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ABSTRACT

EVALUATION, VALIDATION AND APPLICATION OF THE H295R CELL
SYSTEM FOR THE ANALYSIS OF ENDOCRINE DISRUPTING EFFECTS

By

Tannia Rocio Gracia Bustos

The continuously growing number of compounds synthetically derived or
extracted from natural materials daily discovered, designed or produced in order to
satisfy human’s necessities has brought along unintended effects that have been of
human concern for several decades. It has been clearly established that several of
these synthetic and naturally occurring chemical substances in the environment are
disrupting the normal functions of the endocrine system and its hormones in
humans and wildlife. Despite the wide range of studies that have been conducted in
this area, in many cases there is still insufficient data to demonstrate specific
associations between environmental exposure and endocrine-mediated adverse
effects. The need to evaluate endocrine disruption exerted by pathways other than
receptor-mediated mechanisms has driven scientists to intensively work in the
development of new, practical and more comprehensive bioassays in order to match
up the growing speed of chemical design/production. In this dissertation the
evaluation, validation and application of the new developed H295R cell bioassay
for the evaluation of potential effects of environmental contaminants as endocrine
disrupters, was conducted. Results from the executed studies corroborate the

versatility of the H295R cell bioassay to identify the different effects of chemicals



on steroid production and to point through the different molecular and
enzymatic mechanisms that may be responsible for such effects. This method is
applicable to any environmental contaminants identified up to the present time,
including complex mixtures of them. Moreover, the effectiveness shown in
identifying the potential endocrine effects of realistic environmental samples of

different matrices is without doubt one of its most valuables applications.



A mi madre, la mujer mas valiente que he conocido.

iv



ACKNOWLEDGEMENTS

I profoundly thank Dr. John Giesy for constantly creating opportunities for me to learn
more, to meet wonderful people and to go places in the world I never imagine I will be
able to go. I will be for ever grateful for his constant support; I am very proud to
belong to his family in science. Thanks to my study director, Dr. Paul Jones for being
always able to help me elucidate strange results, for teaching me how to deal with
chaos and for keeping me calm whenever the lab results made me go in panic mode.

Thanks to my graduate committee members, Dr. Richard Hill, Dr. Susan
Masten, Dr. R.J. Stevenson, for their patience, advice and assistance. Many thanks to
Dr. Jesus Olivero-Verbel for providing me the undergraduate research opportunities
that led me down this path, and for pointing the direction towards Dr. Giesy’s group.

To all the MSU’s Aquatic Toxicology Laboratory members, 2001-2006, many
thanks for providing the fun part of this journey. To my colleagues and friends Daniel
Lorenzo, Margriet, Leoni, Margaret, “Dr.” Higley and Amber, thanks much for all the
unforgettable moments.

I have no words to express my gratefulness to my wonderful mother, Margarita,
for her constant and unconditional support. To my brothers Gerson, Julio and Yohn for
their love and to my nephews Linda, Daniel and Valeria for being the force that keeps
me going. Thanks to my super friends Damaris and Jose Vicente for the unconditional

friendship that I will cherish for ever.



TABLE OF CONTENTS

LISTOF TABLES. ...t ettt eeeas ix
LISTOF FIGURES. ... .o e e et e Xi
ABBREVIATION S . ...t et xii
INTRODUCGTION. ...t et ee e e eeneeneeneenas 1
CHAPTER 1
STEROIDOGENESIS, ENDOCRINE DISRUPTION AND THE H295R CELL
N 1 1 31 P 5
The Endocrine System..........couiiiiuiiiiiiiiiiii e e 5
HOMMONES. ..o et 7
Type of Hormomnes.........o.ovviiiiiiiiiiiiiiiei i 11
Hormone Release.........ccoovieiiiiiiiiiiiiiiicciiiicicie e, 16
Mechanism of Hormone Action...........c...ccccevviviinneennnnnnen. 16
Metabolism and excretion of hormones.............cccvvevinnnnn. 21
StErOIdOZENESIS. ..o e euieeteeitee ittt e e e e 22
Classification of Steroid Hormones.............cccceviviiiiiiiiiiiinenn.. 24
Enzymology of Steroid Production...............c.cooiiiiiiiiiiiiiniiininn 25
Endocrine Disruption..........c.cceiuiiiiiiiiiii i 32
The H295R Cell System.......cccveniiniiiiniiiiiiiiiiiei e ie e eaas 38
| NG 5 (= 110 T 44
CHAPTER 2
THE H295R SYSTEM FOR THE EVALUATION OF ENDOCRINE DISRUPTING
| 21 33 3 S O 1 N 57
INtrodUCHION... ..ot e et e e ennaees 58
Materials and Methods..........c.ooviiiiiiiii e 62
Test ChemiCals.....couvinuiiiiiiiie e e 62
Experimental Design.........ccooouviiiiiiiiiiiiiiiii e 62
Cell Viability/CytotoXiCIty .. ..uueuiuiirriniitiniieet e 65
RNA ISOlation. ...c.ouiiiiiiie e e e e e aeene 65
CDNA Preparation..........ccvieeeiiiiiiiiiie it neenenreneeaenenne 66
Real-time PCR......c.oiriiiiiii et aees 67
Hormone Quantification..............ooeviiiiiiiiiiiiiiiirieiire e eaenn 68
Statistical ANAIYSIS....cccceeveiiiiiriieriireerieeere e eseeesre s e e e s e 69
| 11 69
Chemical Dose and Time Courses..........ccvvveiiiiiiiiiiinienennnennennns 69
Patterns of Gene Response to Chemical Mixtures.........c..coceeueeennen.. 73
Hormone Production...........ccceviiiiiiiiiiiiiiiiiiieiieccre e 78
| TN T3 1) + F 80

vi



Dose and Time Dependent Patterns..............ccevviiiininiiiiiiininnn. 80

Chemical Treatments. .....oviiiiiiite ettt et e e e 83

COMNCIUSIONS. . . et ettt e et e 91

Acknowledgements. ... .......ooiiiiiiiti i 91

2 (S 15 1 [ = T PPN 92
CHAPTER 3

MODULATION OF STEROIDOTENIC GENE EXPRESSION AND HORMONE
PRODUCTION OF H295R CELLS BY PHARMACEUTICALS AND OTHER

ENVIRONMENTALLY ACTIVE COMPOUNDS.......ccoiiiiiiiiiiiiieniienenienenne 96
INtrodUCHION. ...ceutniteie e e 97
Materials and Methods............cooiiiiiiiiii e 101

Test Chemicals.......ooooviuiiiiniiiiiir e 101
Experimental Design........c.ccooviiiiiiiiiiiiiiii e 101
Cell Viability/CytotoXiCity. ... .cueeueriininintiiiii e eereeeeeaee 104
RNA ISOlation.......coueiieiiiiiii e 104
CDNA Preparation.........oeviiuiiiiiiiie e e vieieee e eneaaans 105
Real-time PCR.......oooiii e, 105
Hormone Quantification.............ccooviiiiiiiiniiiiiiiiiiiei e 106
Statistical ANalySiS.........vuiveiniiiiiiii e, 107
RESUIS. ..ttt e 108
Antibiotic EXPOSUIE. ....oviiiiiiiiiiiiiii e e 108
Hormone Therapy Drugs.........c.ccoeiiiiiiiiiiiiiiiiiiiiiieiieene, 109
Other Pharmaceuticals and Environmentally Active Compounds...... 110
Pattern of Responses to Chemical Mixtures.............coovveeeiininnnnn. 113
Dose Response Analysis.......coeeueieuineeieiieiiinniineneaieeeanenees 117
Relationships Between Gene Expression and Hormone Production...122
DISCUSSION. .. ettt ittt e et ettt et ettt et et e eeaeneeaeeneaneneaas 123
Pattern Responses by Group of Chemicals...............cccooevenninenn.. 126
Effects of Drugs MiXtures. .........coeviiieeiiiiiiiiiiiiiiiei e 131
Dose Response Analysis.........ovueueieiiiiiiiiiiniiiiiiieieieeans 133
CONCIUSIONS. ...ttt e ettt et et e e e eeeaens 134
AcKnowledgements. ........ouuiiiir s 135
R OIENCES. . . ettt e 136
CHAPTER 4

