative association with methylation status of the promoter region of
CYPI1BI and the concentrations of DHEA levels in maternal and cord blood. No significant association
was found between the methylation status of the promoter region of CYPIBI and maternal or cord
BPA/BPA-g concentrations. Additionally, there was no statistically significant correlation between
DHEA concentrations and either maternal or cord BPA/ BPA-g concentrations. In humans DHEA is
produced by the adrenal gland and is taken up by several tissues. Apart from its role as a precursor to
other sex hormones including oestradiol and testosterone and development of secondary sexual
characteristics DHEA has also been shown to play a role in the development and maintenance of
immune-competence (39, 40). In animal studies DHEA has been reported to regulate the expression of
various metabolising enzymes including CYP1A1, CYP1A2 and CYP1BI (41, 42). The significance
of the finding of an association with DHEA concentrations and CYPB1 promoter methylation status is

uncertain.

There are limitations to the current study. The small sample size being the first. Unfortunately analyses
of more samples and further relevant metabolising enzymes promoter regions could not be undertaken
due to limitations with number of samples with sufficient concentrations of genomic DNA.
Additionally, this study did not review tissue specific DNA following exposure, as evidenced by
previous studies the effect of BPA exposure on DNA methylation is often tissue specific and may not

be generally identified.
The findings of this study are inconclusive with regards to the effect of BPA on methylation status of

steroid metabolising enzymes. Further studies examining a larger cohort, a wider array of possibly

significant enzymes and other mechanisms of epigenetic changes are required.

114



References

1.Dodds EC, Lawson W. Synthetic oestrogenic agents without phenanthrene nucleus. Nature 1936;
137: 996-7.

2. EPA report on endocrine disruptors https://www.epa.gov/endocrine-disruption. Accessed 17
September 2016

3. Kandarakis ED, Bourguignon JP, Giudice L et al, Endocrine-Disrupting Chemicals: An Endocrine
Society Scientific Statement Endocrine Reviews 2009; 30: 293-342,

4.MaY, Liu H, WuJ, Yuan L, Wang Y, Du X et al. The adverse health effects of Bisphenol A and
related toxicity mechanisms. Environmental research 2019; 176:108575.

5. Yamada H, Furuta I, Kato EH, et al. Maternal serum and amniotic fluid Bisphenol A concentrations
in the early second trimester. Reproductive Toxicology 2002; 16: 735-9.

6. Howdeshell KL, Hotchkiss AK, Thayer KA, Vandenbergh JG. vom Saal FS. Environmental toxins:
exposure to bisphenol A advances puberty. Nature 1999; 401: 763—4.

7. Timms BG, Howdeshell KL, Barton L, Bradley S, Richter CA, vom Saal FS. Estrogenic chemicals
in plastic and oral contraceptives disrupt development of the fetal mouse prostate and
urethra. Procedures of the National Academy of Science USA 2005; 102: 7014-9.

8. Munoz-de-Toro M, Markey CM, Wadia PR, et al. Perinatal exposure to bisphenol-A alters
peripubertal mammary gland development in mice. Endocrinology 2005; 146: 4138—47.

9. Markey CM, Wadia PR, Rubin BS, Sonnenschein C, Soto AM. Long-term effects of fetal exposure
to low doses of the xenoestrogen Bisphenol-A in the female mouse genital tract. Biology of
Reproduction 2005; 72: 1344-51.

10. Vandenberg LN, Hauser R, Marcus M, Olea N, Welshons WV. Human exposure to Bisphenol A
(BPA). Reproductive Toxicology 2007; 24: 139-77.

11. National Toxicology Program. NTP-CERHR Expert Panel Report on the

Reproductive and Developmental Toxicity of Bisphenol A. Durham: Research Triangle Park; 2007.
12. Jalal N, Surendranath AR, Pathak JL, Yu S, Chung CY. Bisphenol A (BPA) the mighty and the
mutagenic. Toxicology Reports 2018; 5:76-84.

