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Foreword

Books can be separated into two categories: those that are exploratory and forward
looking, that propose to define new pathways and to ‘‘change the way we think
about a topic’’ and those that are exploratory and forward looking. This book is a
good blend of both types. Its subject matter is oxidative stress in women health.
Oxidative stress and how to prevent its impact on human diseases has become a
hot scientific and clinical topic over the last decade. There is mounting evidence
that oxidative stress or an imbalance in the oxidant/antioxidant activity in female
organs and tissues plays a pivotal role in the development of infertility, cancer, and
placental-related diseases of pregnancy.

Evolution for mammals living on dry land has been closely linked to adaptation
to changes in O2 concentration in the environment and thus it is not surprising that
the oxygen metabolism by human tissues has such an impact on human repro-
duction. Basic science studies have shown that most of the O2 used during the
oxidation of dietary organic molecules is converted into water via the combined
action of the enzymes of the respiratory chain. Around 1–2 % of the O2 consumed
escapes this process and is diverted into highly reactive oxygen free radicals
(OFR) and other reactive oxygen species (ROS) at a rate dependent on the pre-
vailing oxygen tension. When the production of OFR exceeds the cellular natural
protection, indiscriminate damage can occur to proteins, lipids, and DNA. The
consequences may range from the activation of stress-response proteins through to
apoptosis or necrosis.

Human reproduction and early fetal development in utero is influenced and
modulated by a constant adaptation to ambient oxygen concentrations. Oxidative
stress influences the entire reproductive life span of a woman and beyond during
the menopause phase of her life. In human reproduction it influences the oocyte
and embryo quality and thus the fertilization rates. ROS appears to play a sig-
nificant role in the modulation of gamete interaction and also for successful fer-
tilization to take place. Oxidative stress exacerbates the development of
endometriosis by inducing chemoattractants and endometrial cell growth-pro-
moting activity and the oxidative proinflammatory state of the peritoneal fluid is an
important mediator of endometriosis. Thus oxidative stress affects multiple

vii



physiological processes from oocyte maturation to fertilization, embryo develop-
ment and pregnancy but there is also new evidence that free radicals in small
concentrations are essential for normal cellular function and modulate the activity
of many transcription factors.

There is increasing evidence indicating that failure of placentation leading to a
specific human pregnancy disease such as preeclampsia is associated with an
imbalance of free radicals, which will further affect placental development and
function and may subsequently have an influence on both the fetus and its mother.
Maternal metabolic disorders, for example diabetes, and lifestyle factors such as
alcohol consumption and cigarette smoking, which are associated with an
increased production of free radicals species, are also known to be associated with
a higher incidence of miscarriage and fetal structural defects. Furthermore, the
teratogenicity of drugs such as thalidomide has recently been shown to involve
free radical-mediated oxidative damage, indicating that the human fetus can be
irreversibly damaged by oxidative stress.

The chapters in this book cover all the important aspects of the relationship
between oxidative stress and women health and the editors have to be congratu-
lated on their vision and the way in which this book provides a comprehensive
review of this important topic.

Eric Jauniaux
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Preface

God created man in excellent health. While there is extensive documentation on
life and death in the ancient civilizations, there is scarce literature on when man
started suffering from disease. (1) The ancient Egyptians were the first to exten-
sively document medical interventions. The ancient Egyptians left for us
impressive illustrations of neurosurgery, childbirth, and circumcision. Some of
these date back to 2600 BC. (2) We also have historical documentation of infer-
tility in the Old Testament related to events between 2000 and 1700 BC that are
very well known in the history of the Patriarchs, Abraham, Isaac, and Jacob.

Most medical books focus on a medical problem or symptom and then attempt
to discuss the different medical evaluations and their medical and surgical treat-
ments. Our book on oxidative stress and women’s health is an exception. This
book focuses on the involvement of a medical issue, oxidative stress, in many
pathological situations and diseases. At the beginning, the editors worked dili-
gently to find the concept that ties all these very different pathologies. The book is
the first comprehensive book that explores the involvement of oxidative stress in
oogenesis, pregnancy, placental functions, as well as endometriosis and cardio-
vascular disease. While some of these issues such as endometriosis are easier to
understand, others, we must admit, await further investigations. Our book is the
beginning of the exploration of a new field and in a few years, many of
the discussed topics will be totally redefined but we take great pride in presenting
the first idea. To our dear readers, we put in your hands a novel book that we hope
that will stimulate your scientific curiosity and interest and prove to be an
enjoyable reading experience.
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Chapter 1
Maternal Nutrition, Oxidative Stress
and Prenatal Devlopmental Outcomes

Kaïs Hussain Al-Gubory

Abstract Aerobic organisms have adapted themselves to a coexistence with
reactive oxygen species (ROS) by developing various and interdependent anti-
oxidant systems that includes enzymatic and non-enzymatic antioxidants. Dietary
antioxidants also play important roles in protecting the developing organisms from
ROS damage, and both dietary and enzymatic antioxidants are components of
interrelated systems that interact with each other to control ROS production.
Oxidative stress can arise from an imbalance between generation and elimination
of ROS leading to excessive ROS levels that damage all biomolecules. Tightly
controlled ROS generation is one of the central elements in the mechanisms of
cellular signaling and maintenance of signal transduction pathways involved in
cell function, growth, and differentiation. Oxidative stress is considered to be a
promoter of several prenatal developmental disorders and complications, impor-
tantly defective embryogenesis, embryopathies, embryonic mortality, spontaneous
abortion, recurrent pregnancy loss, fetal growth restriction, intrauterine fetal death,
low birth weight, preeclampsia, and preterm delivery. Environmental chemicals in
food, water, and beverage may contribute to such adverse prenatal developmental
outcomes and increase the susceptibility of offspring to disease via impairment of
the antioxidant defense systems and enhancement of ROS generation. This chapter
deals with the state of knowledge on the association between ROS, oxidative
stress, antioxidants, and prenatal developmental outcomes. The importance of
maternal antioxidant-rich foods in eliciting favorable effects on women health and
prenatal development outcomes is highlighted.

K. H. Al-Gubory (&)
Department of Animal Physiology and Livestock Systems,
INRA, Joint Research Unit of Developmental Biology
and Reproduction, Jouy-en-Josas, France
e-mail: kais.algubory@jouy.inra.fr

A. Agarwal et al. (eds.), Studies on Women’s Health, Oxidative Stress in Applied
Basic Research and Clinical Practice, DOI: 10.1007/978-1-62703-041-0_1,
� Springer Science+Business Media New York 2013
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Keywords Reactive oxygen species � Oxidative stress � Antioxidant enzymes �
Dietary antioxidants � Environmental chemicals �Maternal foods � Developmental
defects � Prenatal developmental outcomes � Pregnancy disorders and
complications

1.1 Introduction

Reactive oxygen species (ROS) are molecules and free radicals produced during
metabolic pathway that uses energy released by the oxidation of nutrients to
produce adenosine triphosphate (ATP). The concept of the paradox of aerobic life
[1] or the paradox of ROS [2] has been emerged for our acceptance that life of
aerobic organisms is a paradox. Tightly controlled ROS generation is an important
constitutive process and is one of the central elements in cell signaling and
maintenance of redox homeostasis [3] and signal transduction pathways involved
in cell function, growth, differentiation, or death [4–6]. To maintain redox
homeostasis and to cope with injury from ROS-induced oxidative damage, aerobic
organisms have adapted to a coexistence with ROS through the development of
various and interdependent antioxidant systems that includes enzymatic and non-
enzymatic antioxidants [7]. Various dietary antioxidants also play important roles
in protecting cells from ROS damage, and both dietary and enzymatic antioxidants
are components of interrelated systems that interact synergically with each other to
control ROS production. The balance between ROS and antioxidant systems
determines the degree of oxidative damage to biological macromolecules.
Abnormally high ROS generation leads to irreversible alteration of biomacro-
molecules, mainly lipids, proteins, and nucleic acids, ultimately causes mito-
chondrial dysfunction, mitochondrial ROS-induced ROS release (RIRR), and cell
death by apoptosis [8].

ROS and antioxidants cross-talk is important component of the mammalian
reproductive functions, such as ovarian follicular development, luteal steroido-
genesis, endometrium receptivity, embryonic development, implantation, placental
development, and growth [9, 10]. Maintaining equilibrium between antioxidants
and ROS is crucial for the survival of the developing organisms. High levels of
ROS during embryonic, fetal, and placental development are a feature of preg-
nancy [11, 12]. ROS-induced oxidative stress has emerged as a likely promoter of
several prenatal developmental disorders and complications, such as defective
embryogenesis, embryopathies, embryonic mortality, abortion, idiopathic recur-
rent pregnancy loss, hydatidiform mole, fetal growth restriction, intrauterine fetal
death, low birth weight, preeclampsia, and preterm delivery [13–15]. Maternal
malnutrition and/or maternal exposure to environmental chemicals may contribute
to such adverse prenatal developmental outcomes and increase the susceptibility of
offspring to disease. This occurs, at least in part, via impairment of the antioxidant
systems and enhancement of ROS generation which alters cellular signaling and/or
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damage biomacromolecules. The links among ROS, oxidative stress, antioxidants,
the female reproductive system, and adverse prenatal developmental outcomes,
constitute therefore important issues in human and animal reproductive medicine.

Maternal nutrition is one of the most important lifestyle factors determining
embryonic/fetal development. Malnutrition plays major roles in programing the
offspring susceptibility to oxidative stress and disease [16]. Man-made chemicals
are of increasing public health concern owing to an increasing number of such
environmental pollutants arising from industrial and agricultural activities. Pre-
natal exposure to various environmental chemicals occurs through the consump-
tion of contaminated food, water, and beverage. Maternal exposure to
environmental chemicals during the critical periods of pregnancy [17], pass across
the placental barrier into the fetal blood, transferred to the fetus, and may affect
developmental outcomes [18]. This chapter deals with the state of knowledge on
the association between oxidative stress, antioxidants, and prenatal developmental
outcomes. In recent years, antioxidant nutritional interventions will provide sen-
sible strategies against maternal malnutrition and/or environmental chemical
insults. The importance of antioxidant-rich foods in eliciting favorable effects on
women health and prenatal development outcomes is highlighted.

1.2 Reactive Oxygen Species (ROS)

Reactive oxygen species (ROS) includes oxygen free radicals, such as the
superoxide anion radical (.O2

-), hydroxyl radical (.OH), and nitric oxide (NO.), and
also non-radical reactive oxygen derivatives, such as hydrogen peroxide (H2O2)
and peroxynitrite (ONOO-). A free radical is a chemical species containing one or
more unpaired electrons in its outer orbital. The ROS are ubiquitous, highly
reactive, and diffusible molecules. ROS may promote oxidative damage to pro-
teins, lipids, and DNA when they are overabundant. The consequences of these
attacks are respectively, loss of enzymes activity, cell membrane alterations, DNA
lesions, and oxidative mutagenesis. The generation of .O2

- by a single electron
donation to dioxygen molecule (O2) is the first step in the formation and propa-
gation of ROS within and out of the cell. The toxicity .O2

- is based on generation of
very reactive ROS, so-called downstream products of .O2

-. The .O2
- radical is the

precursor of most ROS and could be a mediator in oxidative chain reactions.
Dismutation of .O2

- produces H2O2 and O2 in accordance with McCord and
Fridovich [19] reaction:

:O�2 þ: O�2 þ 2Hþ ! H2O2 þ O2

In the presence of free unbound iron and/or copper ions, H2O2 interact with .O2
-

in a Haber–Weiss reaction [20] which is considered as a common source of the
highly reactive and oxidative �OH. The Haber–Weiss cycle consists of the fol-
lowing reactions:

1 Maternal Nutrition, Oxidative Stress and Prenatal Devlopmental Outcomes 3



Fe3þ þ: O�2 ! Fe2þ þ O2

Fe2þ þ H2O2 ! Fe3þ þ OH� þ: OH Fenton reactionð Þ
Cu2þ þ: O�2 ! Cuþ þ O2

Cuþ þ H2O2 ! Cu2þ þ OH� þ: OH

The net reaction:

:O�2 þ H2O2 !: OH þ OH� þ O2

The resulting Fe2+ could propagate the oxidative degradation to new amino acid
residues by reacting with H2O2 to form further �OH. As a consequence of such
reactions, uncontrolled generation of highly reactive ROS can lead to oxidative
damage to cellular biomolecules and cell death by apoptosis [21, 22]. Since there
is no known pathway to remove �OH, the generation of �OH from .O2

- and H2O2 is
considered the central mechanism by which H2O2 induces damage to DNA, pro-
teins, and lipids in biological systems [7].

Other important cellular ROS messenger is NO�. It is produced from L-arginine
in a reaction catalyzed by NO synthase (NOS) and acts as a regulator of many
physiologic events [23]. NO is also an important prooxidant and toxic factor.
Prooxidant action of NO� is often attributed to NO-derived species such as
ONOO- which possess strong oxidative properties. Indeed, NO� may react with
.O2

- in a reaction controlled by the rate of diffusion of both radicals to form
ONOO- [24] as follows:

NO: þ: O�2 ! ONOO�

The molecule ONOO- can diffuse freely within and out of the cell, and react
with lipids, proteins, and DNA, leading to cell membrane lipid peroxidation [25],
DNA damage, and apoptosis [26]. Importantly, protein S-nitrosylation inhibits the
activity of enzymes known to be S-nitrosylated by NO� [27], such as caspase-3
[28]. Decrease in caspase-3 S-nitrosylation is associated with an increase in cas-
pase activity [29]. It is important to highlight that the balance between NO� and
.O2

- and consequent ONOO- production determine the degree of cellular oxidative
damage [30].

1.3 Cellular Sources of Reactive Oxygen Species (ROS)

The main site of ROS production, mainly .O2
-, H2O2, and �OH, is the mitochondrial

electron transfer chain. The machinery of mitochondrial oxidative metabolism and
ATP synthesis is associated with the inevitable ROS production and propagation
within and out of the mitochondria. The inner membrane mitochondrial respiratory
chain consists of four multimeric complexes (complexes I-IV), coenzyme Q
(CoQ), and cytochrome C (Cyt C). The production of .O2

- occurs during the
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passage of electrons through the mitochondrial electron transport system, so-called
respiratory chain oxidative phosphorylation (OXPHOS). This process is the major
ATP synthetic pathway in eukaryotes [31]. It comprises the electron transport
chain that establishes a proton gradient across the mitochondrial inner membrane
by oxidizing the reduced nicotinamide adenine dinucleotide (NADH) produced
from the Krebs cycle. The main substrate for NADH is supplied by cellular glu-
cose, fatty acids, and amino acids via three interconnected pathways [31]. The
reduced flavin adenine dinucleotide (FADH2) adds its electrons to the electron
transport system at a lower level than NADH. During OXPHOS, electrons are
transferred from the reducing equivalent NADH-FADH2 to O2 in redox reactions
via a chain of respiratory H+ pumps. These pumps (complexes I-IV) establish an
H+ gradient across the inner mitochondrial membrane, and the energy of this
gradient is then used to drive ATP synthesis by complex V [32]. During the
electron transfer, .O2

- radicals are mainly generated at complexes I and III [33].
Mitochondria are endowed with a NOS (mtNOS) [34, 35] and thus �NO and its
derivatives are also produced by mitochondria where they have multiple effects
that impact on cell physiology and death [36–38]. Mitochondrial ROS released
into cytosol function as a second messenger to activate RIRR in neighboring
mitochondria and potentially leading to apoptosis [8]. ROS are produced by var-
ious enzymatic pathways, mainly membrane-bound NADH and NADPH oxidases,
xanthine oxidase, lipoxygenases, cyclooxygenases, and cytochromes P450 [39,
40]. ROS are also generated outside mitochondria during biotransformation of
xenobiotics and drugs, inflammation, UV exposition, ionic irradiation, and lipid
peroxidation of plasma membrane and other membrane–lipid structures [41].

1.4 Antioxidant Systems

Aerobic organisms are protected against ROS-induced oxidative damage by a
network of highly complex and integrated endogenous enzymatic and non-enzy-
matic antioxidant systems. The key enzymes synthesized in the cell and directly
involved in the control of ROS production are superoxide dismutases (SODs),
catalase (CAT), glutathione peroxidases (GPXs), glutathione reductase (GSR),
glucose-6-phosphate dehydrogenase (G6PD), and isocitrate dehydrogenases
(IDHs). Glutathione, nicotinamide adenine dinucleotide phosphate (NADP+), the
reduced form of NADP+ (NADPH), and sulfur-containing amino acids are the
major non-enzymatic antioxidant systems that play key roles in protecting cells
from oxidative stress. Aerobes are also protected from oxidative damage by var-
ious dietary antioxidants which are concentrated in foods of plant origin, mainly
fruits and vegetables.

1 Maternal Nutrition, Oxidative Stress and Prenatal Devlopmental Outcomes 5



1.4.1 Endogenous Enzymatic Antioxidant Systems

The dismutation of .O2
-, generated in different cellular compartments, into H2O2

and O2 is the first step that plays a vital role in the control of cellular .O2
- pro-

duction. Three distinct isoforms of SOD have been identified and characterized in
mammals. Copper-zinc containing SOD (Cu, Zn-SOD or SOD1), a dimeric pro-
tein, was the first SOD discovered and characterized in eukaryotes cytoplasm [19].
Manganese containing SOD (Mn-SOD or SOD2) is located in the mitochondrial
matrix [42]. The extracellular superoxide dismutase (EC-SOD) is a Cu- and Zn-
containing tetrameric glycoprotein which is the major SOD in extracellular fluids
such as plasma and lymph [43].

The control of H2O2 production is the second step that plays a vital role against
ROS propagation. To prevent production and propagation of .OH and ONOO-,
H2O2 generated after SOD catalyzing reaction is quickly converted into H2O and
O2 by GPXs which have selenocysteine within its active site, and therefore they
are selenium dependent for antioxidant activity. GPXs detoxify H2O2 to H2O
through the oxidation of Glutathione [44]. In addition, GPXs catalyze the degra-
dation of lipid peroxides (LPO) and can metabolize lipid hydroperoxides to less
reactive hydroxy fatty acids [44]. GPXs are therefore the primary antioxidant
enzymes that protect biomembranes and cellular components against oxidative
damage [45]. Glutathione exists in the reduced (GSH) and disulfide-oxidized
(GSSG) states. GSR catalyzes the reduction of GSSG to GSH with NADPH as the
reducing agent [44]; and it is therefore essential for the glutathione redox cycle
that maintains adequate levels of GSH for GPX catalytic activity. GPXs present in
the cytoplasm and the mitochondria, and CAT which found primarily within
peroxisomes, both catalyze the conversion of H2O2 to H2O.

NADPH required for the regeneration of GSH [46] is crucial for scavenging
mitochondrial ROS through GSR and peroxidase systems. G6PD-produced
NADPH pathway [47] is therefore crucial in the defense mechanism against
oxidative stress. As a source of NADPH, mitochondrial and cytosolic NADP-IDHs
play an important role in cellular defense against oxidative damage [48, 49]. The
protective role of mitochondrial NADP+ dependent IDH against ROS-induced
oxidative damage may be attributed to increased levels of a NADPH, needed for
regeneration of GSH in the mitochondria [48]. The cytoplasmic NADP-linked
IDH generates NADPH via oxidative decarboxylation of isocitrate, and thus
potentially involved in the maintenance of the cellular redox state and plays an
important role in the protection of cytoplasm components against ROS-induced
oxidative stress [49].

The antioxidant enzymes and the small molecular weight non-enzymatic anti-
oxidants represent coordinately operating cellular systems controlling ROS pro-
duction [10] and prevent their propagation within and out of the cell (see Fig. 1.1).
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1.4.2 Endogenous Non-Enzymatic Antioxidant Systems

The non-enzymatic antioxidants, NADH, NADPH, and GSH (as indicated above),
and sulfur-containing amino acids are the key elements in the system of enzymatic
antioxidant defenses against ROS-induced oxidative stress [50–54]. GSH has
important roles as an independent free radical scavenger and antioxidant enzyme
cofactor, as well as a cysteine carrier–storage form. Beside their role in protein
synthesis, the sulfur-containing amino acids methionine and cysteine are also
precursors of the key small molecular weight antioxidants, GSH and taurine. GSH
is a tripeptide comprises glutamate, cysteine, and glycine. Cysteine is the rate-
limiting substrate of GSH synthesis. Cysteine is a thiol-containing amino acid,
which is also called a semi-essential amino acid because humans can synthesize it
from an essential amino acid, methionine [55, 56]. Cysteine can also be obtained
from the diet, usually as cystine which is a dimer of cysteine. Taurine is

Fig. 1.1 Schematic representation of cellular reactive oxygen species (ROS) production and
their control by enzymatic antioxidant systems. The production of superoxide anion (.O2

-) by a
single electron (e) donation to molecular oxygen (O2) is the initial step in the formation and
propagation of other ROS within and out of the cell. The major enzymes, namely copper-zinc
containing superoxide dismutase (Cu, Zn-SOD or SOD1), manganese containing SOD (MnSOD
or SOD2), catalase (CAT), glutathione peroxidase (GPX), glutathione reductase (GSR), glucose-
6-phosphate dehydrogenase (G6PD), and isocitrate dehydrogenases (ICDH) represent coordi-
nately operating network of defenses against ROS-induced oxidative stress and cell damage.
Hydrogen Peroxide (H2O2); water (H2O); hydroxyl radical (�OH); peroxynitrite (ONOO-); nitric
oxide synthase (NOS); nitric oxide (NO�); reduced/oxidized glutathione (GSH/GSSG); reduced/
oxidized nicotinamide adenine dinucleotide phosphate (NADPH/NADP)
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synthesized from cysteine via the actions of cysteine dioxygenase (CDO), which
gives rise to cysteinesulnate, and cysteinesulnate decarboxylase (CSD), which
decarboxylates cysteinesulnate to hypotaurine [57, 58]. Hypotaurine is further
oxidized to taurine (see Fig. 1.2). Taurine prevents oxidant-induced cell damage
by direct upregulation of key antioxidant enzymes and attenuation of ROS gen-
eration [52, 53], and plays an important cytoprotective role [59].

Hydrogen sulfide (H2S), an endogenous antioxidant gas [60], is recognized as
an important signaling molecule [61, 62] with therapeutic potential [63, 64]. H2S
has been shown to be produced by various mammalian organs [65], including the
reproductive tissues [66]. It is formed from cysteine by pyridoxal-50-phosphate
(PLP)-dependent enzymes, namely cystathionine b-synthase (CBS) and cystathi-
onine c-lyase (CSE) [67]. Importantly, H2S protects cells against oxidative stress
[68] by two mechanisms: it increases the production of GSH by enhancing cystine/
cysteine transport and redistributes them to the mitochondria [69]. The cytopro-
tective role of H2S [70–72] is therefore crucial for preventing ROS accumulation
and oxidative damage (see Fig. 1.2).

Fig. 1.2 Cytoprotective role of hydrogen sulfide (H2S) against reactive oxygen species (ROS)-
induced oxidative damage. H2S is formed from cysteine by cystathionine b-synthase (CBS) and
cystathionine c-lyase (CSE). Then H2S protects cells by two mechanisms: it enhances the
production of the reduced form of glutathione (GSH) by enhancing cystine/cysteine transport and
redistributes them to the mitochondria. Molecular oxygen (O2); superoxide anion (�O2

-);
hydrogen peroxide (H2O2); water (H2O); hydroxyl radical (�OH); peroxynitrite (ONOO-); nitric
oxide (NO�); superoxide dismutase (SOD); catalase (CAT); glutathione peroxidase (GPX),
cysteine dioxygenase (CDO), cysteinesulnate decarboxylase (CSD)
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1.4.3 Exogenous Antioxidant Systems

Nutrient antioxidants are diverse compounds characterized by their ability to
quench ROS. Common dietary antioxidants include vitamins, trace elements, and
polyphenols. Dietary antioxidants are classified into two types, depending on
whether they are soluble in water (hydrophilic) or in lipids (hydrophobic). Water-
soluble antioxidants are present in the cytoplasm and the blood plasma, while
lipid-soluble antioxidants are mainly present in cell membrane and cellular
organelles where they protect cells from lipid peroxidation.

Carotenoids (vitamin A), Ascorbate (vitamin C), and tocopherols (vitamin E)
are among the major dietary antioxidants that scavenge directly extracellular ROS
and provide a major source of protection against their damaging effects [73–78].
Carotenoids, such as ß-carotene, lutein, a-carotene, zeaxanthin, cryptoxanthin, and
lycopene, are fat-soluble antioxidants [73, 74]. ß-carotene is the main source of
provitamin A. Green leafy vegetables, carrots, and other yellow root vegetables,
and yellow and orange fruits contain ß-carotene. ß-carotene, and lycopene are
important biological compounds that can inactivate electronically excited mole-
cules, a process termed quenching, and may also participate in free radical reac-
tions [79]. Vitamin C is a water-soluble antioxidant which is present in various
fruits and vegetables. Ascorbic acid has been shown to interact with the toco-
pheroxyl radical and to regenerate the reduced tocopherol [80]. a, b, c, and d-
tocopherol and the corresponding four tocotrienols are naturally occurring fat-
soluble dietary vitamins with antioxidant properties [81]. The natural sources of
vitamins E are vegetable oils. The most biologically active form of the vitamin E
homologs is a-tocopherol. It contributes in the protection of cell membrane
polyunsaturated fatty acids (PUFA) against ROS-induced peroxidative damage
[82], and thus plays important role in membrane stability and functions [83–85]. It
is important to highlight that vitamins C and E interact synergistically in associ-
ation with GSH-related enzymes to control the production of lipid peroxidation
products (see Fig. 1.3).

Trace elements are present in minute quantities in the body and are required in
low concentrations in the diet [86]. Some elements form part of the active site
necessary for the antioxidant enzyme function, act as cofactors in the regulation of
antioxidant enzymes, or shaping the enzyme configuration necessary for its
activity. Among trace elements, Cu, Zn, Mn, and Se are essential micronutrients
with wide range of functions in the body including the synthesis and activity of
antioxidant enzymes, namely Cu, Zn-SOD (cytosolic SOD1), Mn-SOD (mito-
chondrial SOD2), and four Se-GPX isoforms (cytosolic GPX1, gastrointestinal
GPX or GPX2, plasma GPX or GPX3, phospholipid hydroperoxide GPX or
GPX4).

Polyphenols are the most abundant antioxidants in the human diet. They are a
wide variety of organic molecules that naturally occurring in vegetables, fruits,
and plant-derived beverages such as tea, red wine, and olive oil [87]. Polyphenols
are characterized by the presence of several groups involved in phenolic structures
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and include the flavonoids and phenolic acids such as catechins, resveratrol,
quercetin, anthocyanins, hesperitin derivatives, phytic, caffeic, and chlorogenic
acids. Pigmented fruits, such as pomegranates, grapes, apples, berries, pears,
cantaloupe melon, and watermelon, and vegetables, such as broccoli, cabbage,
celery, onion, and parsley, are rich in polyphenol antioxidants. Phytic acid, by
virtue of chelating free iron, is a potent inhibitor of �OH formation by the Fenton
reaction and accelerates O2-mediated Fe2+ depletion and suppress iron-mediated
oxidative processes. Various polyphenolic compounds with antioxidant activity
are potential contributors to explain the human health benefits of diets rich in fruits
and vegetables. Dietary polyphenols, in addition to their direct ROS scavenging
action, can protect cells against ROS oxidative damage by increasing the
expression of mRNA encoding the key antioxidant enzymes [88].

Fig. 1.3 The reaction sequences between dietary antioxidant vitamins and enzymatic antiox-
idants ensuring cellular defense against reactive oxygen species (ROS) and lipid peroxide.
Glutathione peroxidase (GPX); glutathione reductase (GSR); reduced/oxidized glutathione (GSH/
GSSG); reduced/oxidized nicotinamide adenine dinucleotide phosphate (NADPH/NADP),
polyunsaturated fatty acids (PUFA); singlet oxygen (1O2); alcohol (ROH). Adapted from
Machlin and Bendich [80]
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1.5 ROS and Antioxidants Cross-Talk in Prenatal
Developmental Outcomes

The establishment of pregnancy in mammals can be divided into four developmental
periods: (1) fertilization of the oocyte and early embryonic development, (2) implantation
of the developing blastocyst, (3) post-implantation embryonic development, and (4) Fetal
and placental development. Mitochondrial OXPHOS is a vital metabolic pathway that
uses energy released by the oxidation of nutrients to produce ATP to meet high energy
demand of the conceptus (embryo/fetus and associated placental membranes) during its
metabolic and developmental processes [89, 90]. During early embryonic development,
mitochondria also provide ATP for the regeneration of NADPH and GSH [91].

Before implantation, embryonic development and growth occurs under uterine
hypoxic environment and embryonic tissues cannot produce large amount of ATP.
The switch from preimplantation embryonic anaerobic metabolism to post-
implantation aerobic metabolism induced by conceptus vascularization onset and
uteroplacental blood flow exposed embryonic and extraembryonic tissues to ROS
produced as normal by-products of OXPHOS. These changes take place during the
period of organogenesis, when the conceptus is potentially vulnerable to environ-
mental factors. Post-implantation conceptus may be therefore particularly vulnera-
ble to oxidative stress early in pregnancy. The control of ROS production is
important in development through cellular signaling pathways involved in prolif-
eration, differentiation or apoptosis, whereas high ROS levels induces oxidative
stress and can alter embryonic development [92]. Mitochondrial dysfunction due to
pathologic and/or environmental insults triggers apoptosis in the embryo and com-
promises early developmental processes and birth outcome [91, 93]. Abnormal or
reduced mitochondrial activity alters ROS production and reduces implantation rates
in women [94]. Therefore, antioxidant status of the conceptus and its surrounding
play vital roles in protecting embryonic and extraembryonic tissues from the dele-
terious effects of endogenous ROS and those generated after in utero exposure to
environmental factors during the critical period of early prenatal development.

Embryonic implantation is promoted by a network of signaling molecules that
mediate cell-to-cell communications between the receptive endometrium and
embryonic trophectoderm. Animal studies, mainly in rodents, indicate that ROS
production from both mitochondrial and non-mitochondrial sources, functions as a
physiologic component of the early embryonic development. GSH-dependent anti-
oxidant mechanisms are developmentally regulated in the inner blastocyst cell mass
and H2O2 is a potential mediator of apoptosis in the blastocyst [95]. Pre- and post-
implantation mouse embryos generate and release ROS [96, 97]. An abrupt drop in
SOD activity and a concomitant rise in.O2

- levels occur in mouse blastocyst at the
perihatching stage [98]. The uterine .O2

- burst at proestrus in rat suggested its
involvement in regulating uterine edema and cell proliferation [99]. A peak of .O2

- in
the uterus at day five of mice pregnancy suggested a contribution of this radical in
vascular permeability at the initiation of implantation [100]. NADPH-dependent .O2

-

production pathway associated with the uterus of pregnant mice increases across the
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preimplantation stages [101]. Antioxidant enzyme systems have been shown as
components of the developing embryo and its receptive uterine endometrium [102–
107] and may have vital role in regulating fetal development and survival through the
control of placental ROS production and propagation [108–112].

Physiologic levels of ROS play important role in the regulation of reproductive pro-
cesses, including embryonic development, uterine receptivity, embryonic implantation,
placental development and endocrine functions, and fetal development, whereas high
ROS levels have adverse developmental outcome, including embryopathies, embryonic
mortality, fetal growth restriction, low birth weight, and miscarriage (see Fig. 1.4).

1.6 Maternal Dietary Antioxidants and Prenatal
Developmental Outcomes

Maternal dietary antioxidants are essential nutrients for embryonic and fetal
development and health outcomes. Adequate maternal antioxidant status before
and during pregnancy could prevent oxidative mechanisms induced by poor

Fig. 1.4 Schematic overview of physiologic roles of reactive oxygen species (ROS) in normal
reproductive processes or induced adverse developmental outcomes. Controlled physiologic level
of ROS plays important roles in developmental processes and birth outcome through the
regulation of gene expression, cell proliferation and differentiation, and tissue development. High
levels of ROS damage cellular macromolecules and membranes which lead to adverse
developmental outcomes, disorders, and miscarriage
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dietary nutritional factors, importantly micronutrient antioxidants. Maternal under-
or poor nutrition are associated with multiple micronutrient deficiencies, a major
cause of IUGR and miscarriage [113]. Maternal nutritional factors play a major
role in programing the susceptibility of offspring to oxidative stress and disease
[16]. Maternal diet composition is important determinant of the balance between
antioxidants and ROS that affect prenatal growth and development, [114, 115].
Maternal antioxidant status has a positive influence on birth weight [116].

Under conditions of low dietary intake, maternal nutritional deficiencies, or
suboptimal maternal nutritional status, trace elements and/or antioxidant vitamins
during pregnancy can be compromised [117–119]. Deficiencies and or alterations
in trace elements and antioxidant vitamins, associated with oxidant/antioxidant
imbalance, impair fetoplacental development, and have persistent effects on fetal
development and neonatal tissues [120–124]. Trace elements deficiency influences
prenatal development through several mechanisms including ROS-induced oxi-
dative damage that is secondary to compromised antioxidant defense systems. The
activities of Cu, Zn-SOD (SOD1), Mn-SOD (SOD2) and Se-GPX are sensitive to
dietary deficiency in Cu, Zn, Mn, or Se. Low SOD activity in Cu-deficient rat
embryos exposes the embryo to excessive ROS production, resulting in subsequent
cellular oxidative stress, a shift in the redox state to a more oxidized environment,
embryonic damage, and developmental defects [125]. Maternal Cu deficiency is
associated with multiple fetal developmental defects that can affect the central
nervous system, cardiovascular, and skeletal systems, and result in poor immu-
nocompetence and behavioral abnormalities of the offspring [126]. Cu deficiency
induce decreased SOD activity and increased .O2

- and ONOO- concentrations that
can lead to nitration of proteins and alterations in protein function and activity
[127]. A decrease in NO bioavailability can inhibit NO-mediated intracellular
signaling [128] and adversely affect embryonic and fetal development [129].
Deficiencies of Zn, Cu, and Mn have been implicated in human reproductive
disorders like infertility, pregnancy wastage, pregnancy induced hypertension,
premature rupture of extraembryonic membranes, and low birth weight [130].
Malnutrition is associated with oxidative stress in small for gestational age neo-
nates born at term to malnourished mothers [131]. Poor maternal dietary antiox-
idants have adverse prenatal developmental outcomes and play a role in
programing the susceptibility of offspring to disease (see Fig. 1.5).

Antioxidant vitamins and minerals interventions during prenatal development
are important for preventing the damage caused by ROS in utero [132]. Animal
studies have shown that one selected antioxidant or combined with other sup-
plements decreases embryonic mortality and improves birth outcomes [133–135].
Blood a-tocopherol concentrations are lower in abnormal pregnancies than those
in normal ones, suggesting that vitamin E requirements increase throughout
pregnancy [136]. Nevertheless, the association between dietary antioxidants and
birth outcomes is not conclusive in human or animal studies [137–139]. Prophy-
lactic use of some micronutrients may be useful in preventing adverse pregnancy
outcomes [140]. Nevertheless, early human pregnancy supplementation with
pharmacologic doses of antioxidant vitamin E is associated with a decrease in birth
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weight [141]. Maternal supplementation with vitamins C and/or E does not prevent
preeclampsia in high-risk pregnant women [142, 143]. Furthermore, high maternal
consumption of selected dietary antioxidants does not protect the child from
development of advanced b cell autoimmunity in early childhood [144]. The
reason for the failure of such supplementations to improve the prenatal develop-
mental outcomes, and maternal and child health could be imbalanced adminis-
tration of antioxidant vitamins and/or trace elements. The benefits of using dietary
supplement that contains one or a limited number of antioxidants on prenatal
developmental outcomes remain far from efficient and inconclusive. Consumption
of various antioxidants in foods is likely more effective than limited number of
antioxidants or large doses of a single antioxidant given for a finite period.

The diet is an important source of diverse antioxidants. Antioxidant-rich foods,
specifically high consumption of fruits, vegetables, cereals, and plant-derived oils
can prevent and delay the development of chronic age-related diseases [145]. An
interesting example worth mentioning is the traditional Mediterranean diet which
is rich in antioxidants components, mainly vitamins, essential trace elements, and
polyphenols [146]. Mediterranean diet is widely reported as a nutritional model
that keeps overall maintenance of human health and protection from disease
[147–149] through the lowering of prooxidant-induced oxidative stress [150–152].
This diet is essentially composed of high intake of legumes, fruits, vegetables,
cereals, and nuts, high to moderate consumption of fish, moderate consumption of
dairy products and wine, and low consumption of meat and meat products.

Fig. 1.5 Reactive oxygen
species (ROS)-induced
oxidative stress caused by
poor dietary antioxidant
intakes and/or environmental
pollutants in foods, and the
subsequent adverse
developmental outcomes and
pregnancy-associated
disorders and complications
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Mediterranean diet seems to play an important role in preventing chronic diseases
[153, 154]. Mediterranean-type diet can be proposed as a mean to improve fertility
[155] and decrease risk of premature labor and gestational diabetes [156]. Despite
the fact that plant roots, stems, leaves, flowers, fruits, and seeds consumption can
improves dietary quality in women before conception and during the first trimester
of pregnancy, little is known about how these wide variety of antioxidant-rich
edible dietary sources affects favorably prenatal developmental outcomes.

1.7 Environmental Contaminants and Prenatal
Developmental Outcomes

Industrial and agricultural activities contribute to the release of large quantities of
various chemical in the environment and have resulted in widespread air, soil, and
water contamination. Exposure to such environmental contaminants is inevitable as
it occurs through the consumption of contaminated food, water, beverages. There is
substantial evidence that many human chronic diseases results from exposure to
environmental factors early in development [157]. Environmental chemicals disrupt
endocrine function and contribute to alterations in growth and development [158,
159]. In utero exposure to environmental chemicals can mediate adverse prenatal
developmental and birth defect [160]. Various environmental chemicals, to which
the mother is exposed during the critical periods of pregnancy [17], pass across the
placental barrier into the fetal blood stream and can be transferred to the fetus [18].
The fetus is particularly vulnerable to the adverse effects of environmental chemicals
[17]. Embryonic and fetal period are vulnerable to oxidative stress and many envi-
ronmental pollutants may contribute to adverse prenatal developmental outcomes
and can lead to chronic health problems later in life (see Fig. 1.5), at least in part, via
ROS generation which damage cellular macromolecules and/or alter signal trans-
duction pathways [18, 161]. Environmental chemical exposure during development
induces oxidative stress and fetal toxicity that adversely affects fetal ovarian
development [162], contribute to birth defects [163] and may ultimately lead to
cancer later on in life [164].

The developing organism is susceptible to oxidative stress induced by chemical
contaminants due to its inadequate antioxidant defense systems [165]. The tox-
icity, dosage, and timing of exposure to environmental chemicals are important
determinants of adverse in utero effects on the developing organs and tissues.
ROS-induced oxidative stress has emerged as a promoter of prenatal develop-
mental disorders, such as embryopathies, embryonic mortality, abortion, fetal
growth restriction, and low birth weight [9, 10]. Chemicals in food may contribute
to such adverse prenatal outcomes and increase the susceptibility of offspring to
disease [164] via impairment of the antioxidant defense systems and enhancement
of ROS generation [16]. However, the relationship between oxidative stress
induced by environmental chemicals and the adverse prenatal developmental
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outcomes is not clear and cannot be investigated in human pregnancies for evident
ethical reasons. Animals, mainly rodents, have been often used to examine the
adverse developmental outcomes of chemical contaminants.

The man-made chemicals, importantly the estrogen-mimic bisphenol-A (BPA)
to which the mother is exposed during the critical periods of pregnancy, pass
across the placenta and can be transferred to the fetus [166–168]. BPA is the main
monomeric chemical used in the production of polycarbonate plastic, the manu-
facture of food-storage containers and the epoxy resin that form the lining of food
and beverage cans and dental sealants. This endocrine disruptor [169] can be
leached from plastic, food cans, and containers and widely spread in the envi-
ronment and food chain. Of particular concern is the contamination by BPA during
pregnancy that is evidenced by its presence in maternal and umbilical cord blood,
amniotic fluid, fetal and placental tissues [170, 171]. The mouse brain, kidney,
liver, and testes display high levels of H2O2 following BPA exposure [172]. In
these organs, BPA-induced oxidative stress occurs, at least in part, through dis-
tribution of the redox control systems, mainly the levels of GSH/GSSG [172]. BPA
exposure during embryonic/fetal development in rodents induced oxidative stress
and ultimately leads to underdevelopment of fetal brain, kidney, and testis [173]
and disturbs postnatal reproductive functions [174, 175]. Prenatal BPA exposure of
ewes, at levels similar to that seen in human maternal circulation resulted in low
birth weight [176]. All these perturbations raise the question of the impact of
maternal exposure to BPA on the development process, the risk of fetal growth
restriction and consequently the risk of developing endocrine and reproductive
disorders throughout adult life.

The actions of estrogen and progesterone via their uterine receptors orchestrate
the changes in the mammalian endometrium that make it receptive to the blas-
tocyst implantation and the establishment of pregnancy. Exposure of mice to BPA
early in pregnancy acts at the uterus to disrupt intrauterine implantation, consistent
with an estrogenic BPA action [177]. Estrogen biosynthesis is catalyzed by aro-
matase cytochrome P450, the product of the CYP19 gene. BPA is an estrogen
receptor antagonist and inhibit estrogen synthesis by downregulation of CYP19.
The BPA-induced changes in the expression of sex steroid receptors have con-
sequences for the hormonal responsiveness of the mice uterus to both endogenous
and exogenous hormones, and the potential for predisposition of the organ to
disease later in life [175]. The activities of antioxidant enzymes in the sheep
endometrium are regulated by estradiol [107]. BPA has been shown to down-
regulate CYP19 expression in placental cells [178]. The early luteo-placental shift
in progesterone production plays crucial role in maintenance of pregnancy beyond
the corpus luteum life span in humans [179] and sheeps [180], allowing continued
prenatal development. Increased placentome progesterone content early in preg-
nancy [111] indicates that the steroidogenic capacity of placentome cells increased
as pregnancy advances. ROS inhibit steroidogenesis by blocking cholesterol
transport into mitochondria [181]. The increases in antioxidant enzyme activities
and progesterone production in ovine placentomes during early pregnancy [111]
indicates that antioxidant systems act as a protective mechanism against ROS-
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induced oxidative damage during placentation. By interfering with steroidogenesis
signaling pathways, BPA could therefore deregulate the developmental expression
of enzymatic antioxidant defense systems.

Environmental metals affect reproduction and development at every stage of the
reproductive process [182]. The most common heavy metals implicated in human
toxicity include mercury, lead, and cadmium. Prenatal exposure to such heavy
metals induces oxidative stress through impairment of the antioxidant defense
systems in the brain, liver, and kidney of the developing fetuses [183–187]. The
source of exposure to mercury is through concentration of methylmercury (MeHg)
in the fish and marine food products. Inorganic Hg, present in the environment is
converted to MeHg within microorganisms in aquatic sediments, allowing it to
enter the food chain. The developing central nervous system is highly sensitive to
metal-induced ROS production and prenatal exposure to MeHg disrupts the
postnatal development of the glutathione antioxidant system in the mouse brain
[187]. Omega-3 polyunsaturated fatty acids (x3PUFAs) are crucial for the bio-
genesis of membrane phospholipids and are sources of energy during normal
prenatal development and function of organs and tissues [188], especially the brain
[189–191]. PUFAs are also precursor of prostaglandin synthesis and thus have
indirect roles in the control of uterine function and female fertility [192, 193].
Maternal exposure to MeHg during pregnancy, mainly from fish consumption,
may diminish the efficacy of the beneficial action of nutrients, importantly
x3PUFAs [194, 195].

Pesticides, a broad class of chemicals, including herbicides, fungicides, insec-
ticides, are widely employed in intensive agriculture to increase crop yields. The
excessive use of pesticides has direct impacts on environmental and water quality
and can affect public health. Exposure to pesticide has been associated with
adverse developmental health and birth defects [196]. Contamination of soil and
ground water from agricultural runoff [197, 198] results in the exposure of human
to various pesticides and other agricultural chemicals directly and/or indirectly.
Fruits and vegetables can become contaminated by pesticides, particularly insec-
ticides, as a result of treatments in many crops [199]. The aquatic environment
receives great amounts of man-made chemicals pollutants [200], including agri-
cultural pesticides, that cause ROS production and oxidative stress in fish organism
[201]. Animal and human exposure to pesticides has been shown to enhance
oxidative stress, lipid peroxidation, and DNA damage [202–206]. The greatest risk
of exposure to pesticides is during early pregnancy. During prenatal development,
pesticide residues appear in maternal and cord blood, pass through the placental
barrier [207, 208] and induce oxidative stress [209].