IN VITRO MODULATION OF ENDOCRINE FUNCTION IN H295R CELLS BY
EXTRACTS OF WATERS FROM THE VICINITY OF HONG KONG, S. AR,

(] 3 1 17 N P 142
INtrOQUCHION. ...ttt e et 143
Materials and Methods............cooiiiiiiiiii e, 146

Sample Collection. ... ...ccoueruiiuiiiiii e 146
Extract Preparation............c.c..cooiiiiiiiiiiiiii 148
H295R Cell Bioassay.......ccvuuiuuirineieieniieateaieniienneanenaenenns 150
Hormone Quantification.......c..c.ccvieiiiiiiiiiiiiiiiiiiiiiieiieneeeeen. 151
Statistical ANalysis........cccevuiiiiniiiiii i 152

vii



RESUIES. oot e e e 152

| D10 D103 Lo o VN 159
[ 00) 1T LTS3 6 o - T 160
Acknowledgements............o.iiiiiiiiiii 161
0SS (= (=2 1S T 163
SUMMARY AND CONCLUSIONS ...ttt 167

viii



LIST OF TABLES

CHAPTER 1
Table 1.1 Enzymology of steroid production.............cccoveviviiiiiiiiiiiiiininennnn.. 25
Table 1.2 The adrenal glands.............coiuiiiiiiiiiiii e, 39
CHAPTER 2
Table 2.1 Chemical miXtures eXPOSUIe. ... .....oueueuiuiuiriiieiiiiieeiieiieneneanenennn. 64

Table 2.3 Hormone concentrations in media from H295R cells treated with single
chemicals or in binary MIXtUIES........c.viiiiiiiiiiiiii e eaee 79

Table 2.4 Effects and interactions of single and mixture chemical exposures on

steroidogenic genes in H295R cell line and hormone
PIOQUCEION. ... ettt et e 85
CHAPTER 3

Table 3.1 Pharmaceuticals and environmentally active compounds used to expose
H295R CeIIS. .. nenininii e e 102

Table 3.2 Gene expression and hormone production in H295R cells exposed to single
ANHDIOLICS. ..ottt 111

Table 3.3 Gene expression and hormone production in H295R cells exposed to single
hormone therapy drugs. .....o.oueeiiiiiiiiiii e eans 112

Table 3.4 Gene expression and hormone production in H295R cells exposed to single
Table 3.5 Gene expression and hormone production in H295R cells exposed to single
chemicals and to binary MiXtUres..........coeveiuiriinieiiiinii e erenereeneenans 116

Table 3.6 Pearson correlation matrix for steroidogenic genes and steroid hormones for
all chemical treatments. ... ......couvuiiiiuiiiiit i eaeaes 124

Table 3.7 Pearson correlation matrix for steroidogenic genes and steroid hormones for
the antibiotic treatments. ... .........oiiiiiii i 125

ix



Table 3.8 Pearson correlation matrix for steroidogenic genes and steroid hormones for

the hormone therapy treatments..............coeiviiiiiiiieiiiiiie e ieeeaeaeaaes 126
CHAPTER 4

Table 4.1 Sampling points for marine waters in Hong Kong, SAR, China............. 155
Table 4.2 Gene expression results for methanolic water extracts........................ 157

Table 4.3 Hormone Production in H295R cells exposed to methanolic extracts of
marine waters from Hong Kong..............coooiiiiiiiiiiiiiiiiiiiiciccce e 158



LIST OF FIGURES

CHAPTER 1

Figure 1.1 Simplified diagram depicting the major glands of the endocrine system in
charge of the regulation of homeostasis and reproductive functions in humans and
ANIMALS.. ..t e 6

ITICSSAZC . e eetutennenteneeneeeeeseenntoeaseseeneeessssonneonsensensennessessssnsonsesessonnesnmens 9
Figure 1.3 Different mechanisms of hormonal signaling................................... 10
Figure 1.4 Chemical structure of representative hormones................c.oceeinnn.n. 12

Figure 1.5 Protein synthesis. After DNA replication a transcription process translates

DNA into mRNA to be translated to protein in the ribosome..............c.c..coveiinins 14
Figure 1.6 Mechanism and regulation of hormone release......................ccceeeel 17
Figure 1.7 Mechanism of action of steroid hormones................ccoveieiiiiiinie 19

Figure 1.8 Cyclic AMP second messenger System..........cccveerveiiirenenineneanennnnn 20
Figure 1.9 Synthesis of several adrenal steroid hormones from cholesterol..............23
Figure 1.10 Chemical structure of the Cyclopentaneperydrophenantrene ring...........24

Figure 1.11 Chemical structure of several known endocrine disrupter

o0 1001011 16 34

CHAPTER 2

Figure 2.1 Alterations in expression of steroidogenic genes in H295R cells exposed to
a range of concentrations of forskolin for24 or48 h............cooiiiiiiiiiiiiiinnn. 72

Figure 2.2 Potential mechanism for super-induction of CYP11B2 by a mixture of

forskolin and ketoconazole............cocoeviiiiiiiiiiiiiiiiii 76
Figure 2.3 Principal pathways in steroid biosynthesis...................cocooi 86
CHAPTER 3

Figure 3.1 Dose-response curve for the expression of steroidogenic genes and
hormone production after 48h exposure with different concentrations of
Ethynylestradiol..........c.oovuiiiiiiiiiiiiii 118

xi



Figure 3.2 Dose-response curve for the expression of steroidogenic genes and
hormone production after 48h exposure with different concentrations of
16370 (4] (5 (o)« [ PP 119

Figure 3.3 Dose-response curve for the expression of steroidogenic genes and
hormone production after 48h exposure with different concentrations of

Ethynylestradiol...........ccouiiiii e 121
CHAPTER 4

Figure 4.1 Enzymes, substrates and products of the steroidogenic pathway in the
different zones of the human adrenal cortex............c.cocviiiiiiiiiiiiiiiiininenen, 147

Figure 4.2 Marine water monitoring stations in Hong Kong and Sampling points for
endocrine disruption evaluation...........cocvuevuiiiiiiiiniiiiiie e 149

Figure 4.3 Gene expression and hormone production for methanolic extracts from
water samples from major water treatment plants in Hong Kong, SAR,

xii



ACETA

ABR

AMG

AMOXI

AMV

ANOVA

AR

ATCC

ATP

CAFOS

cAMP

CYP

CEPHA

CLOFI

CYPROT

DEET

DEPC

DEXA

DHEA

DMSO

ABBREVIATIONS

Acetaminophen

Aryl hydrocarbon Receptor
Aminoglutethimide

Amoxicillin

Avian Myeloblastosis Virus
Analysis of Variance

Androgren Receptor

American Type Culture Collection
Adenosine Triphosphate
Concentrated Animal Feeding Operations
cyclic Adenosine Monophosphate
Cytochrome P450

Cephalexin

Clofibrate

Cyproterone
3-methyl-N,N-diethylbenzamide
Diethylpyrocarbamate
Dexamethasone
Dehydroepiandrosterone

Dimethylsulfoxide

Xiii



DNA Deoxyribonucleic acid

DNAse Deoxyribonuclease

dNTP Deoxyribonucleotide triphosphate
DOXYC Doxycycline

EDCs Endocrine Disrupting Compounds
EDSTAC Endocrine Disruptor Screening and Testing Advisory Committee
EDTA Ethylenediaminetetraacetic Acid
E2 Estradiol

EE2 Ethynilestradiol

EEC European Economic Community
EIA Enzyme immunoassay

ELISA Enzyme-Linked ImmunoSorbent Assay
ER Estrogen Receptor

ERAs Environmental Risk Assessments
ERY Erythromycin

FOR Forskolin

FLUOX Fluoxetine

GMP Guanosine Monophosphate
HMGR 3-Hydroxy-3-Methyl-Glutaryl-CoA Reductase
HRC Hormone Receptor Complex

HSP Heat Shock Protein

IBUPR Ibuprofen

ITS Insulin, Transferin, Selenium

Xiv



Jak/STAT
KETO
LDLs
MeOH
mRNA
MET

NCI
NHEERL
NSAAID
ORD

10044

PAHs
PBDEs
PCBs

PKA

PKC
Q-RT-PCR
SALBU
SAR

SF-1

SSDS

StAR

Janus Kinase/Signal Transducers and Activators of Transcription
Ketoconazole

Low Density Lipoproteins

Methanol

messenger Ribonucleic Acid

Metyrapone

National Cancer Institute

National Health and Environmental Effects Research Laboratory
Non-Steroidal Analgesic Antiinflamatory Drugs
Office of Research and Development
Oxytetracycline