13. Kundakovica M, Gudsnuka K, Franksa B, Madrida J et al, Sex-specific epigenetic disruption and
behavioral changes following low-dose in utero bisphenol A exposure. Procedures of the National
Academy of Science USA 2013; 110: 9956-996.

14. Zhang X and Ho S. Epigenetics meets endocrinology. Journal of Molecular Endocrinology 2011;
46: R11-R32.

15.Weinhold B. Epigenetics: The Science of Change. Environmental Health Perspectives 2006; 114:
A160-A167.

16. Kaelin WG. and McKnight SL Influence of Metabolism on Epigenetics and Disease. Cell 2013;
153: 53-69.

115



17. Esteller M. Aberrant DNA methylation as a cancer-inducing mechanism. Annual Review of
Pharmacology and Toxicology 2005; 45: 629-56.

18.Feinberg AP, Ohlsson R, Henikoff S. The epigenetic progenitor origin of human cancer. Nature
Reviews 2006; 7: 21-33.

19. Yegnasubramanian S, Kowalski J, Gonzalgo ML, et al. Hypermethylation of CpG islands in primary
and metastatic human prostate cancer. Cancer Research 2004; 64: 1975-86.

20. Enokida H, Shiina H, Urakami S, et al. Multigene methylation analysis for detection and staging of
prostate cancer. Clinical Cancer Research 2005; 11: 6582-8.

21.0nuzulu CD, Rotimi OA, Rotimi SO. Epigenetic modifications associated with in utero exposure
to endocrine disrupting chemicals BPA, DDT and Pb. Reviews in Environmental Health 2019, 34,
309-325.

22. Alavian-Ghavanini, A and Ruegg, J. Understanding epigenetic effects of endocrine disrupting
chemicals: From mechanisms to mnovel test methods. Basic Clinical Pharmacology and
Toxicology 2018; 122: 38-45.

23.Chianese R., Troisi J, Richards S, Scafuro M., Fasano S, Guida, M, et al. Bisphenol A in
reproduction: Epigenetic effects. Current Medicinal Chemistry 2018; 25: 748—770.

24. Simpson ER. Aromatization of androgens in women: current concepts and findings. Fertility and
Sterility 2002; 77: 6 —10.

25. Simpson ER. Sources of estrogen and their importance. Journal of Steroid Biochemistry and
Molecular Biology 2003; 86: 225-230.

26. Conley A, Hinshelwood M. Mammalian aromatases. Reproduction 2001; 121: 685— 695.

27. Peretz J, Gupta RK, Singh J, Hernandez-Ochoa I, Flaws JA: Bisphenol A impairs follicle growth,
inhibits steroidogenesis, and downregulates rate-limiting enzymes in the estradiol biosynthesis
pathway. Toxicological Sciences 2011; 119: 209-217.

28. Ziv-Gal A, Craig ZR, Wang W, Flaws JA: Bisphenol A inhibits cultured mouse ovarian follicle
growth partially via the aryl hydrocarbon receptor signaling pathway. Reproductive Toxicology 42, 58-
67, 2013.

29. Zhou W, Liu J, Liao L, Han S, Liu J: Effect of bisphenol A on steroid hormone production in rat
ovarian theca-interstitial and granulosa cells. Molecular and Cellular Endocrinology 2008; 283: 12-18.
30. Habano W, Gamo T, Sugai T, Otsuka K, Wakabayashi G, Ozawa S. CYP1B1, but not CYP1AI, is
downregulated by promoter methylation in colorectal cancers. International Journal of Oncology 2009;
34: 1085-91.

31. Beedanagari SR, Taylor RT, Bui P, Wang F, et al. Role of epigenetic mechanisms in differential
regulation of the dioxin-inducible human CYP1Al1 and CYPIBI genes. Molecular
Pharmacology.2010;78:608-16.