The link between food contamination by environmental chemicals from various
industrial and agricultural activities, oxidative stress and the associated adverse
prenatal developmental outcomes is therefore one of the major current concerns in
reproductive medicine and health endpoints in human (see Fig. 1.6).
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1.8 Proteomics in Nutrition, Oxidative Stress, and Prenatal
Developmental Outcomes

The genomic approach has emerged to provide a better comprehension of the
pathophysiologic conditions leading to pregnancy associated disorders, thereby
providing a perspective for improving prenatal development outcomes. Never-
theless, it is insufficient to accurately predict protein expression patterns and
function from quantitative messenger RNA (mRNA) due to post-transcriptional
regulation mechanisms (mRNA export, surveillance, silencing and turnover) and
post-translational modifications which can determine protein activity, localization,
turnover, and interactions with other proteins [210]. Since protein expression is the
functional outcome of gene transcription and translation, proteomics offers a
unique mean for analyzing the expressed genome under pathophysiologic condi-
tions. Of particular interest to investigators in the field of nutrition and repro-
ductive medicine is proteomic approach to measure the secretome, i.e., those
proteins that are produced by cells and secreted in biological fluids under a variety
of cellular conditions [211]. Various biological fluids, including serum, plasma,
urine, and amniotic fluid, have been employed in human pregnancy research [212],

Fig. 1.6 The links between food contamination by environmental chemicals from various
industrial and agricultural activities, oxidative stress early in development, adverse prenatal
developmental outcomes, and pregnancy-associated disorders and complications
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to predict human preterm labor and offspring outcomes [213, 214] and pregnancy-
associated disorders [215–218]. It is also important to highlight the role that might
play proteomic in defining the human embryonic secretome, i.e., proteins produced
by the embryo and secreted into the surrounding medium, followed by the iden-
tification of specific proteins critical for implantation [219] in ongoing research
focused on maternal nutrition, oxidative stress, and prenatal developmental out-
come. Secretome may also become a tool for identification of embryo quality in
clinical practice. Proteomic approach can be used to obtain new information about
the antioxidant pathways that are critical to normal endometrial, luteal, and pla-
cental functions [10]. For example, examination of proteome of the cytotropho-
blast of early pregnancy [220], the placenta derived from assisted reproductive
technology [221], the endometrium and [222] and the CL [223] obtained during
embryo implantation may be used to identify oxidative stress biomarkers.

Proteomics is expected to have an impact in solving malnutrition-associated
disorders and pathologies, such as intrauterine fetal restriction, obesity, diabetes,
and cardiovascular disease [224]. It could be also expected that proteomics may
provide new insights into antioxidant alterations/adaptations depending on
maternal nutritional status and in response to exposure to various environmental
insults during prenatal development. Proteomic technology will not only provide
physicians and biologists with an improved understanding of the underlying bio-
logical processes involved in the establishment and outcomes of pregnancy, but
also to identify proteins responsible for prenatal developmental outcomes and
health.

1.9 Conclusions

Growing body of the literature indicates that oxidative stress plays a role in pre-
natal defects and pregnancy-related disorders [9, 10, 14, 15]. It is nevertheless true
that the relationship between ROS-induced oxidative stress and the prenatal
developmental dysfunctions is not clear and cannot be adequately investigated in
human pregnancies for evident ethical reasons. Furthermore, there is a lack of
fundamental insights regarding cellular, biochemical, and molecular adaptive
responses of the developing organism to the in utero exposition to various envi-
ronmental chemicals. Therefore, animal models of normal and disturbed prenatal
development are essential to fill in these important gaps in our knowledge.
Understanding the developmental changes in antioxidant expression, as well as the
cellular and molecular mechanisms of antioxidant regulation, in the female
reproductive tract is needed. Such studies will provide insights about ROS-med-
iated antioxidant adaptive responses in normal and pathologic pregnancies and will
facilitate treatment of prenatal developmental complications.

Maternal nutritional status is one of the most important lifestyle factors
determining embryonic/fetal development and pregnancy outcomes. Conception,
implantation, placentation, and fetal organogenesis are the critical stages
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potentially affected by nutrition during the periconception period [140]. Further-
more, preconception and early pregnancy malnutrition play major roles in pro-
graming the offspring susceptibility to disease, which may be mediated by
deficiencies of antioxidant vitamins and essential trace elements [225]. In recent
years, nutritional interventions will be used as primary prevention strategies
against environmental chemical insults and associated diseases [226]. Early
nutritional interventions to improve maternal antioxidant status are likely to have
lifelong health benefits for the offspring. Improving women’s health through diet,
rich in antioxidants before conception and during the critical periods of early
pregnancy would be a practical strategy for prevention of prenatal developmental
dysfunctions in populations at high risk of reproductive disorders, as well as in
populations with inadequate or poor baseline dietary consumption of natural
antioxidants from common fruits [227] and vegetables [228]. A wide variety of
plant-derived antioxidant compounds, such as vitamins, carotenoids, polyphénols,
and trace elements are provided by fruits and vegetables. It is therefore wise and
crucial to show that maternal diet varied and balanced in fruit and vegetables is
able to provide adequate antioxidant defense necessary for prenatal developmental
outcomes.

Diet and environmental conditions are widely different between countries and
between geographic areas within a given country, or even between individuals
within a given area. Maternal malnutrition before and during pregnancy is more
common in poorer areas of the developing and underdeveloping countries, par-
ticularly among poorer peoples. Epidemiological and clinical studies have linked
environmental factors, such as diet and lifestyle, to diseases and aging in associ-
ation with ROS-induced oxidative stress due to insufficient ROS detoxification
[229]. Environment quality and human and livestock health are closely interre-
lated. Industrial and intensive farming and agricultural activities in both developed
and developing countries, and in the near future, in the emerging countries, con-
tribute to the release of large quantities of chemical pollutants in the environment
and have already resulted in widespread soil and water contamination. Exposure to
these pollutants is inevitable as it occurs through the consumption of contaminated
food, water and beverage, and by air inhalation. In the future, the greatest concerns
of human beings are the ability to feed properly and to have healthy lifestyle.
These concerns are dependent on our ability to generate safe nutrients and high
quality products while minimizing adverse environmental impacts on prenatal
development and reproductive processes arising from exposure to man-made
chemicals.

The association among oxidative stress, the female reproductive system, and
adverse prenatal developmental outcomes is an important issue in reproductive
medicine. It is increasingly accepted that research focused on the impact of one
family of antioxidants in prenatal development and pregnancy outcomes is no
longer sufficient for developing practical and effective prevention strategies
against oxidative stress and associated developmental dysfunctions and compli-
cations. Antioxidant and prooxidant status before and during early pregnancy
reflect the balance between the endogenous antioxidant systems and prooxidants,
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and could be an index for estimating the risk of oxidative developmental damage.
The special attention given to proteins as biomarkers of oxidative stress (redox
proteomics) and diseases [230] and to the role of oxidative stress in human dis-
eases [231], pediatric [232] and veterinary [233] medicine has increased the need
to develop reliable methods to quantify oxidative stress markers. In the near future,
there will be a growing need to standardize the analytical techniques of mea-
surement of oxidative stress biomarkers. Standardization of oxidative stress bio-
analytical techniques may offer accurate, reliable, and practical tools for clinicians
and researchers working in the field of free radical biology and medicine.
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Chapter 2
Methods for Detection of ROS
in the Female Reproductive System

Rakesh K. Sharma, Nathan Reynolds, Mitali Rakhit
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Abstract The role of reactive oxygen species (ROS) within the female reproductive
system is complex and can contribute to multiple gynecological diseases including
infertility. This chapter will describe the various methods available to measure both
ROS and other markers of oxidative stress in female infertility. Methods including
chemiluminescence, flow cytometry, ELISA, metabolomics that utilize various
markers of oxidative stress will be discussed. The effects of these markers in various
female diseases are also briefly described.
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2.1 Introduction

Free radicals are molecules that contain one or more unpaired electrons in their
outer shell. They are very unstable and reactive, and attempt to acquire an electron
from the surrounding molecule and trigger a chain reaction. Oxygen radicals, such
as the superoxide anion (O2

.-), the hydroxyl radical (OH.), hydrogen peroxide
(H2O2), hypochlorite radical (OHCl.), and the peroxyl radical (ROO.) comprise the
highly reactive group of oxygen species called reactive oxygen species (ROS).
Also included in this group are the reactive nitrogen radicals, such as nitric oxide
(NO..) and nitric dioxide (NO2

. ), peroxynitrite anion, and nitroxyl ion [1–5].
ROS are involved in various signal transduction pathways and act as second

messengers. Physiological amounts of ROS are necessary for healthy body
function. A delicate balance exists between ROS and antioxidants throughout the
female reproductive system. Antioxidants are able to break the cycle by donating
an electron to the free radical and stabilizing it without destabilizing itself. When
this balance is disrupted due to excessive production of ROS or the inability of the
antioxidants to neutralize ROS, it results in oxidative stress (OS). OS can damage
fats, lipids, nucleic acids, and proteins which are the fundamental building blocks
of life. OS is involved in the pathophysiology of a number of diseases of the
female reproductive system such as endometriosis, polycystic ovary syndrome,
preeclampsia maternal diabetes, and recurrent pregnancy loss [2, 6–12].

2.2 Measurement of Reactive Oxygen Species
and Oxidative Stress Markers

A number of OS biomarkers have been investigated in various fluids such as
peritoneal fluid, follicular fluid, amniotic fluid, and hydrosalpingeal fluid. ROS is
the initial marker and a number of other markers are available to measure the end
product of ROS-induced damage such as lipid peroxidation, oxidation of proteins,
and DNA damage. Some of the more common methods are described below.

2.3 Measurement of ROS by Chemiluminescence Assay

In this assay, a probe such as luminol (5-amino-2,3 dihydro-1,4 phthalazinedione)
is added to the target fluid that reacts with any ROS present in the biofluids. The
byproduct of this reaction is the production of photons of light [3, 12]. Luminol
reacts with free radicals within the fluid including O2

-, OH and hydrogen peroxide.
Luminol reacts quickly with both intracellular and intercellular free radicals.
However, it does not differentiate between the types of free radicals and therefore
measures global ROS. The results are expressed in relative light units (RLU),
counted photons per minute (cpm), or milliVolts/sec [12].
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Herein, we describe the details of measurement of ROS by chemiluminescence
assay in unprocessed or neat sample i.e. without any further processing of the
sample.

1. Equipment and material

(a) Disposable polystyrene tubes with caps (12 9 75 mm)
(b) Eppendorf pipettes (5, 10, 50 and 1000 lL)
(c) Serological Pipettes (1, 2 mL)
(d) Desktop centrifuge
(e) Dimethyl Sulfoxide (DMSO; Catalog # D8779, Sigma Chemical Co., St.

Louis, MO)
(f) Luminol (5-amino-2,3 dihydro-1,4 phthalazinedione; Catalog # A8511,

Sigma Chemical Co., St. Louis, MO)
(g) Dulbecco’s Phosphate buffered saline solution 1X (PBS-1X; Catalog #

9235, Irvine Scientific, Santa Ana, CA)
(h) Luminometer (Model: Berthold Technologies, Autolumat plus LB 953,

Oakridge, TN)

2. Preparation of reagents

(a) Stock Luminol (100 mM) Weigh 177.09 mg of luminol and add it to 10 mL
of DMSO solution in a polystyrene tube. The tube must be covered in an
aluminum foil due to the sensitivity of the luminol to light. It can be stored
at room temperature in the dark.

(b) Working Luminol (5 mM) Mix 20 lL luminol stock solution with 380 lL
DMSO in a foil-covered polystyrene tube. This must be done prior to every
use. Store the solution at room temperature in the dark.

(c) DMSO solution Provided ready to use; store at room temperature until the
expiration date.

3. Specimen preparation

Upon arrival of the specimen, complete record of patient’s name, allocated
identity number, date, and time of collection is noted.

4. ROS measurement by luminometer

The luminometer is attached to the desktop computer and a monitor. The
software used is Tube master (Berthold Technologies, Autolumat plus LB 953,
Oakridge, TN). This procedure is performed in a dark room.

1. Label 11 tubes (12 9 75 mm) in duplicates and add the following reagents as
indicated in Table 2.1. Blank (tubes labeled 1–3), Negative Control
(tubes labeled 4–6), Patient Sample (tubes labeled 7–8), and Positive Control
(tubes labeled 9–11).

Note: To avoid contamination, change pipette tips after each addition.

2. Gently vortex the tubes to mix the aliquots uniformly.
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3. Place all the labeled tubes in the luminometer in the following order: Blank
(tubes labeled 1–3), Negative Control (tubes labeled 4–6), Patient Sample
(tubes labeled 7–8), and Positive Control (tubes labeled 9–11).

Instrument set up

1. Turn on the instrument and the computer. From the desktop, click on ‘Berthold
tube’ master icon to start the program.

2. From the ‘Setup menu’ select ‘Measurement Definition’ and then ‘New Mea-
surement’. You will be prompted to the following:

a. ‘Measurement Name’ (Initials, Date, Analyte, and Measurement).
b. It will show ‘Measurement Definition’ on the ‘Tool bar’
c. Click ‘Luminometer Measurement’ protocol and from the drop menu click

on ‘Rep. assay’.
d. Next define each ‘Parameters’ as follows:

i. Read time 1 s
ii. Background read time 0 s.
iii. Total time 900 s.
iv. Cycle time 30 s
v. Delay ‘Inj M read (s)’ 0 s.
vi. ‘Injector M (lL)’ 0 s
vii. ‘Temperature (oC)’ 37 �C
viii. ‘Temperature control (0 = OFF) 1 = ON

e. Press ‘Save’

Note: steps ‘v and vi’ are used for a large number of samples and the reagents
can be added by means of injectors.

3. From the ‘Setup’ menu select ‘Assay Definition’ and then ‘New Assay’: It will
ask for the following:

a. ‘Assay Name’ (Initials, Date, Analyte, Assay). Click ‘OK’
b. Select ‘Measurement Method’ and from the drop down menu select the

measurement from Step 2a above.
c. Go to ‘Column Menu’ Hide everything except the following:

Table 2.1 Set up for the measurement of ROS

No. Labeled tubes
(no.)

PBS–1 X
(lL)

Specimen
volume (lL)

Probe luminol
(5 mM) (lL)

Hydrogen
peroxide (lL)

1 Blank (tubes 1–3) 400 – –
2 Negative control

(tubes 4–6)
400 – 10 –

3 Patient (tubes 7–8) – 400 10 –
4 Positive Control

(tubes 9–11)
400 10 50
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i. Sample ID
ii. Status
iii. RLU mean
iv. Read date
v. Read time

d. Go to ‘Sample Type’ menu and select ‘Normal’
e. Press ‘OK’
f. Go to file, ‘New’ click ‘Workload’ Press ‘OK.’

4. Save the’ Work Load’ (Date, Initial, Sample or experiment ID) in ‘Work Load’ file.
5. Click ‘File name’
6. After saving the ‘Work Load’ the name of the file will show in the ‘Title Bar’
7. The specimens are ready to be analyzed

VIII. Analyzing the samples

1. Load the tubes into the instrument and click ‘Start’. It will start scanning for
tubes.

2. After scanning it will show how many tubes are detected by the instrument in
each batch, press ‘Next’.

3. Select the ‘Assay Type’ and type file name and then click ‘Finish’.
4. The ‘Excel spreadsheet’ will open measurement of the tubes will start.
5. Do not touch or change the screen, wait (3–5 min) to make sure everything is

working fine.
6. After finishing measurements, it will ask for ‘Save Excel Spread Sheet’, save it

in the ‘My Document’under ‘ExcelSheet’ folder.
7. Select ‘Excel Sheet’ name the file and save type as ‘’Measurement Files’(*.txr).

Save the ‘Excel Sheet’.

IX. Printing ROS results

1. Print Excel as well as the ‘chart’.
2. Close the ‘Excel sheet’.
3. Print the ‘Work Load’ sheet, save, and close it.

X. Calculating Results and Quality Control

1. Calculate the ‘average RLU’ for Negative control, Samples, and Positive
control.

2. Calculate sample ROS by subtracting its average from negative control
average.

3. Sample ROS = Average ‘RLU mean’ for sample—Average ‘RLU mean’ for
negative control.

Calculated sample ROS = XX (RLU/sec)
Reference values are established for each lab by testing a number of samples

both from healthy women and infertile subjects. It is important to perform a
regular quality control of the instrument as well as the reagents.
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2.4 Factors Affecting Chemiluminescent Reaction

Having a reliable method of detection of ROS is important [13]. The luminol assay
is robust; however, there are various factors that can affect ROS detection by the
chemiluminescent reactions [3, 12, 14, 15]. Some of these confounding factors are:

1. The luminometer instrumentation, its calibration, determination of sensitivity,
dynamic range, and units used.

2. The volume of the sample, use of reagent, and temperature of the luminometer.
3. Repeated centrifugation: Artificial increase in chemiluminescent signal because

of the shearing forces generated by centrifugation [16].
4. Medium pH: Luminol is sensitive to pH changes.

2.5 Types of Luminometers

Several types of luminometers, ranging in features, design, and pricing, can be
used in measuring the emitted light from the chemiluminescence assay reaction
[17]. There are two different kinds of processing designs for luminometers. While
direct current luminometers measure electric current, photon counting luminom-
eters count individual photons [12]. Currently, there are three types of
luminometers available for commercial uses. Single and double tube luminome-
ters, which measure one or two samples at a time, are inexpensive and are typically
used by small research laboratories. Multiple tube luminometers measure several
tubes at a time, and as they are more expensive than single and double tube
luminometers. Lastly, plate luminometers measure multiple samples (96 or 360) at
a given time, and are typically used by commercial enterprises.

2.6 Measurement of ROS by Other Methods

2.6.1 Measurement of ROS by Nitroblue tetrazolium staining

Nitroblue tetrazolium (NBT) is an electron acceptor that becomes reduced in the
presence of ROS to form a blue-black compound, formazan. This simple histochemical
staining method can help target cells generating ROS. Cells generating ROS are
prepared at a concentration of 1–5 9 106/mL in Kreb’s buffer and about 10 lL is
loaded in a glass slide and placed in an incubator for 20 min at 37 �C. It is gently rinsed
with 0.154 M NaCl, and the adherent cells are over-layered with an equal volume of
NBT (0.4 %) and phorbol 12-myristate 13-acetate (0.20–1 lg/mL) in Kreb’s buffer
with glucose (5 mM). After 15 min incubation, the slides are washed with 0.154 M
NaCl, fixed for 1 min in absolute methanol, and counter stained with 1 or 2 % Safranin.
Total 100 consecutive cells on each slide are observed microscopically under oil
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(9100) and scored as: cells filled with formazan granules (+++); intermediate
formazan density (++); scattered or few formazan granules (+) or no formazan
detectable (-). The data are represented as percentage of NBT-positive cells.

2.7 Epifluorescence Microscopy

This technique detects the presence of ROS using a fluorescent end product of an
oxidation reaction. The product is generated by the reaction of hydroethidine and a
O2

-, which yields ethidium bromide. This end product emits a red fluorescent light
that can be seen through an epifluorescence microscope. Because this technique
requires a less expensive piece of equipment, it is more common and easily
available to many labs for ROS detection.

2.8 Measurement of ROS by Flow Cytometry

This method utilizes the use of fluorescent probes to detect ROS within the cells
[18]. The single cells are required to be suspended at a density of 105–107 cells/mL
and 10,000 events are measured. Individual intracellular ROS radicals can be
detected by flow cytometry. Oxidation of 2, 7 dichlorofluorescein diacetate
(DCFH-DA) by ROS, which is generated within the cell, makes them highly
fluorescent and can be used to measure formation of intracellular levels of
hydrogen peroxide. Hydroethidine (HE) can be used for measurement of intra-
cellular levels of superoxide. It is a substance that is oxidized by the O2

- to become
ethidium bromide with red florescence emission. Flow cytometry method has a
higher specificity, accuracy, sensitivity, and reproducibility as compared to
chemiluminescence for intracellular ROS [18].

2.9 Measurement of Enzymatic Antioxidants

Enzymatic activities can be measured using commercially available assay kits
(Cayman Chemical, Ann Arbor, MI) following the methodology described by the
manufacturer. Superoxide dismutase (SOD) activity is measured using a tetrazo-
lium salt for detection of superoxide radicals generated by xanthine oxidase and
hypoxanthine. The chromophore produced has a maximal absorbance at 525 nm.
One unit of SOD is defined as the amount of enzyme needed to exhibit 50 %
dismutation of the superoxide radical. Glutathione peroxidase (GPx) activity is
measured using a kinetic colorimetric assay that measures activity indirectly by a
coupled reaction with glutathione reductase. Glutathione reductase and NADPH
reduce oxidized glutathione. NADPH oxidation is accompanied by a decrease in
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absorbance at 340 nm, and the decrease is directly proportional to the GPx activity
in the sample. Similarly, Catalase (CAT) is involved in the detoxification of H2O2,
which is a toxic product of both normal aerobic metabolism and pathogenic ROS
production. This enzyme catalyzes the conversion of two molecules of H2O2 to
molecular oxygen and two molecules of water (catalytic activity). CAT assay kit
utilizes the peroxidatic function of CAT for determination of enzyme activity. This
method is based on the reaction of the enzyme with methanol in the presence of an
optimal concentration of H2O2. The formaldehyde produced is measured spec-
trophotometrically with 4-amino-3-hydrazino-5-mercapto-1,2,4-triazole (Purpald)
as the chromogen. Purpald specifically forms a bicyclic heterocycle with alde-
hydes, which upon oxidation changes from colorless to a purple color [19, 20].

2.10 Measurement of Total Antioxidants

The sum of endogenous and food-derived antioxidants represents the total antioxidant
activity of the extracellular fluid. Measuring the overall antioxidant capacity may give
more relevant biological information compared to that obtained by the measurement of
individual components, as it considers the cumulative effect of all antioxidants present
in plasma and body fluids. The total antioxidant assay relies on the ability of antiox-
idants in the sample to inhibit the oxidation of 2,20-azino-di-3-ethylbenzthiazoline
sulphonate (ABTS) to ABTS+ by metmyoglobin. Under the reaction conditions used,
the antioxidants in the seminal plasma cause suppression of the absorbance at 750 nm
to a degree which is proportional to their concentration. The capacity of the antioxi-
dants present in the sample to prevent ABTS oxidation is compared with that of
standard—Trolox, a water-soluble tocopherol analog. Results are reported as micro-
moles of Trolox equivalent. This assay measures the combined antioxidant activities of
all its constituents including vitamins, proteins, lipids, glutathione and uric acid.

2.10.1 Measurement of Oxidative DNA Adducts

Immunohistochemistry (IHC) or western blot analysis has been used to study
oxidative DNA adducts 8-hydroxy 2-deoxyguanosine [21]. IHC staining can be
performed on paraffin sections (5 l) using mouse monoclonal antibodies specific
against 8-hydroxy-20-deoxyguanosine clone N45.1 using indirect methods. Briefly,
after sections are deparaffinized and rehydrated, tissue sections are incubated for
120 min at 37 �C with the primary antibody at 1:50 dilution. Slides are then
incubated with a secondary antibody using horse anti-mouse dilutions (1:200) for
30 min at 37 �C. Finally, sections are stained with diaminobenzidine (DAB).
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2.10.2 Measurement of Nitric Oxide

Metabolites of NO such as nitrite and nitrate can be determined by nitrate reductase
and the Griess reaction [22, 23]. Total NO (nitrite and nitrate) levels in the serum and
NO can also be measured using a rapid response chemiluminescence assay [24].

2.10.3 Enzyme-Linked Immunosorbent Assay

Enzyme-linked immunosorbent assay (ELISA) is based on the ability for antigens to
detect proteins that have been damaged by OS. This method can detect the presence
of a specific antibody or antigen within a fluid sample making it a useful tool to
detect the end products of ROS interactions. This is accomplished by exposing the
biofluids to the desired assay and analyzing the fluid for the amount of the targeted
molecules using a spectrophotometer [12]. Utilizing appropriate antibodies, activ-
ities of various antioxidant enzymes such as total superoxide dismutase, CAT and
GPx can be measured within the tissue in order to evaluate the OS [12].

2.10.4 Measurement of Lipid Peroxides

Thiobarbituric acid-reacting substances (TBARS) measure primarily malondialde-
hyde derived from lipid peroxidation, as well as other breakdown products from
oxidatively modified proteins, carbohydrates, and nucleic acids [25]. Various com-
mercially available kits can be used. In this assay, formation of malondialdehyde is
estimated by the thiobarbituric acid method. About 1 mL of each sample is mixed with
2 mL of trichloroacetic acid (15 %), thiobarbituric acid (0.375 %) and hydrochloric
acid (0.25 N) and then heated in a boiling water bath for 15 min. After cooling, the
precipitate is centrifuged at 1,000 g for 10 min. The absorbance of the supernatant is
measured at a 535 nm wavelength by using a spectrophotometer. The concentration of
thiobarbituric acid–reactive substances is determined by considering the coefficient of
molar absorptivity of the product. A standard curve is constructed by using a stock
solution of 10 mM MDA prepared from tetramethoxypropane (Sigma Chemical Co.,
St. Louis, MO). The assay is performed in duplicate, and the results are reported as
nmol MDA [26]. Sometimes a lipid peroxidation promoter such as ferrous sulfate
(2.5 mM) and sodium ascorbate (12.5 mM) is also used [27, 28].

2.10.5 Measurement of Protein Oxidation

The most commonly used marker of protein oxidation is protein carbonyl content
[29]. Redox cycling cations such as Fe2+ or Cu2+ can bind to cation binding locations
on proteins and with the aid of further attack by H2O2 or O2 can transform side-chain
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amine groups on several amino acids (i.e., lysine, arginine, proline, or histidine) into
carbonyls. The most convenient procedure is the reaction between 2, 4-dinitro-
phenylhydrazine (DNPH) and protein carbonyls. DNPH reacts with protein
carbonyls, forming a Schiff base to produce the corresponding hydrazone, which can
be analyzed spectrophotometrically at 360–385 nm [30]. This assay is available as a
kit (Catalog No. 10005020, Cayman Chemical, Ann Arbor, MI). Protein carbonyl
content can be measured both in fluids and tissue and is expressed as protein carbonyl
content (nmol/ml) or as protein carbonyl content (ng/mg of protein).

2.10.6 Total Plasma Lipid Hydroperoxides

Total plasma lipid hydroperoxides (LHP) are determined using the ferrous
oxidation in Xylenol Orange (FOX) assay [31]. The method is based on the
principle of the rapid peroxide-mediated oxidation of Fe2+ to Fe3+ under acidic
conditions. The latter, in the presence of xylenol orange, forms a Fe3+-xylenol
orange complex that can be measured spectrophotometrically at 560 nm.

2.10.7 Measurement of Total (Free and Esterified)
8-F2-Isoprostane

8-F2-isoprostane measures stable end product of oxidized lipids derived from
arachidonic acid [32–34]. Total (free and esterified) 8-F2-isoprostane can be
measured using a commercial kit (cat. No. 516351; Cayman Chemical, Ann Arbor,
MI). Samples (250 mL) are treated with potassium hydroxide are extracted with
ethanol and purified through an affinity column (Catalog No. 416358, Cayman
Chemical, Ann Arbor, MI) eluted and analyzed by enzyme immunoassay
technology and concentration is expressed in pg/mL.

2.10.8 Measurement of Fat-Soluble Antioxidants

Fat-soluble antioxidants (vitamin A, vitamin E, beta-carotene, and lycopene) confer
micronutrient antioxidant protection. These can be measured by HPLC. Samples
(300 mL) are mixed with equal volumes of ethyl alcohol containing an internal
standard (a-tocopherol acetate) and extracted twice with 2 mL of hexane. The upper
organic phase is removed, evaporated to dryness under nitrogen, reconstituted in
300 mL of mobile phase containing 60 % acetonitrile–25 % methanol and 15 %
ethylene chloride, and sonicated. Sixty mL is next injected onto a Supelco C18
column with Supelco guard precolumn and the vitamins separated [35]. Absorbance
data are obtained from a photodiode array spectrometer set to simultaneously record
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at 292 nm for a-tocopherol, 326 nm for retinol and 452 nm for carotenoids and then
quantified and concentration is expressed in mg/mL.

2.10.9 Measurement of Oxidative Stress by Metabolomics

The study of metabolomics involves quantifying the composition of small molecules
within a tissue or biofluid sample to identify the metabolites present within a cellular
system and a metabolite profile is generated [36, 37]. Multiple methods of metaboli-
cally analyzing fluids have been developed. Morphological indicators alone are not
efficient in determining the viability of an embryo. Determining a metabolic profile of
embryonic culture media for IVF embryos can be used to assess the metabolic
differences between those that implant and those that do not implant [36–39].
Metabolomic analysis can accurately determine if an embryo is likely to be viable. The
presence of these metabolites can be indicative of not only the viability of embryos, as
is the case when testing embryonic culture media, but also can be used as a diagnostic
tool when testing other fluids within the female reproductive system.

Depending on the type of fluid being analyzed, some methods are preferred over
others. Some of the platforms for metabolic analysis are as follows: nuclear magnetic
resonance (NMR) spectroscopy, liquid chromatography–mass spectrometry
(LC–MS) capillary electrophoresis–mass spectrometry (CE–MS), and gas chro-
matography–mass spectrometry (GC–MS) [36]. NMR technique is useful when
analyzing tissue extracts or fluids and requires no fluid separation, but it has a low
sensitivity. LC–MS is useful when analyzing thermolabile and polar compounds
while CE–MS is useful when analyzing volatile and nonvolatile compounds [36].
CE–MS is most useful when the concentration or the volume of the fluid/tissue is very
small.

2.11 Near-Infrared Spectroscopy

Biological fluids can also be subjected to near infrared (IR) spectroscopy. This
procedure analyzes the sample with a reflective spectrograph that has a large
dynamic range photodiode detector. Results are generally in the range of 700–
1,050 nm [37]. The sample is subjected to IR signaling and the machine records
the sensitivity of each molecule. The results of IR spectroscopy can show the
presence of—thiol or sulfhydryl groups, (-SH), hydroxyl groups (-OH), carbo-
gens (-CH), and amines (-NH) groups based on their corresponding vibrational
sensitivities that are indicative of OS [38]. Using the NMR method, Seli et al. [38]
observed that cultures with higher concentrations of glutamate and lower levels of
pyruvate had embryos that were significantly more likely to result in pregnancy.
Glutamate is important in protecting the embryo from damage associated with
exposure to concentrations of ammonium [39].
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2.12 Raman Analysis

Raman analysis allows to accurately ‘fingerprint’ biological species within a fluid
based on the vibration and molecular motion of biological/chemical species when
subjected to spectroscopy [40]. The composition of the material can be determined
using Raman analysis. This analysis records the cells sensitivity to the exposure of
certain wavelengths and records the results from 50 to 3,450 cm-1 [38].Although
this method conducts signals at lower intensities compared to infra red spectros-
copy. Raman analysis is useful to detect the presence of fatty acids, lactate, and
glucose in addition to the presence of sulfhydryls [38].

Utilizing Raman and near-IR spectroscopy method, an increase in -SH and a
simultaneous decrease in -CH, and -NH was seen. All these groups are
associated with OS [38].

2.13 Proton Nuclear Magnetic Resonance

The broad application of Proton NMR in gynecology and obstetrics allows the in
vivo detection of ROS in the tissue [39, 41]. This method requires a tissue or fluid
sample to be analyzed with a spectrometer in which the reabsorbance of the
magnetic energy is used to determine the molecules present. Typically, the values
are in a range of 0–10 ppm.

2.14 Oxidative Stress in Reproductive Diseases

OS either due to the production of excessive ROS or due to the limited ability of
antioxidants to scavenge these ROS results in oxidative stress. OS affects a variety
of body fluids, tissues, organs; as well, a host of female infertility diseases are
attributed to the production of pathological ROS levels. Here we briefly describe
the more important effects of ROS and/or its end products on various body fluids,
tissues, and certain diseases attributed to OS [7, 8, 11, 42].

2.15 Ovaries

2.15.1 Oocytes and Follicles

OS is involved in the physiological aspects of ovarian function [43, 44]. Various
studies have confirmed the role of ROS in follicular maturation, folliculogenesis,
function of the corpus luteum, as well as ovulation. Parenchymal steroidogenic
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cells, endothelial cells, and phagocytic macrophages are among the producers of
ROS within the ovaries [7, 8, 45]. In addition, normal ovaries often express many
of the common biomarkers of OS [46]. Markers of OS such as Cu-SOD, Zn-SOD,
and Mn-SOD, GPx c glutamyl synthetase, and lipid peroxides have been measured
by immunohistochemical staining, mRNA expression, and thiobarbituric acid
methods [44, 47]. A decrease was reported in the antioxidant levels, specifically
GPx, and these had a negative impact on the fertilization rates of gametes [48].
Another study reported that GPx and Mn-SOD can actually be used as markers to
detect oocyte maturation, thereby implying exposure to OS [49]. NO also
contributes to ovarian function. High levels of NO have adverse effect on the rate
of cleavage, overall embryo quality, and implantation rates. Physiological levels of
NO in follicular fluid were reported to be beneficial and these correlated with
follicles containing mature oocytes that eventually fertilized [50]. A study by
Bedaiwy et al. [51] found that patients presenting with peritoneal factor infertility
also had elevated levels of serum NO.

2.15.2 Follicular Fluid and ART Outcomes

The environment of the follicular fluid is thought to play a critical role in oocyte
maturation and the eventual development of an embryo [6, 52–54]. The follicular fluid
is known to be metabolically active and contains steroid hormones, growth factors,
cytokines, granulose cells, and leukocytes [6, 28, 55]. Additionally, there are many
antioxidants found in follicular fluid, including vitamin E, carotene, ascorbate, cyste-
amine, taurine, hypotaurine, transferrin, thioredoxin, and dithiothreitol, which promote
healthy oocyte maturation, and oocyte viability, however, the results are conflicting
[48, 54–57]. Increased ROS levels have been associated with poor oocyte quality, low
fertilization rate, and impaired embryo development [6, 58, 59]. ROS levels of the
follicular fluid in women who had undergone a successful IVF treatment were signif-
icantly higher than the ROS levels of the fluid in women who did not have success in
their IVF treatment [59–61]. This indicates that while an imbalance of prooxidants and
antioxidants can cause a disturbance in natural female reproductive tendencies, ROS
within the follicular fluid is essential for different phases of oocyte development and
maturation, although the exact function remains unknown [28, 53, 54, 62, 63].

Current knowledge of the origin of ROS in follicular fluid remains unclear. It is
speculated that ROS may be generated from the metabolic environment
surrounding the embryo and that oxidative phosphorylation, NADPH oxidase and
xanthine oxidase are sources of ROS from within the oocyte [28]. Steroid
hormones, growth factors, cytokines granulose cells, and leukocytes are present
components of this environment that are known to increase ROS production
[6, 60]. It is speculated that the intra-follicular microenvironment and the
condition therein have an important role in the development of the oocyte. Reports
suggest that a decrease in ROS within the follicular fluid and an increase in total
antioxidant capacity—will increase the viability of the embryo prior to
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implantation [53, 54, 58, 61]. Futhermore, detecting ROS within the follicular fluid
could help predict the chances of pregnancy or explain some of the underlying
causes of some female reproductive diseases.

2.16 Amniotic/Placental Fluid and ART Outcomes

During pregnancy, the mother and fetus can be exposed to high levels of OS [64].
It is important to analyze the composition of the amniotic fluid to determine the
effect of ROS in fetal development. Amniotic fluid reaches its highest volume in
the second and third trimester of gestation. It is composed mostly of fetal urine but
also of fetal lung secretions [65]. While the exact source of OS during pregnancy is
not well understood, it is possible that the increasing volume of amniotic fluid as
the gestation period progresses plays a role in its production. However, additional
sources are speculated to contribute to the increased total antioxidant capacity
(TAC) noticed in amniotic fluid. These sources are the intramembranous exchange
of nutrients between the chorionic plate and amniotic-chorionic membranes. as
well as the transmembranous exchange of nutrients between the amniotic-chori-
onic membranes and the uterine wall [65]. Measuring ROS in amniotic fluid may
help study the common conditions of OS such as fetal growth restriction and
preeclampsia that result in increased levels of ROS possibly caused by the
increased volume of amniotic fluid.

2.17 ROS and IVF Culture Media

Generally, when a couple undergoes IVF, the embryos chosen for implanting are
selected by morphological criteria. The current morphological assessment
examines the rate of cleavage, fragmentation, inclusion bodies, and the allocation
of inner cell mass [36]. It is important to test the culture media because eight of ten
transferred embryos will not result in a successful implantation and two of three
ART cycles will not result in pregnancy suggesting that morphological criteria
alone do not provide enough information when determining the viability of an
embryo [38].

Metabolomic analysis provides a method to assess and search for products
within the culture media, including metabolites resulting from OS, which may help
signal the fertilization potential of the embryos examined [38]. The in vitro culture
environment contains a higher concentration of oxygen as opposed to the
conditions of in vivo embryos [53]. Assessing the concentration of pyruvate within
the culture media can be a helpful in determining viability and the presence of
ROS. Pyruvate is thought to be important because of its metabolic significance and
implications during the Kreb’s cycle in addition to balancing the oxidation and
reduction interactions [66].
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2.18 Fallopian Tubes

2.18.1 Tubal Factors

The fallopian tubes contain an internal NO system. NO is a vasodilator and acts to
improve tubal contractions and motility. A decrease in the production of NO can hamper
tubal motility and subsequently cause sperm transport delay, ovum retention, as well as
general infertility problems [4, 8]. A significant increase in the levels of NO within the
fallopian tubes can be toxic to any invading microbes, including human spermatozoa
[8, 67]. The presence of NO synthase has been reported in human tubal cells.

2.18.2 Hydrosalpinx

Hydrosalpinx is defined as a blocked, dilated, and fluid filled fallopian tube that
has usually also been affected by a previous tubal infection. This disease is
commonly associated with female factor infertility as it is correlated with lower
pregnancy and implantation rates as well as an increased rate of miscarriages. OS
has often been associated as an underlying factor causing characteristic
embryotoxicity in hydrosalpingeal fluid.

Low levels of ROS are beneficial for blastocyst development and may denote
the physiological amounts that are present in a normal endosalpinx, high levels are
pathological, and result in deleterious effects on the embryo [6, 67, 68]. However,
a complete lack of detection of ROS in hydrosalpingeal fluid has a higher
correlation with endosalpinges that have undergone a greater amount of damage
and deterioration. Embryotoxicity normally associated with the presence of
hydrosalpingeal fluid is not necessarily caused by an excess of ROS. ROS levels
detected in hydrosalpingeal fluid may originate as byproducts from other natural
body processes such as cellular respiration. Higher levels of ROS may also be
generated by the inflammatory response resulting from chronic salpingitis [69].

Few studies have been conducted on human subjects with regard to hydrosalpingeal
fluid and the ART outcomes. In a study using mouse as a model, Bedaiwy et al. [68]
reported that exposure to hydrosalpingeal fluid containing higher concentrations of ROS
resulted blastocyst with an increased rate of development. This correlation suggests that in
healthier subjects, the granulosa cells will have an increased metabolic activity, which will
produce more ROS. However, these authors also noted that the level of ROS detected was
most likely not high enough to be considered detrimental to the developing embryo [68].

The removal of the damaged tube via salpingectomy was also shown to
improve the implantation rates of the embryo [70]. This suggests that a healthy
salpingeal tubal environment correlates with healthy implantation rates. There
have been few human studies, which have analyzed the affect of ROS on ART
outcomes. The adverse effects of hydrosalpinges have been shown to be reversible
by salpingectomy prior to IVF [68].
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2.18.3 Amniotic Sac/Placenta

The placenta is an organ that connects the developing fetus to the uterine wall of
its mother in order to facilitate nutrient uptake, excretion, and gas exchange.
Sufficient uteroplacental circulation is necessary in order to ensure a healthy
pregnancy. Early in the pregnancy, the ends of the spiral arteries are blocked by
endovascular trophoblast cells, however between weeks 10 and 12, presence of
trophoblasts opens up the arteries allowing circulation thereby significantly
increasing the oxygen tension. At this point, there is surge in placental OS.
However, when the trophoblasts cells are prematurely dislodged from the arteries
due to thinning, fragmentation, or reduced endovascular invasion, it results in OS
that has been linked to spontaneous abortions and/or recurrent pregnancy loss [71].
The biomarkers of OS in the placenta include: LHP, intracellular ROS, TAC, and
DNA adducts-8-hydroxy 2-deoxyguanosine [72].

2.18.4 Reactive Oxygen Species and Endometrium

ROS appear to play a regulatory role in the endometrial cycle [9]. Various studies
have suggested a link among OS and the propagation of the proliferative, secre-
tory, and menstrual phases of the monthly cycle in the endometrium. NO regulates
endometrial microvasculature and significantly increased concentrations of NO
have been linked with implantation failure and subsequent decrease in pregnancy
rates [73]. NO synthase is secreted by the endothelial cells on the surface of the
endometrium and it helps to prepare for implantation by an embryo. Inducible
NOS and endothelial NOS expression have been demonstrated in human endo-
metrium and endometrial vessels [5, 74]. An increase in endothelial NO synthase
production and ROS end products has also been reported, specifically in lipid
peroxidation concentrations towards the end of the secretory cycle, just prior to the
onset of menstruation. Also a decrease in SOD levels was reported during the same
stage of this cycle suggesting that OS contributes to the breakdown and subsequent
shedding of the endometrial lining. Reduced expression of SOD leads to failed
pregnancy [47, 75]. Studies have also suggested that ROS can activate nuclear
factor kappa B that promotes the production of prostaglandin F2 alpha and COX-2
mRNA, which further promotes the shedding of the endometrium [71, 76–78].

2.18.5 Reactive Oxygen Species and Peritoneal Fluid

Peritoneal fluid is located in the peritoneal cavity and lubricates the pelvic cavity,
uterus, ovaries and fallopian tubes, and contains hormones secreted from the
ovarian follicles and corpus luteum [6, 79]. Leukocytes (macrophages) within the
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peritoneal tissue secrete cytokines, such as interleukins (IL) and tumor necrosis
factor (TNF)-a, in a healthy peritoneal environment [80]. However, the macro-
phages are activated in response to inflammatory diseases, such as endometriosis,
and secrete increased amounts of the cytokines [81]. Elevated levels of
macrophages induce OS within the peritoneal cavity, thus altering the delicate
environment of the peritoneal fluid and promoting infertility [32]. While the exact
mechanism of the idiopathic infertility remains unclear, it is thought that there is a
correlation between elevated numbers of macrophages present in the peritoneal
fluid and infertility [82].

OS and antioxidant biomarkers are present in both serum and peritoneal fluid
[83]. In peritoneal fluid, OS is initiated in inflammatory cells and the cellular
debris serves as a substrate. In the serum/plasma, the oxidized metabolites such as
ox-LDL are incorporated into carriers and they modify lipids, proteins, and
carbohydrates in the peripheral circulation.

2.18.6 Reactive Oxygen Species and Endometriosis

Endometriosis is associated with chronic inflammation, and ROS are proinflammatory
mediators that modulate cell proliferation [84, 85]. Development of OS in the local
peritoneal environment may be one of the links in the chain of events leading to
endometriosis-associated infertility [86]. Elevated ROS are produced from
erythrocytes and apoptotic endometrioma cells, as well as the activated
polymorphonuclear leukocytes and macrophages that are recruited to phagocytize the
apoptotic cells [2, 87].

Markers of OS have been found to be elevated both in serum and peritoneal
fluid of patients with endometriosis, [88–90].