Progesterone

Polycyclic Aromatic Hydrocarbons
Polybrominated Diphenylethers

Polychlorinated Biphenyls

Protein Kinase A

Protein Kinase C

Quantitative Real Time Polymerase Chain Reaction
Salbutamol

Special Administrative Region

Steroidogenic Factor 1

Strategic Sewage Disposal Scheme

Steroidogenic Acute Regulatory Protein

XV



STW

TBT

ThR

TRENB

TRIME

TYL

USEPA

USFDA

WWTP

ZEARA

System Treatment Works

Testosterone

Tributylin

Thyroid Receptor

Trenbolone

Trimethoprim

Tylosin

United States Environmental Protection Agency
United States Food and Drug Administration
Wastewater Treatment Plant

a-Zearalanol

XVi



INTRODUCTION

Daily, a large number of compounds synthetically derived or extracted from natural
materials are being discovered, designed, produced and used in orde; to satisfy human’s
necessities. An unsurprising but unintended consequence of the increasing demand for
the use of these compounds has been the introduction of them and/or their metabolites
into the environment. For years it has been known that several of these synthetic and
naturally occurring chemical substances in the environment are disrupting the normal
functions of the endocrine system and its hormones in humans and wildlife. An
endocrine disruptor compound is a chemical substance that interferes with, or has
adverse effects on, the production, distribution, or function of these hormones. Clearly,
interference with or damage of hormone could have major impacts on the health and
reproductive system of humans and wildlife.

Endocrine Disrupting Compounds (EDCs) include a broad range of substances
with different chemical structure and physico-chemical properties which define their
potential. Human activities are the current major sources of concern although a wide
range compounds are also produced naturally. EDCs can be found in air, water, soil,
sediment, food and consumer products, and their potential effects of greatest concern
are reproductive malfunction and developmental disorders in humans and wildlife.
Despite the wide range of studies that have been conducted in this area, in many cases
there is still insufficient data to demonstrate specific associations between
environmental exposure and endocrine-mediated adverse effects.

It has been established that there are different ways in which synthetic or

naturally occurring chemicals can affect the endocrine system. Direct interaction with



hormone receptors such as ER, AR, and ThR are the most studied mechanisms
however, there are other, indirect mechanisms that do not involve contact with any of
these receptors, and still the compounds may produce disruption of several endocrine
activities, such as producing adverse effects on the enzymes involved in the hormone
synthesis and their metabolism.

Because most of the bioassays available to evaluate endocrine disruption are
based solely on direct interaction with hormone receptors, the main objective of this
dissertation is to present research centered on the evaluation, validation and application
of a new method that integrates the analysis of potential effects of EDCs on steroid
production exerted by direct-acting hormone mechanisms as well as other indirect
mechanisms or transduction pathways. The evaluated system is the H295R cell line
which not only has the ability to express all the key enzymes required for steroid
hormone synthesis, transport and metabolism, but is also capable of producing all the
major hormones responsible for homeostatic and reproductive activities in humans and
wildlife. This cell line therefore offers an integrative system to evaluate at the same
time several important endpoints in endocrine-disruption including gene expression,
enzyme activity and hormone production.

Chapter 1 of this dissertation presents a complete description of hormone
production and EDC mechanisms of action, the H295R cell system, and the molecular
techniques and criteria used in this EDC screening assay system. The biomolecular
methods include Quantitative-Real Time-Polymerase Chain Reaction (Q-RT-PCR) for

the evaluation of the expression of genes encoding for key enzymes driving



steroidogenesis, and the Enzyme-Linked Immunosorbent Assay (ELISA) used for
quantification of hormone production.

Chapter 2 presents an evaluation of the H295R cell system using four model
chemicals known to be inducers or inhibitors of hormone production. Exposures with
individual model chemicals as well as with binary mixtures of inducers and inhibitors
were conducted and the results evaluated. This chapter addresses the importance of the
evaluation of mixture effects since EDCs do not generally occur in the environment
individually but in complex mixtures, and they may interact synergistically increasing
the potential to exert stronger adverse effects. Moreover, it corroborates the fact that
every EDC reaching the environment varies in potency and in the level of exposure
required to produce an adverse effect. This portion of the dissertation has been
published in the journal Ecotoxicology and Evironmental Safety, 65 (3), 293-305.

Pharmaceuticals, one of latest emerging group of contaminants of
environmental concern, were among the chemicals chosen for the validation of the
H295R cell system whose results are described in Chapter 3. The potential endocrine
disrupting effects of 15 of the most commonly used pharmaceuticals, including
prescribed and over the counter drugs, and some natural estrogenic compounds were
evaluated at high and environmentally relevant concentrations. Antibiotics of medium
and broad spectrum, non steroidal analgesic anti-inflammatory drugs (NSAA), growth
promoters, antidepressants, birth control compounds, B-blockers and hormone therapy
drugs were part of the tested group. The steroidal side effects of these chemicals
designed to execute specific biological functions in animals and humans were

established, as well as the variation of endocrine responses with respect to the exposed



doses. Responses to mixtures of chemicals were also compared to individual compound
behavior.

Chapter 4 describes the applicability of the H295R cell system to relevant
environmental samples. H295R cells were exposed to extracts of water samples
collected in several waste water treatment plants before and after treatment, fish culture
zones, marine disposal areas and other aquatic environments in Hong Kong S.A.R,
China. The potential of compounds present in these extracts to cause endocrine
disruption was used to evaluate the relevance of EDCs in waters collected from one of
the most polluted areas in Asia.

Studies presented in this dissertation confirm that the H295R assay system
allows simultaneous analysis of the expression of key steroidogenic genes, enzyme
activities and hormone production, and that this assay can be used as a cost-effective,
sensitive and integrative screening system to evaluate the many potential effects of

chemicals or mixtures of chemicals that can lead to endocrine disruption.



Chapter 1

STEROIDOGENESIS, ENDOCRINE DISRUPTION AND THE H295R

CELL SYSTEM

INTRODUCTION

The Endocrine System

The endocrine system is the machinery in charge of the regulation coordination and
control of several important biological functions in the organism such as growth and
development, mood, tissue function, metabolism as well as sexual function and
reproductive processes (Figure 1.1). This system is composed of a collection of glands
that secrete chemical messengers called hormones that transfer information and
instructions from one set of cells to another. The major glands of the endocrine system
are the pineal body, hypothalamus, pituitary, thyroid, parathyroid, thymus, adrenals,
pancreas (although it is also part of the digestive system because it also produces and
secretes digestive enzymes), and the reproductive glands ovaries and testes (1).
Combine together, more than fifty hormones are secreted by the endocrine system and
released into the bloodstream. Each hormone is programmed to reach a target organ
which has specific cells genetically programmed to receive and respond exclusively to
its message. On their way to the target cells, many hormones bind to specific proteins,
known as carrier proteins, which act as vehicles of transport and at the same time
control the amount of hormone available to interact with the target cells (2). Usually,

hormones linked to carrier proteins are more stable
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Figure 1.1 Simplified diagram depicting the major glands of the endocrine system in
charge of the regulation of homeostasis and reproductive functions in humans and
animals.



increasing their half-life in the circulation. It has been also suggested that some binding
proteins can function in targeting and trafficking of hormones (3).

The endocrine system uses cycles and negative feedback to regulate
physiological functions (4). Cycles of secretion maintain physiological and
homeostatic control and they may last hours or months. Hibernation, mating behavior
and body temperature are examples of activities controlled by biological cycles (5).
Although the instances of positive feed-back certainly occur, negative feedback
regulates the secretion of almost every hormone. When hormone levels reach a certain
‘normal’ concentrations, further secretion is controlled to maintain that necessary level
of hormone in the blood. This down regulation of hormone production may involve the
hormone itself or another substance in the bloodstream (6-7). Hormone levels can also
be influenced by factors such as stress, infection, and changes in the balance of fluid
and minerals in the organism.