116



32. Bodin, K, Bretillon L, Aden Y, Bertilsson L, Broome U, Einarsson C, et al. Antiepileptic drugs
increase plasma levels of 4beta-hydroxycholesterol in humans: evidence for involvement of cytochrome
p450 3A4. Journal of Biological Chemistry 2001; 276: 38685-38689.

33. Patki KC, Von Moltk, LL and Greenblatt DJ. In vitro metabolism of midazolam, triazolam,
nifedipine, and testosterone by human liver microsomes and recombinant cytochromes p450: role of
cyp3a4 and cyp3a5. Drug Metabolism and Disposal 2003,;31: 938-944.

34. Matthaei J, Bonat WH, Kerb R, Tzvetkov MV, Strube J, Brunke S, et al. Inherited and Acquired
Determinants of Hepatic CYP3A Activity in Humans. Frontiers in Genetics 2020; 11: 944.

35. Nahar MS, Liao C, Kannan K, Harris C, Dolinoy DC. In utero Bisphenol A concentration,
metabolism, and global DNA methylation across matched placenta, kidney, and liver in the human
fetus, Chemosphere 2015;124: 54-60.

36. Jeena PM, Asharam K, Mitku AA et al. Maternal demographic and antenatal factors, low birth
weight and preterm birth: findings from the mother and child in the environment (MACE) birth cohort,
Durban, South Africa. BMC Pregnancy Childbirth 2020; 20; 628.

37. Bustin SA, Benes V, Garson JA, Hellemans J, Huggett J, Kubista M, et al, The MIQE

Guidelines: Minimum /nformation for Publication of Quantitative Real-Time

PCR Experiments. Clinical Chemistry 2009;55: 611-622,

38. Gounden V, Warasally MZ, Magwai T, Naidoo R, Chuturgoon A. A pilot study: Relationship
between Bisphenol A, Bisphenol A glucuronide and sex steroid hormone levels in cord blood in A
South African population. Reproductive Toxicology 2021; 100: 83-89.

39. Ebeling P, Koivisto VA. Physiological importance of dehydroepiandrosterone. Lancet. 1994;
343:1479-81.

40. Prall SP, Muehlenbein MP. DHEA Modulates Immune Function: A Review of Evidence. Vitamains
and Hormones 2018;108:125-144.

41. Ciolino H, MacDonald C, Memon O, Dankwah M, Yeh GC. Dehydroepiandrosterone inhibits the
expression of carcinogen-activating enzymes in vivo. International Journal of Cancer 2003;105:321-5.

42. Belic A, Toth K, Vrzal R, Temesvari M, Porrogi P, Orban E, et al. Dehydroepiandrosterone post-
transcriptionally modifies CYP1A2 induction involving androgen receptor. Chemico Biological

Interactions 2013;203:597-603.

117



CHAPTER 8
SYNTHESIS CHAPTER

This chapter summarises the results of the study, highlighting key points in Table 8.1 below, as well as

discussing broader relevance of the study and suggestions for related future research.

8.1 Summary of findings
This study attempted to address the two main knowledge gaps identified 1) lack of data regarding BPA
exposure in vulnerable populations maternal child pairs and its effect on steroid hormones and 2) further
elucidate the mechanism of BPA health effects by exploring epigenetic effects on steroid metabolising

enzymes.

Table 8.1 Consolidated Findings of study

Objectives

Chapter

Evidence

Develop and validate an in-house method
using liquid chromatography tandem mass
spectrometry for the measurement of serum
Bisphenol A

3

An in house liquid mass tandem
spectrometry method was
developed for the determination of
BPA and BPA-g in serum and
cord blood. This was validated
with CVs of 3.8-9.4%. The
sample preparation method
developed was simple dilution and
protein precipitation and a final
run time of less than 5 minutes
was achieved.