2.18.7 Levels of Antioxidants

Peritoneal fluid is more susceptible to OS than serum. Markers in peritoneal fluid
provide a more localized measure of OS related to endometriosis. Significantly,
lower levels of vitamin E were reported in the peritoneal fluid than in plasma.
Murphy et al. [83], suggesting that the peritoneal cavity has less antioxidant
protection than serum. High amounts of enzymatic antioxidants such as GPx,
SOD, Cu, Zn, and Mn-SOD and xanthine oxidase have been reported in women
with endometriosis, suggesting ROS generation, and OS activity. [32, 74, 90].
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2.18.8 Lipid Peroxides

Women with endometriosis had significantly higher levels of lipid peroxides such as
malondialdehyde-modified low-density lipoprotein, and oxidized low-density
lipoprotein, 8-F2-isoprostane, paraoxonase activity, 8-hydroxy 1-deoxyguanosine,
8-hydroxy-2-nonenal, and 4-hydroxy-2-nonenal than women without endometriosis
[32, 89, 91].

2.18.9 Nitric Oxides

Increased levels of NO and NOS have been reported in the endometrium and in the
peritoneal fluid of patients with endometriosis [22, 23, 92].

2.18.10 ROS and Sperm in Peritoneal Fluid

A link has been suggested between elevated ROS levels and the toxicity of the
peritoneal fluid to the sperm, although evidence suggests that this is an unlikely cause
for women with mild endometriosis [93]. Another hypothesis as to why elevated
ROS within the peritoneal fluid impacts fertility is that women with endometriosis
are more likely to have elevated levels of proinflammatory cytokines (macrophages)
within their peritoneal fluid which could be a contributing factor to their infertility,
however, the pathway remains unclear [93]. It is hypothesized that peritoneal fluid
diffuses into the fallopian tubes where it may cause damage to sperm [91, 94, 95].
Higher concentrations of ROS were reported in the peritoneal fluid of women with
idiopathic infertility compared with fertile controls but were not different from
women with endometriosis [81]. However, the sample size was small in this study.
Although there have been many reports in support of the hypothesis that elevated
ROS levels contribute to idiopathic infertility and infertility related to endometriosis,
there have also been some studies suggest that there is no correlation between the two
pointing out the continuing controversy in the medical literature [52, 96, 97].

2.18.11 ROS and Immune System

An increase in the production of ROS in endometriosis is attributed to the
activation of the immune system [98, 99]. ROS may play a role in the regulation of
the expression of genes encoding some immunoregulators, cytokines, and cell
adhesion molecules which are involved in the pathogenesis of endometriosis
[100, 101]. Women with endometriosis exhibit an increased titer of autoantibodies
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related to OS that result in an increase in serum autoantibody titers to oxidatively
modified low-density lipoproteins [83, 89].

It is not clear whether endometriosis associated OS is due to a lack in
antioxidants or an increase in the production of ROS. However, there appears to be
an increased amount of enzymatic antioxidant expression by the endometrial cells
of women developing endometriosis. Even so, the amount of ROS present in these
patients seems to outnumber the defense mechanisms available to prevent them
from causing damage [101].

2.18.12 Polycystic Ovary Syndrome

Polycystic ovary syndrome (PCOS) affects 5–10 % of the reproductive aged
female population [11]. Women with PCOS may also suffer from metabolic
syndrome. Hyperinsulinemia is a characteristic of this disorder and increased
presence of insulin circulating in the blood stream as well as TNF-a induced OS on
theca cell proliferation [102]. While the exact role of ROS in folliculogenesis
remains unclear, it is speculated that the origin of ROS is from the mononuclear
cells of hyperglycemic patients [103, 104]. Folliculogenesis is a complex process
in which ovarian follicles and the oocyte within develop to maturity. In normal
women, the process of folliculogenesis involves many complex endocrine and intra
ovarian paracrine reactions, which sustain a suitable intra follicular environment
for the developing oocyte [105]. On a molecular level, the women experience
androgen and LH hypersecretion, frequent insulin resistance because of hyperin-
sulinemia, and polycystic ovaries. OS may cause further proliferation of ovarian
mesenchymal cells in patients with polycystic ovarian syndrome [105]. Because
ROS are known to damage the lipids within cell membranes by lipid peroxidation,
they can permanently damage the follicle and oocyte. For this reason, ROS are
considered an integral factor in the etiology of PCOS [12]. Higher DNA damage
(strand breaks) is seen in PCOS subjects compared to controls [106]. The
susceptibility of DNA to OS in these patients may help explain the link between
PCOS and ovarian cancer. Higher levels of protein carbonyl (a biomarker of
protein oxidation) and C- reactive protein (biomarker of inflammation) as well as
increase in levels of malondialdehyde have been reported in PCOS women [72].

2.18.13 Pre-Eclampsia

Pre-eclampsia is usually identified by presence of endothelial cell dysfunction and
large amounts of lipid peroxidation activity [107]. Although the etiologic origin of
pre-eclampsia is unknown, it continues to one of the leading causes of maternal
and neonatal mortality [108, 109].
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Women who are diagnosed with pre-eclampsia during pregnancy often have
abnormally large amounts of ROS production with respect to NO and superoxide
specifically as well as increased levels of antioxidants and high placental lipid
peroxidation [107, 110]. An increase in the amount of activated neutrophils in women
with pre-eclampsia contributes to the production of ROS. This also contributes to the
typical vascular endothelial damage usually associated with the disease [111]. A study
by Lee et al. [24] found that neutrophils isolated from pregnant women in their third
trimester who were diagnosed with pre-eclampsia produced significantly more ROS
than those isolated from healthy mothers. Neutrophil activation in pre-eclampsia may
also lead to a greater amount of lipid peroxidation from the excessive production
of reactive oxygen species. ROS have also been implicated in the pathogenesis of pre-
eclampsia as seen by increased presence of endothelium derived NO levels [112, 113].
High levels of peroxynitrite formation have been associated with reports of increased
endothelial NO synthase and decreased SOD, an enzymatic antioxidant, in pre-
eclamptic patients [114, 115]. Molecules known as advanced glycation end products
(AGE) are generators of ROS and can simultaneously cause vascular dysfunction
through an association with cell surface receptors. Elevated levels of these molecules
are present in women with pre-eclampsia [114]

A possible explanation for the etiologic origin of pre-eclampsia could involve the
perfusion of the placenta in expectant mothers. Poorly perfused placental tissue may
trigger free radical process and initiate lipid peroxidation, which is one of the main
identifiable characteristics of pre-eclampsia [116]. O2

- has been reported to initiate lipid
peroxidation [117]. This combined with an oxidative imbalance in the blood are
mechanisms leading to endothelial cell injury. An increase in plasma thiobarbituric acid
reactive substances and decrease in the activities of both enzymatic and nonenzymatic
antioxidants is seen in subjects during pregnancy and pre-eclampsia [118]. OS has been
suggested as a link between the two-stage model of the pre-eclampsia syndrome;
reduction of placental perfusion caused by maternal factors (stage 1) and activation of
the maternal endothelium with multi-system disorders (stage 2).

2.18.14 Maternal Diabetes

Pregnant mothers who are diabetic face a higher risk of embryopathies, spontaneous
abortions, and perinatal mortality that is associated with excessive OS [119].
Diabetic mothers give birth to a higher number of offspring with congenital
malformations compared to healthy mothers. Increased rates of lipid peroxidation
and protein carbonylation were reported in experimentally induced diabetic
pregnancy [120, 121]. An excess of ROS has been observed when diabetes-induced
embryopathy was blocked by antioxidants in vivo and in vitro [2, 8, 42] indicating
that addition of antioxidants reduced the potential amount of damage caused by ROS.
Siman et al. [122] showed the involvement of ROS in diabetes-induced malforma-
tions. In this study, antioxidant treatment with butylated hydroxytoluene, vitamin E
or C resulted in a reduction of the appearance of congenital malformations from
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approximately 25 % to less than 8 %. Diabetes itself is classified as a state of OS and
low-density lipoproteins from pregnant diabetic women are highly susceptible to
oxidation. In a study by Trocino et al. [123] embryos that have been cultured under
hyperglycemic conditions showed increased production levels of ROS and signifi-
cant reduction in glutathione synthesis and as well as in currently existing levels of
the antioxidants. The presence of ROS is increased in embryos that have been
exposed to high levels of glucose, possibly due to an increase in O2

- generation or
oxidative metabolism. The prevalence of congenital malformations preceded by
embryonic dysmorphogenesis in vitro can be minimized by reducing the exposure of
oxidative substrates to embryonic mitochondria or by improving ROS scavenging
ability [124].

2.18.15 Recurrent Pregnancy Loss

Recurrent pregnancy loss (RPL) affects 0.5–3 % of reproductive age women and is
defined as three or more consecutive spontaneous abortions occurring before
5 months of gestation [125]. Although the etiology of RPL can be attributed to many
factors including gynecologic disease, anatomic abnormalities of the uterus, genetic
anomalies in the fetus, and sperm DNA damage, almost 50–60 % of cases involving
RPL have been observed to implicate the presence of OS [67, 70, 72, 126]. There is
an increase in OS during the earlier parts of pregnancy from the trophoblast inside
the placenta, as measured by various biomarkers such as TAC and ROS [72]. If there
is an excess of OS and a lack of adequate antioxidant levels to protect the sur-
rounding lipids, DNA, and proteins from damage, significant harm could be caused
to the developing embryo [127, 128]. Women who are suffering from RPL have been
found to possess weakened antioxidant defense systems as well as increased levels
of OS biomarkers; therefore, it seems logical to assume that an excess in the presence
of ROS may contribute to the pathological basis of the disease [129, 130]. Male
partners with large amounts of leukocytes in their semen, morphologically abnormal
sperm, or sperm with significant amounts of DNA damage can also contribute to
ROS production levels and subsequent spontaneous abortions [131–134]. It is
important to be able to detect the various biomarkers of OS in pregnant women in
order to effectively predetermine chances for developing RPL and to combat the
disease using appropriate treatment methods.

2.19 Conclusions

The detection of ROS in the female reproductive system is important for a variety of
reasons. We can analyze the different fluids and determine that lower levels of ROS
can be indicative of healthy women, such as in hydrosalpingeal fluid, or that the
elevated levels indicate that something is wrong such as in amniotic, peritoneal, and

2 Methods for Detection of ROS 53



follicular fluid. Additionally, the ROS levels can be used to determine if there is a link
between gynecological diseases and OS as well as how likely an oocyte will get
fertilized or if an embryo will implant. In short, it is important to detect OS for the
continuing understanding of the female reproductive cycle and health.
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90. Szczepańska M, Koźlik J, Skrzypczak J, Mikołajczyk M (2003) Oxidative stress may be a
piece in the endometriosis puzzle. Fertil Steril 79(6):1288–1293

91. Saito H, Seino T, Kaneko T, Nakahara K, Toya M, Kurachi H (2002) Endometriosis and
oocyte quality. GynecolObstet Invest 53(Suppl 1):46–51

92. Khorram O, Lessey BA (2002) Alterations in expression of endometrial endothelial nitric
oxide synthase and alpha(v)beta(3) integrin in women with endometriosis. Fertil Steril
78:860–864

93. Oak MK, Chantler EN, Williams CA, Elstein M (1985) Sperm survival studies in peritoneal
fluid from infertile women with endometriosis and unexplained infertility. Clin Reprod
Fertil 3(4):297–303

94. Polak G, Koziol-Montewka M, Gogacz M, Blaszkowska I, Kotarski J (2001) Total
antioxidant status of peritoneal fluid in infertile women. Eur J Obstet Gynecol Reprod Biol
94:261–263

95. Storey BT (1997) Biochemistry of the induction and prevention of lipoperoxidative damage
in human spermatozoa. Mol Hum Reprod 3:203–213

96. do Amaral VF, Bydlowski SP, Peranovich TC, Navarro PA, Subbiah MT, Ferriani RA
(2005) Lipid peroxidation in the peritoneal fluid of infertile women with peritoneal
endometriosis. Eur J Obstet Gynecol Reprod Biol 1:119(1):72–5

97. Wang Y, Sharma RK, Falcone T, Goldberg J, Agarwal A (1997) Importance of reactive
oxygen species in the peritoneal fluid of women with endometriosis or idiopathic infertility.
Fertil Steril 68(5):826–830

98. Eskenazi B, Warner ML (1997) Epidemiology of endometriosis. Obstet Gynecol Clin North
Am 24(2):235–258

58 R. K. Sharma et al.



99. Gleicher N, el-Roeiy A, Confino E, Friberg J (1987) Is endometriosis an autoimmune
disease? Obstet Gynecol 70(1):115–122

100. Gleicher N (1987) A potential animal model for autoimmune reproductive failure. Am J
Reprod Immunol Microbiol. 14(4):122

101. Van Langendonckt A, Casanas-Roux F, Donnez J (2002) Oxidative stress and peritoneal
endometriosis. Fertil Steril 77(5):861–870

102. Kodaman PH, Duleba AJ (2008) Statins in the treatment of polycystic ovary syndrome.
Semin Reprod Med 26(1):127–138

103. Gonzalez F, Rote NS, Minium J, Kirwan JP (2006) Reactive oxygen species-induced
oxidative stress in the development of insulin resistance and hyperandrogenism in
polycystic ovary syndrome. J Clin Endocrinol Metab 91:336–340

104. González F, Rote NS, Minium J, Weaver AL, Kirwan JP (2010) Elevated circulating levels
of macrophage migration inhibitory factor in polycystic ovary syndrome. Cytokine
51(3):240–244

105. Dumesic DA, Padmanabhan V, Abbott DH (2008) Polycystic ovary syndrome and oocyte
developmental competence. Obstet Gynecol Surv 63(1):39–48

106. Dincer Y, Akcay T, Erdem T, Ilker Saygili E, Gundogdu S (2005) DNA damage, DNA
susceptibility to oxidation and glutathione level in women with polycystic ovary syndrome.
Scand J Clin Lab Invest 65:721–728

107. Ishihara O, Hayashi M, Osawa H, Kobayashi K, Takeda S, Vessby B, Basu S (2004)
Isoprostanes, prostaglandins and tocopherols in pre-eclampsia, normal pregnancy and non-
pregnancy. Free Radic Res 38:913–918

108. Sidiqui IA, Jaleel A, Tamimi W, Al Kadri HM (2010) Role of oxidative stress in the
pathogenesis of preeclampsia. Arch Gynecol Obstet 282(5):469–474

109. Wang Y, Walsh SW (1996) Antioxidant activities and mRNA expression of superoxide
dismutase, catalase, and glutathione peroxidase in normal and preeclamptic placentas. J Soc
Gynecol Investig 3:179–184

110. Hubel CA (1999) Oxidative stress in the pathogenesis of preeclampsia. Proc Soc Exp Biol
Med 222(3):222–235

111. Holthe MR, Staff AC, Berge LN, Lyberg T (2004) Leukocyte adhesion molecules and
reactive oxygen species in preeclampsia. Obstet Gynecol 103(5 Pt 1):913–922

112. Davidge ST, Hubel CA, Brayden RD, Capeless EC, McLaughlin MK (1992) Sera antioxidant
activity in uncomplicated and preeclamptic pregnancies. Obstet Gynecol 79(6):897–901

113. Matsubara K, Matsubara Y, Hyodo S, Katayama T, Ito MJ (2010) Role of nitric oxide and
reactive oxygen species in the pathogenesis of preeclampsia. Obstet Gynaecol Res
36(2):239–247

114. Cooke CL, Brockelsby JC, Baker PN, Davidge ST (2003) The receptor for advanced
glycation end products (RAGE) is elevated in women with preeclampsia. Hypertens
Pregnancy 22(2):173–184

115. Roggensack AM, Zhang Y, Davidge ST (1999) Evidence for peroxynitrite formation in the
vasculature of women with preeclampsia. Hypertension 33(1):83–89

116. Diamant S, Kissilevitz R, Diamant Y (1980) Lipid peroxidation system in human placental
tissue: general properties and the influence of gestational age. Biol Reprod 23(4):776–781

117. Radi R, Beckman JS, Bush KM, Freeman BA (1991) Peroxynitrite-induced membrane lipid
peroxidation: the cytotoxic potential of superoxide and nitric oxide. Arch Biochem Biophys
288(2):481–487

118. Pasupathi P, Manivannan U, Manivannan P, Deepa M (2010) Cardiac troponins and
oxidative stress markers in non-pregnant, pregnant and preeclampsia women. Bangladesh
Med Res Counc Bull 36(1):4–9

119. Djordjevic A, Spasic S, Jovanovic-Galovic A, Djordjevic R, Grubor-Lajsic G (2004)
Oxidative stress in diabetic pregnancy: SOD, CAT and GSH-Px activity and lipid
peroxidation products. J Matern Fetal Neonatal Med 16:367–372

120. Cederberg J, Basu S, Eriksson UJ (2001) Increased rate of lipid peroxidation and protein
carbonylation in experimental diabetic pregnancy. Diabetologia 44(6):766–774

2 Methods for Detection of ROS 59



121. Pedersen L, Tygstrup I, Pedersen J (1964) Congenital malformations in newborn infants of diabetic
women correlation with maternal diabetic vascular complications. Lancet 1(7343):1124–1126

122. Simán CM, Eriksson UJ (1997) Vitamin C supplementation of the maternal diet reduces the
rate of malformation in the offspring of diabetic rats. Diabetologia 40(12):1416–1424

123. Trocino RA, Akazawa S, Ishibashi M, Matsumoto K, Matsuo H, Yamamoto H, Goto S,
Urata Y, Kondo T, Nagataki S (1995) Significance of glutathione depletion and oxidative
stress in early embryogenesis in glucose-induced rat embryo culture. Diabetes 44(8):
992–998

124. Eriksson UJ, Borg LA (1991) Protection by free oxygen radical scavenging enzymes against
glucose-induced embryonic malformations in vitro. Diabetologia 34(5):325–331

125. Falcone T, Hurd W (2007) Clinical Reproductive Medicine and Surgery. Mosby Elsevier,
Philadelphia, p.123

126. Burton GJ, Hempstock J, Jauniaux E (2003) Oxygen, early embryonic metabolism and free
radical-mediated embryopathies. Reprod Biomed Online 6(1):84–96

127. Hempstock J, Jauniaux E, Greenwold N, Burton GJ (2003) The contribution of placental
oxidative stress to early pregnancy failure. Hum Pathol 34(12):1265–1275

128. Jauniaux E, Watson AL, Hempstock J, Bao YP, Skepper JN, Burton GJ (2000) Onset of
maternal arterial blood flow and placental oxidative stress. A possible factor in human early
pregnancy failure. Am J Pathol 157:2111–2122

129. Sane AS, Chokshi SA, Mishra VV, Barad DP, Shah VC, Nagpal S (1991) Serum
lipoperoxides in induced and spontaneous abortions. Gynecol Obstet Invest 31(3):172–175
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Chapter 3
Oxidative Stress and The Endometrium

Botros Rizk, Marwa Badr and Christina Talerico

Abstract The endometrium plays a key role in successful implantation and
pregnancy. A delicate balance exists between the antioxidant mechanisms and the
reactive oxygen species in the endometrium. When pregnancy occurs, successful
implantation results in the production of Human Chorionic Gonadotropin (HCG)
which maintains progesterone levels. Progesterone increases the activity of
superoxide dismutase in the endometrium which in turn suppresses the production
of reactive oxygen species and prostaglandin F2a. (PGF2a). On the other hand, in
the absence of pregnancy, progesterone levels drop and superoxide dismutase
activity declines. As a result, cyclooxygenase enzyme 2 (COX2) and PGF2a
increase, resulting in menstruation. HCG might improve the uterine environment
prior to implantation by suppressing the apoptotic response to oxidative stress in
the maternal decidua.
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3.1 Introduction

The endometrium is a highly organized structure which is cyclically controlled by
the ovarian steroids and pituitary hormones. The endometrium varies in appear-
ance in health and disease [1, 2] from a pink, shiny, and glistening appearance to a
polypoid structure and possible endometrial hyperplasia and carcinoma (Fig. 3.1).
Rizk and Sallam [3] discussed the role of the endometrium in implantation and the
physiological changes in pregnancy. De Ziegler et al.[4] elegantly discussed the
impact of endometritis on implantation. They argued that an increase in aromatase
enzyme activity may be a part of the explanation of the negative impact of chronic
endometritis on endometrial receptor activity [4]. Jauniaux and Rizk [5] presented
the impact of abnormalities in the implantation process on the outcome of preg-
nancy after assisted reproduction. In this chapter, we discuss the relationship
between the endometrium and oxidative stress in health as well as different disease
states such as early pregnancy loss, endometriosis, and cancer [5–9].

3.2 The Balance Between Oxidative Stress and Antioxidant
Defense Mechanisms

A delicate balance exists between reactive oxidative stress and the various defense
systems against oxidative stress in the endometrium. Optimum physiologic levels
of oxygen are essential. However, toxic reactive oxygen species such as the
superoxide radical, hydrogen peroxide, and the hydroxyl radical are generated
from oxygen. These oxygen radicals could potentially have harmful effects
including protein damage, lipid peroxidation, and possibly DNA damage [10–14].
These may impact membrane structure and function. Under aerobic conditions,
superoxide radicals are scavenged by metallo enzymes [10]. Copper–zinc super-
oxide dismutase is located in the cytosol, whereas manganese superoxide is
located in the mitochondria. Both superoxide dismutases metabolize superoxides.
Hydrogen peroxide is formed which is metabolized by glutathione peroxidase and
catalase to water and oxygen. Under physiologic, aerobic conditions, the endo-
metrium is a perfect example of the balance between reactive oxygen species and
the successful antioxidant system. Disruption of the balance may result in
abnormalities of normal reproductive physiological functions such as menstruation
and decidualization. Endometrial stromal cells serve as a potential source of
reactive oxygen species. The endoplasmic reticulum and the electron transport
systems both in the mitochondria and the nucleus are the intracellular sources of
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reactive oxygen species. Superoxide dismutase is highly expressed in glandular
epithelial as well as stromal cells in the endometrium. The two systems, namely
reactive oxygen species and superoxide dismutase balance each other and play
very important roles in reproductive physiology such as menstruation and decid-
ualization of the endometrium.

3.3 Oxidative Stress and Decidualization

Successful implantation relies upon decidualization of stromal cells [5]. Decidu-
alization is a characterization of the endometrium of the pregnant uterus. It is a
response of maternal cells to progesterone. Progesterone action on the endome-
trium increases glandular epithelial secretion, stimulates the accumulation of
glycogen in stroma, and promotes the stromal vascularity of the spiral arterioles.

The antioxidant system is essential for the successful transformation of the
endometrium to become the decidua. Superoxide dismutases such as copper–zinc
as well as manganese are important in the process of decidualization [10–14]. The
human endometrium has been extensively studied both during the menstrual cycle
as well as the early stages of pregnancy [10]. In the endometrial glandular epi-
thelium, constant immunostaining of copper–zinc as well as manganese super-
oxide dismutase throughout the menstrual cycle is demonstrated. Stromal cells
demonstrate no immunostaining for either of these superoxide dismutases during
the proliferative phase and only moderate immunostaining in stromal cells
showing morphologically decidualized changes after the mid-secretory phase [11].
On the other hand, there is intensive immunostaining in decidualized stromal cells
of early pregnancy. There is strong evidence that superoxide dismutase expression
in the stromal cells is associated with decidualization.

Fig. 3.1 a Endometrial polyp by hysteroscopy. Reproduced from deCherney [1]; Chap. 1, p. 2.
b, c Endometrial polyp by ultrasonography, sonohysterography, and hysteroscopy. Modified from
Brown [2]; Chap. 5, p. 48
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Sugino [10] studied the relation between ovarian steroids and superoxide dis-
mutases. Estrogen and progesterone increased copper–zinc superoxide dismutase
activities as well as mRNA levels. Cyclic AMP had no effect. In contradistinction,
manganese superoxide dismutase activities as well as mRNA levels were increased
by both estrogen and progesterone as well as cAMP. Those stimulatory effects
were inhibited by protein kinase-A inhibitor [14]. Sugino [10] proposed that
estrogen and progesterone induces manganese superoxide dismutase by cAMP.
However, copper–zinc superoxide dismutase is regulated by a separate pathway.
Potentially, there are different roles for the two types of superoxide dismutase in
the endometrial stromal cells undergoing decidualization.

3.4 Oxidative Stress and Menstruation

Menstruation is an orchestrated series of events that involves prostaglandins,
cytokines, and proteinases. Prostaglandin F2-a (PGF2-a) is responsible for endo-
metrial shedding by causing vasoconstriction of the spiral blood vessels. This is
followed by vasodilatation in the endometrium prior to menstruation. PGF2-a
concentrations increase in the endometrium toward the late secretory phase and
reach their peak just before menstruation.

In the human endometrium during the late secretory phase, superoxide dis-
mutase activity is decreased and lipid peroxide levels increase just before men-
struation [11, 12]. In the human endometrial stromal cells, hydrogen peroxide
stimulates the production of PGF2-a [12, 13]. The intricate relationship between
superoxide dismutase, the active oxygen species, and PGF2-a is essential in the
regulation of menstruation. When the level of ovarian steroids decrease, men-
struation occurs. This is possibly mediated through the production of PGF2-a as a
result of the withdrawal of ovarian steroids (Fig. 3.2). Sugino [10] elegantly dis-
cusses implantation and the balance in oxidative and antioxidative forces in the
endometrium. As a result of successful implantation, progesterone levels are well-
maintained, copper–zinc superoxide dismutase activity in the endometrium is high
and therefore, the production of reactive oxygen species and subsequently PGF2-a
levels are suppressed. They also demonstrated that in the decidua of early preg-
nancy, copper–zinc superoxide dismutase levels are high and reactive oxygen
species levels are low [11].

In addition to causing endometrial cell apoptosis, reactive oxygen species may
also regulate cellular functions by the production of substances that have
biological activities. Withdrawal of ovarian steroids activates a transcription factor
known as nuclear factor-jB by production of reactive oxygen species. This in turn
stimulates the production of cyclooxygenase enzyme-2 (COX-2) and PGF2-a in
the human endometrial stromal cells. PGF2-a in its turn initiates the menstrual
process. Sugino [10] presented the intracellular signaling pathway for the increase
in PGF2-a production in the stromal cells by reactive oxygen species. The
mechanism by which the withdrawal of ovarian steroids cause the decline in
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the expression of superoxide dismutase could be as a result of the drop in
progesterone or by some other factors that are switched on by the withdrawal of
ovarian steroids (Fig. 3.2).

3.5 Human Chorionic Gonadotropin and Oxidative Stress

Human chorionic gonadotropin (HCG) is routinely used to trigger ovulation and
complete the oocyte meiotic division. Furthermore, it is frequently used for luteal
support. Rizk [15–17] stated that while HCG is as effective as progesterone for luteal
phase support, it carries a higher risk of ovarian hyperstimulation syndrome. HCG
favorably impacts both the ovary and the endometrium. The main role of HCG is
assumed to be the release of ovarian steroids, namely estradiol and progesterone as
well as others. A very interesting issue is whether HCG confers resistance to oxi-
dative stress-induced apoptosis in decidualizing human endometrial stromal cells.

Kajihara et al. [18] investigated the effect of HCG on the expression of genes
that are involved in the resistance to oxidative stress in decidualizing human
endometrial stromal cells. Human endometrial stromal cells were isolated and
incubated with adenosine monophosphate and medroxyprogesterone acetate in the
presence or absence of recombinant HCG at various concentrations. Recombinant
HCG conferred additional protection to decidualizing human endometrial stromal
cells against stress-induced apoptosis. HCG might improve the uterine environ-
ment prior to implantation by suppressing the apoptotic response in the maternal
decidua under oxidative stress [18].

Fig. 3.2 a In the absence of pregnancy, progesterone levels drop resulting in a decrease in
superoxide dismutase and increase in oxygen radicals and finally PGF2-a levels increase and
menstruation starts. b When pregnancy occurs, progesterone levels are maintained and
superoxide dismutase levels increase and oxygen radicals decrease and finally PGF2- a levels
remain low and menstruation does not start
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3.6 Progesterone Receptor Activity and Oxidative Stress

Survival of early pregnancy is dependent on progesterone signaling in the maternal
decidua. Progesterone is produced by the corpus luteum of pregnancy. Proges-
terone supplementation is the standard of practice. In most assisted reproductive
cycles, progesterone signaling could be affected by oxidative stress [19]. The
mechanism by which progesterone withdrawal results in increased PGF2-a has
been elegantly demonstrated by Sugino [10] (Fig. 3.2). The Japanese investigators
postulated that progesterone withdrawal impacts the balance between oxidants and
antioxidants resulting in increased expression of cyclooxygenase enzyme 2
(COX2) which results in increased PGF2-a production.

3.7 Early Pregnancy Loss and Oxidative Stress

Early pregnancy loss is a complicated issue that could result from a myriad of
problems. Oxidative stress is a common pathology for different etiologies of early
pregnancy loss. It has been questioned whether endoplasmic reticulum stress is a
cofactor of oxidative stress in decidual cells from patients with early pregnancy loss
[20]. Liu et al. [20] performed proteomic analysis from women who suffered from early
pregnancy loss and they analyzed markers for endoplasmic reticulum stress, redox
status, apoptotic features, and cell viability. They demonstrated that the cell survival of
the decidual cells was dose-dependently reduced by hydrogen peroxide and could be
reversed by the presence of vitamin E. The authors suggested that sustained endo-
plasmic reticulum stress occurs in decidual cells resulting in early pregnancy loss [20]

In early pregnancy, the levels of reactive oxygen species are low in the decidua
[11]. The synthetic capacity is very low after conception in human decidua. These
two features are essential for the maintenance of pregnancy. Sugino et al.[12]
explained the possible mechanism for uterine contractions in spontaneous abor-
tions and the absence of contractions in missed abortions. The PGF2-a and lipid
peroxide concentrations in the decidua of missed abortions were found to be
similar to that of normal pregnancy [13]. However, these levels are much lower
than those of incomplete abortion where uterine bleeding occurs and uterine
contractions follow. Sugino et al. [12] suggest that lipid peroxides in the decidua
could be responsible for the increased PGF2-a production. This may lead to strong
uterine contractions and possible expulsion of the uterine contents.

Brosens et al. [21] noted that the cyclic endometrial decidualization followed by
menstrual shedding is confined to only a few species. Placental formation starts by
deep trophoblastic invasion into maternal tissues and its access to the vascular
system. Both pregnancy and menstruation are inflammatory conditions that involve
a degree of physiologic ischemia followed by reperfusion. The emergence of cyclic
menstruation may not have been an evolutionary coincidence [21]. Menstruation
may serve to protect the uterine tissues from oxidative stress associated with deep
placentation.
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3.7.1 The Fallopian Tube and Oxidative Stress

The fallopian tubes play a role in the success and maintenance of early pregnancy.
Hydrosalpinges have a detrimental outcome on pregnancy outcome even when
IVF is performed [8]. Somatic cell embryo coculture enhances embryo develop-
ment in vitro by producing embryotrophic factors as well as removing potentially
harmful substances. The mechanisms by which somatic cells remove the toxic
substances remain a subject for investigation. Cheong et al., [22] demonstrated that
in the mouse model, the oviductal microsomal epoxide hydrolase reduces active
oxygen species level and thereby enhances preimplantation mouse embryo
development.

3.7.2 Uterine Binding Proteins and Oxidative stress

Uterine binding protein FKBP52 is a steroid receptor associated protein. It belongs
to the large family of immunophilins and is associated with the cytoskeleton
during mitosis. FKBP52 deficiency might be implicated in implantation failure as
a result in reduction of progesterone responsiveness [23]. Most clinicians believe
in progesterone supplementation as a tool to diminish the odds of increased
implantation failure, however, progesterone responsiveness is not taken into
account. Treatment with antioxidants such as a-tocopherol and N-acetylcysteine
may also reduce implantation failure [23].

3.8 Oxidative Stress and Placental Development

The development of the placenta is affected by the uterine environments. During
the first trimester, the development of the placenta occurs in a low oxygen envi-
ronment supported by histiotrophic nutrition from the endometrial glands. The
growth of the chorionic sac is remarkably uniform between individuals. A major
switch to hemotrophic nutrition occurs toward the end of the first trimester. The
rise in intraplacental oxygen concentration poses a major challenge to placental
tissues. At this time, extensive villus remodeling occurs. Later in pregnancy,
nutrition deprivation and vascular compromise play an important role. Oxidative
stress and particularly its effect on endoplasmic reticulum stress could be the
reason for vascular compromise and hence play a role in intrauterine growth
restriction [24–26].

Successful human pregnancy depends on trophoblastic invasion of the maternal
spiral arteries during the process of trophoblastic invasion. There is loss of smooth
muscle and elastic lamina from the vessel wall as well as the inner third of the
myometrium. There is significant vasodilation that accompanies this process.
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Failure of trophoblastic invasion accompanies several complications of pregnancy
such as early onset preeclampsia and fetal growth restriction [25, 26].

3.9 Oxidative Stress and Carcinogenesis

Oxidative stress and an impaired antioxidant system are significant in the patho-
physiology of endometrial disease including endometrial hyperplasia and endo-
metrial cancer. Pejic et al. [27] explored the lipid peroxidation levels and antioxidant
enzyme activities in women with different forms of gynecological disease. Endo-
metrial tissues from patients with different diagnoses were subject to assays for
superoxide dismutase, catalase, glutathione peroxidase, glutathione reductase, and
lipid hydroperoxides. Patients with hyperplastic and malignant lesions such as
adenocarcinoma, had enhanced lipid peroxidation and altered uterine antioxidant
activities compared with patients with benign uterine disease such as polyps and
myoma. Lipid peroxide levels and antioxidant enzyme activities in the uterus could
be clinically useful in the evaluation of gynecological disorders [27].

Oxidative stress simply arises when the production of reactive oxygen species
exceeds the intrinsic antioxidant defenses. Reactive oxygen species function as
second messengers in the intracellular signaling cascades that control the cell
homeostasis. Disruption of function at the cellular level and even cell death may
occur. Oxidative stress and an impaired antioxidant system have been proposed as
a potential factor involved in the pathophysiology of carcinogenesis. Superoxide
dismutase activity is significantly decreased in hyperplasia and adenocarcinoma
patients. Glutathione peroxidase and reductase are increased in hyperplastic
patients and only glutathione reductase is increased in adenocarcinoma patients.
Patients with premalignant and malignant uterine disease have advanced lipid
peroxidation and increased antioxidant activity compared to patients with benign
disease such as uterine polyps and myomas [27]

3.10 Oxidative Stress and Endometriosis

Endometriosis represents the ectopic implantation of the endometrium in the
pelvic peritoneum and the ovaries (Fig. 3.3a, b). It is thought that the endometrium
in women with endometriosis has different abnormalities at the cellular level
which predisposes it to its implantation in the pelvis and its persistence [7]. The
question of whether oxidative stress is part of the reason for the successful
implantation and persistence of the endometrium in the pelvis has been discussed
by Gupta et al., [28]. Several hypotheses have been proposed as to why oxidative
stress may occur in women with endometriosis. Menstrual reflux transplants cell
debris in the peritoneal cavity which may be associated with the development of
endometriosis (Fig. 3.3). Erythrocytes release hemoglobin which acts as a
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proinflammatory factor. It contains the redox generating iron molecule. Gupta
et al. [28] proposed that the presence of iron macrophages and environmental
contaminants such as polychlorinated biphenyls in the peritoneal cavity could
cause an imbalance between antioxidants and reactive oxygen species (Figs. 3.4
and 3.5).

Nitric oxide and nitric oxide synthase are detected in greater amounts in the
endometrium of women with endometriosis. Increased expression is particularly
evident in the glandular epithelium. Rizk and Sallam [3] suggested that the vari-
ations in the expression of the endothelial nitric oxide synthase gene may be
involved in endometrial angiogenesis. They may modulate the process of endo-
metriosis and may have implications for implantation.

The endometrium of patients with endometriosis may exhibit increased lipid
protein complex modification. On one hand, the lipid peroxide concentrations are
elevated and on the other hand, reduced levels of antioxidant enzymes such as
superoxide dismutase may be observed.

3.10.1 Glutathione and Endometrial Stromal Cells

Glutathione is one of the cornerstones in the intracellular antioxidant system.
It plays a key role in endometrial detoxification and also plays a key role in the
pathogenesis of endometriosis. Estrogen is well known as a major risk factor in
the development and progression of endometriosis. Glutathione levels were
significantly increased following the in vitro culture and treatment of endometrial
stromal cells with estradiol, tumor necrosis factor, and interleukin1-b. Increased
production of estradiol and proinflammatory interleukins in the peritoneal cavity

Fig. 3.3 a Ovarian endometrioma (Courtesy Garcia-Velasco and Rizk). b Pelvic endometriosis
in the cul-de-sac demonstrating vesicles and inflammatory reaction (Courtesy of Botros Rizk,
MD)
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may result in the establishment of endometriosis through increased levels of
glutathione [29].

Fig. 3.4 a The role of reactive oxygen species, inflammatory cytokines, and vascular endothelial
growth factor in the pathogenesis of endometriosis. b The role of reactive oxygen species,
inflammatory cytokines, and prostaglandins in the pathogenesis of endometriosis

Fig. 3.5 The role of retrograde menstruation, iron, and oxidative stress in the pathogenesis of
endometriosis
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3.10.2 The Role of Iron in the Pathogenesis of Endometriosis

Peritoneal endometriosis is portrayed by Garcia-Velasco and Rizk [6] as a chronic
inflammatory disease characterized by increased numbers of peritoneal macro-
phages and their secreted products. Inflammation plays a major role in pain and
infertility associated with endometriosis, but is also extensively involved in the
molecular processes that lead to peritoneal lesion development. Peritoneal oxi-
dative stress is important for the endometriosis-associated inflammatory patho-
genesis (Fig. 3.5). Excessive production of reactive oxygen species, secondary to
peritoneal influx of pro-oxidants such as iron during retrograde menstruation, may
initiate cellular damage and activate nuclear factor-kappa B, which increases
proinflammatory gene expression (Fig. 3.5). This transcription factor increases
prostaglandin biosynthesis which may be implicated in the peritoneal proinflam-
matory process in endometriosis [30].

3.10.3 Angiogenesis in Endometriosis

Angiogenesis is an integral component of the implantation of the ectopic endo-
metrium and establishment of pelvic endometriosis. VEGF is the main mechanism
by which angiogenesis is established. Oxidative stress may contribute to angio-
genesis in ectopic endometrial implants and helps the progression of endometriosis
by increasing VEGF production [28, 31]. Glycodelin, a glycoprotein whose
expression in increased by oxidative stress, may possibly function as an autocrine
factor that increases VEGF expression in the ectopic endometrial tissue [32].

3.10.4 The Roles of Thioredoxin and Thioredoxin-Binding
Protein-2 in Endometriosis

Oxidative stress has been implicated in the pathogenesis of endometriosis
[27, 28, 31]. Thioredoxin protects cells against oxidative stress, and thioredoxin-
binding protein-2 (TBP-2) is a suppressor factor of thioredoxin in the biological
cellular function. Patients with endometriosis show lower levels of TBP-2 with no
significant changes of TRX mRNA levels leading to a high TRX to TBP-2 ratio in
comparison to patients without endometriosis. Seo et al. [33] suggested that the high
TRX/TBP-2 ratio may be associated with the establishment of endometriosis [33].

3 Oxidative Stress and the Endometrium 71



3.11 Conclusion

In this chapter, we have reviewed the role of oxidative stress in menstruation,
decidualization, and implantation. Successful implantation maintains progesterone
levels and increased superoxide dismutase activity, while reactive oxygen species,
and PGF2a levels are suppressed. HCG and progesterone are useful for the
improvement of the endometrium for implantation.

3.12 Keypoints

• Oxidative stress and antioxidant defense mechanisms play an important role in
menstruation, decidualization, and implantation.

• Successful implantation results in maintenance of progesterone levels and
increased superoxide dismutase activity in the endometrium.

• Superoxide dismutase activity suppresses the production of reactive oxygen
species and subsequently PGF2-a production.

• Menstruation is an orchestrated series of events that involves prostaglandins,
cytokines, and proteinases.

• In the absence of pregnancy, progesterone levels drop, superoxide dismutase
activity drops, and COX2 and PGF2-a increase resulting in menstruation

• HCG might improve the uterine environment prior to implantation by sup-
pressing the apoptotic response to oxidative stress in the maternal deciduas.

• PGF2a and lipid peroxide concentrations in the decidua of missed abortions are
similar to those of normal pregnancy.

• PGF2a and lipid peroxide levels in missed abortion and normal pregnancy are
significantly lower than incomplete abortion where uterine bleeding occurs and
uterine contractions follow.

• Oxidative stress may be involved in the pathogenesis of endometriosis by
several mechanisms.

• The presence of macrophages, iron, and environmental contaminants such as
polychlorinated biphenyls in the peritoneal cavity of endometriosis patients
could cause an imbalance between antioxidants and reactive oxygen species.
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Chapter 4
Oxidative Stress, Oogenesis
and Folliculogenesis

Malcolm A. Paine, Elizabeth H. Ruder, Terryl J. Hartman,
Jeffrey Blumberg and Marlene B. Goldman

Abstract There is increasing evidence that nutrition and other lifestyle factors are
important in the etiology of reproductive failure. Diet and its constituent antiox-
idants as well as oxidative stress in females may be influential in the timing and
continuation of viable pregnancies. This chapter reviews oxidative stress with
particular reference to folliculogenesis and oogenesis. The evidence suggests that
there are threshold levels for oxidative stress that may depend on anatomic site and
stage of preconception. Oxidative stress, may influence oogenesis, folliculogenesis
and the establishment of a viable early pregnancy. Reactive oxygen species are
continuously formed in cells of the reproductive tract, secondary to biochemical
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reactions, such as those within the mitochondrial respiratory chain, and also as a
result of external factors.

Keywords Oxidative stress � Antioxidant vitamins � Oogenesis � Folliculogenesis
� Reproductive failure � Secondary oocyte quality � Corpus luteum function

4.1 Introduction

Oxidative stress (OS), may influence oogenesis, folliculogenesis and the estab-
lishment of a viable early pregnancy (Fig. 4.1). Reactive oxygen species (ROS) are
continuously formed in cells of the reproductive tract, secondary to biochemical
reactions, such as those within the mitochondrial respiratory chain, and also as a
result of external factors (Fig. 4.2). OS induces lipid peroxidation, alters DNA and
protein in a structural and functional manner, promotes apoptosis, and causes
cumulative oxidative damage. Antioxidants (e.g., vitamins C and E and b-caro-
tene) and trace elements (e.g., selenium, zinc, and copper) functioning as essential
cofactors for antioxidant enzymes are capable of disposing, scavenging, or sup-
pressing the formation of ROS. Inadequate production or intake of antioxidants or
excessive generation of ROS results in OS. Evidence from in vitro, animal model,
and clinical studies suggests that OS plays a role in the etiology of adverse
reproductive events in both women and men [1–8]. In vitro and animal studies
point to several mechanisms by which OS may affect fertility; however, no study
has directly addressed the effects of OS on fertility in women.

Dietary Reference Intakes (DRIs) for some antioxidants are increased during
pregnancy [9]. For example, vitamin C requirements are elevated in pregnancy due
to both hemodilution and active placental transfer to the fetus; increased
requirements are also noted for zinc, selenium, copper, and manganese. However,
sufficient scientific evidence is not available to support a change in the requirement
for vitamin E during pregnancy [9].

Pregnancy is a period of increased OS due to heightened metabolic activity.
Decreased plasma thiols [10, 11] and increased placental lipid peroxides and
decreased expression of antioxidant enzymes have been reported during pregnancy
[12, 13]. This chapter reviews the impact of OS on oogenesis and folliculogenesis.

4.2 Oogenesis

Gametogenesis in the female, beginning with ovarian differentiation, is first seen at
6–8 weeks of embryo development, with rapid mitotic division of germ cells. The
maximum oogonal content of the gonad of 6–7 million is reached by 16–20 weeks
gestation. Commencing around 12 weeks, the oogonia are transformed to oocytes,
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entering the first meiotic division, arresting in prophase I. Ova are formed from the two
meiotic divisions of the oocyte. The first is completed just before ovulation, stimulated
by follicle stimulating hormone (FSH), and the second at the time of sperm penetration.

The mechanisms linking OS to impaired oogenesis are not well known. OS may
disturb spindle organization leading to aneuploidy [14], although high follicular
oxygen and antioxidant concentration may aid in correct chromosomal alignment [15].