The endocrine and nervous systems work in parallel to control growth and
maturation along with homeostasis. The nervous system coordinates rapid and precise
responses to stimuli using action potentials, while the endocrine system maintains
homeostasis and long-term control using chemical signals (1, 8). Thus, nervous
messages are immediate and of short duration while hormonal effects still prevail

although hormonal levels return to basal values.

Hormones
A hormone is a chemical substance synthesized by particular endocrine glands

that later enters the bloodstream to be carried to a target tissue or cell type. The target



tissues have specific receptors that bind these messenger chemicals (9) (Figure 1.2).
This series of events defines the so called endocrine and neuro-endocrine signaling
mechanisms. Some hormones are not secreted into bloodstream; instead, they reach
their nearby target cells by diffusion. The effects generated by binding to the specific
receptors establish the different signaling mechanisms used by hormones. A simplified
mechanism of selecting target hormonal receptors is shown in Figure 1.3. An intracrine
mechanism involves the production and use of the signal’/hormone within the same cell.
In autocrine signaling the cell produces and releases its own signal/hormone. A
paracrine mechanism is established between neighbor cells within a tissue or organ (10-
11).

The effects of hormones are broad and can include induction or inhibition of
cell death, stimulation or suppression of growth, regulation of metabolism, control of
life stages such as puberty and menopause, and in several systems hormones are
capable of regulating the production and release of other hormones (12). Although
hormones are produced mostly by classical endocrine glands other ‘non-endocrine’
organs such as the brain, thymus, heart, lungs, liver, kidneys, placenta and skin are also
capable of producing and releasing hormones (13-14).

Hormones are present at all times in the bloodstream, albeit at low
concentrations, in order to maintain receptors in the target tissues and to keep the tissue
‘prepared’ to mount a response. They are normally found in plasma and interstitial
tissues in trace amounts ranging between 10”° — 10 g/ (15). The physiological effects

of hormones depend mostly on their concentration. Hormonal over- or under-



production, as well as non-functional receptors that make the target cells un-sensitive to

hormonal messages,

Secreting cell

Receptor
Hormone v

Not a target cell

Figure 1.2 The role of hormones selecting targets and delivering the hormonal
message. Once released to the blood stream hormones bind specific receptors on
target cells only.
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Figure 1.3 Different mechanisms of hormonal signaling. a) A chemical messenger
acts inside the secreting cell. b) Cells secrete chemical messenger that signal the same

cell. c¢) The target cell is close to the signal releasing cell.
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are the most common causes of endocrine-related problems (16). Therefore, precise
control of circulating hormonal levels is crucial. In general, the concentration of a
hormone in the bloodstream is determined by three factors (17):
= Rate of production: Regulated by positive and negative feedback
mechanisms.
= Rate of transport: Determined by blood flow.
= Rate of degradation and excretion: Established by metabolism and
elimination processes, which determine hormone half-life.
The function of hormones is to serve as a signal to target cells to maintain homeostasis
and drive and coordinate changes in an organism. Hormone actions are determined by
the pattern of hormone secretion and by the signal transduction capabilities of the

receiving tissue.

Types of Hormones
Endocrine hormones are grouped into four major structural groups (18):
= Polypeptides, proteins and glycoproteins
* Amino-acid derivatives
= Fatty acid derivatives - Eicosanoids
= Steroids

Figure 1.4 shows chemical structures of representative hormones.

11
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Figure 1.4 Chemical structure of representative hormones. a) Amino-acid derivative
hormone and neurotransmitter which drives the response to stress. b) Steroid hormone
from the androgenic group. It is the principal male sex hormone and plays key roll in
health and well being in male and female organisms. c) Fatty acid derivative hormone
important in the constriction and dilatation of muscle and mediator in inflammatory
process.
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Peptide and amino-acid derivative hormones are secreted by the pituitary,
parathyroid, thyroid, heart, stomach, liver, kidneys and adrenal medulla. Polypeptides
and proteins are products of translation and vary considerably in size. The amino acid
sequence information of a protein is contained in the coding region of the gene that
codes for the protein in sequences of bases known as the genetic code; the code is
copied from DNA into mRNA by transcription and the mRNA coordinates the protein
synthesis by the process of translation (Figure 1.5). They can be as small as peptides
formed by 3 amino acids or as large as glycoproteins formed by multisubunits of
hundreds of amino acid residues. Several hormones belonging to the peptide group are
synthesized in the endoplasmic reticulum as pro-hormones, to later go through
proteolytic changes and convert them to the mature or acting form of the hormone; in
other cases the hormone is part of the sequence of a larger precursor that is-
proteolytically cleaved several times to release the active hormone (19). Once
synthesized, some peptide hormones are sent to the Golgi apparatus and packaged into
secretory vesicles for export (20). Because most of the peptide hormones circulate un-
attached to carrier proteins in the blood stream, their half-life is typically in the range of
a few minutes.

Tyrosine, tryptophan and glutamic acid are the amino acids from which several
hormones are synthesized. Thyroid hormones and catecholamine are derived directly
from tyrosine. Catecholamines such as epinephrine and norepineprhine have a dual
function; they can function as hormones and as neurotransmitters (21). While the half-
life of thyroid hormones is in the order of a few days, catecholamines are rapidly

degraded with half lives in the range of a few minutes (22-23). Tryptophan is the
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Figure 1.5 Protein synthesis. After DNA replication a transcription process
translates DNA into mRNA to be translated to protein in the ribosome.
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precursor of serotonin, which plays an important role in the regulation of mood and
sleep; tryptophan is also a precursor of melatonin which communicates information
about environmental lighting (24). Glutamic acid is converted to histamine, involved in
immune responses as well as regulating physiological functions in the gut and acting as
neurotransmitter (25).

Eicosanoid hormones are mostly derived from the arachidonic and other
essential fatty acids and are found virtually in all tissues and organs. Among the
eicosanoid hormones are prostaglandins, prostacyclines, thromboxanes and leukotrienes
(26). They are important agents in allergic and inflammation processes and control
blood flow and pressure. Leukotrienes are made by leukocytes and are extremely
potent in vasoconstriction (27).

Steroid hormones are derivatives of the lipid cholesterol. They are synthesized
and secreted mainly by gonads and the adrenal glands (28). Gonad tissues specifically
produce the sex steroids estrogen and androgen that are responsible for female and male
secondary sexual characteristics.  Female gonads also synthesize progestins,
responsible for the maintenance of pregnancy (29-31), while the adrenal cortex
synthesizes mineralocorticoids such as aldosterone, which increases sodium, chloride
and bicarbonate absorption to maintain blood flow and pressure. The glucocorticoids,
such as cortisol, are also produced by the adrenal cortex and their function is to
promote gluconeogenesis and fat and protein degradation (32). Once produced, steroid
hormones are immediately released and depending on the species and the hormone may
be bound by specific plasma protein carriers (33). In general steroid hormones are

inactivated by metabolic transformations and excreted in urine or bile (34).
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Hormone Release

Internal signals or external stimuli from the environment such as smell, light,
temperature and sound trigger electrical responses in the nervous system causing the
release of ‘releasing hormone’ in the hypothalamus which are transported to the
pituitary through the portal system (10). This event induces the release of the trophic
hormones that are responsible for the release of the ultimate hormone by the target
glands (Figure 1.6). The critical characteristic of this domino effect is the intensity of
the response in each event. Releasing hormone is produced in nanograms amounts,
which induces production of the trophic hormone at the microgram level while the final
hormone is produced in miligram quantities. This is a good example of ‘amplified
responses’. The release of hormones can also be stimulated by the levels of several
metabolites (35).

In general, hormone secretion is a chain of events meticulously coordinated and

regulated in a rhythmic manner.

Mechanism of Hormone Action

Hormones induce a trigger effect in order to modulate the activity of specific
target cells. Most of the hormones act by binding to specific receptors, which are
proteins that are normally present in small numbers in the target cells and may be of
two kinds, plasma membrane receptors, also known as cell-surface receptors, and
intracellular receptors. Therefore, there are two mechanisms by which hormones can
activate/inactivate enzymes, alter membrane permeability and influence gene

expression
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Figure 1.6 Mechanism and regulation of hormone release. External or internal inputs
induce the hypothalamus to produce releasing hormones which stimulate the pituitary
gland to release trophic hormones that consequently induce the activity of target
endocrine glands.

producing significant changes in target cells which translate later into a variety of
observed physiological effects (36).