Describe the extent of exposure to BPA by
determining the serum levels of Bisphenol
A and its commonly occurring metabolite
Bisphenol glucuronide in a South African
cohort of maternal- child pairs

Ninety maternal and child pairs
were analysed. BPA was
detectable in more than 25% of
maternal and cord blood samples.
Spearman’s correlation
demonstrated significant positive
correlation between maternal and
child BPA and BPA-g levels with
correlation coefficients of 0.892
and 0.744, respectively. This is the
first study to describe the presence
of detectable BPA levels using
LC-MS/MS methodology in a
South African population.

Determine the serum levels of steroid
hormones and describe any association
with BPA/BPA-g levels

4 and 5

Third-trimester serum maternal
samples and matching cord blood
samples were analyzed for BPA,
BPA-g and nine sex steroid
hormones using liquid
chromatography tandem mass
spectrometry (LC-MS/MS). This
study demonstrated a significant
positive relationship between cord
blood estradiol and cord blood
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BPA (p=0.002) and maternal BPA
levels (p=0.02) respectively. Cord
blood testosterone from male
infants showed a negative
Spearman’s correlation (r=-0.5,
p=0.02) with maternal BPA-g.
There was no statistical difference
in total testosterone levels in cord
blood from male and female
infants.

The findings indicate a significant
relationship between some key sex
steroid hormones namely
testosterone, dihydrotestosterone
and estradiol and BPA exposure in

the foetus.
Characterize the presence of epigenetic | 6 Promoter methylation status of the
changes: DNA Methylation affecting genes genes for metabolising enzymes
coding for key enzymes (CYP3A44 and CYPIBI and CYP3A4 were
CYP1B1, CYP1Al, EPHXI1, CYP2D6) analysed. No significant
responsible for steroid metabolism correlation was noted between

BPA/BPA-g concentrations and
promoter methylation status for
either maternal or infant
specimens.

In summary the study has highlighted the following key points:

L.

Development of a local in-house validated method for the simultaneous analysis of BPA and
BPA-g. This optimised methodology used minimal consumables and small sample volumes,
involved simple sample preparation and had short run times. The method is highly amenable
for use in larger epidemiological studies to determine extent of BPA exposure in the South
African) and other low and middle income countries) context at large.

A high proportion of elevated BPA concentrations and the presence of BPA-g in maternal and
matched cord blood pairs.

Positive correlation with maternal BPA /BPA-g concentrations and that found in cord bloods.
Demonstrated significant associations of infant sex steroid hormones in particular testosterone
and oestradiol as well as 25 OH vitamin D to BPA exposure in-utero.

This study reported no association between the degree of promoter methylation for CYP1B1

and CYP3A4 enzymes and testosterone and oestradiol concentrations.
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8.1.1 BPA: Extent of exposure
This is the first study in South Africa to determine and report on human exposure to Bisphenol A.
Additionally it is the first study originating from Africa that examined the serum and cord blood
concentrations of BPA and its common metabolite BPA-g in matched maternal-child pairs. It is also
the first published study in Africa to develop and validate a liquid-chromatography tandem mass

spectrometry method for measurement of BPA and BPA-g in serum and cord blood.

The extent of BPA exposure in this South African cohort is in keeping with previously reported studies
from industrialised nations. The findings of this study have demonstrated median levels of maternal
BPA (0.95 ng/mL) in keeping with values seen in previous studies performed in industrialised nations.
A study in German women reported serum maternal BPA levels between 0.3 to 18.9 ng/mL with median
values of 3.1 ng/mL (1). Many of the studies performed before the last 3-5 years utilised immunoassay
based assays for determination of BPA levels and this showed higher values than the more specific
chromatographic/mass spectrometry based methods. Previous studies using chromatographic
methodologies to measure BPA in term cord blood have reported similar findings to the current study
with mean levels ranging from 0.13 ng/mL to 1.13 ng/mL (current study median cord serum BPA 0.92
ng/mL) (2,3). In this study all the detectable cord blood BPA levels were 0.4 ng/mL or greater
indicating that in those infants where BPA was present it was present in significant levels to possibly
impact on health. This study reiterated the significant positive correlation between maternal and foetal
BPA concentrations previously reported in other studies (2,4,5). Of significant concern from the
findings of this study is that more than eighty percent of cord blood samples had detectable BPA-g

levels. This is an indicator of significant levels of exposure occurring in-utero.