4.2.1 Ovarian Germ Cells to Secondary Oocytes: The Role
of Oxidative Stress

Liu and colleagues [16] investigated the antioxidant effects of daidzen, an
isoflavone found principally in soybeans, on germ cell proliferation in ovarian
cells from chicken embryos. Daidzen exposure increased proliferation of germ

Fig. 4.1 Selected studies on reactive oxygen species and antioxidants and oocyte maturation,
folliculogenesis, and corpora lutea function, by influence on conception
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cells (p \ 0.05) and helped restore overall antioxidant levels after hypoxanthine/
xanthine oxidase (HX/XO) system challenge.

Subsequent to pubertal hormonal changes, a number of primary oocytes begin
to grow each month. One primary oocyte becomes dominant and resumes meiosis
I (MI). The resumption of MI is induced by elevated ROS and inhibited by
antioxidants [17, 18], perhaps indicating that the preovulatory follicle is an

Fig. 4.2 Role of reactive oxygen species and oxidative stress in oocyte function and fertility
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important promoter of the ovulatory sequence via regulated generation of ROS.
However, it has been suggested that cyclical ROS production may, over time,
contribute to oophoritis associated with autoimmune premature ovarian failure
[19] and exacerbated by diminished antioxidant status.

Elevated preovulatory luteinizing hormone (LH) results in oocyte maturation
with the second meiotic division (MII) [20]. The oocyte remains suspended in
metaphase until fertilization. Both human and rat granulosa and luteal cells
respond negatively to ROS and adversely affect MII progression, leading to
diminished gonadotropin and anti-steroidogenic actions, DNA damage, and
inhibited protein ATP production [19]. A recent study revealing a positive asso-
ciation among follicular fluid (FF), estradiol (E2) and total antioxidant capacity
(TAC) suggests that E2 may also play a role in the ovarian antioxidant–oxidant
balance in granulosa cells [21].

Glutathione (GSH) is a nonprotein sulfhydryl tripeptidyl molecule and may be
the major source of redox potential in the oocyte [22]. Elevation of glutathione
reductase (GSHR) activity appears to be responsible for maintaining gamete
viability [23]. GSH is also critical for oocyte maturation, particularly in the
cytoplasmic maturation required for preimplantation development and formation
of the male sperm pronucleus [24, 25].

b-carotene has been recognized in bovine models for its ability to enhance
oocyte cytoplasmic maturation [26]. The contrasting relationship of antioxidants,
deleterious for the progression of MI, but beneficial for MII, implies a complex
role for ROS in the ovarian environment. Such findings require an appreciation of
ROS as multifunctional agents in which their effects may vary over the continuum
of concentration and developmental stages [27].

4.2.2 Impact of ROS on the Aging Oocyte

Human follicular fluid free radical activity and apoptosis of human granulosa and
cumulus cells increase with age [28–30]. It has been hypothesized that prolonged
exposure of aged oocytes to ROS negatively affects calcium homeostasis and
impairs Ca2+ oscillation-dependent signaling, thereby causing a decline in oocyte
developmental ability [31]. At the time of sperm penetration, drastic changes occur
in intracellular oocyte free calcium concentration ([Ca2+]i). Initially, there is a
single long-lasting increase in [Ca2+]i, followed by short, repetitive transient
[Ca2+]i, lasting for several hours. These changes in [Ca2+]i trigger the release of the
cortical granule thereby preventing penetration of the ovum by additional sperm
and stimulate the resumption of meiosis [31]. Follicular fluid aspirates from
younger (aged 27–32 years) and older (aged 39–45 years) women undergoing in
vitro fertilization (IVF) treatment indicated lower specific activity of catalase,
lower concentration of glutathione transferase (GST) and higher superoxide dis-
mutase (SOD) activity in the older women relative to the younger women. No
differences were observed between the two groups for glutathione peroxidase
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(GSHPx) or GSHR activity or for protein expression of catalase or SOD. The age-
related changes caused a reduction in the catalase/SOD ratio and a slight reduction
in the GSHPx/SOD ratio, suggesting an overall decrease in ROS scavenging
ability with aging. However, the indication for IVF treatment and the cause of the
infertility were not described and may have influenced FF antioxidant and ROS
activity.

Whole ovaries from reproductive aging rats (aged 8–9 months) and control
animals (aged 26 days) were removed and homogenized following corpus luteum
(CL) induction and prostaglandin F2a (PGF2a) administration in the midluteal
phase to induce luteal regression [32]. Analysis of homogenized ovaries at base-
line 2 and 24 hours post-PGF2a administration indicated alterations in antioxidant
defense with age. Diminished antioxidant status may induce apoptosis during
luteal regression and lead to decreased progesterone synthesis. The aged ovaries
had elevated vitamin E content at 0, 2, and 24 hours (p \ 0.05), and lower GSHR
levels at 2 and 24 hours post-PGF2a administration (p \ 0.01) compared to
control ovaries. No significant differences in GSHPx, catalase, or thiobarbituric
acid-reacting substances (TBARS), an index of lipid peroxidation, were detected.
Thus, a shift toward a higher concentration of vitamin E may occur to help protect
the aging ovary during luteolysis and compensate for the decline in the luteal cell
ability to quench ROS, as evidenced by lower GSHR.

4.3 Folliculogenesis

The increase in steroid hormone production of developing follicles is accompanied
by an increase in the activity of cytochrome P450, which, in turn, generates ROS
(e.g., H2O2) [33]. A study of ROS generation during the ovulatory cascade in
response to LH indicated that a gonadotropin stimulated, protein kinase C acti-
vated, NADPH/NADH oxidase-type superoxide generator in the preovulatory
follicle exists and may be a regulating factor in ROS production during ovulation
[18]. Behl and Pandey [34] investigated whether changes in the antioxidant
enzyme catalase (which converts H2O2 to H2O and O2) and estradiol activity of
ovarian follicular cells in various stages of development varied with FSH. Gran-
ulosa cells isolated from dissected goat ovarian follicles indicated that large fol-
licles ([6 mm) exhibited greater catalase activity than granulosa cells from small
(\3 mm) or medium (3–6 mm) sized follicles. After a uniform dose of FSH
(200 ng/mL), both catalase activity and estradiol release were greater in large
follicles than in medium or small follicles. Since the dominant follicle will be the
follicle with the highest estrogen concentration, the concomitant increases in
catalase and estradiol in response to FSH suggest a role for catalase in follicular
selection and prevention of apoptosis.

ROS-dependent oxidation of lipoproteins into oxidized low-density lipoprotein
(oxLDL) and the up-regulation of its lectin-like oxLDL receptor-1 (LOX-1) occurs
in endothelial cells [35]. Recently, Bausenwein and colleagues [36] established
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that oxLDL and LOX-1 are present in follicular fluid or human granulosa cells and
are elevated in obese women.

Detoxification of ROS (produced by active metabolism) by aldo–keto reductase
appears to contribute to the maintenance of the genital tract [22]. In fact, granulosa
cells and the epithelia of the genital tract produce high levels of aldose reductase
and aldehyde reductase [37].

In a rat model, maternal under-nutrition resulted in reduced offspring ovarian
follicle numbers and mRNA levels of regulatory genes and may be mediated by
increased ovarian OS coupled with a decreased ability to repair the resultant
oxidative damage [38]. OS may induce DNA damage and trigger apoptosis of the
follicle [39]. An in vitro crossover study of temporal effects of sow FF suggested
that a major role of FF is to provide protection from OS [40]. Maturation with FF
relative to the control medium for all or part of in vitro maturation (IVM)
increased cumulus expansion and progesterone production and decreased the
incidence of cumulus cell apoptosis (p \ 0.05). Granulosa cell hypoxia is physi-
ological during follicular growth [41]. Low oxygen tension stimulates follicular
angiogenesis, needed for follicular growth and development. Impairment of
angiogenesis within ovarian follicles contributes to follicular atresia [42]. ROS
may act as signal transducers [43] or intracellular messengers [44] of the angio-
genic response.

SOD catalyzes the dismutation of superoxide radicals (O2
-) to O2 and H2O2 and

plays an essential role in the defense against oxygen toxicity [45]. In human
tissues, there are two forms of intra-cellular SOD: mitochondrial manganese SOD
(MnSOD) and cytoplasmic copper/zinc SOD (Cu/ZnSOD) [46]. Mitochondria are
the major consumers of cellular oxygen, thereby providing support to the
hypothesis that ROS are involved in intracellular signaling between tissue hypoxia
and angiogenic response. Basini et al. [47] studied the response of antioxidant
enzymes (SOD, catalase, peroxidase) and ROS in granulosa cells isolated from
swine follicles and held in normoxic, hypoxic, and anoxic environments. ROS
were decreased (p \ 0.05) and SOD and peroxidase activities were significantly
increased (p \ 0.05) by hypoxic and anoxic compared to normoxic conditions, but
the difference in activity between the two test conditions was not statistically
significant. Catalase activity was unaffected by hypoxic or anoxic conditions.
Catalase may exhibit lack of change as it is located in peroxisomes [48], whereas
SOD and peroxidase are found in the cytoplasm or the mitochondria. High SOD
concentrations in the FF have been associated with oocytes that failed to fertilize
[49]. SOD levels have been positively correlated with ovarian steroidogenesis
[50], and preovulatory antral follicles demonstrate lipid peroxidation [2] and
regulation of follicular hydroperoxides may be mediated by GSHPx [51].

In a series of 56 subjects undergoing IVF and 13 age-matched healthy controls,
FF and serum samples were compared for levels of lipid peroxidation, reduced
glutathione, GSHPx, and vitamins A, E, and C [52]. Lipid peroxidation levels in
serum and FF of patients undergoing IVF were lower and vitamins A and C and
GSHPx concentrations in FF were higher than among controls. After 45 days of
multivitamin and mineral supplementation, described in detail in Ozkaya et al.
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[53], there were decreases in FF and serum lipid peroxidation levels along with
increases in serum GSH, vitamin C and E concentrations, and GSHPx and vitamin
C concentrations in FF. These results suggest that multivitamin and mineral
supplementation in women undergoing IVF may strengthen the antioxidant
defense system by decreasing OS.

4.3.1 Antioxidants in Folliculogenesis

OS and apoptosis are consequences of folliculogenesis, follicular atresia, and luteal
regression. However, the ROS increase can be countered (be it desirable or
undesirable) by antioxidant status [27]. Estradiol has been shown to have anti-
oxidant properties and at high concentrations, perhaps by an antioxidant mecha-
nism, suppressed basal and H2O2-induced apoptosis in sheep ovarian surface
epithelial cells [54]. This is in contrast with some recent evidence that estradiol at
0.1 lM for a minimum of 24 hours produced oxidative DNA damage in mouse
ovarian surface epithelium, and that this damage can be prevented by vitamin E
[55]. Follicular ROS initiate apoptosis whereas follicular GSH, in addition to FSH,
protects against apoptosis in cultured preovulatory rat follicles [56]. Oocyte GSH
synthesis is believed to be stimulated by low-molecular weight thiol compounds
including cysteine, cysteamine, and b-mercaptoethanol [57, 58]. Supplementation
of cysteamine during IVM of sheep oocytes indicated that a single cysteamine
supplement of 200 lmol increased morula and blastocyst development (p \ 0.05),
but no such effect was found with IVM b-mercaptoethanol supplementation.
However, both cysteamine and b-mercaptoethanol supplementation were found to
decrease intracellular peroxidase content, most likely via increased GSH synthesis
[59]. Interestingly, increased serum GSHR was significantly associated with
decreased time to pregnancy in 83 female participants in a prospective study with
preconception enrollment [60]. No statistically significant associations were found
with GSHPx, SOD, catalase, or thiobarbituric acid. There is also evidence that OS
could be sensed by cytokeratin-positive (CK +) granulosa cells and that changes in
catalase and GSHPx activities in the preovulatory follicular fluid might indicate an
ovarian disorder and have clinical significance [61].

Uterine peroxidase and uterine alkaline phosphatase are estrogen-inducible
enzymes associated with uterine growth [62]. Histological analysis indicated that
ovaries of rats on a 70-days vitamin E deficient diet showed degenerated follicles,
follicles with increased diameter, and hypertrophy of the granulosa cells, whereas
control animals exhibited healthy, large follicles [63]. In addition to vitamin E,
other antioxidants such as manganese (a cofactor for SOD) are known to influence
LH secretion in female rats [64] and ascorbic acid (vitamin C) has been shown to
stimulate gonadotropin release in male rats [65], thus suggesting that antioxidants
stimulate the release of gonadotropins from the anterior pituitary.

Melatonin and its metabolites are free radical scavengers and also modulate
gene transcription for antioxidant enzymes [66, 67]. A recent investigation of the
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link between OS and poor oocyte quality among women undergoing IVF and
embryo transfer indicated that the concentration of 8-hydroxydeoxyguanine (8-
OHdG), a biomarker of oxidative DNA damage, was significantly greater in the FF
of women with a high rate ([30%) of degenerative oocytes [68]. Subsequent
fertilization rate was improved in a subset of women who failed to become
pregnant in the previous IVF-embryo transfer cycle when they were provided with
3 mg of melatonin per day, 600 mg a-tocopherol (vitamin E) per day, or both
melatonin and a-tocopherol from the 5th day of the previous menstrual cycle to
day of oocyte retrieval. Compared with the previous IVF cycle, administration of
any of the three treatments was associated with a significantly reduced intrafol-
licular concentration of 8-OHdG (p \ 0.05). Hexanoyl–lysine adduct (a measure
of lipid peroxidation) was significantly reduced by treatment with a-tocopherol.

Basini et al. [47] reported that ROS, under moderate concentrations, play a role in
signal transduction processes involved in growth and protection from apoptosis.
The in vitro effects of antioxidants and OS on proliferation of rat thecal-interstitial
(T-I) cells were investigated by Duleba et al. [69]. T-I cells develop in the secondary
follicle stage and control follicle growth and atresia, regulate ovarian steroidogen-
esis, and may provide mechanical support for ovarian follicles [70]. ROS were found
to induce a biphasic effect with lower concentrations inducing T-I proliferation
(p \ 0.01) and higher concentrations inhibiting proliferation (p \ 0.01), suggesting
that controlled levels of ROS may be needed to maintain DNA synthesis, T-I cell
proliferation, and growth of ovarian mesenchyme. It is uncertain whether these in
vitro results can be extrapolated to the in vivo environment.

4.4 Secondary Oocyte Quality

It is hypothesized that ROS are released in connection with follicle rupture and are
involved in the process itself, possibly as a result of production by inflammatory
cells, such as macrophages and neutrophils [22]. Chao and colleagues [71]
investigated murine oocyte competence, ovarian mitochondrial DNA (mtDNA)
mutation, and oxidative damage after repeated ovarian hyperstimulation by
exogenous gonadotropin. With repeated stimulation, an increase in degenerative
oocytes and ovulated immature oocytes was seen, indicating a decrease in oocyte
quality. Ovarian oxidative damage increased with repeated cycles of stimulation,
with a statistically significant increase in lipid peroxides and an increase in 8-
OHdG, between the first and sixth cycles (p \ 0.05). In addition, an increase in
mtDNA large-scale deletions was noted with increased ovarian stimulation.
Related work by Tarin et al. [72] suggests that the timing of antioxidant admin-
istration may affect the number and quality of ovulated oocytes in female mice, as
assessed by morphology and chromosome distribution. Mice were administered a
mixture of vitamins C and E beginning early (after weaning) or late (beginning at
32 weeks of age), continuing through sacrifice at 40–42, 50–52, or 57–62 weeks
after exogenous stimulation [72]. Overall, ovulated oocyte quality was evaluated
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by summation of the number of retrieved oocytes and total percentage of ovaries
exhibiting morphological traits indicative of apoptosis at all three time points of
sacrifice from both antioxidant supplementation groups combined and compared to
the control. An increased number of normal MII oocytes was observed
(p = 0.039), and percentage of apoptotic oocytes decreased (p = 0.041), in the
antioxidant group compared to the control group. The preventive effects of sup-
plementation were greatest when supplementation began after weaning and con-
tinued to time of sacrifice.

GSH is thought to be a highly relevant biochemical marker for mammalian
oocyte viability [58, 73]. Levels of GSH from samples collected during hamster
IVM indicated ovulated oocytes suspended in metaphase of MII, along with their
associated cumulus cells, have approximately double the GSH concentration
compared to immature germinal vesicle stage oocytes [73]. Increased GSH was
also found through the preimplantation stage in bovine oocytes [57].

Nitrogen oxide species (RNOS) are derived primarily from nitric oxide (NO).
Nitric oxide synthase (NOS), partially encoded by the genes inducible NOS (NOS
II) and endothelial NOS (NOS III), is expressed in the ovary and data suggest that
the NOS II-NO-(cyclic GMP) system plays a role in oocyte meiotic maturation
[22, 74].

4.5 Corpus Luteum Function

ROS are generated by the corpus luteum (CL) via the monooxygenase reaction as a
byproduct during steroid hormone synthesis, when mitochondrial P450 systems
can represent an additional burden over the common OS of the respiratory chain
[33].

Antioxidants such as b-carotene (giving its bright yellow pigmentation), a-
tocopherol, and vitamin C [19, 33] scavenge ROS, protect against oxidative
damage of P450 systems and are contained in high concentrations in the CL. The
levels of b-carotene and a-tocopherol in bovine CL mirror both the ovarian cycle
and plasma progesterone levels [75, 76]. ROS are produced during luteal regres-
sion, where they play a role in apoptosis [19]. Activities of SOD, catalase and
other antioxidant enzymes in various human and mammalian CL seem to parallel
the steroidogenic capacity of the cells [33].

4.6 Steroidogenesis

Overexposure of the ovary to H2O2 causes uncoupling of the LH receptor from
adenylate cyclase, with consequent impairment of protein synthesis and choles-
terol utilization by mitochondrial P450 side chain cleavage (P450scc), most likely
through impaired production of steroidogenic acute regulatory protein (StAR)
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[19]. StAR is responsible for transport of cholesterol to the inner mitochondrial
membrane, where P450scc converts cholesterol to pregnenolone [19]. Lecithin-
cholesterol acyltransferase (LCAT) plays an important role in reverse cholesterol
transport and estrogen synthesis in the follicle. Cigliano and colleagues [77]
investigated the estrogen: progesterone ratio and LCAT activity following titration
of vitamin C and a-tocopherol in human preovulatory FF. A positive association of
high FF LCAT activity was noted with vitamin C and a-tocopherol accumulation,
and vice versa—lower activity was associated with consumption of vitamin C and
a-tocopherol. The evidence suggests that the mature follicle appears to accumulate
these vitamins in the FF to protect LCAT from oxidative damage and promote
steroidogenesis.

4.7 Fertilization

Oocyte GSH concentrations fluctuate with the cell cycle, being highest during
meiotic metaphase, the critical period for spindle growth and development and for
sperm chromatin remodeling [73]. High GSH concentrations may also aid in
meiotic spindle formation [78]. Thus, exposure to OS before fertilization appears
to disrupt the meiotic spindle and increase risk of abnormal zygote formation. The
activity of ROS generated during gamete fusion is inhibited, due to increased
production of antioxidants, particularly SOD [27]. As a result, it is unlikely that
O2

- affects gamete fusion when adequate antioxidant defenses are available [79].
High levels of secreted GSHR in the epithelia of the oviducts may indicate
involvement in fertilization and embryo development and provide protection for
oocytes against excessively produced ROS that occur during ovulation [22, 23].

4.8 The Oocyte and In Vitro Fertilization

During IVF, the FF removed from the ovary has no therapeutic use and has
become a ‘‘biological window’’ [30] for understanding the environment of the
mature oocyte in infertility. Oyawoye et al. [80] prospectively evaluated TAC with
the Ferric Reducing Antioxidant Power (FRAP) assay, using FF collected from 63
women undergoing oocyte retrieval for IVF after controlled ovarian stimulation.
Baseline TAC did not differ with oocyte presence in the follicles, although it was
significantly higher in FF samples of those oocytes that achieved successful fer-
tilization. However, significantly lower baseline TAC was observed in the FF
where the resultant embryo survived to the day of transfer. This discrepancy may
be due to the effects of ROS being dependent on the stage of embryo development
[80]. The percent of TAC loss 72 hours post-harvest did not differ significantly
between follicles containing oocytes and those that did not, nor did it differ by
fertilization status or embryo survival to time of transfer. These results suggest that
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antioxidant consumption in FF may have little value in predicting successful
fertilization and embryo viability up to the time of transfer. However, the variation
in outcomes may also reflect differential impact on OS by the various causes of
infertility and confounding by indication for IVF.

A recent longitudinal study identified that IVF treatment itself induced the
production of ROS, reflected by decreased tocopherols, TAC (measured by the
2,20-azobis-3-ethylbenzthiazoline-6-sulfonic acid decolorization method), and
time at which oxidation rate was maximal [81].

ROS and TAC were measured by chemiluminescence in the FF of 53 women
undergoing IVF by Attaran et al. [82]. They noted that significantly higher FF ROS
levels were present in individuals who became pregnant compared to those who
did not, although TAC did not differ by pregnancy status. Significantly, lack of a
reference value for healthy women with unstimulated cycles prevents comparison
of the study population with a healthy fertile population. Nonetheless, these
findings suggest physiologic concentrations of FF ROS may be indicative of
healthy developing oocytes, a metabolically active system and a potential marker
of IVF success.

In a series of 189 women undergoing IVF, Wiener-Megnazi et al. [30] used a
thermochemiluminescence (TCL) assay to measure OS in FF samples. After
controlling for age, OS was found to be positively correlated with the number of
retrieved mature oocytes (p \ 0.0001). All pregnancies occurred when the FF
TCL amplitude at 50 s was within the range of 347–569 counts per second (cps).
With 385 and 569 cps as limits for the occurrence of conception, the negative
predictive value beyond this range was 96% and the positive predictive value was
32% (p \ 0.004). These results suggest a beneficial threshold level for OS. The
existence of an acceptable threshold level was also suggested in the evaluation of
208 FF samples from 78 women undergoing controlled ovarian stimulation [83].
Similar to the findings of Pasqualotto et al. [84] who failed to find an association
with lipid peroxidation and TAC, oocyte maturity did not vary with the changing
levels of ROS and lipid peroxidation, in either grade II or grade III oocytes.
However, the Das et al. [83] study also found an overall negative correlation
between ROS in FF and embryo quality, similar to the association of lower TAC
with decreased fertilization potential shown by Oyawoye et al. [80]. Uniquely, Das
et al. [83] reported a favorable effect of ROS on percent embryo formation up to
approximately 100 cps in both grade II and grade III oocytes, after which embryo
formation declined. More recently, authors from the same institution published a
series of 803 FF samples from 128 women demonstrating increased ROS pro-
duction in FF was associated with an elevated level of lipid peroxidation and
decreased TAC, further indicating significant negative correlations between ROS
and IVF outcome parameters including oocyte quality, fertilization rate, and
embryo quality in tubal factor patients [85]. Pasqualotto et al. [84] reported both
lipid peroxidation and TAC to be positively correlated with pregnancy, but not
fertilization rate. However, the nonparametric nature of the correlation precludes
the ability to detect differences over the continuum of values.
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Many thiols are capable of scavenging free radicals. However, homocysteine
(Hcy) is a sulfur-containing amino acid produced primarily in vivo during
demethylation of methionine during DNA/RNA methylation and appears to pos-
sess some prooxidant activity [86, 87]. Plasma Hcy is negatively associated with
fruit and vegetable consumption, folate and vitamin B6 and B12 levels, and
endurance exercise and positively associated with alcohol consumption, caffeine
intake, and tobacco use [88]. Elevated Hcy induces endothelial dysfunction and
promotes disease of the vasculature, in part by reducing the availability of NO and
activation of protease activated receptors (PARs) to generate ROS [87]. Ebisch
et al. [89] measured concentrations of Hcy, GSH, cysteine, and cysteinylglycine in
FF of 156 women undergoing infertility treatment. Hcy was negatively associated
with embryo quality on culture day three (OR = 0.58, 95% CI 0.35–0.97), sug-
gesting that Hcy is inversely related to fertility outcome. In a separate study of
single oocytes at the time of retrieval, FF Hcy levels were negatively correlated
with follicular fluid vitamin B12, folate and fertilization rate, and positively cor-
related with FF malondialdehyde, a biomarker of lipid peroxidation [90].

4.9 The Effects of Exogenous Agents

Diet modulation provides indirect evidence of the importance of OS and its control
with antioxidant intake. For example, preconceptional multivitamin supplemen-
tation may enhance fertility, perhaps by increasing menstrual cycle regularity [91,
92] or via prevention of ovulatory disorders [93]. In contrast, caffeinated beverages
are associated with decreased fertility [94].

Cigarettes and alcohol both cause decreased fertility in women [95], probably, in
part, due to an increase in OS. Cigarette smoke is well known to increase systemic OS
[96] and ethanol metabolism generates ROS through the electron transport chain. Both
cigarette smoking and alcohol consumption may lead to lipid peroxidation, protein
oxidation, and DNA damage. However, this may be confounded by differing dietary
intakes, including that of vitamin C and a-tocopherol, in smokers [97]. Increased ROS
are present in FF of smokers, and they have a lower IVF success rate [98]. Smokers
(n = 17) have also been found to have lower concentrations of FF b-carotene and
decreased IVF success compared to nonsmokers (n = 43) [99]. The authors found no
smoking-related differences in FF or plasma concentrations of vitamin E or lycopene,
which suggests follicular loss of b-carotene occurs in response to OS due to smoking.
b-carotene has previously been reported to be one of the micronutrients whose
concentration is most strongly influenced by smoking [100].

Environmental pollutants acting as endocrine disruptors, or in an otherwise
antagonistic manner, may interfere with ovarian development, folliculogenesis, and
steroidogenesis [101]. Many of these contaminants have prooxidant capabilities, but
oxidation is not likely to be the mechanism behind the endocrine disruption. Plastics
(e.g., phthalates), industrial compounds (e.g., polychlorinated biphenyl, PCB), pesti-
cides (e.g., dichlorodiphenyltrichloroethane, DDT; methoxychlor, MXC; vinclozolin;
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and atrazine), detergents and surfactants (e.g., octylphenol, nonylphenol, bisphenol-A)
have potential estrogenic, anti-estrogenic, and/or anti-androgenic effects, thus poten-
tiating the ability to mimic endogenous hormone mediated mechanisms and interfere
with normal female fertility [101]. There is evidence from in vitro studies in rat ovary
and uterus that exposure to mercury and cadmium decreases the quantity of ATP via
reduction in the ATP-hydrolyzing enzyme. This reduction may affect mammalian
fertility [102], but in a Japanese study, self-reported time to pregnancy was not asso-
ciated with hair mercury concentration among 193 women [103].

4.10 Conclusion

The role of OS in female oogenesis and folliculogenesis is an area requiring
continued research. The scientific evidence suggests that OS is an important mediator
of conception, although there appears to be a threshold for the benefit or harm from
OS, depending on anatomic location and stage of preconception. For example,
resumption of MI is induced by an increase in ROS and inhibited by a high antiox-
idant status, and low FF ROS are associated with successful IVF procedures, perhaps
as an indication of a healthy, metabolically active follicle. In addition, care must be
given to acknowledge any undesirable effects of excessive vitamin supplementation
[104]. Human research investigating OS can be especially challenging. In vitro
studies of humans and other mammals offer promising insight, but the nature of these
experiments can introduce additional OS not found in vivo. In addition, most studies
of FF composition are conducted in women undergoing IVF where follicle matu-
ration is stimulated with exogenous hormones, creating a milieu that differs from the
FF of women not undergoing ovarian stimulation.

4.11 Bullet points

• The apparent benefit of dietary antioxidants for MII and detriment for MI
progression implies a complex, multifunctional role for ROS in the ovarian
environment over the continuum of concentration, and developmental stages.

• The resumption of meiosis is induced by elevated ROS and inhibited by anti-
oxidants, suggesting that the preovulatory follicle is an important promoter of
the ovulatory sequence via regulated generation of ROS.

• Mature follicles appear to accumulate antioxidant vitamins in the FF to protect
lecithin-cholesterol acyltransferase from oxidative damage and promote
steroidogenesis.

• Oxidative stress and apoptosis are consequences of folliculogenesis, follicular
atresia and luteal regression and can be modulated by increases in antioxidant
defenses.
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• A positive association among FF, E2, and TAC suggests E2 may also play a role
in the ovarian antioxidant–oxidant balance in granulosa cells.

• Physiologic concentrations of ROS in FF may reflect healthy developing
oocytes and serve as a potential biomarker of IVF success.

• Most studies of FF composition are conducted in women undergoing IVF where
follicle maturation is stimulated with exogenous hormones, creating a milieu
that differs from the FF of women not undergoing ovarian stimulation.

• The corpus luteum contains high levels of both ROS and antioxidant enzymes.
• Activities of SOD, catalase, and other antioxidant enzymes in corpora lutea

appear to parallel cellular steroidogenic capacity.
• Age-related decreases in antioxidant status may induce apoptosis during luteal

regression and lead to decreased progesterone synthesis.
• Preconceptual multivitamin supplementation may enhance fertility by increas-

ing menstrual cycle regularity and/or preventing ovulatory disorders.
• Multivitamin and mineral supplementation in women undergoing IVF may

strengthen the antioxidant defense system by decreasing OS.
• OS is an important mediator of conception, although there appears to be a

threshold for its benefit or harm depending on anatomic location and stage of
preconception.
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Chapter 5
Placental Vascular Morphogenesis
and Oxidative Stress

Amani Shaman, Beena J. Premkumar and Ashok Agarwal

Abstract The placenta is a hemochorial organ, meaning that it is directly bathed
by maternal blood. Favorable fetal growth depends on optimal placental evolution
and development, as it represents the interface between the maternal and fetal
environments. The placenta plays a crucial role in fetal nutrition, respiration, and
hormone synthesis. Vasculogenesis and angiogenesis are essential for normal
placental development and effective maternal-fetal exchange. The onset of
maternal circulation to the placenta is associated with a burst of oxidative stress
(OS). This OS can serve at a physiological level to trigger pathways of differen-
tiation in the regulation of villous remodeling, trophoblastic invasion, and pro-
duction of angiogenic factors. In excess, however, OS can lead to the development
of complications involving the placenta, such as fetal loss, preeclampsia, and
intrauterine growth restriction.
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5.1 Introduction

The placenta is a hemochorial organ, meaning that it is directly bathed by maternal
blood. It derives from trophoectoderm cells originating in the extraembryonic con-
ceptus [1, 2]. The placenta acts as an organ for fetal nutrition, respiration, hormone
synthesis [3] through a complex, and highly vascularized capillary network.

The normal progression of placental vasculogenesis and angiogenesis are
responsible for establishing maternal–fetal transfer and exchanges. Vessel for-
mation de novo is described as vasculogenesis, while angiogenesis refers to the
formation of new vessels from pre-existing vessels [4–6]. By the end of gestation,
the placenta will have developed a capillary network that spans up to 550 km in
length and 15 m2 in surface area for effective maternal-fetal exchange [7].

In addition to stimulating placental development, a hypoxic setting is necessary
during early pregnancy (pO2 \ 20 mm Hg, or *5 % O2) to protect the devel-
oping embryo from the teratogenic effects of reactive oxygen species (ROS)
during critical phases of organogenesis [8–10]. In normal pregnancies, the onset of
intraplacental maternal arterial circulation is associated with a degree of oxidative
stress (OS). However, above a certain level, OS can impair the development of
placental vascular networks and result in pregnancy complications, such as
pregnancy loss, preeclampsia, and intrauterine growth restriction (IUGR).

5.2 Placental Development

The placenta is in a constant state of growth and differentiation throughout
pregnancy to ensure for effective maternal-fetal exchanges. The development of
placental vessels and trophoblasts occurs through a chain of complex and highly
regulated processes (Fig. 5.1) [7, 11].

The invasion of the maternal spiral arterioles by the endovascular trophoblast
early in pregnancy establishes a conduit of high flow and low resistance to perfuse the
intervillous space [2]. The occlusion of the maternal spiral arteries by endovascular
trophoblast cell plugs is responsible for the low O2 tension associated with early
pregnancy. At the end of the first trimester, the release of these plugs causes an
increase in O2 tension, which triggers the development of OS in the placenta [12, 13].

5.3 Placental Vascular Morphogenesis

By day 21 post-conception, the first morphological evidence of vasculogenesis can
be observed in the mesenchymal villi. Unique pluripotent mesenchymal cells found
under the cytotrophoblastic layer differentiate into hemangioblastic cells, which will
later give rise to endothelial and hematopoietic cells [14]. As early as 23 days
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post-conception, primitive capillaries can be recognized [3]. The anatomical con-
nection to the embryonic circulation develops around 32–35 days post-conception,
when the villous capillaries fuse with allantoic vessels [7].

The development of capillary networks during the first and early second trimesters
can result from two mechanisms: (1) the elongation of pre-existing endothelial tubes
by non-branching angiogenesis and (2) lateral extension of these endothelial tubes,
also called sprouting angiogenesis [7, 15]. After 25 weeks of gestation, the pattern of

Fig. 5.1 Effects of hypoxia on placental and fetal development Reprinted with permission,
Cleveland Clinic Center for Medical Art and Photography � 2004–2011. All Rights Reserved
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vascular growth shifts towards non-branching angiogenesis, and the total capillary
lengths increase until term [16].

Thinning of trophoblastic epithelium between the maternal and fetal circulations
produces an entity known as the vasculosyncytial membrane. This membrane provides
regions for adequate diffusional exchange between the two circulations [7, 15]. The
formation of capillary sinusoids facilitates exchanges between maternal and fetal
circulation. In addition, these sinusoids increase the vessel diameter, reducing the flow
rate around the vasculosyncytial membrane, which gives more time for maternal-fetal
exchanges to take place. Within the fetal capillary network, sinusoid formation can
lessen the vascular resistance, allowing for equal distribution of blood flow throughout
the villous tree (Fig. 5.2) [3].

5.4 Factors that Regulate Vasculogenesis and Angiogenesis
in the Human Placenta

The normal vascular development of the placenta is contingent upon the regulated
balancing of actions between angiogenic stimulators and inhibitors to maintain vascular
integrity and normal placentation for the advancement of vasculogenesis and angio-
genesis. If these interactions are altered, changes within the placenta can occur, potentially
leading to negative outcomes. Although these factors have unique functions, their
synergistic effects promote optimal progression of these vascular processes, and thus

Fig. 5.2 Vasculosyncytial
membrane in the terminal
villi Reprinted with
permission, Cleveland Clinic
Center for Medical Art and
Photography � 2004–2011.
All Rights Reserved
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ensure effective vascular development and placental exchange for favorable fetal growth.
Placental O2 tension and concentration are key regulators of placental development and
the expressions of several growth factors are mediated by local O2 concentration [7].

5.5 Vascular Endothelial Growth Factor

The main growth factor involved in vasculogenesis and angiogenesis is vascular
endothelial growth factor (VEGF). VEGF is stimulated in response to hypoxia
within placental tissue [17–19] and is suppressed by hyperoxia [19].

VEGF is predominantly expressed as VEGFA by cytotrophoblastic cells during
early gestation. Later on in pregnancy, VEGFA is expressed by mesenchymal cells and
macrophages, called Hofbauer cells [14, 20, 21]. VEGFA promotes the differentiation
of mesenchymal cells in the villous core into hemangioblastic cells and stimulates
endothelial cell proliferation, migration, apoptosis, and vascular permeability. These
processes support early vessels in angiogenic remodeling and capillary network
formation within the mesenchymal villous core [7, 20].

VEGFA acts through two receptors: Flt-1 and KDR, which are also referred to as
VEGFR-1 and VEGFR-2, respectively [20]. Flt-1 is found in trophoblastic and endo-
thelial cells, while KDR exists in villous endothelial cells [14, 20, 21]. When O2 levels
are low, VEGFA regulation occurs through message stability or transcription [17].

Another receptor, known as soluble Flt-1 (sFlt-1) is expressed by villous
endothelium, macrophages, and the trophoblast. It acts as an inhibitor of VEGFA
[20], blocking interactions between VEGF and its receptors and is recognized to play
an essential role in the regulation of angiogenesis via binding to VEGF and placental
growth factor (PIGF) [22]. The activity of sFlt is increased in hypoxia, while under
40 % O2, its levels have been observed to be significantly decreased [23].

5.6 Pigment Epithelium-Derived Factor

Pigment epithelium-derived factor (PEDF) is considered a potent anti-angiogenic
factor that is present in most body tissues [24], including the placental vessels and
trophoblasts of normal pregnancies [25]. As an angiogenic inhibitor, PEDF has
been demonstrated to counteract [26, 27] the effects of sustained VEGF activity,
such as weakening of vascular junctions and leaking of vessels [28].

5.7 Placental Growth Factor

PIGF is considered a member of the VEGF family and is highly expressed in the
extravillous trophoblast. PIGF acts by binding to the Flt-1 receptor and is
increasingly expressed toward term. The specific role of PIGF in placental vessel
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development is unclear, however, it has been suggested to participate in angio-
genesis, rather than vasculogenesis [7, 29].

The expression of PIGF is down-regulated in hypoxic settings. Premature
placental hyperoxia driven by PIGF early on might lead to reduced branching
angiogenesis and unsuccessful formation of terminal villi [23].

5.8 Angiopoietins

Angiopoietins are important growth factors that are present in two forms, ANG-1
and 2, and are located in the villous trophoblast [7]. Both ANG-1 and ANG-2 act
through the tyrosine kinase receptor, Tie2, in villous endothelial cells and the
trophoblast. ANG-1 helps to stabilize newly formed vessels by promoting the
survival of endothelial cells. It also plays a role in the final stages of vascular
remodeling, leading to the development of a more complex vascular network [30].
ANG-2 acts as functional antagonist to ANG-1 by destabilizing vessels and
increasing their susceptibility to the angiogenic effects of VEGFA. In the absence
of a stimulus for ANG-2 expression, vessels will regress [29].

5.9 Hypoxia Inducible Factor

As its name suggests, hypoxia inducible factor (HIF) is stimulated in hypoxic
settings. In particular, HIF-1 is involved in the maintenance of homeostasis as well
as the transcription of certain genes, including VEGF and erythropoietin [31–33],
both of which are stimulated by hypoxic conditions [34]. HIF can also be mediated
by factors, such as hormones, cytokines, and growth factors [35].

HIF-1a and HIF-2a are expressed in the syncytiotrophoblast, villous cytotro-
phoblast, and the feto-placental vascular endothelium. During the first trimester of
pregnancy, the levels of both HIF-1a and HIF-2a are increased. As pregnancy
progresses, their levels decline [35]. Hypoxic conditions up-regulate the expres-
sion of HIFs. Thus, the low O2 tension setting of early pregnancy required for
favorable feto-placental development is heavily regulated by HIFs [1, 36].

5.10 Oxidative Stress and Reactive Species

The increase in O2 tension caused by the onset of maternal circulation into the
intervillous spaces leads to transient placental OS [12]. The progressive nature of
placental OS from the periphery to the center limits the impact of oxidative
damage [37]. During this time, OS helps in placental remodeling, leading to
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regression of superficial villi by increasing cell death. OS also promotes the
transformation of the chorion frondosum into the chorion laeve, giving the pla-
centa its discoid shape [38].

Placental OS develops as a result of a temporary imbalance between the
increased production of ROS secondary to elevated O2 tension and the simulta-
neous activity of antioxidant defense mechanisms [12].

Reactive oxygen species generated in the placenta most commonly includes the
superoxide (SO) anion. Other ROS are the hydroxyl radical, hydrogen peroxide
(H2O2), and peroxynitrite (ONOO-). Nitric oxide (NO) and carbon monoxide
(CO) are other reactive species that can be produced in the placenta.

5.11 Superoxide Anion

Placental production of the SO anion can occur by NADPH oxidase (NOX), which
is present in Hofbauer cells in the form of NOX-2. Two other isoforms, NOX-1
and NOX-5, have been identified in the syncytiotrophoblast and vascular endo-
thelium. These isoforms may play an important role in the generation of ROS and
in O2-sensing [39, 40]. The enzyme xanthine oxidase (XO), present in the villous
trophoblast, stroma, and endothelial cells, can also generate the SO anion; how-
ever, its role in inducing placental OS remains unclear. Production of the SO anion
additionally occurs in the mitochondrial electron transport chain, which represents
the most important source for SO production, as 2–3 % of O2 consumed by
mitochondria is converted to SO [41].

In the placenta, the SO anion regulates angiogenesis, in addition to transcription
factors, generation of antioxidants, proliferation, and matrix remodeling [40].

5.12 Nitric Oxide

Nitric oxide can be generated by either the endothelial isoform of NO synthase
(eNOS), located in the villous vascular endothelium and the syncytiotrophoblast
[42], or by the inducible isoform (iNOS), expressed in Hofbauer cells. The
functions of NO include anti-adhesion and anti-aggregation in the syncytiotro-
phoblast [43] in addition to regulation of utero-placental and feto-placental vas-
culature and trophoblast apoptosis. It also influences the flow of blood into the
intervillous space through maternal artery dilatation [40].

Together with Flt-1, NO can down-regulate DNA synthesis of the trophoblast
and endothelial cells [44], and prevent the proliferation of vascular smooth muscle
[45]. In this way, the proliferative functions of VEGF-activated KDR might be
opposed by NO-regulated growth in trophoblast and endothelial cells [44].
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5.13 Peroxynitrite

The concomitant presence of the SO anion and NO in the placenta fuels formation
of the oxidant, ONOO-, which in turn affects NO levels to the extent of altering
physiological processes [46]. In the feto-placental vasculature, ONOO- dimin-
ishes levels of the vasodilator NO, leaving the vascular resistance unregulated.
Nitration and consequent suppression of placental iNOS could potentially con-
tribute to the vasoconstriction seen in preeclampsia [40]. Furthermore, inhibition
of SO dismutase (SOD) activity by ONOO- could intensify OS [47]. Endoplasmic
reticulu, (ER) stress can also be stimulated by ONOO-, as has been demonstrated
in trophoblasts [40, 48].

5.14 Carbon Monoxide

In many body tissues including the placenta, the vasodilator, CO [49], is synthe-
sized during the oxidation of heme by the antioxidant enzyme, heme oxygenase
(HO). In the placenta, HO is present in three isoforms. HO-1 has been found in
villous trophoblastic cells, and the presence of HO-2 has been noted in endothelial
and smooth muscle cells of the placental villi vasculature [50], with the protein
content of HO-2 being higher than HO-1 in the placenta [51–53]. Compared with
HO-1 and HO-2, the HO-3 isoform is relatively inactive [54, 55]. Placental HO has
been identified in the syncytiotrophoblast, endothelium, and smooth muscles of the
umbilico-placental vasculature [50, 51].

CO has been shown to exhibit NO-like properties including vasodilation [56,
57], anti-aggregation of platelets [58], and is suggested to be an important anti-
apoptotic and anti-inflammatory mediator [59–61].

Amounting evidence suggests that CO is essential for the normal development
of the placenta and proper execution of placental functions. Sustained vasodi-
lation of the spiral arterioles and placental vasculature was observed with
administration of exogenous CO, resulting in reduction of placental vascular
resistance [62]. CO has also been reported to exert a cytoprotective effect in
placental tissues through the inhibition of apoptosis caused by hypoxia-
reoxygenation (H/R) in the syncytiotrophoblast [63]. Moreover, it has been
suggested that in the placenta, CO may play a joint role with NO in hemody-
namic regulation [51–53].

5.15 Oxidative Stress and Antioxidants

In the placenta, the presence of OS can regulate the concentrations and activities of
several essential antioxidant enzymes, allowing it to accommodate to the new high-
O2 environment [37]. Up until 10-12 weeks of gestation, placental antioxidant
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defenses are absent [64]. After this time, the placental mRNA expressions of anti-
oxidants increase as O2 tension rises. Both enzymatic and non-enzymatic antioxidant
defense systems are present in the placenta. They consist of SOD, including Mn-SOD
and Cu/Zn-SOD, catalase, glutathione peroxidase (GPX), glutathione S-transferase,
thiol/disulfide oxidoreductase, and vitamins C and E [43].

The expressions and activities of catalase and GPX in the placenta depend on
their locations in placental lobule, with higher expressions in the center compared
to periphery of the lobule. These changes may reflect O2 gradients between the
center and the periphery of the lobule, with the center being well-oxygenated
secondary to the flow of maternal blood. On the other hand, the activity and
mRNA concentration of SOD do not seem to differ throughout the placenta [37].

However, failure of the placenta to adapt to increased levels of O2 can result in
clinical consequences, such as miscarriage, preeclampsia, and IUGR.