Non-steroid or water soluble hormones, because of their lipophobicity, do not

diffuse across the cell membranes; usually, they interact with cell-surface receptors.
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Most of the receptors for peptide and protein hormones are G-protein linked receptors
which use a second messenger to transmit the hormone signal from the outside to the
inside of the cell. Hormone-receptor interactions provoke the dissociation of the
intracellular trimeric G protein, which results in the opening of ion channels or the
activation of membrane enzymes that may stimulate or inhibit the production of second
messengers. As is showﬂ in Figure 1.7, the activated molecules or second messengers
then cause the phosphorylation of specific proteins that finally elicit the response.
Calcium, cAMP, GMP, and inositol triphosphate are the most common second
messengers (37).

Thyroid and steroid hormones, because of their lipophilicity, are believed to
pass passively through the plasma membrane and once inside the cell bind to specific
intracellular receptors forming an activated hormone-receptor complex, which binds to
DNA activating or suppressing the expression of specific genes (38) (Figure 1.8). Type
1 receptors are linked to heat shock proteins (HSPs) and are located in the cytoplasm;
this type of receptor is used for glucocorticoids, mineralocorticoids, androgens and
progestins; the estrogen receptors usually travel between the cytoplasm and nucleus.
Once the steroid hormone-receptor complex is formed the HSPs are released and the
receptor undergoes dimerization with another receptor. The dimeric structure

translocates to the nucleus where it binds a specific DNA sequence. Thyroid hormone
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Figure 1.7 Mechanism of action of steroid hormones. After binding of the hormone to
the receptor the formed Hormone-Receptor Complex (HRC) moves to the nucleus. A
dimmer of HRC interacts with hormone-responsive elements on specific genes. As a
consequence, template sites on DNA habilitate sites for RNA polymerase and increase
transcription. Once produced, mRNA leaves the nucleus and undergoes translation in
the ribosome.
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Figure 1.8 Cyclic AMP second messenger system. The enzyme adenylate
cyclase catalyses the production of cAMP from ATP. The cAMP produced
then activates protein kinases which phosphorylate intracellular proteins to
alter their activity and produce a cellular response.
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and retinoic X receptors are mostly found in the nucleus, bound to DNA and are known
as type 2 receptors. In contrast to steroid receptors, type 2 receptors undergo
dimerization with other non-identical receptors forming heterodimers; in some
instances they may initiate transcription in the monomeric form (39). Despite the ability
of lipophilic hormones pass through the cell membrane, some steroid or thyroid
hormones also interact with cell-surface receptors to produce rapid non-genomic
responses in target organs or cells. They may stimulate the production of protein
receptors at the cell surface level or affect the intracellular production of protein kinases
and other proteins needed in the action of peptide hormones (40).

After the interaction with the hormone-receptor occurs, both elements form a
single condensed structure that induces vesicular formation followed by endocytosis.
The hormones may be degraded by cell-surface enzymes and the receptors re-used or
catabolised by lysosomic enzymes. Second messengers may be disintegrated or

inactivated by phosphorylation/dephosphorylation processes (41).

Metabolism and excretion of hormones

Inactivation or degradation of hormones must occur in order to ensure steady-
state levels of hormones in the bloodstream this is achieved using feedback
mechanisms. Hormone inactivation and catabolism may occur in peripheral organs or
tissues such as liver and kidney, but can also occur in target tissues immediately after
the hormone trigges of the biological responses. The half-life of hormones in

circulation is directly related to hormone action (42).
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Peptide and protein hormones are degraded by peptidases at specific structural
points, like carboxy or amino terminal groups (43). Usually, steroidal hormones are not
re-used and they must be inactivated first, and then converted to a more soluble form in
order to be excreted. P450 enzymes drive the inactivation of steroid hormones through
hydroxylation processes and then transferase enzymes conjugate these inactive
metabolites with glucoronic or sulfate groups to make them hydrophilic so they can be

eliminated via urine and bile (44).

STEROIDOGENESIS

The biological synthesis of steroids is termed steroidogenesis. Steroid hormones
are derivatives of cholesterol synthesized in the adrenal cortex and gonads, and in
smaller quantities by a variety of other tissues such as brain and placenta (Figure 9).
Synthesis occurs by two major types of enzymes located in both, mitochondria and
endoplasmic reticulum (45-46). The identified sources of cholesterol include
cholesterol synthesized de novo from acetate within the cell, cholesterol esters from
lipid droplets and from cholesterol-containing low density lipoproteins (LDLs), are
considered the main source of cholesterol in humans (47).

Initially, a chain of reactions activated by trophic hormones hydrolyze
cholesterol complexes to form free cholesterol. This free cholesterol, by an assisted
mechanism, is transported to the inner mitochondria where it is converted by the P450
side chain cleavage enzyme to pregnenolone, not a hormone itself, but a precursor for

the synthesis of all steroid hormones (47-48). Subsequent biosynthetic steps involving
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a movement of the various substrates thru the enzymatic batteries located in the

endoplasmic reticulum

CYP11A Cholesterol
170-OH- CYP17
Pregnenolone Pregnenolone DHEA
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Progesterone » 170-OH- ——» Androstenedione
Progesterone
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Figure 1.9 Synthesis of several adrenal steroid hormones from cholesterol. Enzymes
leading the production of precursors and active hormones are shown. Chemical
structures are presented only for terminal main hormones such as aldosterone and
cortisol and for main precursors such as corticosterone an androstenedione.
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and mitochondria, give origin to all steroid hormones (49).

Classification of Steroid Hormones
Steroid hormones are classified according to their physiological behavior, a
consequence of their actions on one or more specific steroid hormone receptors (50):
= Progestins: Essential for reproduction
= Mineralocorticoids: Maintain electrolyte balance
®  Glucocorticoids: Mobilize carbohydrates
= Androgens: Induce male secondary sex characteristics
s Estrogens: Induce female secondary sex characteristics
Since they arise from a common series of pathways, all steroid hormones share

the cyclopentanoperhydrophenanthrene chemical structure (Figure 10).

H

Figure 1.10 Chemical structure of the Cyclopentaneperydrophenantrene ring.

Enzymology of the Steroid Production
Steroid oxydoreductases and Cytochrome P450 (CYP) are the two major types of

enzymes driving the pathways of steroid hormone biosynthesis. The capacity of a cell
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to synthesize specific steroids is directly linked to its enzymatic expression;
steroidogenic capacity then, is regulated mainly by tissue and cell specific expression of
enzymes. Each enzyme involved in steroid production is encoded by one specific gene
(Table 1.1), which controls and regulates its expression in different tissues and organs

(49). The group of

Table 1.1 Enzymology of steroid production.

Functional name Common name Standard name/Gene
Desmolase; side chain cleavage P450scc CYP11A
enzyme
3B- hydroxyseteroid-dehydrogenase 3B-HSD2 3BHSD2
17-a-hydroxylase/17,20 lyase P450 ¢17 CYP17
21-hydroxylase P450¢2) CYP21
11B-hydroxylase P450y,p CYP11Bl1
Aldosterone synthase P450,,4s CYP11B2
Aromatase P450a0m CYP19
17B-hydroxysteroid-dehydrogenase 178-HSD(1-7)* 17B-HSD(1-7)

? Cytochrome P450s and oxydoreductases controlling the production of steroid
hormones in the adrenal cortex. Each one of the steroidal P450 enzymes are encoded
by a single gene, instead, the oxydoreductases are usually encoded by different genes,
one for each isoform or isozyme. Human 17B-hydroxysteroid-dehydrogenase has 7
known isozymes.

enzymes in the adrenal cortex and testis does not change during adult life. In contrast,
in the ovaries the amount of enzymes changes dramatically, especially during the final
stages of follicle development (51). Steroidogenic factor 1 (SF1) has been identified as
the transcription factor required for tissue-specific expression of steroid P450s enzymes
as well as the gonadal and adrenal-specific isoforms of oxydoreductases. Despite the

mandatory presence of SF1 for cell specific adrenal and gonadal expression, there are

other factors necessary for determining the amount and specificity of steroidogenic
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gene expression (52). One unique property of several of the steroidogenic enzymes is
that they may catalyze more than one step in the pathway of steroid production.