8.1.2 BPA exposure and birthweight
The child birthweight showed statistically significant negative association with cord BPA levels but to
a lesser degree than maternal BPA levels. However maternal BMI had no significant association with
maternal serum BPA or BPA-g levels. This may be due to the relatively homogenous distribution of

BMI with very few maternal participants having normal or low BMIs.

8.1.3 BPA exposure and steroid hormones
This is one of the few studies worldwide that have examined the relationship between BPA
concentrations and several sex steroid hormones in both maternal and cord blood samples.
The use of a reference methodology (LC-MS/MS) to measure the hormones, BPA and its metabolite
BPA-g also allowed for specific and sensitive analyses of these substances. BPAs action as an endocrine
disruptor has been attributed to its agonistic and antagonistic actions at the levels of hormone receptors
including those of oestrogens and androgens. This action is also dependent on the dose of BPA

exposure. This study demonstrated a significant positive relationship between cord blood estradiol and
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cord blood BPA (p=0.002) and maternal BPA levels (p=0.02) respectively. Cord blood testosterone
levels showed statistically significant negative correlation (p=0.009) with both maternal BPA-g and
cord BPA-g levels. Cord blood testosterone from male infants showed a negative Spearman’s
correlation (r=-0.5, p=0.02) with maternal BPA-g levels even when corrected for confounders. The lack
of statistically significant difference of cord blood testosterone concentrations between both sexes is
clinically relevant as the normal expectation would be higher testosterone concentrations in the male
cord blood specimens. Overall cord blood testosterone levels correlated negatively with cord (r=-0.6;
p=0.02) and maternal BPA levels (r=-0.52; p=0.05). DHT like TT displayed a negative correlation with
maternal and cord blood BPA-g levels. Additionally, DHT like testosterone displayed no statistical
difference between levels of these hormones in male and female cord blood. A previous study in normal
infants using gas chromatography tandem mass spectrometry (GC-MS/MS) reported DHT levels of 2.4
fold higher in male cord blood. The same study reported a smaller difference in male and female cord
blood for total testosterone with values in males being 1.3-fold higher (6). The lack of a significant
difference between male and female cord blood levels for DHT and TT in the current study is thus a
significant finding, particularly in view of the fact that androgen exposure plays a vital role in
development of the foetus in the intra-uterine period as well as later in life. Exposure of male fetuses to
anti-androgen EDs results in feminization and exposure of female fetuses to androgens leads to their
masculinization (7). Both insufficient and excessive androgen levels have sequelae on development of

both sexes affecting reproductive, metabolic and neurological development.

8.2 Theoretical, local and national relevance
The burden of disease related to environmental exposure is a growing health concern. Research
examining levels of BPA exposure in developing countries has been identified as an important research
need (8). The ubiquitous presence of BPA in our environments and the growing body of literature
describing the impact of exposure on physical and mental health in humans, highlights the need for
further research in this topic. In particular, there is a need to define physiological relevant BPA levels
and fully describe the pathological consequences of exposure in humans across different age groups as
well as to determine the mechanisms of pathology caused by BPA in order to prevent or manage related
disease. The findings of this study indicate a significant degree of BPA exposure in (late) pregnancy
and in-utero. Given the severity and wide array of pathologies that have been linked to BPA exposure
this is a significant public health concern. Our findings together with the current global literature should

assist in guiding regulatory decisions regarding the use of BPA in consumer products in South Africa.