5.16 Clinical Outcomes Associated with Oxidative Stress
and Vascular Dysfunction

5.16.1 Fetal Loss

The degree of OS depends on both the severity of the placental insult and the
efficiency of antioxidant defenses [43]. Prior to the development of these defenses,
premature, and disorganized flow of maternal blood into the intervillous space is
linked to early pregnancy loss (EPL), through the combination of ROS-induced
damage and inadequate supply of antioxidant defenses [65, 66].

In addition to the paucity of antioxidant enzymes early in pregnancy, the
syncytiotrophoblast is the first villous tissue to be exposed to the increase in O2

tension as it comes in contact with the maternal circulation [67–69]. As such, EPL
and other pregnancy complications [12] could result from insufficiently equipped
antioxidant defenses that leave the syncytiotrophoblast particularly sensitive to
OS-induced damage.

5.16.2 Preeclampsia and IUGR

The lack of maternal spiral artery conversion leads to the retention of smooth
muscle. Spontaneous vasoconstriction can occur in the spiral arteries, predisposing
the placenta to ischemic-reperfusion type injuries. The loss or reduction of arterial
blood flow to a lobule, whether transient or not, will result in decreased O2 tension.
As the trophoblast extricates blood from the intervillous space, a sharp increase in
O2 tension occurs in association with the restored inflow of maternal arterial blood
[70]. During this process, OS has been observed to result from H/R injuries and
lead to apoptosis in vitro [7, 71, 72].
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In IUGR placentas, the processes of capillary elongation, branching, and dilation
as well as formation of terminal villi do not occur sufficiently, significantly impeding
feto-placental blood flow and gas exchange. As a result, the fetus is left susceptible to
ensuing hypoxia and acidosis [73, 74]. The improper development and villous tree
injuries observed in IUGR placentas consequently depletes the syncytiotrophoblast,
limiting the maternal-fetal transfer of blood and nutrients [75].

Inadequate development of the placental vasculature may be a shared patho-
physiology between preeclampsia (Fig. 5.3) and IUGR, as they are commonly
encountered in conjunction with one another.

5.16.2.1 Hypoxia/Reoxygenation

H/R-induced impairment of placental perfusion causes placental OS, as the villi
are left exposed to the damaging effects of ROS and RNS [76]. Generalized
maternal endothelial dysfunction with subsequent development of preeclampsia
symptoms can ensue [77]. Furthermore, chronically under-perfused placental villi
could sustain injuries associated with IUGR [70].

The placental villous endothelium and trophoblast of preeclamptic pregnancies
has demonstrated higher expressions of xanthine dehydrogenase (XDH)/XO than
normal placentas. These increases have been found in concert with the presence of
nitrotyrosine residues, which indicates the formation of ONOO- and thus, OS [78].
In addition to elevated expressions in invasive cytotrophoblasts [78], high levels of
nitrotyrosine residues have also been detected in villous stromal cells, and in and
around the villous vascular endothelium of preeclamptic patients compared to
patients with normal pregnancies [46]. These findings might indicate that increased
local generation of the SO anion could be responsible for the formation of ONOO-,
along with NO production and insufficient SOD scavenging ability [70].

In the feto-placental vasculature, the formation of ONOO- depletes the vasodilator
NO, leaving the vascular resistance unregulated. Nitration and consequent suppression
of placental iNOS could potentially contribute to the vasoconstriction of preeclampsia
[40]. Furthermore, inhibition of SOD activity by ONOO- could intensify OS [47].
Increased eNOS activity has also been observed in the stem villous vasculature of
preeclamptic pregnancies compared with normal pregnancies [79].

The maternal and umbilical cord plasma of preeclamptic pregnancies contains
markedly increased levels of lipid peroxides [80], along with reduced antioxidant
concentrations [81]. Lipid peroxidation is a well-known marker of OS. An increase
in the production of lipid peroxides has been demonstrated with hypoxia, in cor-
relation with increased trophoblastic generation of sFlt-1 [82]. Taken together, OS
in preeclampsia, evidenced by increased plasma measurements of lipid peroxides,
may up-regulate the production of sFlt-1 in the placenta.
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5.16.2.2 Apoptosis

Fluctuating O2 tension in the placenta can also enhance apoptosis. In particular,
increased apoptotic activity has been reported in the syncytiotrophoblast of pre-
eclamptic placentas compared with those of normal pregnancies [71, 72]. Syncytio-
trophoblastic apoptosis has been suggested to be induced by OS resulting in
trophoblast shedding, termed ‘‘trophoblast deportation’’ [83], and subsequent maternal
endothelial dysfunction from up-regulated inflammatory responses [83, 84].

Independently and together, hypoxia and H/R can cause considerable apoptosis
[85], potentially leading to IUGR, secondary to the observed increase in activity of

Fig. 5.3 Mechanisms involved in the development of Preeclampsia Reprinted with permission,
Cleveland Clinic Center for Medical Art and Photography � 2004–2011. All Rights Reserved
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p53, a pro-apoptotic protein, in the villous trophoblast [86, 87]. Syncytiotrop-
hoblastic activation of the unfolded protein response indicates ER stress, which
also leads to apoptosis [2].

5.16.2.3 Effects of Hypoxia on Angiogenic factors

Preeclamptic conditions and IUGR with preserved end diastolic flow (PED) are
considered to be in a state of utero-placental hypoxia. The mother is normoxic, but
the placenta and fetus are hypoxic due to impaired utero-placental circulation.
Here, placental peripheral villi also show branching angiogenesis, but blood flow
to the fetus is normal or decreased [88, 89]. Placentas affected by utero-placental
hypoxia have demonstrated up-regulated VEGF and down-regulated PIGF [44].
These results indicate that VEGF was stimulated by placental hypoxia and led to
the angiogenic alterations observed in these placentas.

Reported data on VEGFA levels in relation to preeclampsia have been incon-
sistent. While some studies have recorded higher serum and plasma levels of
VEGFA in term preeclamptic patients [90–94], others have failed to produce
similar results [95, 96]. In comparison to normotensive controls of similar age,
studies have found levels of VEGF and VEGFR-1 to be increased, unchanged, and
decreased [97–101]. Likewise, inconsistencies in VEGFA and VEGFR-1 con-
centrations have also been reported in pregnancies affected by IUGR+PED. Tissue
levels of VEGFA in these conditions may be unchanged or decreased [99, 102,
103], with a higher level of VEGFR-1 [100].

In vitro, sFlt 1 is a vasoconstrictor that causes endothelial dysfunction and
supporting data from Maynard et al. [104] has demonstrated that overexpression of
sFlt1 is a causative factor. Under normoxia, as well as in response to hypoxia, the
expressions of sFlt1 and soluble endoglin (sEng) were shown to be increased in
cultured placental trophoblasts from preeclamptic patients when compared with
normal placental trophoblasts [105]. In pregnant rats, elevated sEng, an antian-
giogenic factor, has been observed to exacerbate sFlt1-induced vascular damage,
inducing a preeclampsia-like condition [106].

In vitro studies suggest that CO can increase intraplacental fetal perfusion
through vasodilation of placental blood vessels and enhanced utero-placental
blood flow to the intervillous spaces [107]. Women with preeclampsia have been
observed to have decreased expression of HO-1 [108]. Both HO-1 and its
metabolite, CO, have been reported to suppress the VEGF-induced expression of
sFlt; hence, they have been suggested to regulate elevations of the placental
expressions of sFlt and Eng [109, 110]. Pregnant mice lacking HO-1 have been
found with disordered placental vasculogenesis, increased circulating sFlt1 levels,
and hypertension [111].

The levels of HIF-1a and HIF-2a have been found to be elevated in the placental
villi of preeclamptic women compared to those with normal pregnancies [112, 113].
In addition, the HIF target gene, VEGF, is highly expressed in the placentas of
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preeclamptic and IUGR pregnancies [100], possibly implicating an acclamatory
response of the vasculature to the chronically hypoxic environment [35].

5.16.2.4 Effects of Hyperoxia on Angiogenic Factors

It has long been established that the angiogenic factor, VEGF, is crucial for the
establishment of an extensive vascular network early in placental development.
However, prolonged elevation of VEGF later in gestation could result in unfa-
vorable outcomes.

In fact, IUGR placentae have demonstrated markedly increased PIGF along
with hypoxia-induced suppression of PIGF mRNA, implicating placental hyper-
oxia in the pathogenesis of IUGR [114]. A marked increase of PIGF in placentae
affected by IUGR has been observed to stimulate trophoblast proliferation and
suppress the growth of endothelial cells. These findings might indicate that early-
onset utero-placental hyperoxia favors a shift to premature dominance of PIGF,
which accounts for reduced branching angiogenesis and absent non-branching
angiogenesis in terminal villi, as well as disrupted trophoblastic growth [23], as
observed in the placentas of IUGR pregnancies.

A marked reduction in capillary number and capillary area of terminal villi has
been observed in IUGR placentas when compared to normal term placentas [73].
In response to hyperoxia, placental branching angiogenesis ceases with the altered
expressions of angiogenic factors in the placental villi [115, 116]. The relative
hyperoxia is a possible explanation for the decrease in VEGF, increase in PIGF,
and altered angiopoietin expressions encountered in IUGR placentas, since O2

regulates these factors in different manners [29, 114]. Given that angiogenesis is
stimulated in hypoxic settings, it will likely be inhibited by hyperoxia between the
intervillous space and placental villi of IUGR pregnancies [117].

5.17 Conclusion

Vasculogenesis and angiogenesis are essential for normal placental development and
effective maternal-fetal exchange. Many factors that regulate placental vascular
development are regulated by O2; therefore, maintaining an appropriate level of O2

throughout gestation is crucial for placental vascular development. Any disturbance
in O2 homeostasis that affects its physiological level can lead to the development of
OS secondary to disrupted metabolism from hypoxia or hyperoxia, with subsequent
adverse effects on placental development. Failure to adapt to changes in O2 tension
can lead to abnormal placental vascular development, resulting in a range of adverse
pregnancy outcomes, such as pregnancy loss, preeclampsia, and IUGR.

Potential treatment strategies may be instrumental in the clinical management
of preeclampsia. Restoring the balance between angiogenic (e.g. VEGF, PEDF,
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PIGF, ANG), and anti-angiogenic (e.g. sFlt1, sEng) factors in preeclamptic
pregnancies could provide a therapeutic basis. The use of angiogenic agonists or
inhibitors of anti-angiogenic factors are other potential strategies for therapy.
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Chapter 6
The Use of Antioxidants in Pre-eclampsia

Jean-François Bilodeau

Abstract Pre-eclampsia (PE) is a complex pathology diagnosed during the second
part of the pregnancy. The clinical features of PE are hypertension and proteinuria.
This syndrome occurs in 3–8 % of all pregnancies. The only cure for PE is delivery,
and this syndrome is a leading cause of maternal and neonatal mortality and mor-
bidity. The cause of PE is thought to originate from the placenta through the release
of circulating factors that lead to a generalized systemic vascular endothelial
dysfunction. The factors suspected include reactive oxygen species (ROS). It is
strongly believed that ROS are major contributors of endothelial cell dysfunction
leading to PE, since women affected by this syndrome show imbalanced ROS
production, abnormal levels of antioxidant defenses, and increased blood and
placental lipid peroxidation. Here, we discussed the rationale for the use of
antioxidants during pregnancy to prevent PE. We will also review several approaches
or trials involving antioxidants, such as vitamin C and E, coenzyme Q10,
N-acetylcysteine, carotenoids, and selenium (Se), a precursor of antioxidant
enzymes.
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6.1 Clinical Importance of PE

Pre-eclampsia (PE) usually occurs after 20 weeks of gestation with an incidence
between 3 and 7 % of all pregnancies in industrialized countries [1]. This pregnancy-
specific syndrome, unique to human, is characterized by hypertension ([90 mm Hg
diastolic on two separate readings at least 4 h apart) and proteinuria (C0.3 g of protein
in a 24 h urine sample) [1]. This pathological state can lead to complications, such as
hemolysis, elevated liver enzymes and low platelet count (HELLP syndrome), and
eclampsia, characterized by a convulsive condition associated or not with multiple
organ dysfunctions [2]. PE is a leading cause of maternal and neonatal mortality and
morbidity in developing countries [3, 4]. Actually, there is no effective treatment
except inducing labor, which contributes to the higher incidence of premature births.

There are numerous risk factors associated with PE including primiparity,
multiple pregnancy, psychosocial strain related to work during pregnancy, poor
social background, the mother’s low birth weight, young or old age of the mother
(\20 or [40 years), pre-pregnancy obesity, family history of PE, and endome-
triosis [5–9]. The assisted reproductive technologies (ARTs) such as in vitro
fertilization (IVF) are associated with increased risk of PE [10]. Abnormal
implantation, excessive placental size, or microvascular disease from pre-existing
hypertension and diabetes mellitus predispose also to PE [11]. Of note, women
affected by PE are more likely to develop cardiovascular diseases later in life [12].

6.2 Physiopathology of PE

According to Redman and Roberts, PE is a two-stage disorder [13]. The pathology is
believed to originate from the placenta (stage 1). PE is often associated with an
abnormal cytotrophoblast differentiation and invasion [14]. Indeed, there is an
abnormal vascular remodeling of spiral arteries in the placenta [15]. Consequently, the
placental perfusion is reduced and this leads to placental ischemia and oxidative stress
[16]. The exact cellular and molecular basis of this phenomenon is unknown and is
thought to be multifactorial, involving genetic, immunological, and biochemical
disorders. The consequence of stage 1 of PE is a general vasoconstrictive disorder
resulting from abnormal maternal vascular endothelial function (stage 2) [17]. Factors
released by the placenta that potentially cause PE include cytokines like TNF-a and IL-
1-b, endothelin, neurokinin B, and various ROS [17, 18].

6.3 Oxidative Stress in PE

In pregnancy, increased levels of lipid peroxidation are normally found in com-
parison to the non-pregnant state in saliva, urine, and plasma [19, 20]. However,
this state of oxidative stress in ‘‘normal’’ or normotensive pregnancy is further
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exacerbated in PE. One of the most sensitive marker of oxidative stress is the
determination of the level of 8-isoprostane (8-iso-PGF2a) derived from the
chemical oxidation of arachidonic acid in biological membranes. The 8-isopros-
tane is also a vasoconstrictor believed to contribute partly to the overall hyper-
tension in PE. The levels of 8-iso-PGF2a were measured in the fluids of
normotensive and PE women. Higher levels of free, but not total 8-iso-PGF2a were
reported in plasma of PE women than normotensive controls [21]. Since only the
free form of 8-iso PGF2a exerts a biological effect (vasoconstrictor), this increase
partly explains the higher blood pressure in PE. Indeed, the highest levels of free
8-iso PGF2a are found in severe cases of PE (C160 mm Hg systolic, C110 mm Hg
diastolic, proteinuria [300 mg/24 h). Elevated levels of free 8-IsoPs were also
found in decidua basalis and homogenates of placenta of women with PE [22, 23].
The 8-iso-PGF2a was reported higher in sera [24, 25], urine [26], and plasma [27,
28] of PE women.

There are now sufficient evidences to consider ROS as promoters of endothelial
cell dysfunction leading to PE since women affected by this condition show
imbalanced ROS production, mostly NO and O2

- [29], abnormal levels of antioxi-
dant defenses [30], and increased blood and placental lipid peroxidation [23].
Recently, we have clearly shown that mRNA expression for a stress protein related to
oxidative stress, the heme oxygenase 1 (HO-1), was significantly higher in blood and
placenta of women affected by PE as well as in the fetal circulation [31, 32]. Women
affected by PE have also clearly altered levels of endogenous antioxidants in blood,
placenta, and decidua. The latter will be discussed in more details below.

6.3.1 Placental Antioxidant Imbalance

Placental oxidative stress has been strongly associated with the pathogenesis of
PE. Most studies showed a decrease in placental GSH, vitamin C levels, gluta-
thione peroxidase (GPx), glutathione-S-transferase (GST), and superoxide
dismutase (SOD) activities in PE [33–36]. It has also been reported that specifi-
cally GST of class pi was reduced in placenta and decidua of PE women [37]. In
contrast, it was shown that peroxiredoxin 3 was increased in mitochondria of
placenta of PE pregnancies [38]. We recently showed that the reported decrease
for SOD activity in PE placentas can be attributed to SOD1 mRNA and protein
levels in absence of labor [39]. We also demonstrated that combination of labor
and PE upregulate SOD1 in fetal membranes, and SOD2, and SOD3 in the whole
placenta [39]. Moreover, we showed that GPX4 mRNA expression was deficient in
the PE placentas in presence or absence of labor [32]. Similarly, Mistry et al.
(2010) recently showed reduced GPx-1, GPx-3, and GPx-4 protein content in PE
placental villi [40]. They attributed this decreased GPx level to a reduced selenium
(Se) availability in PE placentas that was not observed in controls [41]. Of note,
GPx are selenoproteins involved in the detoxification of lipid peroxides bound to
biological membranes.
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6.3.2 Maternal Antioxidant Imbalance

In PE, it was observed that the plasma concentration of nitric oxide and lipid
peroxides were elevated with a concomitant decrease in catalase and SOD activ-
ities in comparison to normotensive pregnancies [35, 42, 43]. Other investigators
found that the serum levels of lipid peroxides were significantly increased, and
SOD activities and GSH level in erythrocytes were significantly decreased in
women affected by PE and eclampsia [44]. Another study indicates that lipid
peroxidation and total GPx activity increased in plasma and erythrocytes of
patients with PE ? HELLP syndrome, while GST, glutathione reductase (GR) and
SOD activities remained unchanged [45]. In contrast to sera and plasma, we have
shown that higher mRNA or protein expression for GPx-1 and GPx-4 in blood
lymphocytes and monocytes occur in PE than in normotensive pregnancies [31].

6.4 Clinical Trials and Rational for the Use
of Antioxidants in PE

In this section, we will discuss specifically for each antioxidant reviewed, the
rational for its use in PE treatment or prevention. We will first cover the use of
vitamin C and E in PE that caused several debates over the year for their efficacies
to treat PE. Then, we will review less studied but promising antioxidants that
might deserve to be tested extensively in PE treatment such as coenzyme Q10,
carotenoids, N-acetylcysteine, and Se.

6.4.1 Controversy in the Outcome of Vitamins C
and E Trials and PE

Vitamin C, also known as ascorbate, is a water-soluble antioxidant and a scavenger
of free radicals. One of the main advantage of ascorbate is when oxidized under the
form of ascorbate radical (Fig. 6.1), the latter is relatively unreactive and can be
easily regenerated back to its reduced form. Throughout normal pregnancy, plasma
ascorbate reserves gradually decrease but, its level is further decreased by
20–50 % in PE pregnancies [46–49]. Some data suggest that vitamin C deficiency
may explain the occurrence of PE since women who ingested less than 85 mg of
vitamin C daily are at 2-fold increased risk of developing this adverse condition
[49]. Of note, women who suffered from previous PE remained with a dysfunc-
tional endothelium as measured by brachial artery flow-mediated dilation. The
intravenous injection of 1 g of ascorbate can reverse this phenomenon in these
women [50].
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The beneficial mode actions of ascorbate hypothesized to occur in PE include
(1) the regeneration of oxidized vitamin E and glutathione; (2) to act as a scav-
enger of O2

- before it react with NO to form ONOO-, an aspect still debated to
occur in vivo [51–53]; (3) possible enhancement of eNOS enzymatic activity and
NO production favorizing vasodilation [52]; and (4) promoting the decomposition
of extracellular S-nitrosothiols and subsequent release of NO [54].

According to the Cochrane Data base review published in 2005, the use of
vitamin C with dose of 500 or 1,000 mg may prevent PE using a fixed effect but
not a random effect model [55]. More data would be required to make sure of the
protective effect on PE incidence since a lot of the studies reviewed used vitamin C
in combination with other antioxidants. It was also noted that vitamin C supple-
mentation was associated with a moderate increase in the risk of preterm birth.

In contrast to the highly hydrophilic vitamin C, the vitamin E (tocopherol) is a
major lipophilic and a potent chain-breaking antioxidant that limits the propaga-
tion of free radicals in polyunsaturated membrane lipids (Fig. 6.1). The oxidized
form of vitamin E, the tocopherylquinone, has the ability to propagate free radicals
[56]. When vitamin E intercepts a radical, a tocopheroxyl radical is formed that
can be reduced back to tocopherol by vitamin C or other reducing agents
(Fig. 6.1). Vitamins C and E are thus complementary in many respects and have
been used together in numerous trials to prevent PE.

Plasma vitamin E concentration increases during normal pregnancy [57, 58],
likely caused by the gestational increase in circulating lipoproteins, the trans-
porters of vitamin E [59]. Plasma vitamin E concentrations are either unchanged or

Fig. 6.1 Proposed protective
mechanism of action of
vitamin C and E against lipid
oxidation. Highly reactive
radical or oxyradical (R.) will
react with unsaturated lipids
to yield a lipid hydroperoxide
(ROOH) unless vitamin E
intervenes in the reaction
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increased in PE per plasma volume [57, 60–66] but unaffected when adjusted for
apolipoprotein B or cholesterol or cholesterol ? triglycerides [47, 60, 62, 65–67].

At first, very encouraging results were obtained with antioxidant vitamin trials
for the prevention of PE. The combination of two exogenous antioxidants, vitamin
C and E, from 22 weeks gestation until birth was shown to reduce the incidence of
this syndrome in high-risk women and was associated with a reduction in markers
of endothelial dysfunction (plasminogen activator inhibitor ratio, PAI-1/PAI-2)
[68, 69]. A follow-up study further demonstrated that vitamin C and E supple-
mentation in women at risk of PE was associated with a reduction of vasocon-
strictor and oxidative marker, 8-iso-PGF2a, in plasma. An inversed relationship
between a-tocopherol and isoprostane levels strongly suggested that vitamin E
prevents lipid peroxidation in PE [46].

Later, high doses of these antioxidant vitamins (1,000 mg vitamin C and
400 IU vitamin E) were shown to be detrimental to the newborn such as increasing
the rate of low birth weight [70]. The efficacy of these treatments is still debated
today [71, 72]. Recent results of two large North American clinical trials on
vitamins C and E prevention of PE, with thousands of patients enrolled, showed no
prevention of PE [73, 74]. However, these studies urge the scientific committee for
more fundamental research because (1) Recent evidence indicates that vitamin E is
generally not lacking in PE, but maybe in only a small subset of women [62, 74].
(2) Women were treated with specifically a-tocopherol, one of the several possible
isomers of vitamin E. It is unknown whether a-tocopherol is the most efficient
isomer against oxidative stress in PE. (3) The vitamin treatments were maybe
started too late; after 9–16 weeks of pregnancy in the US trial and after
12–18 weeks in the Mexican/Canadian trial [73, 74]. This can be problematic
since the initiation of intervillous blood flow in the placenta starts around
8–10 weeks of gestation, and is associated with oxidative stress [75]. (4) The
absorption and the plasmatic values of antioxidant vitamins in these trials were not
assessed and it is not possible to know if the supplementation really increased the
levels of these vitamins in a subset or in all women.

6.4.2 Coenzyme Q10

The coenzyme Q10 (CoQ10) is an essential component of the mitochondrial
respiratory chain and a very efficient antioxidant under its reduced form, the
ubiquinol-10. Indeed, ubiquinol-10, a vitamin-like antioxidant, is more efficient
than b-carotene, a-tocopherol, and lycopene in inhibiting low density (LDL)
oxidation in vitro [76]. The CoQ10 has also the ability to protect vitamin E from
superoxide anion (O2

-.) attack [77]. The oxidized (ubiquinone-10)/reduced (ubi-
quinol-10) ratio of CoQ10 can be used as an oxidative stress marker in human
plasma [78, 79].

In PE, the total CoQ10 level was shown to be decreased in serum and was
associated with the severity of the syndrome [80]. The total CoQ10 level was also
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reported to be decreased in PE plasma [81, 82]. However, CoQ10 level was shown
to be increased in the PE cord blood and placentas when compared to normo-
tensive pregnancies [82]. Interestingly, our group reported no increase of total
CoQ10 level in plasma, but rather an increase in the ratio of oxidized to reduced
form of CoQ10 in the blood of PE mothers [62]. Our study also indicated that
CoQ10 is a more sensitive marker of oxidative stress than vitamin E in PE. Also,
we showed that ubiquinol-10 was correlated with a-tocopherol in PE pregnancies
only [62]. The positive correlation between ubiquinol-10 and a-tocopherol could
thus represent a coordinated defense mechanism against oxidative stress in PE.

Beside its efficient antioxidant properties, CoQ10 may have unsuspected roles on
immune functions and the control of blood pressure in PE. Indeed, we discovered that
plasmatic IL-18 level, a cytokine known to induce tumor necrosis factor-a (TNF-a),
was positively correlated with the ubiquinol-10 in PE pregnancies only [83]. Though,
the exact impact of the latter on immune function remains to be determined. We also
observed that CoQ10 (oxidized/reduced ratio) positively correlates with the prosta-
cyclin (vasodilator) to thromboxane (vasoconstrictor) ratio [62]. This ratio may
partly explain the hypertension in PE. More work still need to be done to understand
the impact of the redox state on immune and vasoactive mediators.

A recent study indicated that CoQ10 supplementation at a dose of 200 mg/day
from 20 weeks of pregnancy until birth can prevent PE [84]. In this randomized
cohort, the placebo group was constituted of 74 women and the CoQ10 treated
group of 80 women. The 25.6 % incidence of PE in the placebo group was
significantly reduced to 14.4 % in the CoQ10-treated group. This encouraging
study was performed in Quito, Ecuador at 2,800 m of altitude, a factor know to
increase the incidence of PE.

6.4.3 Carotenoids

It was observed that placental and serum levels of two carotenoids, b-carotene, and
lycopene, were significantly lower during late gestation in PE than in normoten-
sive pregnancies [85]. The red pigment, lycopene, derived from vegetables like
tomatoes has antioxidant properties. Lycopene is a better scavenger of singlet
oxygen than b-carotene [86]. Two trials using lycopene as an antioxidant were
designed to prevent PE [87, 88]. The initial study of Sharma et al. [88] showed
very promising results. In this randomized controlled study, 116 pregnant women
were given 2 mg twice a day orally from 20–24 weeks of gestation until delivery.
This group was compared to a control group of 135 pregnant women treated with a
placebo. Interestingly, the incidence of PE was down to 8.6 % in the lycopene-
treated group while the incidence was 17.7 % in the control group. In addition, the
fetal weight was significantly higher in the lycopene-treated group by 3.5 %. The
incidence of intrauterine growth restriction was also reduced from 23.7 % in
controls to 12 % in the lycopene-treated group.
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Later, Banerjee et al. [87] published rather discouraging results from their
lycopene trial. No difference between lycopene-treated group of 77 women and the
control group of 82 women was found for PE incidence [87]. Moreover, even
adverse effects of the lycopene treatment were registered such as increased preterm
labor and low birth weight.

Strong similarities between the two above studies on lycopene can be observed:
(1) the same supplier of lycopene was used, (2) the two studies were performed in
New Dehli, India; (3) the incidence of PE was rather high (*18 %) for control
groups. However, the major differences were the dose of lycopene used and the
timing of the initial treatment of pregnant women. In the study of Sharma et al.
[88], the lycopene dose was 4 mg per day started at 20–24 weeks of gestation. In
contrast, the Banerjee et al. [87] study was started earlier between 12 and 20 weeks
with half the dose (2 mg/24 h). The discrepancies between experimental protocols
may explain the different outcome of these two studies. More study would be
required to ascertain the timings and dosage for the lycopene treatments.

6.4.4 N-acetylcysteine

The blood level of total cysteine decreases from the second to the third trimester in
a normal pregnancy, while the concentration eliminated in urine remains
unchanged [89]. The total plasma cysteine levels in PE were reported significantly
higher compared to pregnant controls [90] but more oxidized to the total cysteine
was observed in PE [91]. Despite of higher cysteine levels, precursor of GSH, the
levels of the latter were often reported lower in the maternal circulation of PE than
control pregnancies [92–95]. Also, the GSH levels were reported halved in PE
placentas than controls [96], but another studies showed the opposite in the pla-
centa and decidua of PE women [97].

It is why some suggested to replete the tripeptide GSH in PE using N-acetyl-
cysteine (NAC) [98]. The NAC is rapidly deacetylated and imported into the cell
under the form of cysteine. NAC have been widely used to treat hepatotoxic effect
of an overdose of acetaminophen and is relatively well-tolerated at doses below
3 g/day [99]. The NAC protective actions are not only attributed to GSH repletion.
Indeed, NAC may improve the bioavailability of NO, a known vasodilator by
protecting the latter from other inactivating ROS. This was shown using an ex vivo
perfusion cotyledon model [100]. Also, NAC may prevent immune cell adhesion
to blood vessels. Indeed, NAC can decrease U937 monocyte adhesion to human
endothelial vein cell HUVEC by 20 % in the presence of PE plasma in vitro, while
normal pregnant plasma had no significant effect in presence of NAC [101].

So far, only one study is available for the use of NAC in PE [98]. Roes et al.
(2006) hypothesized that oral NAC administration at the onset of PE would result
in a 7 days prolongation of pregnancy. The dose used was 1.8 g every 8 h. The
placebo (n = 19) and PE (n = 19) group were treated for an average of 6 and
5 days before birth respectively. The only findings between the two groups were
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decreased plasma GSH levels 24 h after delivery in the placebo groups, and
increased plasma cysteine concentrations 6 weeks postpartum in women who
received NAC. Also, there was no difference in maternal complications and
neonatal outcomes between the two groups. As argued by the author, the power of
their study was limited (75 %) and the intervention may be too late to alleviate
complications associated with PE.

6.4.5 Selenium, the Precursor of Antioxidant Selenoproteins

Selenium is not an antioxidant by itself but, this mineral is essential for antioxidant
selenoproteins synthesis and activity. There are few selenoproteins in mammals.
Only 25 genes encode selenoproteins in human [102]. The biosynthesis of these
selenoproteins relies on the presence of a special amino acid, the selenocystein, the
21st amino acid encoded by a stop codon [102]. Therefore, selenoprotein synthesis
is affected by the lack of this trace element in the diet. Se deprivation causes
thyroid and fertility problems. Moreover, low red cell Se level was associated with
recurrent pregnancy loss [103]. Suboptimal or Se deficiency affects an important
class of antioxidant, the SeGPx involved in the detoxification of various peroxides
know to be increased in PE. Still today, the optimal concentration of Se for a
healthy pregnancy is not precisely known.

A study indicates that Se levels in toe nail can be associated to higher risk of PE.
Within the PE group, a lower Se status is significantly associated with the severity of
PE [104]. In addition, there are indications that serum or plasma Se levels are lower in
PE than in normal healthy pregnancies in various countries [40, 105, 106]. There is a
positive association between serum or plasmatic maternal Se and maternal plasma
GPx activity in normal and PE pregnancies [41]. In some case, this can also be
associated to lower SeGPx activity in the placenta [105].

A recent human trial (2010) suggested that organic Se supplementation (100 lg
of Se yeast/day) from the first trimester to the delivery may reduce the incidence of
PE [107]. The design was randomized double-blind placebo-controlled trial. No
side effects of the supplementation were noted. As expected, the serum Se levels
increased by an average of 38 % in the Se-treated group only. Interestingly, PE
was observed only in the non-treated group (3 cases on 83 women). The sample
size did not allow to conclude statistically on the protective effect of Se against PE,
but this approach looks promising.

6.5 Conclusion and Perspectives

A lot of work still need to be done to understand the roles and the regulation of
antioxidants in PE through basic science studies. A better understanding of the
pathophysiology of PE can lead to new therapeutic approaches to treat this
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pathology. Besides the previously discussed antioxidant therapies, other possible
approaches are under consideration such as the role melatonin as a placental
antioxidant response enhancer [108, 109]. Also, estrogen should be considered
since intramuscular injection of estradiol (3 9 10 mg every 24 h) three days
before labor induction was show to have antioxidative effect in erythrocytes and to
lower blood pressure in PE women [108]. For the upcoming trials involving
antioxidant, it is imperative to (1) better plan the begining the treatment consid-
ering the initiation of the intervillous blood flow in the placenta that starts around
8–10 weeks of gestation. (2) The clinical study must be accompanied by solid
biochemical data that will reveal the actual level of the studied antioxidant before,
during, and after the treatment. (3) To assess the impact of the antioxidant treat-
ment on well-established markers of oxidative stress (e.g. isoprostane). (4) To
carefully choose the population to be studied since malnutrition and poor social
background increase the risk of PE adding more factors to be controlled for.
Studies aiming toward personalized dose of antioxidants should be considered, but
it would also require knowing the endogenous level of antioxidant before the
treatment.
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Chapter 7
Recurrent Pregnancy Loss and Oxidative
Stress

Nabil Aziz

Abstract Physiologic levels of Reactive oxygen species (ROS) are important in
embryo development and organogenesis. On the other hand, high ROS levels have
adverse developmental outcome, including embryopathies, embryonic mortality,
and miscarriage. First-trimester miscarriage is associated with significantly
increased markers of oxidative stress in the maternal blood. The negative impact of
maternal obesity on pregnancy outcome may be mediated through excess circu-
lating fatty acids and oxidative stress. The increased risk of miscarriage in diabetic
pregnancies is attributed to increased lipid peroxidation in the embryo and low
prostaglandin E2 levels. The male contribution to oxidative stress related adverse
pregnancy outcomes is transmitted through the oxidative damage of the sperm
DNA. Taking any vitamin supplements prior to pregnancy or in early pregnancy
does not appear to prevent women experiencing early or late miscarriage.

Keywords Oxidative stress � Miscarriage � Redox in embryonic implantation �
Placentation abnormalities � Obesity � Maternal nutrition

7.1 Introduction

Reactive oxygen species (ROS) and their control by antioxidants are important in
embryo development and organogenesis through cellular signaling pathways
involved in proliferation, differentiation, or apoptosis. Pregnancy as such is
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characterized by increased generation of ROS. The generation of ROS is enhanced
by increased placental mitochondrial respiratory chain activity [1] and the greatly
increased placental production of the radical superoxide [2, 3]. In either pregnant
or non-pregnant states ROS can also be formed as a result of exogenous exposures
to alcohol, tobacco smoke, and environmental pollutants. Enzymatic and non-
enzymatic Antioxidants (including vitamins C and E) and antioxidant cofactors
(such as selenium, zinc, and copper) are capable of disposing, scavenging, or
suppressing the formation of ROS. Full accounts of the different types and the
sources of free radicals and of antioxidants are given in Chap. 1.

Oxidative stress takes place when the generation of ROS exceeds the scav-
enging capacity by antioxidants due to excessive production of ROS and/or
inadequate intake or increased utilization of antioxidants. When ROS are present
in excessive amounts they induce cellular toxic effects including DNA damage and
altered cell development [4].

During their early development emberyos have a high energy demand which is
met by the Mitochondrial Oxidative Phosphorylation (OXPHOS) metabolic
pathway that uses energy released by the oxidation of nutrients to produce ATP [5,
6]. The mitochondria also provide ATP for the regeneration of NADPH and
reduced glutathione involved in ROS scavenging [7]. Excessive oxidative stress
can have deleterious effects on the cellular milieu and can result in impaired
cellular growth in the embryo or apoptosis resulting in what is clinically described
as embryo fragmentation.

Initially, the preimplantation embryo develops and grows under uterine hypoxic
environment. As a result the embryonic tissues cannot produce large amount of
ATP. However, this physiological hypoxia of the early gestational sac protects the
developing embryo against the deleterious and teratogenic effects of O2 free
radicals. A stable O2 gradient between the maternal uterine decidua and the feto-
placental tissue is also an important factor in trophoblast differentiation and
migration, normal villous development and angiogenesis [8].

With the initiation of conceptus vascularization the switch from preimplanta-
tion embryonic anaerobic metabolism to postimplantation aerobic metabolism
takes place. The establishment of utero-placental blood flow exposes embryonic
and extraembryonic tissues to ROS produced as normal by-products of OXPHOS.
These metabolic changes start to take place during the period of organogenesis
(first-trimester), when the embryo is most susceptible to environmental factors.
Therefore, implanted embryo may be particularly vulnerable to oxidative stress
caused by mitochondrial dysfunction due to pathological and/or environmental
insults, thus triggering apoptosis in the embryo and compromises early develop-
mental processes and birth outcome [1, 4]. Electrons leak from the electron
transport chain at the inner mitochondrial membranes. These electrons are trans-
ferred to the oxygen molecule, resulting in an unpaired electron in the orbit leading
to the generation of the superoxide molecule. On the other hand, it has been shown
that abnormal or reduced mitochondrial activity leading to altered ROS production
reduces implantation rates in women [9].
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The antioxidant status of the embryo and the surrounding uterine environment
play vital roles in protecting embryonic and extraembryonic tissues from the
deleterious effects of non-physiological levels of endogenous ROS and the exposure
to exogenous environmental factors during the critical period of organogenesis.

7.2 The Role of Redox in Embryonic Implantation

A network of signaling molecules that mediate cell-to-cell communications
between the receptive endometrium and embryonic trophectoderm promotes
embryonic development and implantation. In rodents, ROS production from both
mitochondrial and non-mitochondrial sources functions as a physiological com-
ponent of the early embryonic development. Glutathione-dependent antioxidant
mechanisms are developmentally regulated in the inner blastocyst cell mass and
H2O2 is a potential mediator of apoptosis in the blastocyst [10]. On the endometrial
level, studies on the rat demonstrated a uterine O2

- burst at proestrus suggesting
its involvement in regulating uterine edema and cell proliferation [11]. A peak of
O2

- in the uterus at day five of mice pregnancy suggested a contribution of this
radical in vascular permeability at the initiation of implantation [12]. Moreover, an
NADPH-dependent O2

- production pathway associated with the uterus of preg-
nant mice was demonstrated to increases across the preimplantation stages [13].
Antioxidant enzyme systems have been shown as components of the developing
embryo and its receptive uterine endometrium [14]. These antioxidant enzyme
systems may have vital role in regulating fetal development and survival through
the control of placental ROS production and propagation [15].

7.3 Placentation Abnormalities and Miscarriage

Maternal blood directly bathes the fetal trophoblast. Extravillous trophoblastic
invades the tips of the spiral arteries transforming them from small caliber high
resistance arteries into large caliber, low resistance, and high capacitance utero-
placental arteries. Abnormal placentation has been implicated in the pathogenesis
of pre-eclampsia and miscarriage [16]. Unlike humans, pre-eclampsia is not
known and miscarriage is a rare event in other animals [17]. A sharp peak in the
expression of the markers of oxidative stress in the trophoblast is detected in
normal pregnancies at around 9–10 weeks gestation, which is evidenced by an
increase in HSP70 activity mainly in the periphery of the primitive placenta [18].
The villous changes observed in the periphery of the placenta during the formation
of the fetal membranes are identical to those found in the missed-miscarriage
indicating a common mechanism mediated by oxidative stress [18]. Moreover,
threatened miscarriage (diagnosed when normally grown live fetus is found on
ultrasound in the presence of vaginal bleeding) is associated with focal oxidative
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stress in the definitive placenta and increased risk of adverse pregnancy outcomes
such as miscarriage, preterm delivery, and premature rupture of the membranes
[19]. In early pregnancy loss, the development of the placento-decidual interface is
severely impaired leading to early and widespread onset of maternal blood flowing
continuously inside the placenta, which is associated with major oxidative stress
induced tissue degeneration [16, 18, 20]. In more than two-thirds of the cases of
missed miscarriage, there is anatomical evidence of defective placentation with
reduced cytotrophoblast invasion of the endometrium, and reduced transformation
and incomplete plugging of the spiral arteries [21].

Because the first-trimester human placenta has limited antioxidant enzyme
capacity, it was speculated that if this oxidative burst was excessive may have a
detrimental effects on the syncytiotrophoblast leading to early pregnancy loss [33].
Jauniaux et al. [17] studied the distribution and transfer pathways of antioxidant
molecules inside the first-trimester gestational sac. They reported that the coelomic
fluid of the exocoelomic cavity, which borders the inside of the first-trimester
placenta, contained a very low level of reduced glutathione. This suggested that
the role of glutathione-related detoxification system is limited in fetal fluid com-
partments. The levels of alpha- and gamma-tocopherol were lower whereas the
concentrations of ascorbic and uric acid were similar in coelomic fluid compared
with maternal plasma. It was suggested that the presence of these molecules inside
the early gestational sac might play an essential role in the fetal tissues’ antioxi-
dant capacity at a time when the fetus is most vulnerable to oxidative stress. The
same study indicated that the uterine glands and the secondary yolk sac play key
roles in supplying alpha-tocopherol to the developing fetus before the placental
circulations are established.

7.4 Markers of Oxidative Stress and Miscarriage

Miscarriage and pregnancy appear to be associated with increased oxidative stress.
In a successful pregnancy, however, changes occurred within the peripheral blood
that offered protection from oxidant attack. The roles of the peripheral blood-
plasma antioxidants thiol and ceruloplasmin—and two extracellular parameters—
superoxide dismutase (SOD) and red cell lysate thiol have been examined in
healthy pregnancy and in women suffering first-trimester miscarriage. It was found
that pregnancies that went successfully to term were associated with increased
levels of ceruloplasmin and SOD early in the first-trimester [22]. These changes
were thought to offer the cell protection from the damage caused by the increased
oxidative stress associated with pregnancy. First-trimester miscarriage was asso-
ciated with significantly reduced levels of SOD. A subgroup of patients who
miscarried in their first pregnancy, but whose second pregnancies were successful,
had higher levels of plasma thiol and significantly reduced levels of red cell lysate
thiol in the on-going pregnancy compared to levels at the time of miscarriage.
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The antioxidants Glutathione and glutathione transferase family of enzymes
have been investigated in patients who experience recurrent pregnancy loss (RPL)
[23, 24]. In a large case controlled study the relationship between RPL and
polymorphisms in two genes, glutathione S-transferases (GST) M1 and T1, which
are involved in the metabolism of a wide range of environmental toxins and
carcinogens, was examined [24]. The results suggested that women with GSTM1
null polymorphism may have an increased risk of RPL. In another study, elevated
glutathione levels in pregnant patients with history of recurrent pregnancy loss
were associated with pregnancy loss [23].

Early pregnancy physiologic oxidative stress is associated with changes in pla-
cental protein production including angiogenic and anti-angiogenic placental pro-
teins [25]. Maternal serum soluble vascular endothelial growth factor receptor 1 and
maternal serum placental growth factor have been found to be markedly decreased in
threatened miscarriage patients who subsequently have a miscarriage suggesting
these proteins are sensitive predictive markers of subsequent pregnancy loss [25].

The primary recognized health risk from common deficiencies in glucose-6-
phosphate dehydrogenase (G6PD), a cytoprotective enzyme against oxidative
stress, is non-immune red blood cell hemolysis. The protective role of the G6PD
enzyme against oxidative stress has been demonstrated in animal studies [26].
G6PD-deficient mice had higher embryonic DNA oxidation and more fetal death
and birth defects. Embryopathies were prevented by protecting the embryos
against oxidative stress and resulted in improved pregnancy outcome. G6PD
enzyme deficiencies accordingly may have a broader biological relevance as
important determinants of infertility, miscarriage, and teratogenesis.

7.5 Obesity and Miscarriage

Although lean and obese pregnant women gain similar amount of fat during
pregnancy lean women deposit the excess fat in the lower part (thighs) of the body,
where obese women preferentially deposit their excess fat around the trunk and as
visceral fat (centrally obesity) [27]. It has been suggested that these differences in
fat deposition may be linked to higher adverse pregnancy outcomes such as
pregnancy loss and pre-eclampsia [28]. The underlying hypothesis is that the
preferential storage of fat in central rather than ‘safer’ lower body depots in
obese pregnancy leads to lipotoxicity. Lipotoxicity is associated with two unfa-
vorable features namely excess fatty acids and oxidative stress [27]. In addition, it
has been demonstrated that lipid excess and oxidative stress provokes endothelial
dysfunction [29]. Oxidized lipids can inhibit trophoblast invasion and influence
placental development, lipid metabolism and transport, and fetal developmental
pathways. As lipotoxicity has the capability of influencing both maternal
endothelial function and placental function, it may link maternal obesity and
placental-related adverse pregnancy outcomes such as miscarriage and pre-
eclampsia [27].
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7.6 Maternal Nutrition

Maternal under- or poor nutrition are associated with multiple micronutrient
deficiencies, a major cause of IUGR and miscarriage [30]. Folate deficiency in the
mother result in elevated homocysteine levels. Homocysteine induced oxidative stress
has been suggested as a potential factor for causing apoptosis that disrupts palate
development, which ultimately leads to cleft palate [31]. Similarly, it has been
suggested that thalidomide-induced embryopathy and other embryopathies are caused
as a result of oxidative stress-mediated damage of the macromolecules [32, 33].