The important role of enzyme expression in regulation of steroidogenesis is
demonstrated by the fact that the hormonal output is mainly regulated by enzyme
dependent events (51), such as:

= Substrate availability, which depends on enzyme-depended cholesterol
mobilization.

= Steroidogenic enzyme level, determined by the mRNAs encoding the enzymes.

= Steroidogenic enzyme activity, determined by intracellular conditions.

= Tissue growth, determined by cell division and directly related with enzyme

production.

Cytochrome P450 (CYP): These are oxidative enzymes, found mostly in the inner
membrane of mitochondria or in the endoplasmic reticulum. Their main characteristic
is wavelength of maximum absorption at around 450nm when the heme iron is reduced
and complexed to carbon monoxide, this is the reason they have been termed “Pigment
at 450nm” or P450. Hydroxylation is the most common reaction catalyzed by P450
enzymes but members of this superfamily are able to perform a wide range of reactions
such as sulfoxidation, deamination, dehalogenation, N-oxydation or dealkylation (49-
53).

Besides driving biosynthesis and catabolism of steroids, CYP enzymes are also
involved in several other important physiological activities in mammals such as drug

metabolism, cholesterol biosynthesis and blood homeostasis to name a few. Their
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actions are also very important in metabolic processes of insects and in higher plants

due to their involvement in the synthesis of numerous secondary metabolites like

flavonoids, alkaloids and terpenoids (54-58).

The major steroidogenic CYP enzymes are:

P450scc: This enzyme initiates the biosynthesis of all steroid hormones. In the
inner mitochondrial membrane, cholesterol is converted to the precursor
pregnenolone through monooxygenation processes that include hydroxylations
at C-22 and C-20 ending with cleavage of the C-20, C-22 bond. This step is
considered by many, the rate-limiting step of steroidogenesis. P450scc is
encoded by the gene CYP11A and is expressed in the three zones of the adrenal
cortex, ovaries, testis and brain. Genetic lesions affecting the activity of this
enzyme are mostly rare, but if present, may result in an inability to synthesize
any steroid hormone with consequent immediate death due to mineralocorticoid
deficiency (49, 59-60).

P450c17: Encoded by the gene CYP17, this 17-alpha-hydroxylase is required
for androgen production and regulation of substrate supplies for aromatization,
as well as for cortisol biosynthesis. Cleavage of C17-C20 bond in C21 steroids
leads to androgenic production, while their 17-alpha-hydroxilation produces
cortisol. This enzyme is well expressed in zona fasciculate and zona reticularis
of the adrenal cortex and in smaller amounts in ovaries (49, 61). This enzyme is
expressed in most steroidgoenic tissues. Some vertebrate species, like rats, do

not express P450c17; thus, corticosterone rather than cortisol is the major
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glucocorticoid. The activity of this particular enzyme is said to be strongly
affected by the intracellular concentrations of substrates and products (62).
P450c21: At the endoplasmic reticulum this enzyme executes hydroxylation on
C21 in progesterone to the formation of cortisone and cortisol precursors, 11-
deoxycorticosterone and 11-deoxycortisol, respectively; P450c21 is key in the
production not only of mineralocorticoids but also glucocorticoids and is
exclusively expressed in all three zones of the adrenal cortex. CYP21A and
CYP21B are the genes encoding this enzyme, but only CYP21B encodes the
active form of the enzyme (49, 63). Its deficiency, the most commonly
observed genetic lesion, conduces to congenital adrenal hyperplasia, an illness
characterized by deficient gluco and mineralocorticoid production and to
excessive androgenic biosynthesis showed morphologically through
enhancement of male characteristics, also known as virilization (64-65).
P450c11: Ts the final enzyme in the synthesis of adrenal mineralocorticoids and
glucocorticoids. P450c11 exerts not only 11B-hydroxylase, but also 18-
hydroxylase, and 18 aldehyde synthetase activities to mediate the conversion of
11-deoxycortisol to cortisol and the three final steps in the biosynthesis of
aldosterone from deoxycorticosterone (66). The known two forms of this
enzyme are localized mainly in the adrenal cortex, specifically in the inner
mitochondrial membrane. Type I works directly on cortisol production, while
type II focuses on aldosterone synthesis. Although the two forms of P450c11
are different in only 32 out of the 503 aminoacids of their primary sequence,

their catalytic properties are clearly different. It has been proved that CYP11B2

28



does not use efficiently cortisone as substrate for the aldosterone biosynthesis,
therefore the main mineralocorticoid is produced from 11-deoxycorticosterone
as precursor. The deficiency in P450c11 hydroxylase and aldosterone synthase
activity is the second most common cause of congenital adrenal hyperplasia, the
first one is the lack of P45021c¢ activity (68).

P450aro: It mediates the aromatization of C18 estrogenic steroids from C19
androgens in the endoplasmic reticulum. The aromatization process involves 2
hydroxylations at C19 methyl group and a third one at C2. These
hydroxylations result in the loss of C19 and the consequent aromatization of the
A ring of the steroid (49). CYP 19 is the gene encoding for P450aro, commonly
known as aromatase. This gene is the longest of all the steroidogenic genes and
its main characteristic is the presence of alternative promoters that are used in
tissue-specific manner (69). Aromatase is widely expressed in the ovary,
mostly in the granulose cells where the major estrogen production occurs. This
enzyme is also present in many other tissues besides gonads, such as breast,

skin, placenta and adipocytes (70-71).

Oxidoreductases: These enzymes that catalyze the transfer of electrons from one

molecule, the oxidant or hydrogen donor, to another, the reductant or hydrogen

acceptor. Oxidoreductases are more commonly known as dehydrogenases. 3p-

HSDs and 17B-HSDs are the main steroidogenic dehydrogenases. They belong to

the same protein family as the short-chain alcohol dehydrogenase reductase

superfamily. While P450 enzymes are encoded by single genes, the steroid

dehydrogenases are usually encoded by at least 2-3 homologous genes since they
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present several isoforms in the case of 3B-HSDs, or isozymes as is the case for 17f-

HSDs. The number of isoforms or isozymes varies between species (49, 51, 62).

= 3B-HSD/isomerases: Are the enzymes catalyzing the production of the first
biologically important steroid in the pathway, progesterone. Currently two
isoforms, I and II, of 3B-HSD have been identified in humans; each isoform is
the product of a distinct gene. Only type II is expressed in the 3 zones of the
human adrenal cortex and in gonads, but not in placenta. Instead, type I is
found in skin, placenta and breast tissue. Their functions are to convert 3f-
hydroxy-5-ene steroids into 3-keto-4-ene, pregnenolone into progesterone, 17a-
hydroxypregnenolone into 17a- hydroxyprogesterone and DHEA into
androstenedione (49, 53, 57, 72-73).

= 17B-HSDs: Their main function is controlling the last step in the biosynthesis
of all gonadal androgens and estrogens. These isozymes convert inactive 17-
ketosteroids into their active 17B-hydroxy forms; 17B-HSDs are responsible for
the interconversion of 17-ketosteroids, such as dehydroepiandrosterone,
androstenedione and estrone with the respective 17B- hydroxysteroids, like
androst-5-ene-3p, 17B-diol and 17B-estradiol (E2) (74). Usually they are found
membrane bound or as soluble enzymes. Currently, 11 different 17p-HSDs
have been identified. [Each isoenzyme presents individual cell-specific
expression, subtrate specificity and regulatory mechanisms. Among the 11
known 17B-HSDs only 3 forms actively participate in the production of gonadal
steroidal hormones, types I, III and VII (75). 17B-HSDI, which is found in

ovary, placenta and mammary glands, was the first of these ketosteroid-
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dehydrogenases to be characterized. In humans, the substrate of preference for
17B-HSD1 are estrogens and its main function is to catalyze the inter-
conversion between estrone and estradiol, 17-HSD7 only from estrone to
estrone and 17B-HSD3 is responsible of the conversion of weak androgens into
potent androgens, that is, from androstenedione to testosterone. The androgenic

17B-HSD3 is exclusively expressed in testes (76).