In this study we demonstrated the presence of elevated and likely physiologically relevant median BPA
and BPA-g concentrations in the mother-child pairs. Recent literature has described the phenomenon

of low dose health effects with BPA which refers to the development of pathology following exposure
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to BPA doses below the Food and Drug Administration (FDA) determined lowest observed adverse
effect level (LOAEL) (9). The implications of this is significant with regards to what may be considered
safe exposure. Additionally, some human modelling studies have described significant long term foetal
exposure to BPA and BPA-g even with short-lived increases in maternal concentrations (10).
Furthermore, we have shown a significant relationship with BPA concentrations and key sex steroid
hormones testosterone and oestradiol, which has implications for reproductive and neurodevelopment
in the foetus and early childhood. The findings of the study highlight the vulnerability of the in-utero
development period and the importance of ensuring adequate health measures preconception and during
pregnancy to optimise maternal child health. The current study findings may be used to provide
preliminary data to advocate for stronger government regulations limiting the use of BPA containing
consumer products and implementation of health advisories at clinical contact level particularly for
pregnant and breastfeeding women. Information derived from the current study may be used to further

promote research in Sub-Saharan Africa regarding BPA exposure in this region.

8.3 Areas of future research

This was a cross sectional study the results presented cannot prove causality and larger longitudinal
studies would be required to further investigate the clinical impact of a) BPA exposure in utero and b)
the significant associations with certain steroid hormones as reported in this study. Further
epidemiological studies are required to determine extent of exposure nationally and in different

community setting namely rural, urban, occupational, low/high socio-economic.

8.3.1 Assessment of environmental BPA and other EDC exposure

Estimation of intake of BPA via different food sources, drinking water, dust and other environmental
exposure is required in the South African context. Whilst there have been a few studies reviewing levels
of BPA in potable and waste water, there have been no reports estimating total exposure for a particular
community/geographical location. Future studies examining this will also need to carefully identify
any other EDC exposure in the environment being evaluated. The presence of other EDCS may have

synergistic, antagonistic or no effect on the health effects of BPA exposure.

8.3.2 Relationship between BPA exposure and long term health sequalae

Further longitudinal studies following up infants with identified in utero exposure (detectable BPA and
BPA-g cord blood levels) are required to determine long term health sequalae. One of the major
difficulties with establishing long term health sequalae following BPA exposure in early life is
excluding the influence of other environmental exposures. Dosage relationships with regards to

exposure and pathology development also need to be studied further.

8.3.3 Effect of BPA exposure and altered hormone levels on pregnancy outcomes
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Another area for future research is the effect of BPA exposure and described associated changes in

steroid hormones including 25 OH vitamin D on pregnancy, neonatal and infant outcomes.

8.3.4 Epigenetic and other molecular mechanisms of BPA action

An area of research pertaining to BPA that remains unexplored is the effect of BPA on post translational
modification of the various proteins that may be impacted by BPA action. This includes the recently
described effect of BPA acting as a potent calcium channel inhibitor of the Golgi and sarcoplasmic

reticulum (11).

8.4 Limitations

As a pilot study one of the major limitations of this study is the small sample size. Due to the limitations
in the access to the sample type used for this study namely cord blood, numbers in these types of studies
are generally not as high as when carried out in a general adult population. The study was cross-
sectional as such does not prove causality for the associations reported in this study. As BPA and BPA-
g levels were not followed over time during the course of the pregnancy it would be difficult to ascertain
to what degree the measured maternal serum and cord blood BPA/BPA-g levels reflect the actual
exposure throughout pregnancy and to what extent cord sex steroid hormone reflects the actual
hormonal levels throughout the entire intra-uterine period. Another limitation of this study that could
be cited is that maternal BPA measurements from earlier in pregnancy were not performed as part of
the study. The early intra-uterine period, specifically the 8-14 weeks when organogenesis occurs, is
generally considered the most sensitive period for any interference from toxin exposure. However,
exposure in late pregnancy has also been shown to be of clinical significance by animal and human
studies (12,13). Since repeating sampling was not performed for each maternal /child pair the findings
of this study represent only a snapshot of possible exposure. As stored genomic DNA was utilised for
the epigenetic studies there were samples with insufficient DNA concentrations that could not be used
for the RT- PCR analysis resulting in a smaller number of samples and promoter regions that could be

assessed.
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