Pregnancy outcomes in type 1 diabetes mellitus remain worse than in the general
population. A recent study from Dublin, Ireland, demonstrated that the first trimester
spontaneous miscarriage rate was 15 % in diabetic pregnant women versus 8 % in the
control non-diabetic pregnancy group (p \ 0.0001) [34]. In the rat model hypergly-
cemia/diabetes both in vitro and in vivo induced down-regulation of cycloxygenase-2
gene expression, increased lipid peroxidation in the embryo, and low prostaglandin E2
levels. This resulted in diabetic embryopathy and dysmorphogenesis [35]. This may
explain the increased risk of miscarriage in diabetic pregnancies.

7.7 Maternal Age and Miscarriage

The incidence of early pregnancy loss in older women is higher than their young
counterparts. This may at least in part relate to mitochondrial dysfunction [9]. In
oocytes, mitochondria provide sufficient energy for cell division by supporting
spindle formation during meiosis II. Mitochondrial OXPHOS process is also
crucial for embryo development, playing a role in blastocyst differentiation,
expansion, and hatching [36]. Since mitochondria are inherited from mother to
child, it is important that oocyte mitochondria should be intact. Older women seem
to have more mitochondrial DNA mutations leading to inadequate capacity to
generate ATP at levels sufficient to support normal chromosomal segregation or
normal biosynthetic activities within blastomeres [37]. Also the meiotic spindles,
that are crucial for normal chromosomes segregation, may not be formed normally
because of the poor ATP levels and altered spindles may result in aneuploidy
embryos. These factors combined can be responsible for poor implantation and
early pregnancy loss, two conditions that occur more often in older women.

7.8 Role of the Sperm

The male gamete contributes 50 % of the genomic material to the embryo and
contributes to placental and embryonic development [38]. Paternal genes involved
in early embryonic development are located close to the surface of the male
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pronucleus in the fertilized egg. Therefore, it is conceivable that genetic and
epigenetic alterations of the sperm may have important consequences on early
pregnancy. The possible epigenetic alterations in the sperm include altered chro-
matin packing, imprinting errors, telomeric shortening, absence or alteration of the
centrosome, and absence of sperm RNA. These alterations have the potential to
affect some of the functional characteristics of paternal genes leading to early
embryo loss [39]. The study of potential causes of unexplained recurrent preg-
nancy loss have indicated that a proportion of the male partners of recurrent
pregnancy loss demonstrated significant increase in sperm chromosome aneu-
ploidy, abnormal chromatin condensation, DNA fragmentation, increased apop-
tosis, and abnormal sperm morphology compared with fertile men [40–47]. These
genetic abnormalities may be induced by oxidative stress.

The detrimental impact of oxidative stress on the sperm cell membrane and its
DNA integrity is well-documented. The main sources of ROS in semen are seminal
leukocytes and morphologically abnormal spermatozoa, although ROS can also be
produced by precursor germ cells [48–50]. Spermatozoa are particularly susceptible
to oxidative stress damage, because their plasma membrane is rich in polyunsatu-
rated fatty acids susceptible to fatty acid peroxidation, its sparse cytoplasm contains
low concentrations of scavenging enzymes and posses limited capacity for DNA
repair [51]. Excessive amounts of ROS cause DNA damage, leading to formation of
7-hydro-8-oxo-2-deoxy- guanosine (8-oxodG), the major oxidative product of sperm
DNA, which causes DNA fragmentation [52, 53]. Oxidative damage of sperm
membrane and DNA have a detrimental effect on sperm-egg interaction, implanta-
tion, and early embryo development compromising pregnancy outcome [54–57].

Seminal plasma contains high amounts of antioxidants that protect the sper-
matozoa from DNA damage and lipid peroxidation [58]. In one study Men who
fathered normal pregnancies had higher antioxidant capacity in the semen and
lower sperm cell membrane lipid peroxidation compared with men from the
recurrent pregnancy loss group higher [59]. In a follow on study [60] Male partners
of recurrent early pregnancy loss (\12 weeks gestation) couples and with
increased sperm DNA fragmentation index or high serum thiobarbituric acid
reactive substances (oxidative stress marker) were instructed to consume a diet
rich in antioxidants or commercial multivitamins containing b-carotene, vitamin
C, vitamin E, and zinc for at least 3 months. All couple that subsequently became
pregnant had successful pregnancy outcome. Further larger studies are needed to
substantial this study finding.

7.9 Oxidative Stress in Miscarriage and Clinical Intervention

Pharmacological interventions to overcome oxidative stress in spontaneous miscarriage
and unexplained recurrent pregnancy loss have been extensively reviewed [61]. Since
oxidative stress has been linked to spontaneous and recurrent miscarriage, intake of
antioxidant vitamins such as vitamin C and vitamin E may be an important factor
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associated with the risk of miscarriage. One observational study has demonstrated an
association between the risk of spontaneous early miscarriage and dietary factors, with a
high risk associated with poor intake of green vegetables, fruits, and dairy products
coupled with a high intake of fat [62]. However, the vast majority of women who
experienced spontaneous miscarriage have a successful outcome in subsequent preg-
nancies without any specific interventions. A Cochran systematic review of the use of
vitamin supplementation to prevent miscarriage has been updated in 2011 [63]. The
author concluded that taking any vitamin supplements prior to pregnancy or in early
pregnancy does not prevent women experiencing early or late miscarriage or stillbirth.
However, women taking vitamin supplements may be more likely to have a multiple
pregnancy. There was insufficient evidence to examine the effects of different combi-
nations of vitamins on miscarriage or stillbirth.

7.10 Summary

Physiological levels ROS play important role in the regulation of reproductive
processes, including embryonic development, uterine receptivity, embryonic
implantation, placental development and endocrine functions, and fetal develop-
ment. On the other hand, high ROS levels have adverse developmental outcome,
including embryopathies, embryonic mortality, fetal growth restriction, low birth
weight, and miscarriage. The male contribution to such adverse pregnancy out-
comes may be attributed to oxidative damage of the sperm.

References

1. Shibata E, Nanri H, Ejima K, Araki M, Fukuda J, Yoshimura K, Toki N, Ikeda M, Kashimura
M (2003) Enhancement of mitochondrial oxidative stress and up-regulation of antioxidant
protein peroxiredoxin III/SP-22 in the mitochondria of human pre-eclamptic placentae.
Placenta 24:698–705

2. Sikkema JM, van Rijn BB, Franx A, Bruinse HW, de Roos R, Stroes ES, van Faassen EE
(2001) Placental superoxide is increased in preeclampsia. Placenta 22:304–308

3. Wang Y, Walsh SW (2001) Increased superoxide generation is associated with decreased
superoxide dismutase activity and mRNA expression in placental trophoblast cells in pre-
eclampsia. Placenta 22:206–212

4. Dennery PA (2007) Effects of oxidative stress on embryonic development. Birth Defects Res
Part C Embryo Today. 81:155–162

5. Wilding M, Dale B, Marino M et al (2011) Mitochondrial aggregation patterns and activity in
human oocytes and preimplantation embryos. Hum Reprod 16:909–917

6. Smith LC, Thundathil J, Filion F (2005) Role of mitochondrial genome in preimplantation
development and assisted reproductive techniques. Reprod Fert Develop 17:15–22

7. Dumollard R, Carroll J, Duchen MR, Campbell K, Swann K (2009) Mitochondrial function
and redox state in mammalian embryos. Semin Cell Dev Biol 20:346–353

8. Burton GJ (2009) Oxygen, the Janus gas; its effects on human placental development and
function. J Anat 215:27–35

138 N. Aziz



9. Bartmann AK, Romão GS, Ramos Eda S, Ferriani RA (2004) Why do older women have
poor implantation rates? a possible role of the mitochondria. J Assist Reprod Genet 21:79–83

10. Pierce GB, Parchment RE, Lewellyn AL (1991) Hydrogen peroxide as a mediator of
programmed cell death in the blastocyst. Differentiation 46:181–186

11. Laloraya M, Kumar GP, Laloraya MM (1991) Changes in the superoxide radical and
superoxide dismutase levels in the uterus of Rattus norvegicus during the estrous cycle and a
possible role for superoxide radical in uterine oedema and cell proliferation at proestrus.
Biochem Cell Biol 69:313–316

12. Laloraya M, Kumar GP, Laloraya MM (1989) A possible role of superoxide anion radical in
the process of blastocyst implantation in mus musculus. Biochem Biophys Res Commun
161:762–770

13. Jain S, Saxena D, Kumar GP, Laloraya M (2000) NADPH dependent superoxide generation in
the ovary and uterus of mice during estrous cycle and early pregnancy. Life Sci 66:1139–1146

14. Guérin P, El Mouatassim S, Ménézo Y (2001) Oxidative stress and protection against reactive
oxygen species in the pre-implantation embryo and its surroundings. Hum Reprod 7:175–189

15. Al-Gubory KH, Garrel C, Delatouche L, Heyman Y, Chavatte-Palmer P (2010) Antioxidant
adaptive responses of extraembryonic tissues from cloned and noncloned bovine conceptuses
to oxidative stress during early pregnancy. Reproduction 140:175–181

16. Jauniaux E, Hempstock J, Greenwold N, Burton GJ (2003) Trophoblastic oxidative stress in
relation to temporal and regional differences in maternal placental blood flow in normal and
abnor- mal early pregnancies. Am J Pathol 162:115–125

17. Jauniaux E, Cindrova-Davies T, Johns J, Dunster C, Hempstock J, Kelly FJ, Burton GJ
(2004) Distribution and transfer pathways of antioxidant molecules inside the first trimester
human gestational sac. J Clin Endocrinol Metab 89:1452–1458

18. Burton GJ, Woods AW, Jauniaux E, Kingdom JC (2009) Rheological and physiological
consequences of conversion of the maternal spiral arteries for uteroplacental blood flow
during human pregnancy. Placenta 30:473–482

19. Johns J, Hyett J, Jauniaux E (2003) Obstetric outcome after threatened miscarriage with and
without a hematoma on ultrasound. Obstet Gynecol 102:483–487

20. Muttukrishna S, Suri S, Groome NP, Jauniaux E (2008) Relationships between TGFb
proteins and oxygen concentrations inside the first trimester human gestational sac. PLoS
ONE 31: e2302 1–7

21. Jauniaux E, Burton GJ (2005) Pathophysiology of histological changes in early pregnancy
loss. Placenta 26:114–123

22. Jenkins C, Wilson R, Roberts J, Miller H, McKillop JH, Walker JJ (2000) Antioxid Redox
Signal 2:623–628

23. Miller H, Wilson R, Jenkins C, MacLean MA, Roberts J, Walker JJ (2000) Glutathione levels
and miscarriage. Fertil Steril 74:1257–1258

24. Sata F, Yamada H, Kondo T, Gong Y, Tozaki S, Kobashi G, Kato EH, Fujimoto S, Kishi R
(2003) Glutathione S-transferase M1 and T1 poly- morphisms and the risk of recurrent
pregnancy loss. Mol Hum Reprod 9:165–169

25. Muttukrishna S, Swer M, Suri S, Jamil A, Calleja-Agius J (2011) Soluble Flt-1 and PlGF: new
markers of early pregnancy loss? PLoS ONE 6:e18041. doi:10.1371/journal.pone.0018041

26. Nicol CJ, Zielenski J, Tsui LC, Wells PG (2000) An embryoprotective role for glucose-
6-phosphate dehydrogenase in developmental oxidative stress and chemical teratogenesis.
Faseb J 14:111–127

27. Jarvie E, Hauguel-de-Mouzon S, Nelson SM, Sattar N, Catalano PM, Freeman DJ (2010)
Lipotoxicity in obese pregnancy and its potential role in adverse pregnancy outcome and
obesity in the offspring. Clin Sci (Lond) 119:123–129

28. Jarvie E, Ramsay JE (2010) Obstetric management of obesity in pregnancy. Semin Fetal
Neonatal Med 15:83–88

29. Paradisi G, Biaggi A, Ferrazzani S, De Carolis S, Caruso A (2002) Abnormal carbohydrate
metabolism during pregnancy: association with endothelial dysfunction. Diabetes Care
25:560–564

7 Recurrent Pregnancy Loss and Oxidative Stress 139

http://dx.doi.org/10.1371/journal.pone.0018041


30. Fall CH, Yajnik CS, Rao S, Davies AA, Brown N, Farrant HJ (2003) Micronutrients and fetal
growth. J Nutr 133(Suppl 2):1747S–1756S

31. Knott L, Hartridge T, Brown NL, Mansell JP, Sandy JR (2003) Homo- cysteine oxidation and
apoptosis: a potential cause of cleft palate. In Vitro Cell Dev Biol Anim 39:98–105

32. Parman T, Wiley MJ, Wells PG (1999) Free radical-mediated oxidative DNA damage in the
mechanism of thalidomide teratogenicity. Nat Med 5:582–585

33. Burton GJ, Hempstock J, Jauniaux E (2003) Oxygen, early embryonic metabolism and free
radical-mediated embryopathies. Reprod Biomed Online 6:84–96

34. Al-Agha R, Firth RG, Byrne M, Murray S, Daly S, Foley M, Smith SC (2011) Kinsley
BTOutcome of pregnancy in type 1 diabetes mellitus (T1DMP): results from combined
diabetes-obstetrical clinics in Dublin in three university teaching hospitals (1995–2006). Ir J
Med Sci Nov 5. [Epub ahead of print] PMID: 22057636

35. Wentzel P, Welsh N, Eriksson UJ (1999) Developmental damage, increased lipid
peroxidation, diminished cyclooxygenase-2 gene expression, and lowered prostaglandin E2
levels in rat embryos exposed to a diabetic environment. Diabetes 48:813–820

36. Sathananthan AH, Trounson AO (2000) Mitochondrial morphology during preimplantation
human embryogenesis. Hum Reprod 15:148–159

37. Bartmann AK, Romão GS, Ferriani RA, Ramos Eda S (2004) Inadequate capacity to generate
ATP at levels sufficient to support normal chromosomal segregation or normal biosynthetic
activities within blastomeres. J Assist Reprod Genet 21:79–83

38. Sutovsky P, Schatten G (2000) Paternal contributions to the mammalian zygote: fertilization
after sperm–egg fusion. Int Rev Cytol 195:1–65

39. Gil Villa AM, Cardona-Maya WD, Cadavid Jaramillo AP (2007) Early embryo death: does
the male factor play a role? Arch Esp Urol 60:1057–1068

40. Evenson DP, Jost LK, Marshall D, Zinaman MJ, Clegg E, Purvis K (1999) Utility of the
sperm chromatin structure assay as a diagnostic and prognostic tool in the human fertility
clinic. Hum Reprod 14:1039–1049

41. Rubio C, Simon C, Blanco J, Vidal F, Minguez Y, Egozcue J (1999) Implications of sperm
chromosome abnormalities in recurrent miscarriage. J Assist Reprod Genet 16:253–258

42. Gopalkrishnan K, Padwal V, Meherji PK, Gokral JS, Shah R, Juneja HS (2000) Poor quality
of sperm as it affects repeated early pregnancy loss. Arch Androl 45:111–117

43. Larson KL, DeJonge CJ, Barnes AM, Jost LK, Evenson DP (2000) Sperm chromatin
structure ssay parameters as predictors of failed pregnancy following assisted reproductive
techniques. Hum Reprod 15:1717–1722

44. Spano M, Bonde JP, Hjollund HI, Kolstad HA, Cordelli E, Leter G (2000) Sperm chromatin
damage impairs human fertility. The danish first pregnancy planner study team. Fertil Steril
73:43–50

45. Carrell DT, Wilcox AL, Lowy L, Peterson CM, Jones KP, Erickson L et al (2003) Elevated
sperm chromosome aneuploidy and apoptosis in patients with unexplained recurrent
pregnancy loss. Obstet Gynecol 101:1229–1235

46. Carrell DT, Liu L, Peterson CM, Jones KP, Hatasaka HH, Erickson L et al (2003) Sperm
DNA fragmentation is increased in couples with unexplained recurrent pregnancy loss. Arch
Androl 49:49–55

47. Bernardini LM, Costa M, Bottazzi C, Gianaroli L, Magli MC, Venturini PL et al (2004)
Sperm aneuploidy and recurrent pregnancy loss. Reprod Biomed Online 9:312–320

48. Aziz N, Novotny J, Oborna I, Fingerova H, Brezinova J, Svobodova M (2010) Comparison of
chemiluminescence and flowcytometry in the estimation of reactive oxygen and nitrogen
species in human semen. Fertil Steril 94:2604–2608

49. Aziz N, Saleh RA, Sharma RK, Lewis-Jones I, Esfandiari N, Thomas AJ Jr, Agarwal A
(2004) Novel association between sperm reactive oxygen species production, sperm
morphological defects, and the sperm deformity index. Fertil Steril 81:349–354

50. Aziz N, Saleh RA, Sharma RK, Lewis-Jones I, Esfandiari N, Thomas AJ Jr, Agarwal A
(2004) Novel association between sperm reactive oxygen species production, sperm
morphological defects, and the sperm deformity index. Fertil Steril 81:349–354

140 N. Aziz



51. Saleh RA, Agarwal A (2002) Oxidative stress and male infertility: from research bench to
clinical practice. J Androl 23:737–752

52. Lopes S, Jurisicova A, Sun JG, Casper RF (1998) Reactive oxygen species: potential cause
for DNA fragmentation in human spermatozoa. Hum Reprod 13:896–900

53. Loft S, Kold-Jensen T, Hjollund NH, Giwercman A, Gyllemborg J, Ernst E et al (2003) Oxidative
DNA damage in human sperm influences time to pregnancy. Hum Reprod 18:1265–1272

54. Aitken RJ, Clarkson JS, Fishel S (1989) Generation of reactive oxygen species, lipid
peroxidation, and human sperm function. Biol Reprod 41:183–197

55. Sharma RK, Agarwal A (1996) Role of reactive oxygen species in male infertility. Urology
48:835–850

56. Sikka SC (2001) Relative impact of oxidative stress on male reproductive function. Curr Med
Chem 8:851–862

57. Agarwal A, Said TM (2005) Oxidative stress, DNA damage and apoptosis in male infertility:
a clinical approach. BJU Int 95:503–507

58. Potts RJ, Notarianni LJ, Jefferies TM (2000) Seminalplasmareducesexogenous oxidative
damage to human sperm, determined by the measurement of DNA strand breaks and lipid
peroxidation. Mutat Res 447:249–256

59. Gil-Villa AM, Cardona-Maya W, Agarwal A, Sharma R, Cadavid A (2009) Assessment of
sperm factors possibly involved in early recurrent pregnancy loss.2010. Fertil Steril 94:
1465–1472 Epub Jun 21

60. Gil-Villa AM, Cardona-Maya W, Agarwal A, Sharma R, Cadavid A (2009) Role of male factor
in early recurrent embryo loss: do antioxidants have any effect. Fertil Steril 92:565–571

61. Gupta S, Agarwal A, Banerjee J, Alvarez JG (2007) The role of oxidative stress in
spontaneous abortion and recurrent pregnancy loss: a systematic review. Obstet Gynecol Surv
62:335–347

62. Parazzini F, Chatenoud L, Bettoni G, Tozzi L, Turco S, Surace M, Di Cintio E, Benzi G
(2001) Selected food intake and risk of multiple pregnancies. Hum Reprod 16(2):370–373

63. Rumbold A, Middleton P, Pan N, Crowther CA (2011) Vitamin supplementation for
preventing miscarriage. Cochrane Database Syst Rev 1:CD004073

7 Recurrent Pregnancy Loss and Oxidative Stress 141



Chapter 8
Premature Rupture of Membranes
and Oxidative Stress

Anamar Aponte and Ashok Agarwal

Abstract Premature rupture of membranes (PROM) is rupture of the chor-
ioamniotic membranes before the onset of labor. The chorioamniotic sac requires a
balance between collagen formation and enzymatic collagenolytic activity
expressed in the fetal membrane. The amniotic membrane is a complex tissue in
which collagen is fundamental for mechanical integrity and stress tolerance.
Membrane rupture is associated with biochemical disturbances between collagen
produced by fibroblasts and fetal membranes. An association exists between
PROM and oxidative stress (OS) in pregnancy. Reactive oxygen species (ROS),
which are unstable molecules produced in the body, may be the reason for the
collagen damage. OS produced by augmented ROS production debilitates the
collagen’s elasticity and strength, leading to PROM. Although antioxidants act as
defense agents against oxidation, they have not been found to be protective against
ROS and subsequent OS damage in PROM.
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8.1 Introduction

Parturition is determined by ripening of the cervix, augmented contractility of the
myometrium, and positive signaling of the maternal decidua and the chorioamn-
iotic membranes. Activation of genes involved in inflammatory activities promotes
the chorioamniotic membrane to undergo complex biochemical changes [1].
Premature rupture of membranes (PROM) is defined as rupture of membranes
before the onset of labor and membrane rupture that takes place before 37 weeks
of gestation is known as preterm PROM [2]. At term, weakening of the membranes
occurs from physiologic changes in association with shearing forces created by
uterine contractions [3, 4]. Normal rupture of membranes at term is thought to
begin at a specific weakened para-cervical region which forms late in gestation due
to collagen disruption [5]. Intraamniotic infection is commonly associated with
preterm PROM, especially if it occurs at an earlier gestational age[2]. Low
socioecononomic status, second- and third-trimester bleeding, low body mass
index less than 19.8, nutritional deficiencies of copper and ascorbic acid, con-
nective tissue disorders, maternal cigarette smoking, pulmonary disease in preg-
nancy, uterine overdistention, and amniocentesis are some of the risk factors
associated with PROM occurrence [6, 7].

The amnion is an avascular entity that depends on the amniotic fluid for its
stability and may be involved in the pathogenesis of PROM [8]. The chor-
ioamniotic sac requires a balance between collagen formation by fibroblasts and
the collagenolytic activity by enzymes expressed in the fetal membrane [9].
Membrane rupture is associated with biochemical disturbances between collagen
produced by fibroblasts and fetal membranes [9]. The elasticity and strength of
fetal membranes is primary determined by collagen. Reduced concentrations of it
or altered cross-linked organization may contribute to PROM [10].

MnSOD formation. MnSOD is a member of an iron/manganese superoxide
dismutase family which is located in the mitochondria and inhibits reactive oxygen
species (ROS) produced by oxidative phosphorylation [1]. A moderate increase in
ROS can stimulate cell growth and proliferation, while an excessive ROS accu-
mulation will lead to cellular injury, such as damage to DNA, protein, and lipid
membrane.ROS enhance NF-jB and promote the expression of cyclooxygenase-2
(COX-2), which upregulates the inflammatory pathway and the propagation of
labor [1]. These inflammatory processes may lead to increased formation of ROS
and subsequent oxidative stress (OS). OS occurs when the production of ROS
exceeds the endogenous antioxidant defense. On the contrary, MnSOD may be
activated by inflammatory processes, which in turn downregulates OS and
inflammation by inhibiting NF-jB and mitogen activated protein pathways
(MAPK) [1].
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8.2 Chorioamniotic Membrane: What is it Made of?

The amnion is a single layer of non-ciliated cuboidal cells with its outermost part near
the amniotic fluid. Beneath the amnion there is a layer that consists of loosely packed
fibrils and where the chorion, which composed of reticular fibers, a basement
membrane, and the trophoblast cells, is found. Under the chorion is the maternal
decidual layer, which consists of epithelial cells that allow the separation of the
chorioamnion from the endometrial and myometrial layers of the uterus [11].

The amnion originates its strength from collagen. At least five (types I, III, IV,
V, and VI) types of collagen are encountered in the chorioamnion which are
organized in triple helices [10]. Collagen strength, which is primarily attributed to
collagen I, is derived from hydroxyproline and hydroxylysine bridges around the
helix. The reticular layers contain collagen I, III, IV, V, and VI. The chorionic
basement is composed of collagen IV and the chorion has types IV and V [12].

The chorioamnion is a biologically active membrane whose collagenolytic
enzyme is susceptible to ROS proliferation [13].

8.3 Premature Rupture of Membranes, Oxidative
Stress, and Antioxidants

In the normal physiological capacity, a delicate balance exists at the molecular
level between oxidants and antioxidants. ROS may play a role in the collagen
damage in the chorioamniotic sac leading to tearing [9]. OS occurs when the
production of reactive oxygen species exceeds the antioxidant defense. OS may
altercate the elasticity and strength of collagen and promote PROM [10, 14].
Isoprostanes (F2-IP) can be used to a marker of OS [15], especially of lipid
peroxidation [9]. They are prostaglandin-like products produced by free radical
catalyzed nonenzymatic peroxidation of arachidonic acid [9]. Peroxidation
decreases, disrupts membrane barrier function and lowers its fluidity [16]. F2-IP
levels in the amniotic fluid at 15–18 weeks gestations are a predictor of PROM in
preterm deliveries [9].

The antioxidants play a role in the protection of the chorioamniotic sac from
oxidant damage [17–20]. Vitamin C (ascorbic acid) is a known redox catalyst,
which has the ability to reduce and neutralize ROS. It plays a primordial role in the
formation of collagen triple helix and the fortification of collagen cross-links[5].
Vitamin E is a lipid soluble vitamin with antioxidant activity. It constitutes of eight
tocopherols and tocotrienols. a-Tocopherol is considered to play a central role due
to its capability to react with lipid radicals produced during lipid peroxidation
reaction. In vitro, Vitamins C and E have been successful in the protection of the
amnion and chorion from damage induced by ROS [8]. Mechanisms have pro-
posed that Vitamin C may salvage oxygen species in the amniotic fluid and
Vitamin E may prevent lipid peroxidation [8]. In contrast to the reports implying a
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protective action, Bolisetty et al. [20] found that antioxidant vitamins, especially
vitamin E, diminish markers of OS at birth. Mathews et al. [8] found no evidence
to support the hypothesis that antioxidants against PROM. Finally, Mercer et al.
[5] postulated that antioxidant treatment with Vitamin C and E may inhibit ROS
formation and resultant fetal membrane weakening. Two studies were conducted,
one in vitro and the other in vivo, and concluded that neither antioxidants were
effective in the prevention of PROM.

Superoxide dismutases are antioxidant enzymes that protect cells against ROS
and damage [21–23]. There are four classes that differ by, their protein configuration,
the intra- or extracellular localization and the active metal ions (Cu/Zn, Mn, Fe, or
Ni) in their catalytic centers [21]. In humans, MnSOD is encoded by SOD2, which is
synthesized in the cytosol and imported into the mitochondrial matrix [1]. Than et al.
[1] showed MnSOD mRNA expression in the fetal membranes and in chorioamni-
onitis of PROM suggesting an antioxidant mechanism to counteract the inflamma-
tory process in the chorioamniotic membranes.

8.4 Conclusion

PROM is characterized by reduced collagen concentrations, altered collagen cross-
link profiles, and increased concentrations of biomarkers of oxidative damage. In
the amniotic membrane, collagen is primordial for mechanical integrity and stress
tolerance. The OS that occurs during pregnancy increases the risk for PROM that
is caused by changes in collagen integrity. In the future, trials should focus on
determining if supplementation with antioxidants could protect the fetal mem-
branes from premature rupture.

References

1. Than NG, Romero R et al (2009) Mitochondrial manganese superoxide dismutase mRNA
expression in human chorioamniotic membranes and its association with labor, inflammation,
and infection. J Matern Fetal Neonatal Med 22(11):1000–1013

2. American College of Obstetricians and Gynecologists. (2007) Premature rupture of
membranes. Obstet Gynecol 80:975–985

3. Lavery JP, Miller CE et al (1982) The effect of labor on the rheologic response of
chorioamniotic membranes. Obstet Gynecol 60(1):87–92

4. McLaren J, Taylor DJ et al (1999) Increased incidence of apoptosis in non-labour-affected
cytotrophoblast cells in term fetal membranes overlying the cervix. Hum Reprod 14(11):2895–2900

5. Mercer BM, Abdelrahim A et al (2010) The impact of vitamin C supplementation in pregnancy
and in vitro upon fetal membrane strength and remodeling. Reprod Sci 17(7):685–695

6. Taylor J, Garite TJ (1984) Premature rupture of membranes before fetal viability. Obstet
Gynecol 64(5):615–620

7. Naeye RL, Peters EC (1980) Causes and consequences of premature rupture of fetal
membranes. Lancet 1(8161):192–194

146 A. Aponte and A. Agarwal



8. Mathews F, Neil A (2005) Antioxidants and preterm prelabour rupture of the membranes.
BJOG 112(5):588–594

9. Longini M, Perrone S et al (2007) Association between oxidative stress in pregnancy and
preterm premature rupture of membranes. Clin Biochem 40(11):793–797

10. Woods JR, Jr (2001) Reactive oxygen species and preterm premature rupture of membranes-a
review. Placenta 22 (Suppl A): S38–S44

11. Malak TM, Ockleford CD et al (1993) Confocal immunofluorescence localization of collagen
types I, III, IV, V and VI and their ultrastructural organization in term human fetal
membranes. Placenta 14(4):385–406

12. Fortunato SJ, Menon R et al (1999) Stromelysins in placental membranes and amniotic fluid
with premature rupture of membranes. Obstet Gynecol 94(3):435–440

13. Buhimschi IA, Kramer WB et al (2000) Reduction-oxidation (redox) state regulation of
matrix metalloproteinase activity in human fetal membranes. Am J Obstet Gynecol
182(2):458–464

14. Wall PD, Pressman EK et al (2002) Preterm premature rupture of the membranes and
antioxidants: the free radical connection. J Perinat Med 30(6):447–457

15. Winterbourn CC, Chan T, Buss IH, Inder TE, Mogridge N, Darlow BA (2000) Protein
carbonyls and lipid peroxidation products as oxidation markers in preterm infant plasma:
associations with chronic lung disease and retinopathy and effects of selenium
supplementation. Pediatr Res 48:84–90

16. Ogino M, Hiyamuta S et al (2005) Establishment of a prediction method for premature
rupture of membranes in term pregnancy using active ceruloplasmin in cervicovaginal
secretion as a clinical marker. J Obstet Gynaecol Res 5:1421–1426

17. Aplin JD, Campbell S et al (1986) Importance of vitamin C in maintenance of the normal
amnion: an experimental study. Placenta 7(5):377–389

18. Casanueva E, Ripoll C et al (2005) Vitamin C supplementation to prevent premature rupture
of the chorioamniotic membranes: a randomized trial. Am J Clin Nutr 81(4):859–863

19. Borna S, Borna H et al (2005) Vitamins C and E in the latency period in women with preterm
premature rupture of membranes. Int J Gynaecol Obstet 90(1):16–20

20. Bolisetty S, Naidoo D et al (2002) Antenatal supplementation of antioxidant vitamins to
reduce the oxidative stress at delivery–a pilot study. Early Hum Dev 67(1–2):47–53

21. Whittaker JW (2003) The irony of manganese superoxide dismutase. Biochem Soc Trans
31(Pt 6):1318–1321

22. Landis GN, Tower J (2005) Superoxide dismutase evolution and life span regulation. Mech
Ageing Dev 126(3):365–379

23. Culotta VC, Yang M et al (2006) Activation of superoxide dismutases: putting the metal to
the pedal. Biochim Biophys Acta 1763(7):747–758

8 Premature Rupture of Membranes and Oxidative Stress 147



Chapter 9
Endometriosis and Oxidative Stress

Lucky H. Sekhon and Ashok Agarwal

Abstract Endometriosis is a chronic gynecologic disease process with multi-
factorial etiology. Increased oxidative stress, a result of increased production of
free radicals or depletion of the body’s endogenous antioxidant defense, has been
implicated in its pathogenesis. Oxidative stress is thought to promote angio-
genesis and the growth and proliferation of endometriotic implants. Oxidative
stress in the reproductive tract microenvironment is known to negatively affect
sperm count and quality and may also arrest fertilized egg division leading to
embryo death. Increased DNA damage in sperm, oocytes, and resultant embryos
may account for the increase in miscarriages and fertilization and implantation
failures seen in patients with endometriosis. The evidence linking endometriosis
and infertility to endogenous pro-oxidant imbalance provides a rationale for the
empiric use of antioxidant therapy. Vitamin C and E deficiency has been
demonstrated in women with endometriosis. Observational and randomized
controlled studies have shown vitamin C and E combination therapy to decrease
markers of oxidative stress.
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9.1 Introduction

Endometriosis is defined by the development of endometrial tissue, including both
glandular epithelium and stroma, outside the uterine cavity, in the pelvic
peritoneum, ovaries and the recto-vaginal septum and rarely in remote locations
such as the pericardium, pleura, and brain [1–3]. It is a benign, chronic gyneco-
logic disease and is clinically associated with dysmenorrhea, dyspareunia, pelvic
pain, and subfertility. It affects 10–15 % of all women of reproductive age and
30 % of infertile women [4, 5].

Despite a large number of studies on endometriosis, its etiology has yet to be
clearly defined as the disease is known to have multifactorial characteristics. There
is a growing body of evidence suggests that a combination of genetic, hormonal,
environmental, immunological, and anatomical factors play a role in the patho-
genesis of this disorder [6–8].

The widely accepted Sampson’s theory asserts that endometriosis originates
from the implantation and invasion of cells from retrograde menstruation to
particularly the pelvic peritoneal cavity (Fig. 9.1). This reflux of menstrual
endometrial tissue through the fallopian tubes into the peritoneal cavity is a
common physiologic event which results in red blood cells being present in the
peritoneal fluid of most women [9]. Recent findings indicate that the influence of
the local environment is crucial in the development of endometriosis [10]. Iron
overload, from lysis of pelvic red blood cells has been identified in different
components of the peritoneal cavity of endometriosis patients, including peritoneal
fluid, ectopic endometrial tissue and peritoneum adjacent to lesions, and macro-
phages. It is hypothesized that the peritoneal protective mechanisms of patients
with endometriosis might be overwhelmed by menstrual reflux, either because of
the abundance of reflux or because of defective scavenging systems [11]. Bleeding
from endometriotic lesions may further contribute to the accumulation of iron in
peritoneal fluid. Iron can act as a catalyst which generates free radicals. Peritoneal
iron overload encountered in lesions, peritoneal fluid and peritoneal macrophages
of endometriosis patients may contribute to oxidative stress (OS) which impairs
the functionality of protective immune cells, thereby contributing to the
development of the disease. In a study by Yamaguchi et al. abundant free iron in
the contents of endometriotic cysts was found to strongly associated with OS and
frequent DNA mutations [12]. Therefore, the iron-rich environment within
endometriotic cysts during may also play a crucial role in carcinogenesis through
the iron-induced persistent oxidative stress.

Metaplasia of celomic epithelial cells lining the pelvic peritoneum is one of
several theories regarding the pathogenesis of endometriosis. This may explain the
mechanism by which endometriosis occurs in the ovary. Endometriotic implants
proliferate on the ovarian surface epithelium, as a single cell layer on the surface
of ovaries, which invaginates to form cortical inclusion cysts [13]. Both theories of
implantation and celomic metaplasia are possible mechanisms of endometriotic
lesion initiation. Both estrogen production and progesterone dysregulation may
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also play a major role in the initiation and promotion of endometriosis [13]. The
initial development of endometriosis occurs as a result of induction of attachment,
invasion angiogenesis, cell growth, and survival. Additional factors contributing to
the establishment and persistence of these endometriotic lesions involve hormonal
imbalance, genetic predisposition, and altered immune surveillance.

Mediators of fibrosis and inflammatory changes in the follicular fluid and peri-
toneal fluid environments are likely involved in the development of the symptoms
associated with endometriosis. An increased percentage of B lymphocytes, natural
killer cells, and monocyte-macrophages in the follicular fluid have been noted in a
case-controlled study of patients with endometriosis compared to patients with
other causes of infertility, providing evidence of altered immunologic function in
the follicular fluid of patients with endometriosis [14]. Impaired natural killer cell
activity may result in inadequate removal of refluxed menstrual debris leading to
the development of endometriotic implants. Although the peritoneal fluid of women
with endometriosis contains increased numbers of immune cells, these seem to
facilitate rather than inhibit the development of endometriosis [15]. Macrophages,

Fig. 9.1 The reflux of menstrual endometrial tissue through the fallopian tubes into the
peritoneal cavity results in red blood cells being present in the peritoneal fluid. Iron overload,
from lysis of pelvic red blood cells has been identified in different components of the peritoneal
cavity of endometriosis patients, including peritoneal fluid, ectopic endometrial tissue and
peritoneum adjacent to lesions, and macrophages. (Reprinted with permission, Cleveland Clinic
Center for Medical Art & Photography � 2004–2011. All Rights Reserved)
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that would be expected to clear the peritoneal cavity from endometrial cells, appear
to enhance their proliferation by secreting growth factors and cytokines.

Increased concentrations of interleukins IL-6, IL-1b, IL-10, and tumor
necrosis factor-a (TNF-a), as well as decreased vascular endothelial growth
factor (VEGF) have been documented in the follicular fluid of endometriosis
patients [16–18].

As current evidence suggests that endometriosis induces local inflammatory
processes, many studies have focused on markers of inflammation and OS in an
effort to find less invasive methods of diagnosis [19–21]. OS has been implicated
in the pathogenesis of endometriosis. Moreover, evidence is emerging that
women with endometriosis experience a greater degree of OS than healthy fertile
women.

9.2 Oxidative Stress

Oxidative stress has been implicated in endometriosis and develops when there is
an imbalance between the generation of free radicals and the scavenging capacity
of antioxidants in the reproductive tract. Free radicals are defined as any species
with one or more unpaired electrons in the outer orbit [22]. There are two types
of free radicals: reactive oxygen species (ROS) and reactive nitrogen species
(RNS). The main free radicals are the superoxide radical, hydrogen peroxide,
hydroxyl, and singlet oxygen radicals. ROS are intermediate products of normal
oxygen metabolism. Oxygen is required to support life, but its metabolites can
modify cell functions, endanger cell survival, or both [23]. Almost all major
classes of biomolecules, including lipids, proteins, and nucleic acids, are
potential targets for ROS. Hydroxyl radicals are the most reactive free radical
species known and have the ability to react with a wide range of cellular con-
stituents, including amino-acid residues, and purine and pyrimidine bases of
DNA, as well as attacking membrane lipids to initiate a free radical chain
reaction known as lipid peroxidation. Therefore, ROS must be continuously
inactivated to keep only a small amount necessary to maintain normal cell
function. Both enzymatic and non-enzymatic antioxidant systems scavenge and
deactivate excessive free radicals, helping to prevent cell damage. The body’s
complex antioxidant system is influenced by dietary intake of nonenzymatic
antioxidants such as manganese, copper, selenium and zinc, beta-carotenes,
vitamin C, vitamin E, taurine, hypotaurine, and B vitamins [24]. On the other
hand, the body produces several antioxidant enzymes such as catalase, super-
oxide dismutase, glutathione reductase, glutathione peroxidase, and molecules
like glutathione and NADH. Glutathione is produced by the cell and plays a
crucial role in maintaining the normal balance between oxidation and antioxi-
dation. NADH is considered as an antioxidant in biological systems due to its
high reactivity with some free radicals, its high intracellular concentrations and
the fact that it has the highest reduction power of all biologically active
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compounds [25]. When the balance between ROS production and antioxidant
defense is disrupted, higher levels of ROS are generated and OS may occur,
leading to harmful effects (Fig. 9.2). OS is implicated as a major factor involved
in the pathophysiology of endometriosis.

Fig. 9.2 Peritoneal fluid containing ROS-generating iron, macrophages, and environmental
contaminants such as polychlorinated biphenyls may disrupt the balance between ROS and
antioxidants, resulting in increased proliferation of tissue and adhesions, direct cytotoxic actions,
and higher rates of apoptosis. (Reprinted with permission, Cleveland Clinic Center for Medical
Art & Photography � 2004–2011. All Rights Reserved)
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9.3 Oxidative Stress and Endometriosis

Peritoneal fluid containing ROS-generating iron, macrophages, and environmental
contaminants such as polychlorinated biphenyls may disrupt the balance between
ROS and antioxidants, resulting in increased proliferation of tissue and adhesions
[26–29]. OS is thought to have a biphasic dose-response, where only moderate
doses of ROS induce endometriotic growth and proliferation, whereas higher doses
do not, due to its direct cytotoxic actions and higher rates of apoptosis [30]. OS
may have a role in promoting angiogenesis in ectopic endometrial implants by
increasing VEGF production [31]. This effect is partly mediated by glycodelin, a
glycoprotein whose expression is stimulated by OS. Glycodelin may act as an
autocrine factor within ectopic endometrial tissue by augmenting VEGF
expression [31].

Altered molecular genetic pathways may also contribute to the effects of OS in
the pathogenesis of endometriosis and endometriosis-associated infertility. Dif-
ferential gene expression of ectopic and normal endometrial tissue has been
identified, including differential gene expression of glutathione-S-transferase, an
enzyme in the metabolism of the potent antioxidant glutathione [32]. Thioredoxin
(TRX), an endogenous redox regulator that protects cells against OS, and
TRX-binding protein-2 play a crucial role in the homeostasis of eutopic endo-
metrium. A study by Seo et al. showed that altered TRX and TRX-binding protein-
2 mRNA expression in the endometrium is associated with the endometriosis.
Therefore, altered molecular genetic pathways may determine the development of
OS and its ability to induce cellular proliferation and angiogenesis in women with
endometriosis [33].

The peritoneal fluid of women with endometriosis has been reported to exhibit
increased ROS generation by activated peritoneal macrophages [34]. Increased
macrophage activity is accompanied by the release of cytokines and other immune
mediator. After adjusting for confounding factors such as age, BMI, gravidity,
serum vitamin E, and serum lipid levels, Jackson et al. found a weak trend
involving elevated levels of thiobarbituric acid reactive substances (TBARS), an
overall measure of OS, in women with endometriosis [29]. Ota et al. demonstrated
that there was a consistently high expression of xanthine oxidase, an enzyme
producing ROS, in the endometrium of women with endometriosis, in contrast to
the cyclic variations seen in normal subjects. Similarly, they showed that enzymes
associated with free radicals are present in the glandular epithelium of endome-
trium, at levels which are pronounced in endometriosis [35]. These findings sug-
gest that free radical metabolism is abnormal, overall, in endometriosis. Levels of
the OS marker, 8-hydroxy 1-deoxyguanosine, were seen to be higher in patients
with endometriosis than in patients with tubal, male factor, or idiopathic infertility.
A 6-fold increase in the levels of 8-hydroxy 1- deoxyguanosine and lipid peroxide
was demonstrated in ovarian endometriomas compared with normal endometrial
tissue [36]. Increased NItric oxide (NO) production and lipid peroxidation have
been reported in the endometrium of women with endometriosis [37, 38]. NO is a
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pro-inflammatory free radical that decreases fertility by increasing the amount of
OS in the peritoneal fluid, an environment that hosts processes such as ovulation,
gamete transportation, sperm–oocyte interaction, fertilization, and early embry-
onic development
[37, 39, 40]. However, several studies failed to find significant differences in the
peritoneal fluid levels of NO, lipid peroxide and ROS in women with, and without
endometriosis associated infertility. The failure of some studies to confirm alter-
ations in peritoneal fluid NO, lipid peroxide and antioxidant status in women with
endometriosis may be explained by the fact that OS may occur locally, without
affecting total peritoneal fluid ROS concentration. Also, markers of OS may be
transient and not detected at the time endometriosis is diagnosed. In a study by
Lambinoudaki et al. stable stress-induced heat shock proteins were used as serum
markers of systemic oxidative stress. Women with endometriosis demonstrated
increased systemic OS expressed by higher levels of heat shock protein 70bo,
which indicated that OS may not be confined to the peritoneal cavity in women
with endometriosis [41]. Many of the studies which failed to show increased OS in
the peritoneal fluid or systemically [39, 42, 43] often measured ROS or total
antioxidant capacity (TAC), parameters that can be affected by handling, whereas
heat shock proteins are considered more stable and easily detected.