Other Enzymes
In the early steps of steroid production, before the formation of pregnenolone, two
critical events, enzymatically controlled by other type of enzymes, occur. One
event is the production of cholesterol, since it is the basic building block for all
steroids, and consequently, its transport to the inner mitochondrial membrane where
all the initial enzymatic machinery for steroidogenesis is present. Cholesterol
biosynthesis is controlled by hydroxymethylglutarylCoA reductase (HMGR) and its
transport to the inner mitochondria is directed by the steroidogenic acute regulatory

protein, StAR.
®*  HMGR: Cholesterol production is controlled by 3-hydroxy-3-methyl-
glutaryl-CoA reductase or HMGR, which is the first enzyme in the
metabolic pathway that produces cholesterol and other physiologically
important biomolecules such as non-sterol isoprenoids and coenzyme Q
(77). HMGR is a polytopic transmembrane protein driving the key step in
the mevalonate pathway and its activity is regulated by transcription,

translation, degradation and phosphorylation (78-79). Since in humans the
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mevalonate pathway is the main mechanism of cholesterol production, this
enzyme is the main target in the design of hypercholesterolemia and
atherosclerosis drugs (80). The enzyme activity is mostly regulated by a
negative feedback mediated by its own products, thus in mammalian cells
this enzyme is suppressed by cholesterol derived from the internalization
and degradation of LDL (77). This enzyme can also be found in prokaryotes
and plants.

s StAR: The steroidogenic acute regulatory protein is a mitochondrial
phosphoprotein that defines the well considered rate-limited step in steroid
production (81). This enzyme/transport protein regulates the delivery of
cholesterol from the outer to the inner mitochondrial membrane where is
cleaved by the P450scc also known as CYP11A enzyme. The lipid
properties of cholesterol make it difficult for it to cross the aqueous phase
between the two membranes requiring the assistance of several proteins
(82). StAR is found in the adrenal cortex and gonads where its presence
increases the steroid production. The expression of this enzyme is stimulated
by the cAMP signaling pathway and also by trophic hormones stimulation.
Patients with mutations in the StAR gene suffer from congenital lipoid
adrenal hyperplasia, which drastically impairs adrenal and gonadal

biosynthesis (83).

ENDOCRINE DISRUPTION
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Among all the compounds released to the environment there are a range of chemicals
that have the ability to adversely affect the normal functioning of the endocrine system.
Specifically, a variety of chemicals with a diversity of physicochemical properties
(Figure 1.11) are able to interfere with endogenous hormone activities so having major
impacts on the health and reproductive functions in humans and wildlife. The ability of
these chemicals to interfere with endocrine regulatory systems has lead to their being
described as endocrine disrupting compounds (EDCs) (84-85). EDCs have been
officially defined by the U.S. EPA as “exogenous agents who interfere with the
synthesis, secretion, transport, binding, action, or elimination of natural hormones in
the body that are responsible for the maintenance of homeostasis, reproduction,
development and/or behavior” (86). Among the most frequent adverse effects of EDCs
postulated to occur in animals and humans are: reproductive effects, birth defects,
cancer, low sperm count, sexual dysfunction, heart disease, cognitive disorders, sex
reversal and premature puberty (87-97). The complexity of EDC effects results to a
great extent from the inherent complexity of the endocrine system and the fact that via a
variety of signaling mechanisms the endocrine system is connected to the immune and
nervous systems. Asa
result some compounds classed as EDCs can also reduce the effectiveness of the
immune system increasing the incidence of infections or produce neurotoxicity (98).
Natural sources of EDCs include plants and animals as well as human activities.
A variety of naturally produced phytochemicals in foods, most of them with
‘estrogenic’ activities, may act in a similar way to estrogen due to their ability to bind

to the estrogen receptor. However, phytoestrogens are much weaker than actual
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estrogen, so their effects are different from those of the natural hormone (99).
Moreover, the consumption of a phytoestrogen-rich diet has been linked to either
reduced or increased rates of heart disease and cancer (100-101). Good examples of

natural phytoestrogen sources include soybeans, legumes, clover, yams and flax.
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Figure 1.11 Chemical structure of several known Endocrine Disrupter Compounds
(EDCs). a) Tributyltin, biocide used as antifoulant paint additive. b) Trenbolone,
anabolic steroid used by veterinarians on livestock to increase muscle growth and
appetite. c) Aldrin, a pesticide commonly used in crop fields.
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Humans and animals also produce hormones naturally; they also consume hormonal
products by taking pharmaceuticals such as birth control pills and by using hormone
replacement therapy containing mixtures of estrogens, progestagens and androgens;
once they are excreted from humans and animals, these hormonally active chemicals
can easily flow into sewage treatment and drinking water systems. An area of current
high concern is the waste produced by concentrated animal feed operations (CAFOs)
since they discharge environmentally relevant doses of natural and pharmaceutically
produced hormones. Pregnant animals on CAFOs naturally produce high levels of
estrogens and several pharmaceuticals such as growth promoters and antibiotics are
administrated to maximize animal growth and health (102-106). Residues of these
chemicals can be excreted in manure and by run-off they may easily reach aquatic
environments (107-109). Since these compounds were designed to produce a
biological effect, once they reach the environment, unwanted effects on non-target
organisms may be exerted (110). Besides pharmaceuticals, some compounds used in
the cosmetic industry have also raised concern. Chemicals used in dental sealants, skin
lotions, and makeup are suspected of causing endocrine disruptor effects (111-113).
Other human activities also release synthetic compounds capable of disrupting
the normal functioning of the endocrine system. These ubiquitous EDCs are used in
plastics, food production and packaging, paints, wetting agents, carpets and furniture,
detergents and pesticides. Phthalates, for example, are chemicals used as plasticizers to
manipulate the physical properties of plastics. Although it has been established that
human exposure does not currently appear to be toxicologically relevant, several bans

haven been introduced in Europe for these compounds in children’s toys as a
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precautionary measure (114). Bisphenol A is widely used as an inner lining on food
and beverage cans. Despite several studies that have shown Bisphenol A to produce
hormone related effects at high doses, there is still an ongoing debate about whether or
not these results are toxicologically relevant (115-116).

Tributyltin (TBT) is a compound primarily used as an antifoulant paint additive
on ship and boat hulls, docks, fishnets, and buoys to discourage the growth of marine
organisms such as barnacles, bacteria, tubeworms, mussels and algae (117). TBT
concentrations in harbors and bays in Britain, France and the United States were
historically high enough to significantly affect oyster and mussel production (118-120).
At low levels, TBT can cause structural changes, growth retardation, and inhibit
reproduction Imposex, the development of male characteristics in females, has been
initiated by TBT exposure in several snail species (121). Other compounds, such as
brominated flame retardants used in furniture, carpet and electronics manufacture have
also been reported to occur in human breast milk, fatty tissue and blood. These
compounds have been banned by the European Union for suggestive risks associated
with accumulation processes (122-123).

Alkylphenols and their ethoxylates are compounds commonly used in liquid
detergents and as wetting agents in different industrial applications. They have been
shown to have both acute and chronic effects in aquatic organisms, including alterations
in reproduction, feminization, hermaphroditism, and lower survival rates in fish and
other aquatic organisms living in alkylphenol-contaminated waters (124-126). These

effects have been found even at low doses.

36




There are several mechanisms whereby EDCs could modulate endocrine
systems and potentially cause adverse effects. The most direct mechanism of action for
EDCs is the direct binding of the compounds to hormone receptors at the cell surface,
cytoplasm, or nucleus, followed by a complex series of events that can lead to changes
in gene expression (127). Therefore, the most studied mechanisms of EDC action are
those involving the best known receptors: estrogen (ER), androgen (AR), aryl
hydrocarbon (AhR) and thyroid (ThR). However, there is evidence demonstrating that
other receptor systems may also be of importance when evaluating EDC effects. These
include the cytokine systems, the retinoic acid receptor and some of the ‘orphan
receptors’, receptors without known ligands and/or function (128-131). Some of the
EDCs can imitate and/or amplify the effects of the endogenous hormones, they may
function by direct binding the hormone receptors and triggering the same response as
the natural hormone would or in some cases producing even a stronger response.
Others EDCs may instead, stimulate the production of more hormone receptors
resulting in increased sensitivity or responses to natural hormones. In contrast, there
are compounds that bind to a receptor and activate a weaker response than the natural
hormone would or produce no biochemical effect but prevent hormonal action simply
by taking the hormone’s specific site on the receptor (132). All mechanisms involving
direct interaction with any of the mentioned receptors are known as Direct Mechanisms
of Endocrine Disruption.