Increased OS may be due to increased production of ROS or due to depletion of
antioxidant reserve. Many recent studies in women with endometriosis have shown
altered expression of enzymes involved in defence against OS [35, 44]. Murphy
et al. showed that vitamin E levels are significantly lower in the peritoneal fluid of
women with endometriosis, possibly due to a local decrease of antioxidants caused
by excessive OS [45]. Enzymes associated with free radicals are present in the
glandular epithelium of the endometrium and these levels vary dynamically
throughout the menstrual cycle. In healthy women, levels of superoxide dismutase
(SOD) and nitric oxide synthase (NOS) in the endometrium are low during the
proliferative phase and increase during the early and midsecretory phase.
However, in women with endometriosis, this variation is lost and the levels of
SOD and NOS are seen to remain constant throughout the menstrual cycle [46].
Furthermore, expression of glutathione peroxidase also ceases to vary during the
menstural cycle in endometriosis [47]. Women with endometriosis have been
shown to have significantly lower levels of antioxidants than women without
endometriosis and significantly higher levels of lipid peroxides [48]. Szczepanska
et al. reported that women with endometriosis have significantly lower levels of
SOD and glutathione peroxidase in peritoneal fluid compared with fertile control
women [37]. Excessive OS is thought to contribute to formation of endometriosis-
related adhesions. Portz et al. found that injection of antioxidant enzymes, such as
SOD and catalase, into the peritoneal cavity prevented the formation of intra-
peritoneal adhesions at endometriosis sites in rabbits [49]. Therefore, there is
evidence to suggest that antioxidants oppose the processes involved in the
pathogenesis of endometriosis by controlling OS in the female reproductive tract
and peritoneal cavity.
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9.4 OS Induced Infertility in Endometriosis

An association between endometriosis and infertility has been often reported in the
literature, but a direct causal relationship has yet to be confirmed [50–52]. Severe
cases of endometriosis are thought to render a woman infertile by mechanical
hindrance of the sperm–egg encounter due to adhesions, endometriomata, and
pelvic anatomy disruption. However, in less severe cases where there is no pelvic
anatomical distortion, the mechanism by which their fertility is reduced is poorly
understood. Numerous mechanisms have been proposed to account for fertility
impairment. Endometriosis can cause ovulatory dysfunction, poor oocyte quality
[53], luteal phase defects [54], and abnormal embryogenesis [55] which may lead
to poor fertilization [56]. Peritoneal macrophages from women with endometriosis
associated infertility expressed higher levels of NOS2, had higher NOS enzyme
activity and produced more NO in response to immune stimulation in vitro [57].
Peritoneal fluid from women with endometriosis, with high concentrations of
cytokines, growth factors, and activated macrophages, has been shown to have
levels of ROS that are toxic to the sperm plasma and acrosomal membranes,
resulting in a loss of motility and decreased spermatozoal ability to bind, and
penetrate the oocyte [58, 59]. Increased iron in the peritoneal fluid results in OS in
the reproductive tract microenvironment which negatively affects sperm motility
and may also arrest division of the fertilized egg leading to embryo death.
Spermatozoa have been shown to exhibit increased DNA fragmentation when
incubated with peritoneal fluid from endometriosis patients, with the extent of
fragmentation correlating with the stage of endometriosis and duration of infer-
tility [60]. Oocytes exhibited increased DNA damage as they were incubated in
peritoneal fluid of endometriosis patients, and the extent of the damage was
dependent on the duration of peritoneal fluid exposure [61]. Embryos incubated in
the peritoneal fluid of endometriosis patients also exhibited DNA fragmentation as
indicated by increased apoptosis [62]. It has been proposed that IVF may improve
the conception rate in women with endometriosis as it avoids contact between the
gametes and embryos with potentially toxic peritoneal and oviductal factors [57].

Several studies on assisted reproduction have suggested lower than normal rates
of pregnancy among women with endometriosis. A meta-analysis of most of these
studies showed that the pregnancy rate in women with endometriosis was about
half of that in women with tubal-factor infertility, after controlling for confounding
factors. Excessive ROS can also interfere with IVF by decreasing the likelihood of
fertilization, inducing embryonic fragmentation when intracytoplasmic sperm
injection is used, and hampering the in vitro development of blastocysts [63]. The
results of studies focusing on IVF treatment suggest poor ovarian reserve in more
advanced endometriosis, low oocyte and embryo quality, and poor implantation
[64]. Changes in granulosa cell cycle kinetics may be responsible for impaired
follicle growth and oocyte maturation in endometriosis patients [36]. Flow
cytometric analysis was used to determine the cell cycle of granulosa cells in
endometriosis and nonendometriosis patients. A decreased number of granulosa
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cells in the G2/M phase and an increase in both the S phase and apoptotic cells
were documented in women with endometriosis [36, 65]. Oocyte quality may be
influenced by granulosa cell apoptosis as well. Granulosa cell apoptosis increased
proportionally with the severity of disease and resulted in poor oocyte quality and
a reduction in fertilization and pregnancy rates [66]. A higher percentage of
granulosa cell apoptosis was associated with significantly reduced pregnancy rates
in patients with endometriosis or tubal-factor infertility undergoing IVF [67]. In an
observational IVF study using natural cycles, the follicular phase was significantly
longer and the fertilization rate was lower in patients with minimal to mild
endometriosis compared with women with tubal factor and unexplained infertility
[68]. Women with endometriosis were noted to have a slower follicular growth
rate [53] and reduced dominant follicle size compared with women with unex-
plained infertility [69]. Trinder and Cahill also concluded that endometriosis
patients have abnormal follicle development, ovulation, and luteal function [70].
Conversely, Mahmood et al. found that women with endometriosis did not
experience significant differences in the duration of their follicular phase, and that
dominant follicle development was not effected by the disease [71].

The increased DNA damage in sperm, oocytes, and the resultant embryos is
proposed to be accountable for increased miscarriages and fertilization and
implantation failures among endometriosis patients [60].

Amelioration of infertility associated with endometriosis has been investigated
with medical and surgical therapeutic modalities, individually, and in combination.
Medical treatments have uniformly been unsuccessful and the outcomes of
surgical trials have been inconsistent. Two randomized controlled trials investi-
gating the effects of surgical treatment of mild endometriosis yielded conflicting
results [72, 73]. Studies on the surgical management of ovarian endometriomas
before assisted reproduction also produced contradictory outcomes [74, 75]. The
excessive ROS implicated in the pathogenesis of endometriosis-induced infertility
may be a potential target for medical treatment of these patients.

9.5 Antioxidant Treatment of Endometriosis

Several studies have shown that the peritoneal fluid of women with endometriosis-
associated infertility have insufficient antioxidant defense, with lower TAC and
significantly reduced SOD levels [37, 39]. An early study used a simple rabbit
model to demonstrate the beneficial effect of antioxidant therapy in halting
progression of the disease [49]. SOD and catalase were instilled in the rabbit
peritoneal cavity and were shown to significantly reduce the formation of intra-
peritoneal adhesions at endometriosis sites by blocking the toxic effects of the
superoxide anion and hydrogen peroxide radicals [49]. An in vitro study by
Foyouzi et al. was conducted to compare the effects of culturing endometrial
stromal cells with antioxidants or with agents inducing oxidative stress. OS
induced by hypoxanthine and xanthine oxidase was seen to stimulate endometrial
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stromal proliferation and DNA synthesis. However, culture with antioxidants such
as vitamin E, ebselen, and N-acetylcysteine was shown to inhibit proliferation of
endometrial stromal cells in a dose-dependent manner [30].

Lifestyle factors such as inadequate dietary intake of antioxidants may
contribute to the OS seen in women with endometriosis. Parazzini et al. reported a
significant reduction in risk of endometriosis in women with a greater intake of
green vegetables and fresh fruit [76]. Mier-Cabrera et al. conducted a study which
reported that women with endometriosis have lower vitamin A, C, E, zinc, and
copper intake compared to women without endometriosis. The application of a
high antioxidant diet in women with endometriosis increased the peripheral
concentration of vitamins A, C, and E after 3 months of intervention in compar-
ison to the control diet group. The antioxidant diet also increased the peripheral
enzymatic SOD and glutathione peroxidase activity after 3 months of intervention
while decreasing the peripheral concentration of malondialdehyde and lipid
hydroperoxides in women with endometriosis [77]. Westphal et al. studied the
impact of a nutritional supplementation formula called FertilityBlend on the
reproductive health of women who had unsuccessfully attempted to become
pregnant for 6–36 months. After 5 months, 33 % of the women in the supple-
mentation group were pregnant compared to 0 % in the placebo group. Therefore,
dietary supplementation with antioxidants to alleviate OS may be an effective
alternative to conventional fertility therapy [78].

Women with endometriosis are likely to be prescribed a number of empirical
therapies. There is a rationale to support the use of antioxidants in these patients.
The low cost and relatively low risk of toxicity of these compounds is appealing to
both patients and clinicians. Several studies have examined the potential use of
antioxidant supplementation to treat OS associated symptoms and complications in
endometriosis.

9.5.1 Vitamin E and Vitamin C

The daily requirement of vitamin E varies from 50 to 800 mg, depending on the
intake of fruits, vegetables, tea, or wine [79]. Vitamin E (a-tocopherol) is an
important lipid-soluble antioxidant molecule in the cell membrane. It is thought to
interrupt lipid peroxidation and enhance the activity of various antioxidants that
scavenge free radicals generated during the univalent reduction of molecular
oxygen and during the normal activity of oxidative enzymes [80, 81]. Vitamin E
works synergistically with selenium as an antiperoxidant [82]. Compared with
healthy fertile women, women with endometriosis have been shown to have a
lower overall intake of vitamin E [83] as well as lower levels of vitamin E within
their peritoneal fluid [45]. Afamin, a specific carrier protein of vitamin E in
extravascular fluids, was found to be lower in women with endometriosis [84, 85].
A possible explanation of vitamin E deficient intake observed in women with
endometriosis could be attributed to nutritional customs and behavioral habits,

158 L. H. Sekhon and A. Agarwal



such as decreased dietary consumption of nuts, wheat germ, sunflower seeds, and
extra virgin olive oil [86]. Previous studies done in the US population have shown
that only 8–11 % of men and 2–8 % of women meet the new estimated average
requirement for vitamin E [87]. Given the strong association between vitamin E
deficiency and endometriosis, its use as a supplement may be beneficial to patients
with uncontrolled levels of oxidative stress. It is important to mention, however,
that vitamin E should be used cautiously in women who are on anticoagulants,
because it can have antiplatelet properties and daily intake should be limited to
400 IU or less [88, 89].

Vitamin C (ascorbic acid) is a water-soluble ROS scavenger with high potency.
It protects the reproductive microenvironment against endogenous oxidative
damage by neutralizing hydroxyl, alkolyl, peroxyl and superoxide anions,
hydroperoxyl radicals, and reactive nitrogen radicals such as NO and peroxinitrite.
Vitamin C and vitamin E are often prescribed in combination as they act
synergistically, with vitamin C exerting its antioxidant function in the aqueous
phase, scavenging radicals and regenerating the tocopheroxyl radical [24], whereas
Vitamin E scavenges peroxide radicals in the hydrophobic phase of cellular lipid
membranes and lipoproteins, protecting them from lipoperoxidation. In addition,
Bruno et al. found that supplementation with vitamin C decreased plasma
a-tocopherol disappearance rates in smokers [90].

However, this concept must be verified by further prospective controlled
clinical studies in selected patients with endometriosis with identified raised
markers of oxidative stress.

9.5.2 Pentoxifylline

Another drug being investigated for its potential use in the treatment of
endometriosis-associated infertility is pentoxifylline, a 30,50-nucleotide phospho-
diesterase inhibitor that raises intracellular cAMP and reduces inflammation by
inhibiting TNF-a and leukotriene synthesis. Pentoxifylline has potent immuno-
modulatory properties and has been shown to significantly reduce the embryotoxic
effects of hydrogen peroxide [91]. Zhang et al., conducted a recent randomized
control trial in which pentoxifylline treatment failed to demonstrate significant
reduction in endometriosis-associated symptoms such as pain. Furthermore, there
was no evidence of an increase in the clinical pregnancy rates in the pentoxifylline
group compared with placebo [92]. Currently, there is not enough evidence to
warrant the use of pentoxifylline in the management of premenopausal women
with endometriosis-associated pain and infertility.
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9.5.3 Curcumin

Curcumin is a polyphenol derived from turmeric (Curcuma longa) with antioxidant,
anti-inflammatory and antiproliferative properties. This compound has been shown
to have an anti-endometriotic effect by targeting aberrant matrix remodeling in a
mouse model. Matrix metalloproteinase-9 (MMP-9) levels are thought to positively
correlate with the severity of endometriosis. In randomized controlled trials,
curcumin treatment was seen to reverse MMP-9 activity in endometriotic implants
near to control values. Furthermore, the anti-inflammatory property of curcumin
was demonstrated by the fact that the attenuation of MMP-9 was accompanied by a
reduction in cytokine release. Decreased expression of TNF-a was demonstrated
during regression and healing of endometriotic lesions within the mouse model.
Pretreatment of endometriotic lesions with curcumin has been shown to prevent
lipid peroxidation and protein oxidation within the experimental tissue, attesting to
its therapeutic potential to provide antioxidant defense against OS-mediated
infertility in endometriosis [93].

9.5.4 Melatonin

MMP-9 also was identified as a therapeutic target for melatonin in the treatment of
OS-mediated endometriosis in another study evaluating the effectiveness of
melatonin in treating experimental endometriosis in a mouse model [94].
Melatonin is a major secretory product of the pineal gland with anti-oxidant
properties that has been shown to arrest lipid peroxidation and protein oxidation,
while downregulating MMP-9 activity and expression in a time and dose depen-
dent manner. Tissue inhibitors of metalloproteinase (TIMP)-1 were found to be
elevated in response to melatonin treatment. Regression of peritoneal endometri-
otic lesions was seen to accompany the alteration in metalloproteinase expression
[94]. Guney et al. confirmed these findings in that treatment with melatonin was
seen to cause regression and atrophy of endometriotic lesions in an experimental
rat model [95]. Endometrial lesions treated with melatonin demonstrated lower
MDA levels and significantly increased SOD and catalase activity [95], further
substantiating the usefulness of this hormone to neutralizing endometriosis asso-
ciated OS.

9.5.5 Green Tea

As previously mentioned, OS stimulates factors that increase VEGF expression
and promote angiogenesis of endometriotic lesions. The green tea-containing
compound, epigallocatechin gallate (EGCG) has been evaluated as a treatment for
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endometriosis due to its powerful antioxidant and anti-angiogenic properties.
Xu et al. conducted a study in which eutopic endometrium transplanted subcuta-
neously into a mouse model was used to compare the effects of EGCG treatment
on endometriotic implants to the effects seen with vitamin E treatment or untreated
controls [96]. Lesions treated with EGCG were seen to have significantly down-
regulated levels of VEGF-A mRNA. While the control endometrial implants
exhibited newly developed blood vessels with proliferating glandular epithelium,
the EGCG group demonstrated significantly smaller endometriotic lesions and
smaller and more eccentrically distributed glandular epithelium. Despite its widely
studied benefits as a potent antioxidant in the treatment of female infertility,
vitamin E was not shown to control or decrease angiogenesis compared with
baseline controls [96]. As EGCG was shown to significantly inhibit the develop-
ment of experimental endometriotic lesions in a mouse model, its effectiveness as
an oral therapy in female patients to limit progression and induce remission of
their endometriosis should be further investigated.

9.5.6 Other

Treatment with an iron chelator could be beneficial in the case of endometriosis to
prevent iron overload in the pelvic cavity [97], thereby diminishing the deleterious
effects of the resulting OS. However, in women suffering from endometriosis,
menstrual periods are often longer and heavier [98]. Sanfilippo et al. and cycles
tend to be shorter [99]. Therefore, iron overload observed in these patients is
generally localized in the pelvic cavity, whereas body iron content may actually be
decreased due to abundant menstruation. For this reason, iron chelator treatment
may only be helpful if applied locally, within the peritoneal cavity, by means of
intrapelvic implants that release deferoxamine over several months or years.

Guney et al. evaluated caffeic acid phenethyl ester (CAPE), an active component
of propolis from honeybee hives that is known to have antimitogenic, anticarci-
nogenic, antiinflammatory, and immunomodulatory properties. The effect of this
compound on experimental endometriosis in a rat model, and the levels of peri-
toneal SOD and catalase activity, and MDA [100]. Treatment with CAPE was seen
to decrease peritoneal MDA levels and antioxidant enzyme activity in rats. En-
dometriotic lesions treated with CAPE were histologically demonstrated to undergo
atrophy and regression, compared with untreated controls [100].

Medical treatments which modulate the hormonal imbalances associated with
endometriosis may also have an antioxidant mechanism of action. More recently,
mifepristone (RU486)- a potent antiprogestational agent with antioxidant activity,
was shown to effectively decrease the proliferation of epithelial and stromal cells
in endometriosis [101].
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9.6 Conclusion

ROS have been shown to have an important role in the normal functioning of the
reproductive system and in the pathogenesis of infertility in females and is thought
to play a role in the pathogenesis of endometriosis. Although many studies have
investigated the factors that might be involved in the development of different
stages of endometriosis, the precise mechanism by which this disease is estab-
lished remains unclear. Decreased antioxidant protection within the peritoneal
fluid of patients with endometriosis may render the reproductive tract more
susceptible to damage by OS. The identification of highly sensitive and specific
markers of oxidative stress in peritoneal fluid, serum, and tissue biopsies may
facilitate the development of reliable non-invasive techniques for endometriosis
diagnosis and prognosis. At present, there are many medical or surgical inter-
ventions for treating endometriosis. A multidisciplinary and integrative approach
may offer expanded therapeutic solutions for this disorder. Endometriosis is
associated with hormonal, chemical, and immunologic that may affect ovulation
and oocyte quality, tubal function, sperm function, fertilization, and implantation.
A greater understanding of these mechanisms is necessary to develop noninvasive
methods of detection and diagnosis and to shift from surgical management of
disease to medical treatment options.

Further studies to evaluate the effects of ROS and antioxidants on endometrial
implants and on endometrial epithelial cells both in vitro and in vivo may provide
a basis for clinical use of antioxidants in the treatment of endometriosis. However,
the current data evaluating antioxidant supplements is derived from randomised
controlled trials that often differ in terms of the selection of the control population,
eligibility criteria, markers of OS and antioxidant status and the biological medium
in which OS markers were measured, making it difficult to come to a definitive
conclusion. Dietary supplements with antioxidants may be a potential strategy in
the long-term treatment of endometriosis that is better accepted by patients due to
increased cost-effectiveness and lower risk of toxicity. Future research should be
directed towards implementing robust, large scale, randomized controlled trials in
order to determine the efficacy, safety profiles, and effective doses of specific
therapeutic regimens.
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Chapter 10
Oxidative Stress Impact on the Fertility
of Women with Polycystic Ovary
Syndrome

Anamar Aponte and Ashok Agarwal

Abstract Polycystic ovary syndrome is a common endocrine abnormality in
reproductive-age women. The pathophysiology of this condition remains unclear.
Women with polycystic ovary syndrome present a diverse combination of clinical
complications including, psychological problems, reproductive alterations, and
metabolic sequelae. In affected women, hyperglycemia, independent of obesity,
promotes reactive oxygen species. The resultant oxidative stress causes extensive
cellular injury, demonstrated by protein oxidation, lipid peroxidation, and DNA
damage. This oxidative stress may directly stimulate hyperandrogenism. Addi-
tionally, serum total antioxidant status, is diminished in women with polycystic
ovary syndrome, decreasing the body’s defense against an oxidative environment.
Treatment through lifestyle intervention and medical/surgical therapy may
improve metabolic consequences of polycystic ovary syndrome, including insulin
resistance and reproductive status.
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10.1 Background

Polycystic ovary syndrome (PCOS) is a condition characterized by ovulatory
dysfunction, hyperandrogenism, and polycystic ovaries. It is the most common
endocrine abnormality in reproductive-aged women, with the Rotterdam Criteria
[1] (See Fig. 10.1) showing the prevalence of PCOS at approximately 18 %.
Studies show that insulin resistance (IR) may be central to the etiology of the
syndrome [2]. In IR, adipose, muscle, and liver cells do not respond appropriately
to insulin, causing circulating glucose levels to remain high and leading to glucose
intolerance and hyperinsulinemia [3].

Compensatory hyperinsulinemia causes decreased levels of sex hormone
binding globulin (SHBG), a glycoprotein that binds testosterone and estradiol.
This process increases the bioavailability of circulating androgens, which further
stimulates increased androgen production in the adrenal gland and ovary [1].
Overweight or obesity affects 50–80 % of women with this disorder and can
aggravate IR and anovulation [4].

The current recommendation by Androgen Excess Society (AES) is to measure
free testosterone for measuring circulating androgens. Both the adrenal glands and
ovaries contribute to the concentration of circulating androgen in women. Still, the
ovary is the primary source of testosterone, accounting for 75 % of its circulating
levels. The ovary produces androstenedione, which is converted in the liver, fat,
and skin into testosterone. The adrenal glands secrete dehydroepiandrosterone
(DHEAS), which may be elevated in PCOS. These hormones may act as precur-
sors for more potent androgens such as testosterone and dihydrotestosterone. Their
measurement may be useful in cases of rapid virilization [1].

The approach to diagnosis and treatment of PCOS is a challenge based on the
complexity and diversity of its pathophysiology, including the association between
metabolic syndrome and oxidative stress (OS) and their impacts on female fertility.

10.2 Clinical Manifestations

Menstrual disorders are among the most common signs of women with PCOS,
ranging from amenorrhea to menorrhagia. In women with PCOS, abnormal
menstruation is usually attributed to chronic anovulation, a steady state in which
monthly rhythms associated with ovulation are not functional. This lack of ovu-
lation creates fertility problems in these women.

Peripheral androgen excess manifests externally as an increase in acne and
hirsutism. In hirsutism, hair is commonly seen on the upper lip, chin, around the
nipples, and along the linea alba of the lower abdomen. Other signs of hyperan-
drogenism such as clitoromegaly, increased muscle mass, and voice deepening are
more characteristic of an extreme form of PCOS termed hyperthecosis. Patients
with PCOS may have dark, pigmented skin on the nape of their neck, skin folds,
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knuckles, and/or elbows, called acanthosis nigricans, and is attributed to insulin
resistance, or in some cases, to visceral malignancies such as stomach cancer [1].
Signs of IR such as hypertension, obesity, centripetal fat distribution, and acan-
thosis nigricans may predispose the patient to metabolic syndrome, nonalcoholic
fatty liver [5], and obesity-related disorders. In turn, these conditions are risk
factors for long-term metabolic sequelae like cardiovascular disease (CVD) and
diabetes mellitus (DM) type 2. Approximately 10 % of women with PCOS have
type 2 DM, and 30–40 % of women with PCOS have impaired glucose tolerance
by the age of 40 [1].

Fig. 10.1 Recommended diagnostic criteria for polycystic ovary syndrome
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Obesity is a comorbidity that may exacerbate the effects of PCOS. However,
it is not a diagnostic criterion for PCOS, and nearly 20 % of women with this
condition are not obese [1]. Obesity itself increases hyperandrogenism, infertility,
and pregnancy complications by aggravating PCOS. Along with IR, obesity may
further augment the risks for developing DM type 2 and CVD.

10.3 Metabolic Syndrome

Numerous patients with PCOS have characteristics of metabolic syndrome. One
study showed 43 % prevalence of metabolic syndrome in women with PCOS [6].

Metabolic syndrome involves a clustering of hyperglycemia/IR, visceral
obesity, and dyslipidemia. In 2001, the National Cholesterol Education Program
Adult Treatment Panel III (2001) established a definition for the metabolic syn-
drome [3], which was renewed in 2005 by the American Heart Association (AHA)
and the National Heart Lung and Blood Institute in 2005 [7]. According to this
revised definition, metabolic syndrome requires the presence of three or more of
the five criteria below [3] (See Table 10.1).

In 2005, The International Diabetes Foundation (IDF) published new criteria for
metabolic syndrome [8]. It includes the same criteria as the other definitions, but
requires obesity, as opposed to IR. The IDF definition has been challenged for its
emphasis on obesity rather than IR, although visceral obesity is a known important
factor [9]. In addition, the concurrence of obesity, oxidative stress, and platelet
aggregation exponentially increases the risk of CVD morbidity and mortality [10, 11].

Mechanisms of metabolic syndrome are based on four clinical features:
A. Insulin Resistance
The pancreas produces insulin in response to increased levels of glucose.

Subsequently, different tissues of the body such as the liver, adipose tissue, and
skeletal muscle use this glucose as fuel. In adipose tissue, insulin prevents fat
breakdown and promotes glucose uptake, while in skeletal muscle and the liver, it
promotes glycogen synthesis and prevents glycogenolysis. In IR, these tissues do
not respond adequately to insulin, which exacerbates hyperglycemia [12].

Physiological insulin signaling takes place after the binding of insulin to its
receptor, a ligand-activated tyrosine kinase, resulting in tyrosine phosphorylation
and activating two parallel pathways: the phosphoinositide 3-kinase (PI3 K)
pathway and the mitogen-activated protein (MAP) kinase pathway [3]. The PI3 K
is responsible for many of the metabolic effects of insulin including the activation
of endothelial nitric oxide synthetase (eNOS). The MAP kinase pathway leads to
vasoconstriction; growth effects on vascular smooth muscle cells; and expression
of the vascular adhesion molecules VCAM-1 and E-selectin [3]. In IR the PI3 K
pathway is affected and the MAP pathway is not. This misbalance results in a
reduced nitric oxide (NO) formation, leading to endothelial dysfunction.
A reduction also occurs in GLUT4, an insulin-responsive glucose transporter,
translocation leading to decreased skeletal and fat glucose uptake [3].
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B. Visceral adiposity
Visceral adiposity is closely associated with IR. Tumor necrosis factor a (TNF a)

and interlukin6 (IL-6), inflammatory molecules produced by the adipose tissue, are
thought to be closely involved in the pathogenesis of IR and vascular disturbance [13].

C. Dyslipidemia
Dyslipidemia comprises high levels of triglycerides, low-density lipoprotein

(LDL), and low levels of high-density lipoprotein (HDL). IR leads to dyslipidemia
mainly by preventing lipolysis, thereby increasing free fatty acid (FFA) concen-
tration. In the liver, FFAs participate in the synthesis of triglycerides and in the
formation of very low-density lipoprotein (VLDL) particles [14].

D. Endothelial dysfunction
The endothelium regulates physiological and pathological stimuli by main-

taining homeostasis and preventing the development of atherosclerosis [12, 15,
16]. Endothelial dysfunction may result from the influence of FFAs, cytokines,
hyperglycemia, or OS. IR and visceral adiposity are intimately related in pro-
moting the damaging activity of the endothelium by increasing inflammatory
reactants such as, diminishing blood flow to skeletal muscle, and further increasing
reactive oxygen species (ROS). This creates a vicious cycle of endothelial dys-
function and formation of OS [3].

10.4 Polycystic Ovary Syndrome, Metabolic Syndrome,
and Oxidative Stress

Oxidative Stress occurs (OS) when the production of ROS exceeds the endogenous
anti-oxidant defense. The anti-oxidant status of plasma suggests the extent of both
OS and anti-oxidant levels. A moderate increase in ROS can promote cell growth and
proliferation. On the contrary, excessive ROS accumulation will result in cellular
injury, such as damage to DNA, protein, and lipid membranes. This is why PCOS is
considered an oxidative state. In women with PCOS, diminished total antioxidant
capacity (TAC) is the sum of concentration of individual antioxidants such as thiol,
carotene, Vitamin C and E, which leads to a decrease in antioxidants defense.

Metabolic IR may occur due to endothelial nitric oxide (NO) impairment. NO is
a regulator of important nervous, immune and cardiovascular processes such as
arterial vasodilation; it increases blood flow and promotes vascular smooth muscle
relaxation. In both obesity and PCOS, stimulation of muscle by insulin is inhibited
by a defect in endothelial synthesis [17, 18].

Table 10.1 Metabolic
Syndrome Criteria

Blood Pressure [130/85
Waist circumference ([35 in, 88 cm)
HDL B50 mg/dL
Fasting glucose levels C100 mg/dL
Triglycerides C150 mg/dL
3/5 needed for diagnosis
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Markers of OS have been proposed to increase exponentially between partial
and full metabolic syndrome during childhood and puberty. 15-F2t-Isoprostane is a
marker for OS in humans [19, 20] and is synthesized non-enzymatically. Within
the cell membrane, this process takes place through the impact of free radicals on
the arachnoid acids of phospholipids and plasma lipoproteins, culminating in lipid
peroxidation [21].

Protein carbonyl content, a marker for protein oxidation and another important
indicator for OS, was found to increase gradually during the progression from
partial to full metabolic syndrome in childhood. Attack by hydrogen peroxide
(H202) or oxygen (O2) can facilitate redox cycling cations such as Fe+ and Cu2+ to
attach to binding sites on proteins. Some amino acid residues are converted to
carbonyl derivatives and as a result of oxidative modification, these proteins
become highly susceptible to degradation. This oxidative modification is an early
marker of oxygen radical-mediated tissue damage [22]. In addition to these OS
markers, the concentration of tromboxane (TXB2), a potent vasoconstrictor pro-
duced by lipid peroxidation, substantially increases the risks for the development
of atherosclerosis and other precursors of CVD [10, 11] (See Fig. 10.2).

Acute hyperglycemia causes an increase in the generation of ROS from mononuclear
cells (MNC). MNC’s promote the release of tumor necrosis factor (TNF) a, a known
mediator of IR, and activate the proinflammatory transcription factor nuclear factor
(NF kB), which further increases TNFa concentration [23]. MNCs of women with PCOS
are in a proinflammatory state as evidenced by their increased sensitivity to physiologic
hyperglycemia and elevated C-reactive protein, a marker of inflammation. ROS gen-
eration is directly related to androgen levels, which can explain why OS in response to
hyperglycemia may be capable of directly stimulating hyperandrogenism [23].

The mitochondria are one of the main sites for ROS production by peripheral
blood leukocytes [24]. IR in PCOS patients disrupts mitochondrial function,
leading to increased ROS production, a reduction in glutathione levels and
decreased oxygen consumption by the mitochondria [25].

Homocysteine is an intermediate formed during disruption of the amino acid
methionine, or during trans-sulfuration to cystathione and cysteine. Homocysteine

Fig. 10.2 Risk factors for
metabolic syndrome
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is closely implicated in the risk of developing CVD and other complications, by
promoting OS in vascular endothelium, activation of platelets, blockage of blood
flow, and stimulation of vascular smooth muscle proliferation. Homocysteine
affects endometrial blood flow and vascular structure, thereby impairing adequate
implantation. Both impaired implantation and increased rates of miscarriage might
be due in part to elevated homocysteine and are more frequent in PCOS, even after
controlling for ovulatory abnormalities, increased LH, and hyperandrogenism [26].
Increased homocysteine exacerbates some of the long-term complications of
metabolic syndrome such as DM, hypertension, nephropathy, dyslipidemia, and
CVD; IR alone is a risk factor for all of these complications. In metabolic dis-
orders, PCOS may conceivably be considered an early indicator of IR syndrome
(IRS).

The preovulatory follicle, which is a metabolically active environment, is likely
to have multiple sources of ROS production, making it susceptible to OS. The
follicular fluid (FF) environment is composed of the oocyte, granulosa cells, and
surrounding cells, such as endothelial and theca cells. FF contains cytokines,
neutrophils, and macrophages, all of which can participate in the production of
oxygen free radicals. Monooxygenase reaction, required for the steroidogenic
process and mediated by cytochrome P450, invariably results in ROS production
[27]. For better reproductive results in in vitro fertilization (IVF) and intracyto-
plasmic sperm injection (ICSI) cycles, certain cutoff levels of ROS in FF are
needed for pregnancy. On the other hand, excessive ROS levels in the FF lead to
toxic effects.

Superoxide radical is a free radical that is produced by the activity of NADPH
oxidase. Lean women with PCOS showed elevated ROS generation and p47phox, a key
protein component of NADPH oxidase. ROS production parallels androgen levels,
while p47phox is inversely correlated to insulin sensitivity. The association among
p47phox protein expression and percent visceral fat implies that elevated abdominal
adiposity may be a key factor of the ROS-induced OS and a promoter of insulin action
as seen in obese women with PCOS [23]. This suggests that ROS-induced OS may play
a role in the associated development of IR and hyperandrogenism.

Another important consideration is the presence or absence of meiotic spindle
(MS) in oocytes. The presence of MS is associated with lower OS and has
improved intracytoplasmic sperm injection (ICSI) outcome both in women with
PCOS and tubal factor infertility. However, in the absence of MS, there is sig-
nificant reduction in the formation of good quality embryo and fertilization rate,
though statistically not significant, is decreased in PCOS women [27]. Glutathione,
an enzymatic antioxidant, plays an important role in maintaining MS morphology
and in early blastocyst stage development [28].

A larger number of preantral follicles occur in PCOS ovaries. This disorderly
growth takes place due to impaired apoptosis at an early stage of follicular growth,
promoting many follicles to synthesize androgens in their thecal component. ROS
initiates the apoptotic cascade in granulosa cells, while antioxidants antagonize
these effects on cultured preovulatory follicles [29–31]. Free radicals can activate
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meiosis in immature oocytes, which is inhibited by antioxidants. Antioxidants
block gonadotropin-induced oocyte maturation in follicles and oxygen radicals
promote the activations of meiosis. This process may explain the persistence of
immature follicles in PCOS [32]. Therefore, oxygen radicals may be categorized
as potential mediators for the resumption of meiosis in the oocyte, which is
activated by the ovulatory surge of LH.

TAC has been known to promote cell proliferation on ovaries. Development of
basement membrane during follicular growth is possible due to adequate collagen
synthesis, which is attained from antioxidant functions [31]. Antioxidants are
encountered in tissues where steroid hormones are produced and maintain ade-
quate control to ensure that steroidogenesis takes place despite the occurrence of
lipid peroxidation [33]. Antioxidants, particularly vitamin E, have been shown to
promote LH release from the pituitary gland upon activation by gonadotropin
secretion [34].

OS and anti-oxidant status is universally in all PCOS patients, including those
who are lean and without metabolic disturbances [35] (See Fig. 10.3).

Fig. 10.3 Main pathogenic factors and their effects in PCOS
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10.5 Treatment

Women with PCOS who are not attempting to conceive:
A. Lifestyle modifications
Exercise of 30 minutes 3 times a week and a calorie-restricted diet are key

factors shown to reduce DM and cardiovascular risk [36]. Even a 5–10 % weight
loss has been found to lower androgen levels, decrease hirsutism, and reduced
cardiovascular morbidity and mortality. In addition, this weight loss has been
shown to increase SHBG, improve glucose and lipid levels, and promote spon-
taneous resumption of menses [37–40].

B. Combined oral contraceptives
Combination low-dose hormonal contraceptives are most commonly used for

long-term management and are considered the primary treatment of menstrual
disorders. They offer benefit by suppressing LH levels, ovarian androgen secretion,
and increasing SHBG [1].

Oral contraceptives (OCPs) improve circulating markers of endothelial func-
tion. Estrogen contained in OCPs improved markers of endothelial function which
counteracts the negative effects of impaired IR on endothelial activity [41]. There
is no evidence that proves that women with PCOS who use OCPs suffer more
cardiovascular events than the general population does [42, 43].

C. Insulin sensitizing agents
Insulin sensitizing agents improve peripheral insulin sensitivity by decreasing

circulating androgen levels as well as improving ovulation rate and glucose tolerance.
Studies have focused on agents that alleviate insulin sensitivity, including biguanides
(e.g., metformin) and thiazolidinediones (e.g., rosiglitazone) [44, 45]. Thiazolidin-
ediones have been unsatisfactory among PCOS patients due to increased weight gain.

Metformin reduces a significant number of risk factors for type 2 DM and CVD,
including IR, inflammatory markers, and circulating markers of endothelial
function in women with PCOS. This suggests an indirect association between IR
and endothelial function and provides new understanding into the relationships
between them [41].

A long-term study suggested that metformin continued to improve metabolic
complications in women with PCOS over a 36-month treatment course, with
particular improvement in circulating HDL (HDL-C), diastolic blood pressure, and
BMI [46]. However, current data is insufficient to safely recommend metformin to
all women with PCOS.

10.6 Conclusion and What’s Next

OS and anti-oxidant status is omnipresent in all PCOS patients, including those
who are lean and without metabolic disturbances. ROS generation from MNCs in
response to hyperglycemia may serve as an inflammatory trigger for the induction
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of IR in PCOS. The resultant OS induces a proinflammatory state that may further
contribute to IR and hyperandrogenism in PCOS. This IR increases risk for DM2
and several metabolic abnormalities that predispose patients to CVD.

Further study on OS defenses in PCOS will provide a better understanding into the
mechanisms that result in decline of fertility. The in vitro maturation (IVM) tech-
nique has been used as an alternative treatment for PCOS-related infertility, however
the clinical results of IVM have not been encouraging [47, 48]. As IVM does not
require priming with FSH or hCG, it possesses several advantages for women with
PCOS such as avoiding ovarian hyperstimulation [49]. Future research on PCOS
needs to focus on improving the IVM technique to achieve high embryo implantation
rates. Currently, new research emphasizes a familial basis for PCOS and the related
pattern of diabetes, which may unveil the true nature of insulin resistance.
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Chapter 11
The Menopause and Oxidative Stress

Lucky H. Sekhon and Ashok Agarwal

Abstract Reproductive aging resulting in menopause is characterized by the
permanent cessation of ovarian follicular activity. The signs and symptoms
resulting from estrogen withdrawal can significantly disrupt a woman’s activities
of daily living and sense of well being, while predisposing them to osteoporosis
and heart disease. Current medical therapies are targeted at symptomatic relief or
alleviating the hormonal deficiency itself to prevent its harmful sequelae. The
progressive loss of estrogen and its protective effects, combined with deficient
endogenous antioxidant, results in oxidative stress—which is implicated in the
pathogenesis of vasomotor disturbances, loss of bone mass and heart disease in
menopause. The link between oxidative stress and estrogen deficiency has been
demonstrated by numerous studies. Based on this, hormonal replacement therapy,
antioxidant supplementation, and lifestyle modification have been investigated for
their efficacy and safety in the treatment and prevention of menopause-related
symptoms and chronic disease processes.
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11.1 Introduction

Reproductive aging involves the permanent cessation of the primary female
reproductive functions—the ripening and release of ova and the release of
hormones that modulate the endometrial proliferation and shedding. This loss of
ovarian follicular activity can be a natural process or a result of an iatrogenic insult
such as surgery, chemotherapy, or radiotherapy. In the US, menopause is typically
reached at an average of 51 years and affects approximately 40 million women.
Premature menopause occurs when a women experiences menopause before
40 years of age, and can result from gynecologic disorders such as polycystic
ovaries and endometriosis. In certain women, the changes that can occur during the
menopause transition years can significantly disrupt their daily activities and their
sense of well being. These may include irregular menses, vasomotor instability
(hot flashes and night sweats), genitourinary tissue atrophy, increased stress, breast
tenderness, vaginal dryness, forgetfulness, mood changes and sometimes osteo-
porosis and heart disease. These effects are a direct result of estrogen decline and
may affect each woman to a different extent. Currently, established medical
treatment targets the altered hormonal milieu of women experiencing menopause.
Therapy may also include lifestyle modifications, such as exercise and dietary
measures. Free radicals and oxidative stress have been implicated in the patho-
genesis of various menopause-related symptoms and complications. As such,
vitamins and foods rich in antioxidant compounds might be an effective strategy to
alleviate oxidative stress and the associated symptoms and complications affecting
women experiencing menopause.

11.2 The Pathophysiology of Hormonal Changes
in Menopause

The transition from reproductive to non-reproductive is the result of a major
reduction hormone production by the ovaries. This transition is normally not
sudden or abrupt, tends to occur over a period of years, and is a natural conse-
quence of aging. The early phase of postmenopause consists of the first 5 years.
The late phase of postmenopause is the time from 5 years after the onset of
menopause until death [1].

The terminal phase of reproductive aging is preceded by many hormonal
changes. These hormonal changes result in age-related fertility decline and a
gradual decrease in the number of ovarian follicles and have physical manifesta-
tions which often negatively impact the quality of life of perimenopausal and
postmenopausal women. The earliest hormonal alteration noted in the perimeno-
pause is the rise in follicle stimulating hormone (FSH) levels, followed several
years later by a rise in luteinizing hormone (LH) levels [2, 3]. Inhibin, a dimeric
glycoprotein known to suppress FSH, shows a marked decline at and before
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menopause. Therefore, the decrease in inhibin B is a hormonal change that is an
early indicator of reproductive aging [4]. Inhibin B exhibits greater potency than
estradiol in exerting negative feedback on pituitary FSH secretion [4]. Thus,
increased FSH levels may be related to a decrease in total inhibin in both follicular
and luteal phases of the cycle. Along with the changes in the levels of FSH, inhibin
and LH, a marked decrease in estrogen concentration occurs in the menopause [5].
This disrupted ovarian function leads to changes in the pattern of menstrual
bleeding during the perimenopausal phase.

Estrogen is the major reproductive hormone in the female body and promotes
the development of female secondary sex characteristics. In women, naturally
occurring estrogen is produced from androgens via enzymatic reactions which
yield three major forms: estradiol, estriol, and estrone. In the perimenopausal
years, 17b-estradiol, is the most potent and predominant estrogen, whereas the
weaker form, estrone, is the predominant estrogen in the postmenopausal phase.
The synthesis of estrogen is stimulated by FSH and LH and takes place primarily
in developing follicles in the ovaries and the corpus luteum. Estrogen is also
produced in small amounts by the liver, adrenal glands, fat cells, and breasts.
In postmenopausal women, estrone is formed as a result of the peripheral
conversion of androstenedione in both adipose tissue and the liver. Estrogen
metabolites have been proven to exert both antioxidant [6, 7] and pro-oxidant
effects [7]. Methoxyestrogen is seen to have the most potent antioxidant properties
of the various forms of estrogen [7]. Some believe that estrogen’s antioxidant
properties are derived from the phenolic ring in its structure [5]. Markides et al. [7]
proposed that estrogen has antioxidant activity through the inhibition of
8-hydroxylation of guanine bases of DNA. Estrogen metabolites significantly
increased the concentrations of 8-hydroxyguanine bases by 54–66 % [7]. The
concentration and chemical structure of estrogen metabolites determines whether it
will have an antioxidant or pro-oxidant effect. At high concentrations, estrogen
metabolites tend to produce antioxidant effects—whereas at lower concentrations,
estrogen metabolites are more likely to produce pro-oxidant effects. Estrogen
metabolites that possess a catechol structure act in a pro-oxidant manner [7]. In
one study, estrogen supplementation led to a decrease of the oxidation of LDL
cholesterol in postmenopausal women [8]. According to Pansini et al. [9],
supplementing postmenopausal women with estrogen can improve their lipid
profile, by increasing HDL levels and decreasing LDL and lipoprotein A levels.
However, further studies are needed to assess the direct implications of this finding
on the cardiovascular complications often seen in postmenopausal women [10].

11.3 The Role of Oxidative Stress in the Menopause

Oxidative stress, which is defined as an imbalance between oxidants and antiox-
idants, plays a well-established role in normal aging and has been implicated in the
pathogenesis of a number of disease processes, including age-related degenerative
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processes such as atherosclerotic cardiovascular disease [11], non-alcoholic liver
cirrhosis, and various pathologies afflicting the female reproductive system.
Various studies have shown that vasomotor disturbances [12], osteoporosis [13]
and cardiovascular diseases [14] significantly correlate with the progressive loss of
estrogen and its protective effects, combined with deficient antioxidant defense
leading to a pronounced redox imbalance.

Vural et al. [15] compared follicular phase levels of serum TNF-a, IL-4, IL-10,
and IL-12 in premenopausal women, ages 19–38, to the levels seen in postmen-
opausal women, ages 37–54. Higher serum concentrations of TNF-a, IL-4, IL-10,
and IL-12 were seen in postmenopausal women compared to premenopausal
women [15]. Levels of TNF-a and inflammatory cytokines have been established
to be elevated in the presence of oxidative stress. Therefore, it can be speculated
that oxidative stress is present in increased amounts in postmenopausal women.
This study also demonstrated a compensatory relationship between TNF-a and
IL-4. Elevated levels of IL-4, with its anti-inflammatory effects, may act to counter
the pro-inflammatory state induced by increased TNF-a levels [15].