The modes of action of EDCs are not limited to direct interactions with
hormone receptors. There are other mechanisms that include inhibition of enzyme

activity for hormonal synthesis, or binding to carrier proteins reducing their availability
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to transport hormones or altering the endogenous hormone levels by accelerating their
breakdown and elimination, or by deactivating the enzymes leading to hormone
breakdown (133-135). Some compounds even react directly with hormones to alter
their structure or modify their synthesis. Others less known mechanisms involve
indirect receptor activation by phosphorylation or cellular complexes (136). Together,
these mechanisms are known as Indirect Mechanisms of Endocrine Disruption.

There are numerous experimental assays available for the evaluation of specific
interactions of xenobiotics with most of the endocrine receptors, ER, AR, ThR and
AhR, However, there are very few methods currently available for the evaluation of
integrated endocrine disrupting effects. Therefore, new practical experimental systems
are needed for the identification of effects caused by pathways different to hormone-

receptor interaction.

THE H295R CELL SYSTEM

The adrenal glands, also known as suprarenal glands, are the small, orange and
triangular shaped endocrine glands located on the top of both kidneys. Each gland is
divided into an inner medulla and an outer cortex, and both tissues receive input from
the nervous system but through different mechanisms; the adrenal cortex is regulated
mostly by negative feedback through the hypothalamus and ACTH, while the medulla
is regulated by nerve impulses. The adrenal cortex is essential to life but the medulla
can be removed withouth life-threatening effects (137).

Each part of the adrenal glands, medulla and cortex, performs separate specific

functions (Table 1.2). The adrenal medulla is the main source of the catecholamines
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adrenaline and noradrenaline. Adrenaline increases heart rate and relaxation of smooth
muscles, while noradrenaline posessess strong vasoconstrictive effects, increasing
blood pressure; these two hormones are secreted by stimulation via sympathetic nerves,
particularly in response to stressful situations (138). The outer portion of the adrenal
gland or adrenal cortex consists of three different regions: zona glomerulosa, zona
fasciculata and zona reticularis, with each region producing different types of
hormones, although chemically all of them are steroids. Aldosterone is the major
mineralocorticoid secreted by the outermost portion, the glomerulosa; this hormone
controls sodium and water absorption in the body. Glucorticoids such as cortisol are
produced for the thicker zona fasciculate. Cortisol increases glucose levels in the
bloodstream. Sex hormones are produced in the innermost region. Androgens and
estrogens are secreted in minimum levels by both, male and female; their effects are

usually masked by the hormones produced in testes and ovaries (139).

Table 1.2 The adrenal glands ®.

Zona Mineralocorticoids
Glomerulosa Aldosterone
Zona Glucocorticoids
Adrenal Cortex Fasciculata Cortisol
Zona Sex Steroids
Reticularis Androgens & Estrogens
Medulla Catecholamines: Epinephrine & Norepinephrine

# Major hormones and neurotransmitters produced by the different zones of adrenal
cortex and medulla of the adrenal glands.

In 1990, Adi Gazdar and his colleagues at the NCI-Navy Medical Oncology

Branch established and characterized a continuous human adrenocortical carcinoma cell
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line that expresses multiple pathways of steroid biosynthesis. The NCI-H295
adrenocarcinoma cell line was initiated from a portion of the adrenal tumor removed in
1980 from a 48-years old, black female patient born in the Bahamas. Pieces of the
adrenal tumor were finely minced and placed in culture in microwells with one of four
growth media. Initially, the cells grew slowly in all four media, some of them attached
and some of them floating. Only HITES media, which lacks attachment factors,
provided floating aggregated cells with fewer numbers of fibroblasts. Following
culture of the NCI-H295 cells, mice were inoculated to evaluate its tumorogenic
properties. Mice developed tumors at the inoculation site 6 to 9 weeks later. The cell
line and developed tumors demonstrated their steroidogenic character after
ultrastructural studies showed the presence of exaggerated numbers of mitochondria,
smooth endoplasmic reticulum, prominent Golgi apparatus and nucleoli, meanwhile
cytogenetic studies showed the presence of 65 marker chromosomes. Steroid secretion
of the NCI-H295 was evaluated after 7-10 years of the cells being in culture and high
concentrations of the precursor pregnenolone, 17-hydroxy pregnenolone and
dehydroepiandrosterone were present. Aldosterone, deoxycortisol, progesterone and
androstenedione were found in lower amounts. With the production of the quantified
steroids, the presence of all major adrenocortical enzyme system including, 11B-
hydroxylase, desmolase, 21a-hydroxylase, 17a-hydroxylase, lyase and sulfokinase was
proved. The estrogens measured suggested aromatase presence. NCI-H295 cells were
proven to be capable of synthesizing the cholesterol required for steroid production,

since steroid synthesis occurred in serum-free, cholesterol-free medium. Androgens
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were the main product in cells fed with serum free media. No steroids were to be found
in control medium samples (140).

Some years after the establishment of this cell line it was demonstrated to
possess all of the major pathways of adrenal steroidogenesis. In addition these
pathways were based on expression of the same enzymes found in normal adrenal
glands. It was also determined that the genes encoding the required enzymes responded
to intracellular second messengers in a manner similar to that of normal human
adrenals.  Although this cell line is capable of producing most of the steroids
synthesized in the three different zones of the adrenal cortex, there is supportive
evidence that the NCI-H295 cell line is zonally undifferentiated (141).

It was subsequently demonstrated that this cell line also retains hormonal
responsiveness and that because of its steroidogenic properties it could provide an in
vitro model to help ascertain factors controlling adrenal androgen and glucocorticoid
production. This would permit the examination of pharmacological, biochemical and
molecular mechanisms that control adrenal steroid biosynthesis (142-143). Following
studies corroborated the utility of the NCI-H295 cell line to expand the evaluation of
endocrine disruption since prior to its use most of the assays available were restricted to
chemical-receptor interactions (144-146). The potential for environmental
contaminants to affect endocrine systems at levels other than receptor binding was now
available. This cell line has also been found useful in the evaluation of adrenostatic
compounds used in the treatment of patients with adrenal malfunctioning. Drugs as

aminoglutethimide, metyrapone and etomidate, frequently used in patients with
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Cushing’s syndrome, have proven to not only suppress steroid enzyme activity but also
influence both ACTH-receptor expression and cell proliferation in adrenal cells (147).

The NCI-H295 cell line is available through the American Type Culture
Collection (ATCC) under the code CRL-10296. Because the population doubling time
of the cells growing as free aggregates was higher then 96 hours, it was necessary to
modify the growth conditions. A monolayer population of more actively growing H295
cells is now available for use and it is named H295R.

In previously reported studies from our laboratory we have established a
standardized system to culture and expose H295R cells to evaluate the potential effects
of chemicals on the expression of 10 genes involved in steroid production. The results
of exposures with known inducers and inhibitors of steroidogenesis have proven the
ability of the H295R cell line to identify similar expression patterns for chemicals
acting through common mechanisms of action. Time-dependent expression profiles
were also established through time-course studies (148). The reproducibility of this
method was corroborated with later studies using a different method of gene expression
evaluation and a different method of quantification, such as molecular beacon and the
standard curve methods (149). Moreover, the H295R standard methods of exposure
established by our group were proven to be effective in the evaluation of effects of
environmental samples, such as fresh water sediments, on steroid production (150).

The continuous development of molecular biology techniques lends them to the
study and understanding of the multiple mechanisms that drive life. The creative
molecular methods available today, not only have made it possible to find explanations

for normal and abnormal processes, but also have provided the basic tools for
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diagnostics and research. For the purposes of this dissertation, the standardized
methods for the use of the H295R cell in the evaluation of gene expression and
hormone production chosen were the Polymerase Chain Reaction (PCR), which is an in
vitro molecular biology technique used to replicate enzymatically specific regions of
DNA and the Enzyme Linked Immunosorbent Assay (ELISA), a molecular method that
combines the specificity of antibodies or antigens with the sensitivity of simple enzyme

assays.
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