Signorelli et al. [16] also reported findings that show a high degree of oxidative
stress is experienced by postmenopausal women. Blood serum levels assessing for
malonaldehyde (MDA), 4-hydroxynenal (4-HNE), oxidized LDL, and glutathione
peroxidase (GSH-Px) were compared in two groups of women: fertile women,
between the ages of 30–35 and postmenopausal women, between the ages of
45–55. The postmenopausal group demonstrated significantly higher levels of the
pro-oxidant biomarkers MDA, 4-HNE, and oxidized LDL, whereas levels of the
antioxidant GSH-Px were significantly decreased when compared to premeno-
pausal control subjects.

Estrogen is involved in a number of physiological processes in the tissues of the
cardiovascular system. It is known to be protective against cardiovascular disease
by way of endothelial and non-endothelial mediated effects, favorable effects on
lipoprotein, glucose, and insulin homeostasis, changes in extracellular matrix
composition, atherosclerotic plaque destabilization and the facilitation of collateral
vessel formation [9]. Postmenopausal estrogen deficiency is associated with higher
blood levels of free fatty acids, which contribute to the pathogenesis of the
metabolic syndrome and insulin resistance. Menopause complicated by poorly
controlled diabetes is linked to an elevated risk of atherosclerosis and cardiovas-
cular disease. The risk of cardiovascular disease is present even in non-diabetic
postmenopausal women in the presence of recognized risk factors such as elevated
lipid and glucose concentrations in plasma [17]. Atherogenesis is considered to be
an inflammatory, fibroproliferative process [18]. The incidence of atherosclerosis
is increased in menopause, as the antioxidant influence of estrogen is lost, leading
to increased oxidation of LDL cholesterol. Moreau et al. [19, 20] demonstrated
elevated levels of plasma oxidized LDL in postmenopausal women compared to
premenopausal women. The administration of antioxidant vitamin C was shown to
reverse this effect, with the decrease in oxidized LDL concentrations leading to an
improvement in parameters of vascular health such as blood flow and vascular
conductance [20].
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Elevated cholesterol coupled with vascular endothelial injury contributes to the
development of atherosclerotic plaques. Angiotensin type I (AT-1) receptor
activation is thought to be a predominant source of free radical production in
vasculature. In a study conducted by Wassmann et al. [21], treatment of sponta-
neously hypertensive rats with the AT-I receptor antagonist irbesartan normalized
the vascular production of free radicals and reverse endothelial dysfunction. These
findings suggest that menopause-induced oxidative stress may be mediated by
overexpressed AT-I receptor, resulting in an enhanced vasoconstriction and
endothelial dysfunction. Increased breakdown of nitric oxide (NO) may be another
mechanism by which oxidative stress contributes to the pathogenesis of cardio-
vascular disease in postmenopausal women [22]. NO, which is derived from the
endothelium, is an important physiological regulator of blood flow and regulates
blood pressure by inducing vascular relaxation [23–25]. It also demonstrates
anti-aggregative, anti-inflammatory, fibrinolytic, thrombolytic, cardio-protective,
and cyto-protective properties [23, 25, 26]. NO acts to suppress smooth muscle
proliferation, and exerts an anti-atherogenic influence on the vasculature. NO
levels in men and postmenopausal women are found to exist at lower levels than
those measured in premenopausal women [27, 28].

Leal et al. [29] implicated oxidative stress in the pathogenesis of menopausal
symptoms including hot flashes. Hot flashes are characterized by a generalized,
transient increase in metabolic rate which may manifest clinically as sweating,
irritability, and panic, as well as cardiovascular alterations which cause an increase
in blood flow and heart rate. Repetitive increases in metabolic activity are thought
to contribute to the development of oxidative stress, possibly by exhausting the
antioxidant capacity to regulate reactive oxygen species production. Postmeno-
pausal women experiencing vasomotor symptoms were shown to have lower
plasma antioxidant activity than postmenopausal women of the same age without
hot flashes [29].

Postmenopausal osteoporosis is a progressive loss of bone density which results
in pathological fracture within 10–20 years of the onset of menopause [13].
However, the reason why the incidence of osteoporosis is higher in postmeno-
pausal women and the mechanism by which osteoporosis occurs is not yet
completely understood. Iqbal et al. [30] analyzed various markers and cells present
in bone marrow samples from mice to characterize the mechanism of osteoporosis
development in postmenopausal women. Results demonstrated that mice deficient
in the b subunit of FSH are protected from excessive bone turnover despite
experiencing a state of severe estrogen deficiency. Furthermore, these FSH-b
deficient mice were found to have significantly lower levels of TNF-a. Thus,
TNF-a production may be regarded as being dependent on FSH. Decreased TNF-a
appears to render mice resistant to hypogonadal bone loss, suggesting TNF-a may
be critical to the action of FSH on bone. Estrogen normally prevents bone loss by
way of multiple effects on bone marrow and bone cells which cause decreased
osteoclast formation, increased osteoclast apoptosis, and decreased capacity of
mature osteoclasts to resorb bone [13]. In estrogen deficiency, TNF-a is most
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likely produced from macrophages and granulocytes, and induces osteoclast and
osteoblast formation leading to increased bone turnover [30].

A study conducted by Vural et al. [13] demonstrated that the plasma
cytokines—TNF-a, IL-4, IL-10, and IL-12, and markers of bone turnover-urinary
hydroxyproline and calcium were elevated in postmenopausal women compared to
premenopausal controls. A weak but significant correlation was found between
IL-4 and TNF-a, suggesting that anti-inflammatory cytokines such as IL-4, IL-10,
and IL-12 serve to counteract pro-inflammatory TNF-a, helping to balance
oxidative stress and osteoclast activity. TNF-a contributes to increased osteoclast
formation by direct stimulation of osteoclast precursor proliferation and
enhancement of pro-osteoclastogenic activity of stromal cells [13]. The role of
pro-inflammatory cytokine TNF-a in bone resorption implicates oxidative stress as
a key factor in the age-related decline of bone mass density.

The high FSH level in menopause stimulates osteoclast differentiation and
TNF-a production from bone marrow macrophages and granulocytes. This leads to
the activation of three mechanistic pathways: an increase in oxidative stress,
increased M-CSF levels, and M-CSF receptor expression which increase osteoclast
precursors and macrophages inducing the proliferation of activated T lymphocytes,
leading to an increase in receptor activator of nuclear factor kappa B ligand
(RANK-L) expression, resulting in a further increase in TNF-a production. This
cycle of increased TNF-a production results in a greater number of osteoclast
precursors, giving rise to the bone resorption characteristic of osteoporosis. This
process may be inhibited by various substrates. Selective estrogen receptor mod-
ulators (SERMs) can prevent an increase in FSH and interact selectively with
either a or b estrogenic receptors to activate protective estrogen-signaling path-
ways in skeletal tissue. The antioxidant vitamin C can block TNF-a production
from macrophages and granulocytes, while suppressing high levels of FSH to halt
and reverse increased bone turnover. A recombinant RANK-L antagonist or
osteoprotegerin can block the RANK-L expression [30] and bisphosphonates, such
as alendronate and risedronate, inhibit resorption and are mainstays in the treat-
ment of osteoporosis [9]. Another prophylactic measure or treatment is the
synthetic steroid tibilone, which has been reported to decrease urinary markers of
bone resorption [15].

Based on the evidence which shows a strong relationship between oxidative
stress and estrogen deficiency, hormone replacement and antioxidant supplemen-
tation have been investigated for their efficacy and safety in the treatment and
prevention of menopause-related symptoms and complications.

11.4 Medical Management of Menopause

The medical treatment of menopause has been extensively studied. It is difficult to
clearly distinguish which compounds may be superior in alleviating OS and
menopause-associated symptoms and diseases. Several pharmacotherapeutic
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agents and compounds have been evaluated for their efficacy in alleviating oxi-
dative stress and menopause-related symptoms and associated disease, with the
aim to provide clinicians with evidence-based treatment options.

11.4.1 Hormone Replacement Therapy

Estrogen supplementation has been thoroughly investigated as a treatment for the
myriad of symptoms and long-term degenerative effects of menopause. The use of
Hormone Replacement Therapy (HRT) to improve the redox status in postmen-
opausal women has been debated by the clinical and research community,
as estrogen can exhibit both antioxidant and pro-oxidant properties. Many studies
have attempted to determine the relationship between HRT and oxidative stress,
and although the studies’ conclusions may differ, more studies favor the use of
HRT.

Unfer et al. [5] compared the serum levels of superoxide dismutase (SOD),
catalase (CAT), GPx, and thiobarbituric acid reactive substances (TBARS) in
premenopausal women with levels in postmenopausal women, both with and
without HRT. HRT consisted of differing regimens containing conjugated estro-
gens, estradiol or estrogen plus progestin. Postmenopausal women without HRT
demonstrated significantly lower SOD activity, not related to aging, and similar
levels of CAT, GPx, and TBARS activity compared with premenopausal women
and postmenopausal women on HRT. Therefore, HRT estrogen supplementation
may boost SOD activity, thereby antagonizing oxidative stress. Leal et al. [29]
compared 6 postmenopausal women without hot flashes to 12 menopausal women
with hot flashes. All subjects were administered transdermal estradiol (17-b E2;
50 lg per day, twice a week) and medroxyprogesterone acetate (MPA) (5 mg per
day for the first 12 days of each month). Postmenopausal women with hot flashes
has lower baseline total antioxidant status (TAS) and higher baseline levels of
lipoperoxides compared with women without hot flashes. After 4 months treat-
ment with HRT, postmenopausal women with and without hot flashes experienced
a significant increase in TAS and decrease in lipoperoxides. However, the corre-
lation of vasomotor symptoms with increased oxidative stress was seen to persist,
as the subjects with hot flashes continued to display lower TAS and higher
lipoperoxide levels even after HRT administration. Therefore, in addition to
decreasing oxidative stress in postmenopausal women, HRT is effective in
reducing the frequency and severity of hot flushes [29].

Estrogen is hypothesized to increase NO levels, by stimulating NO synthase
[31, 32] or through other indirect mechanisms. The antioxidant properties of
estrogen are also thought to modulate the levels of NO [27, 33–35]. However, the
precise mechanism by which estrogen affects NO levels remains unclear. A study
by Cincinelli et al. [36] provided evidence that estrogen modulates NO concen-
tration as higher NO levels were demonstrated during the follicular phase
compared to the secretory phase of the menstrual cycle [36].
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The effect of estrogen/estrogen-progestin therapy (ET/EPT) on plasma NO was
studied in 80 postmenopausal women, including 26 with surgically induced
menopause and 54 with physiological menopause were compared with 40 healthy
premenopausal women [37]. The group with surgically induced menopause was
treated with 4 months of ET and those with physiological menopause were given
4 months of EPT. Transdermal E2 (50 lgm twice weekly) and oral MPA (5 mg
daily for 12 days) were used in the treatment. The pre- and post-treatment levels of
serum E2, NO, lipid peroxide, and FSH were measured and compared to the
controls. The pretreatment NO levels were lower in the postmenopausal women
compared with controls, with these levels increasing significantly after hormonal
therapy. As a result of treatment, the levels of total cholesterol, LDL cholesterol,
triglycerides, and apolipoprotein B levels decreased to the levels seen in the
control group. Interestingly, there was no correlation between increased levels of
NO and the improvement in lipid profile (especially LDL) in postmenopausal
women taking ET/EPT. This finding is in disagreement with the hypothesis that an
improved lipid profile may promote the generation of NO. No significant
difference in NO levels was observed between the ET and EPT treated groups,
suggesting that progesterone does not have a significant action in the regulation of
NO levels [37]. Furthermore, some studies have suggested that the addition of
progesterone may actually antagonize the beneficial NO-mediated effects
of estrogen on blood flow [38, 39].

Kurtay et al. [40] studied the effects of transdermal infusion of estradiol
hemi-hydrate (2 mg) and norethisterone acetate (NETA) (0.25 mg) in 80 post-
menopausal women. Plasma NO levels were monitored at 1, 3, 6, and finally at
12 months. A significant increase in NO levels was observed in postmenopausal
women receiving HRT transdermally over a 12 month period. However, no sig-
nificant change in serum NO was seen in postmenopausal women that were given
oral HRT. Therefore, the route of administration of HRT may have a direct bearing
on the mechanism by which supplemental hormones are metabolized by the body
and influence the degree to which oxidative stress is counteracted [40].

Many researchers have also assessed the specific effects of progestin as part of
HRT. In a study by Rosselli et al. [39], 26 postmenopausal women were
randomized into a group that received HRT in the form of a transdermal patch of
17b-estradiol and an oral progestin supplement of 1 mg of NETA and another
group which served as a control. The levels of NO were not significantly altered
from baseline levels when measured at 6, 12, and 24 month intervals. Therefore,
progestin supplementation did not appear to have a favorable effect on the NO
levels and the redox status of postmenopausal women [39].

The use of progestin supplementation in HRT to prevent and improve cardio-
vascular disease in postmenopausal women was further investigated by Imthurn
et al. [41]. A subject group of 26 postmenopausal women received orally
administered estradiol valerate tablets for 21 continuous days. On days 12 through
21 of the treatment cycle, this treatment was supplemented with one of two
chemically distinct progestins: cyproterone acetate (CPA) or MPA. Following day
21, treatment was followed by a 7-day treatment-free interval. Blood samples of
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the postmenopausal women receiving HRT were collected while the subjects were
being treated with estradiol valerate alone and estradiol valerate plus CPA or
MPA. After 12 months of treatment with estradiol valerate alone, NO levels were
significantly increased. However, when estradiol valerate was supplemented with
CPA or MPA, no significant difference in NO levels was seen. Therefore, pro-
gestin supplementation may have reversed the cardioprotective effects provided by
estrogen in postmenopausal women [41]. The conflicting results of the above
studies regarding the interaction of progesterone with the beneficial effects of
estrogen on the NO-mediated blood may be attributed to the fact that various
studies tested different types of progestin.

Vasodilation is also mediated by the effect of estrogen on the synthesis of
prostacyclin and endothelin, blocking calcium channels and interfering with the
potassium conductance [18]. Estrogen may oppose atherosclerosis by downregu-
lating inflammatory markers, such as cell adhesion molecules and chemokines. In
addition, estrogen inhibits smooth muscle cell proliferation and downregulates
angiotensin receptor gene expression. Estrogens may also stabilize atherosclerotic
plaques, by reducing the expression of matrix metalloproteinases, and may
decrease the thrombogenic potential of ruptured plaques by downregulating the
synthesis of plasminogen activator inhibitor-1 [18].

A study by Archer et al. [42] randomized 1,147 postmenopausal subjects to
groups who received either 1 mg of estradiol alone or in combination with 0.5, 1,
2, or 3 mg of drospirenone. Drosipirenone is a progestin derived from spirono-
lactone with anti-minerocorticoid and anti-androgen actions. The combination
treatment group had decreased incidence of endometrial hyperplasia as compared
to the group treated with estradiol alone. Furthermore, endometrial thickness
remained stable over time in the combination treatment group. The combination
regimen had a favorable effect on lipid profile as it reduced the total cholesterol,
triglyceride and LDL levels. Due to the anti-aldosterone action of drospirenone,
these patients were able to maintain or even lose weight. Urogenital and vasomotor
symptoms improved in all treatment groups. Combination treatment was able to
achieve an increase in the bone mineral density, thus lowering the risk of osteo-
porosis. Interestingly, a post-hoc analysis of a subgroup of hypertensive women in
this study demonstrated a significant reduction in blood pressure in women
receiving drospirenone and estradiol, in combination [43]. This finding may be
attributable to the anti-mineralocorticoid action of drospirenone. Drospirenone and
estradiol combination treatment was reported to improve the quality of life in
postmenopausal women. Overall, combination therapy was considered more
effective in treating menopause-related symptoms and complications compared to
estrogen monotherapy [43]. Since the use of progestin provides varied results,
further studies are required to arrive at a general consensus.

There have been several studies which have failed to find a relationship
between HRT and oxidative stress. Maffei et al. [44] randomized 15 postmeno-
pausal women to receive either 2 mg oral micronized 17b-estradiol daily or
transdermal estradiol therapy (1.5 mg 17b estradiol gel) The oxidative stress
biomarker 8-epi PGF2a were evaluated over 12 months and was not found to be
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significantly altered in response to treatment. However, the sample size in this
study was considerably small and the reliability and significance of 8-epi PGF2a, as
a biomarker of oxidative stress, is not confirmed. Another form of HRT, tibilone,
is a synthetic steroid with combined progesterogenic, weak estrogenic and
androgenic properties. In a study by Vural et al., postmenopausal women were
treated with oral tibilone daily for 6 months. Treatment failed to demonstrate any
modifying effect on the levels of cytokines TNF-a, IL-4, IL-10, and IL-12 in
postmenopausal women [15]. Vassalle et al. [45] confirmed the idea that tibolone
has no effect on the biochemical parameters of oxidative stress, as 2.5 mg per day
for 3 months did not significantly alter the levels of IL-6, C-reactive protein or
antioxidant status in both pre- and postmenopausal women. However, treatment
was reported to significantly lower diastolic and systolic BP, TNF-a and glucose,
and HDL. Despite the fact that HDL was reduced, tibolone may lower the overall
cardiovascular risk in postmenopausal women because of a beneficial effect on
blood pressure, inflammation, and glycemic control [45].

There are a considerable number of risks and side-effects associated with HRT
use, including higher incidence of estrogen-dependent breast, ovarian, and
endometrial cancers, and increased risk of thromboembolism, cardiovascular, and
cerebrovascular events [22]. There is thought to be a certain time frame which is a
window of opportunity in postmenopausal life, during which HRT is beneficial, and
outside of which harm may be caused. The timing of HRT is relevant, as longer
periods of estrogen deficiency lead to reduced number and activity of estrogen
receptors which contributes to more extensive atherosclerotic damage or endothelial
dysfunction, resulting in decreased vascular responsiveness and lowered efficacy of
HRT. If HRT is given early enough, it may protect postmenopausal women by
maintaining their vascular health, improving vascular reactivity to estrogen’s effects
and delaying the clinical manifestations of artherosclerosis [44].

According to the International Menopause Society (IMS) [46], women who
start late HRT may have a transient, slightly increased risk of cardiovascular
events [46]. Thus, age after menopause may be considered an important factor in
determining the individualized risk–benefit ratio of HRT use. Mares et al. [47]
studied the relationship between the risk of heart disease and HRT. This
prospective cohort study compared 2,693 women currently taking HRT or stopped
HRT 5 years or less with an unexposed group of 2,256 women who had never
taken HRT or stopped taking HRT for more than 5 years. After 2 years, no
significant increased risk of heart disease was observed in the exposed group as
compared with the unexposed group. The authors concluded that the time to
menopause is a crucial factor [47].

The current recommendation is that postmenopausal women should use the
lowest possible dose of HRT, with treatment being based on clear indications. The
long-term data regarding fracture risk and cardiovascular implications is consid-
ered insufficient. However, HRT may prevent cardiovascular disease if started in
young women at the onset of menopause, with long-term administration.
The benefits of HRT are thought to generally outweigh the risks for women under
the age of 60 years [46].
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11.4.2 Selective Estrogen Receptor Modulators

SERMs are a class of compounds that act on the estrogen receptor, with the
possibility to selectively stimulate or inhibit the effects of estrogen in various
tissues. Raloxifene was the first SERM to be used to prevent and treat osteoporosis
[9]. The compound functions in the breast and uterus as an estrogen antagonist [9,
48]. Raloxifene shares properties similar to those of estrogen, particularly in its
capacity to reduce oxidative stress. The antioxidant activity of raloxifene is
attributed to the presence of phenolic rings in its structure [9, 49]. The mechanism
of action targets NADPH oxidase, an enzyme responsible for generating free
radicals [9]. In normal physiologic conditions, NADPH oxidase requires activation
of a particular subunit by GTPase rac 1. Raloxifene was shown to downregulate
rac1 protein expression in the aortic membrane, further reducing the activity of
GTPase rac1. The effects of raloxifene to ultimately decrease NADPH oxidase
activity result in a less oxidative stress due to hindered ROS production [50].

Raloxifene was shown to reduce blood pressure and improve endothelial
dysfunction in male spontaneously hypertensive rats. Furthermore, treatment was
seen to cause a significant increase in SOD levels and the release of NO and
upregulation of endothelial NOS in spontaneously hypertensive rats [48].
Raloxifene has also been shown to prevent the accumulation of cholesterol in
ovariectomized cholesterol-fed rabbits and inhibit macrophage lipid oxidation
[51]. A recent study by Ozbasar et al. [52] studied the effect of daily raloxifene
administration in a group of 24 postmenopausal women who were undergoing
long-term hemodialysis for the treatment of chronic renal failure. A regimen of
60 mg per day for 3 months lead to significantly lower levels of serum MDA and
NO levels, with favorable effects on the lipid profile. The results of these studies
illustrate the protective effect of raloxifene on the vascular endothelium.

Oviedo et al. [49] reported that levels of myeloperoxidase and F2a-isoprostane,
markers of oxidative stress, did not change in a cohort of 30 postmenopausal women
treated with raloxifene, at a dose of 60 mg per day for a 6 month period. However,
the results of this study should be taken with caution as myeloperoxidase and F2a-
isoprostane have not yet been proven to be reliable indicators of oxidative stress [49].

Based on the evidence, raloxifene is thought to serve a vasoprotective role by
decreasing blood pressure levels and improving endothelial function as well as
providing preventing hypogonadal bone loss. These effects are mediated via
estrogen-receptor pathways and may result in protection against oxidative stress.

11.5 Exercise

Exercise training is thought to modulate oxidative stress by suppressing the pro-
duction of free radicals and upregulating antioxidant production, resulting in an
augmented antioxidant capacity [53]. Campbell et al. [54] assessed the impact of
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regular aerobic exercise on the levels of F2-isoprostane, a specific marker of lipid
peroxidation and general oxidative stress. After 12 months of intervention,
previously sedentary postmenopausal women who exercised exhibited marked
gains in aerobic fitness and decreased oxidative stress compared with non-
exercising control subjects. Menopause is generally accompanied by an increase in
body weight, particularly in the upper body [55]. In an observational clinical study
of 90 women, total body fat mass of postmenopausal women was significantly
increased by 22 %, compared to premenopausal control subjects. Furthermore,
both antioxidant status and hydroperoxide levels were significantly correlated with
trunk fat mass [55]. In a study by Mittal et al. [56], postmenopausal women were
found to have greater body weight and a higher degree of oxidative stress
compared with menstruating and perimenopausal control subjects. There was a
highly significant association between weight greater than 60 kg and increased
levels of SOD and MDA and decreased CAT. Karolkiewicz et al. [57] reported
that an 8-week intervention of moderate intensity physical workout enhanced
insulin sensitivity and improved the redox balance in healthy, postmenopausal
women.

Exercise training is conservative, cost-effective strategy that may have a
beneficial role in the treatment of menopausal symptoms such as hot flashes,
sweating, anxiety, and depression [58, 59]. Exercise training may be useful in
alleviating the symptoms of menopause, without the potential risks associated with
long-term HRT use. Attipoe et al. [60] evaluated the combined effect of HRT and
exercise training on oxidative stress. The study included 48 previously sedentary
postmenopausal women placed into two groups: 21 women using HRT and 27
women not using HRT. Pre-exercise training and post-exercise training levels of
plasma TBARS, a sensitive biomarker of lipid peroxidation and oxidative stress,
were measured to assess exercise intensity. The results demonstrated a significant
decrease in the plasma TBARS levels in both groups; however, no significant
difference existed between the two groups. The authors concluded that a 24-week
aerobic exercise training regimen significantly decreased oxidative stress in
postmenopausal women regardless of HRT use [60]. However, in this study the
HRT administration was not standardized, dietary intake of antioxidants was not
strictly assessed in the present study, and the independent effects of HRT and
exercise on oxidative stress were not assessed.

11.6 Dietary Factors and Antioxidant Supplementation

As oxidative stress has been implicated in the pathophysiology of various
menopause-associated disorders, supplementing postmenopausal women with
substances with antioxidant properties may serve as a useful adjunct to enhance the
beneficial effect of pharmacological treatments often prescribed to postmenopausal
patients. Furthermore, postmenopausal women predisposed to developing estro-
gen-dependent cancers based on either personal or family history, and women who
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suffer harsh side effects of HRT may instead benefit from dietary changes.
Supplementing the diet of postmenopausal women might serve to prevent
antioxidant deficiency, preserving the health of women who are exposed to high
levels of oxidative stress due to either genetic factors, lifestyle elements such as
poor diet, smoking, excessive alcohol intake, and psychological stress.

11.6.1 Vitamin C and Vitamin E

Vitamins C (ascorbic acid) and E (a-tocopherol) are well-known antioxidants that
can be obtained through one’s diet. They are thought to counteract oxidative stress
through their ability to scavenge free radicals, and this effect can be harnessed to
prevent and reverse the symptoms and disorders associated with age-related
estrogen decline. Vitamins C and E are thought to protect against and alleviate the
damaging effects of oxidative stress on the cardiovascular system of postmeno-
pausal women. In a study conducted by Naziroglu et al. [17], 40 postmenopausal
women were studied in comparison to 20 postmenopausal women with type 2
diabetes. Diabetic postmenopausal women had increased plasma and RBC lipid
peroxide levels and decreased activity of key antioxidants, such a GSH-Px. Six
weeks supplementation of vitamins C and E plus HRT resulted in significant
decreases in levels of MDA, LDL-cholesterol, total cholesterol, and triglyceride
levels in both diabetic and non-diabetic postmenopausal women. Furthermore,
treatment improved fasting glucose levels. Therefore, vitamin C and E might help
in lowering the risk of cardiovascular disease (with or without diabetes) in post-
menopausal women by inhibiting the biosynthesis of cholesterol and oxidation of
LDL-cholesterol as well as by improving glycemic balance and lipid profiles [17].

Kushi et al. [61] studied 34,486 postmenopausal women to assess the effect of
vitamin E on the risk of acquiring cardiovascular diseases. After 7 years, 242 of
these women died of coronary heart disease. Kushi et al. [61] reported an inverse
relationship between vitamin E consumption and cardiovascular mortality and
morbidity. Therefore, vitamin E obtained through dietary intake may have a
significant antioxidant effect which may be helpful in decreasing cardiovascular
risk [61].

Moreau et al. [62] assessed the effect of ascorbic acid on large elastic arteries in
postmenopausal women. The compliance of large arteries in the cardiothoracic
region decreases with age and has an important role in the increased prevalence of
cardiovascular disease in postmenopausal women. The study demonstrated the
ability of ascorbic acid to selectively improve large elastic artery compliance,
increasing vascular conductance and blood flow in postmenopausal women,
suggesting that oxidative stress might contribute to the reduced large elastic artery
compliance in sedentary, estrogen-deficient postmenopausal women [62].

Furthermore, Moreau et al. [20] analyzed the relationship of oxidative stress
with lower limb vasoconstriction in estrogen-deficient postmenopausal women. It
should be noted that this study was limited by a small sample size as it compared a
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group of only 20 postmenopausal women with 9 premenopausal women. The
subjects were administered an oral pharmacological dose of ascorbic acid followed
by a drip infusion of ascorbic acid and saline. Lower limb vascular conductance
increased by 15 % in postmenopausal women while no effect was seen on the
lower limb vascular conductance of premenopausal women [20]. Vitamin C is
thought to improve vascular function through its activation of the endothelial
L-arginine-NO pathway. In a study by McSorley et al. [63], a 1.5 g dose of vitamin
C was sufficient to induce relaxation of vascular smooth muscle via release of NO,
resulting in improved vascular function [63].

Conversely, some studies failed to yield results which validate the adjuvant use
of antioxidants with HRT to prevent postmenopausal women from acquiring
coronary atherosclerosis. A large randomized, controlled, double-blind clinical
trial evaluating the effects of HRT and antioxidant vitamin supplementation on
coronary atherosclerosis in 423 postmenopausal women having baseline coronary
stenosis at angiogram, reported both fatal and non-fatal myocardial infarctions
during the first 2 years of treatment in patients with cardiovascular disease [64].

Low intake of ascorbic acid has been linked to increased rates of bone loss via
enhanced osteoblast and osteoclast function, which result in accelerated bone
turnover. This property of vitamin C has prompted investigation of its potential
role in the prevention and treatment of osteoporosis in postmenopausal women.
According to Iqbal et al. [30], ascorbic acid may prevent FSH-induced hypogo-
nadal bone loss by modulating the destructive action of TNF-a, limiting its
stimulatory effects on osteoclast formation. The efficacy and safety of vitamin C
and E in the prevention and treatment of postmenopausal cardiovascular disease
and osteoporosis should be further investigated in large-scale, double-blinded
randomized, controlled trials.

11.6.2 Phytoestrogens

Phytoestrogens are weakly estrogenic compounds contained in soybeans. They are
derived from the diet in the form of soymilk, soy protein, and beverages. Dietary
phytoestrogen are also known as isoflavones, a broad group of polyphenolic
compounds that are distributed widely among foods of plant origin. Isoflavones
may be considered as natural SERMs [60] due to their structural similarity with
17b-estradiol which allows binding to both types of estrogen receptors: Era and
Erb [65].

Isoflavones have been thought to act protectively against cardiovascular
disease, osteoporosis, and cancers of the breast and prostate through their
prevention of LDL oxidation and inhibition of DNA damage. Phytoestrogens may
decrease the risk of cardiovascular disease by lowering the levels of oxidized LDL
and decreasing the frequency of hot flushes in postmenopausal women [12].
Furthermore, phytoestrogens have been shown to exhibit defensive
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immunoprotective properties, such as their role in B cell stimulation and in the
inhibition of oxidative damage of DNA in postmenopausal women [66].

Engelman et al. [67] evaluated the effect of isoflavone treatment in a 55
postmenopausal women. The subjects were administered varying proportions of
soy proteins and isoflavones. After 6 weeks of supplementation, neither phytate
nor isoflavone demonstrated any effect on redox status. Hence, additional studies
employing higher doses of soyflavones in a greater sample size should be
conducted to arrive at a conclusion [67].

Another study reported that the consumption of soy milk and supplemental
isoflavones in 52 postmenopausal women led to decreased plasma levels of 8-
hydroxydeoxyguanosine (8-OHdg) and 8-isoprostane [66]. Hallund et al. [65]
verified the benefits of phytoestrogens in postmenopausal women by examining
the effects of soy cereal bar consumption for an 8 week period. Specific markers of
cardiovascular health, including plasma nitrate concentrations, the nitrate:
endothelin-1 ratio, and the amount of nitroglycerine-mediated endothelium-
independent vasodilatation, were found to be significantly increased in postmen-
opausal women who consumed soy cereal bars in comparison to the control group
that received a placebo. Flow-mediated endothelium-dependent vasodilation was
not affected [65]. Isoflavone supplementation was reported to be beneficial, in
conjunction with regular exercise, in regulating weight gain, lipid profiles, and
oxidative stress in the ovariectomized rat model [68]. After 12 weeks of inter-
vention, isoflavone treatment, both alone and with exercise, led to a significant
decrease in total cholesterol, triglycerides and LDL-cholesterol compared to
ovariectomized control subjects [68].

A recent study by Beavers et al. [69] conducted a single-blind, randomized,
controlled trial that found no significant alteration in markers of inflammation or
oxidative stress in 16 postmenopausal women who consumed soymilk 3 times a
day for 4 weeks, compared with 15 postmenopausal control subjects that
consumed reduced fat dairy. The duration and dosage of isoflavone treatment in
this study was comparable to that studied in the literature. However, the indices
used to measure oxidative stress were not, which may explain the contradictory
findings. The results may have been confounded by lifestyle factors that influence
the expression of plasma markers of oxidative stress. It is possible that soy
supplementation is efficacious only in those having significantly elevated
biomarkers of oxidative stress. However, the patients in this study were not
selected according to baseline oxidative stress status [69].

The role of isoflavones in reducing the risk of cardiovascular disease through
oxidative stress-induced pathways must be further assessed. Studies have
suggested that phytoestrogens may have a protective effect against osteoporosis
through their intrinsic growth-promoting activity which stimulates osteoblasts.
This action of phytoestrogens could be a new therapeutic approach toward
prevention and treatment of osteoporosis. More research is required to arrive at a
consensus on the use of isoflavones in the therapeutics of menopause.
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11.6.3 Curcuma longa

C. longa is an herbal extract with phenolic antioxidant properties. The compound
has powerful free radical-neutralizing properties and was shown to decrease the
levels of oxidized HDL and LDL in women (40–90 years) without inducing
hepatic or renal problems [14].

Apolipoprotein A (Apo A) is involved with the metabolism of HDL-cholesterol
and is a component of the body’s anti-atherogenic defense. Conversely, Apo B has
pro-atherogenic effects as it induces the formation of LDL cholesterol. In a study
analyzing apolipoproteins in relation to postmenopausal subjects, the ratio of apo
A and B was significantly altered after treatment with curcuma longa and it was
concluded that C. longa may normalize the apo B/apo A ratio [70]. C. longa
extract has also been reported to decrease abnormally high levels of plasma
fibrinogen to normal values [71].

11.6.4 Lycopene

LycoRed, a form of lycopene, is thought to decrease the risk of cardiovascular
diseases in postmenopausal women. In healthy women ranging from 31 to
75 years, circulating lycopene levels were seen to exhibit an inverse relationship
with arterial stiffness, as measured by brachial-ankle pulse wave velocity [72].
This effect may be mediated by lycopene’s capacity to reduce the oxidative
modification of LDL. Misra et al. [73] reported that supplementation led to a
decrease in serum HDL, LDL, MDA and an increase in GSH compared to the
pretreatment serum levels. The decrease in levels of MDA and LDL (a risk factor
for atherosclerosis) and the increase in protective antioxidant glutathione suggest
an overall decline in oxidative stress as a result of LycoRed administration [73].

11.6.5 Grape Polyphenols

Grape polyphenols have also been considered to be used as an alternative
treatment to reduce oxidative stress. In both premenopausal and postmenopausal
women, grape polyphenols was reported to reduce indices of oxidative stress such
as plasma F2-isoprostane and plasma TNF-a, as well as resulting in reduced
triglycerides, LDL and apo-B levels [74].
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11.6.6 Acanthopanax senticosus

A. senticosus is a common Asian herb also referred to as ‘‘Siberian Ginseng’’ or
‘‘Eleutherococcus senticosus’’. It has been shown to have antioxidant effects in rats
[75]. Lee et al. [76] studied the effects of A. senticosus supplementation on serum
lipid profiles, biomarkers of oxidative stress, and lymphocyte DNA damage in
postmenopausal women. A significant decrease in the concentration of LDL, LDL/
HDL ratio, serum MDA concentration, serum protein carbonyl levels, and
lymphocyte DNA damage was observed. Additionally, no side effects were
reported [76].

11.6.7 Vitamin A

Behr et al. [77] conducted a recent, inaugural study of low-dose retinol palmitate, a
vitamin A supplement, in the treatment of menopause symptoms and associated
oxidative stress. The subjects of this study, Wistar rats, were bilaterally ovariec-
tomized and subsequently exhibited characteristics of menopause, including
increases in body weight, uterine atrophy, altered lipid profile, increased blood
peroxidase activity and decreased plasma antioxidant status. Low-dose supple-
mentation with vitamin A was shown to reverse some of these effects, by restoring
the levels of enzymatic and non-enzymatic antioxidant defense and decreasing the
degree of oxidative damage incurred by proteins [77]. The results of this study are
compelling and should promote further research to elucidate whether vitamin A is
safe and effective in the treatment of menopause and associated oxidative stress.
Safety is a concern as high doses of vitamin A may have embryotoxic and
teratogenic effects [78].

11.6.8 Klamin

Klamin is an algae extract that is rich in potent algal antioxidant, Aphanizomenon
flos-aquae (AFA) phycocyanin, and natural neuromodulators, such as phenyleth-
ylamine and selective monoamine oxidase inhibitors. Klamin has been proposed as
an alternative treatment for psychological, somatic, and vasomotor symptoms
related to menopause. Scoglio et al. [79] investigated the effect of Klamath algae
on the general and psychological health of 21 postmenopausal women that did not
take HRT. Treatment led to significantly reduced MDA levels, indicating
decreased plasma lipid peroxidation. An increase in antioxidants such as carote-
noids, tocopherols, and retinols was observed. Furthermore, treatment was
reported to improve the overall and psychological well-being of subjects, as
indicated objectively by a decreased average Green Scale score. A favorable
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side-effect profile was suggested by the fact that Klamin did not exhibit any
steroid-like effects on hormonal parameters. Therefore, Klamin may be having a
role as a complementary treatment or as a plausible, natural alternative for patients
who wish to avoid hormonal therapy [79].

11.6.9 Melatonin

Melatonin is secreted by the pineal gland and exhibits anti-oxidant properties.
Melatonin is thought to arrest lipid peroxidation and protein oxidation in a dose-
dependent manner. Up until now, the effect of melatonin on oxidative stress and
symptoms in the postmenopausal state has only been studied in the ovariectomized
rat. Baeza et al. [80] reported that, as part of a combination with growth hormone,
estrogens, and phytoestrogens, melatonin supplementation led to a significant
reduction in oxidative stress, represented by a decrease in MDA levels and the
degree of glutathione depletion [80]. Melatonin was shown to influence oxidative
stress in the blood and brain of ovariectomized rats [81]. In comparison with the
non-treated, ovariectomized control group, melatonin supplementation for 30 days
decreased lipoperoxide levels, while increasing erythrocyte glutathione, vitamin
A, C, and E levels, and the concentration of the 2B subunit of the hippocampal
N-methyl-D-aspartate receptor (NMDA) [81]. Therefore, by boosting antioxidant
defense and upregulating the NMDA receptor, melatonin may prevent the excess
oxidative stress seen in the postmenopausal state. The results of these preliminary
animal studies warrant further investigation into the efficacy of melatonin
supplementation in the treatment of postmenopausal women.

11.7 Conclusion

Estrogen is an established antioxidant; therefore, in menopause, estrogen
deficiency leads to the development of oxidative stress. Various studies have
demonstrated increased oxidative stress marker levels and decreased antioxidant
levels in postmenopausal women. Oxidative stress has been linked to the devel-
opment of osteoporosis and increased cardiovascular risk in these women. HRT
decreases oxidative stress in women with menopause by increasing the TAS and
preventing the breakdown of NO. HRT can be effective in reducing the frequency
and severity of hot flushes and may be protective against osteoporosis and
cardiovascular complications during menopause. HRT may also delay the clinical
manifestations of artherosclerosis.

In addition to HRT, various dietary changes, exercise training, and SERMs are
potential therapeutic alternatives which have been assessed in postmenopausal
women for their potential role in alleviating the oxidative stress underlying the
symptoms and complications of menopause. The use of antioxidant vitamins and
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herbal extracts may prove to be beneficial in postmenopausal women by
normalizing the redox status of the cell. Further investigations are required to
study their efficacy and safety before they can be implemented for clinical use in
postmenopausal women. Wide varieties of treatment options are now available to
prevent and reverse the effects of oxidative stress associated with reproductive
aging in postmenopausal women, and treatment should be tailored according to
personal circumstances with periodic reviews.
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Chapter 12
Oxidative Stress in Assisted Reproductive
Technologies

Catherine M. H. Combelles and Margo L. Hennet

Abstract Assisted reproductive technologies (ART) represent a new frontier of
medical knowledge regarding women’s reproductive health. The success rates of
procedures such as in vitro fertilization (IVF), in vitro maturation (IVM), intra-
cytoplasmic sperm injection (ICSI), in vitro embryo culture, preimplantation
genetic diagnosis (PGD), and cryopreservation simultaneously testify to significant
progress in cellular and molecular research, as well as to the myriad cellular
processes and phenomena that are not yet fully understood. One such phenomenon
of particular interest to ART and female reproduction is oxidative stress. Oxidative
stress occurs when reactive oxygen species (ROS) overwhelm cellular defenses
and cause structural and functional damage. It is suspected to influence negatively
the development of oocytes and embryos in ART environments, since several
factors found therein are foreign to in vivo conditions. In this chapter, the major
contributions of the ART environment to oxidative stress in oocytes and embryos
are discussed, with a focus on the mechanisms by which oxidative stress is induced
and the questions facing future ART research.
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12.1 Introduction

During assisted reproductive technologies (ART), oocytes and embryos encounter a
host of environmental stresses, most of which are not naturally present in vivo
(Fig. 12.1). Many of these new in vitro challenges can contribute to a state of oxi-
dative stress, in which intracellular concentrations of reactive oxygen species (ROS)
increase to dangerous levels. ROS contain unpaired electrons that react readily with
lipids, proteins, and nucleic acids. Although their presence at normal, physiological
levels is required for some essential cell processes including blastocyst hatching
[1–3], excessive ROS can lead to severe damage—including membrane malfunction,
protein damage, and altered gene expression—or apoptosis [4]. When oocytes and
embryos sustain oxidative damage by ROS, their development and viability are often
impaired [5–7].

ART procedures include in vitro fertilization (IVF), in vitro maturation (IVM),
intracytoplasmic sperm injection (ICSI), in vitro embryo culture, preimplantation
genetic diagnosis (PGD), and cryopreservation (Fig. 12.2). Oxidative stress during
any of these procedures can impact the quality and viability of the oocyte or embryo.
In IVM, immature oocytes are retrieved from the ovary and resume meiosis in vitro.
This maturation—normally achieved upon ovulation in vivo—must be completed to
allow oocytes to be fertilized by sperm. IVM, but most often the retrieval of mature
eggs, are followed by IVF or ICSI. IVF entails the placement of oocytes with sperm in
culture medium to achieve fertilization, while ICSI is a procedure where the male
gamete is delivered directly into the oocyte cytoplasm by microinjection. In vitro
embryo culture maintains embryos in culture until they reach either the cleavage or
blastocyst stages (by day 3 or 5 of development), at which point they are transferred
to the uterus. PGD is a method to screen for genetic conditions by removing a cell(s)
from cleavage stage embryos, and cryopreservation freezes oocytes or embryos to
allow long-term storage. The goal of all ART procedures is always to produce viable,
high quality embryos that culminate in successful pregnancies. Therefore, how
oxidative stress is induced, and to what extent, during each procedure is important to
understand.

In both humans and cows, fewer oocytes reach the blastocyst stage in vitro as
compared to in vivo [8, 9]. Oxidative stress is suspected to play a role in promoting
this discrepancy [10]. There is a direct relationship between hydrogen peroxide
concentration and apoptosis or DNA fragmentation in mouse embryos in vitro [7],
and it has been shown that in vivo-derived mouse embryos produce less hydrogen
peroxide than those cultured in vitro do [11, 12]. Extracellular and intracellular
production of ROS such as superoxide anion, hydrogen peroxide, and hydroxyl
radicals during ART can be exacerbated by features of the in vitro environment,
including atmospheric oxygen concentration, light, metal ions, and culture
temperature (Fig. 12.3). In attempts to minimize ROS generation during ART
procedures, antioxidants and chelators are commonly added to culture media.
Antioxidants are enzymatic or non-enzymatic molecules that can prevent the
oxidation of other molecules and include superoxide dismutase (SOD), catalase,
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glutathione peroxidases (GPx), vitamins, glutathione, cysteamine, and pyruvate.
Chelators are molecules that bind to metals and sequester them, inhibiting their
ability to participate in reactions. A common chelator in embryo culture media is
EDTA. Amino acids are also capable of chelation to some degree [13, 14]. The use
of antioxidants to overcome oxidative stress during ART is discussed in a
subsequent chapter.

In this chapter we will address the major contributions of the in vitro ART
environment to promoting oxidative stress in oocytes and embryos, with special
attention to the mechanisms by which these effects are exerted. Furthermore, to
conclude this chapter we will briefly describe some cases of in vivo exposure
to ROS before or after ovulation that may affect oocyte and embryo susceptibility
to OS during ART.

Fig. 12.2 A schematic
depicting the variety and
sequence of ART procedures
available for human fertility
treatments

Fig. 12.1 The ART and
in vivo environments of
developing oocytes and
embryos differ in many
respects. Here, several of the
differences are emphasized.
The differences between core
body temperature and the
temperature of the ovary
(human) and isthmus and
ampulla (rabbit) are shown,
indicated by a delta symbol.
Oxygen tension in the oviduct
and uterus are values reported
in rhesus monkeys
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12.2 Sperm Exposure During IVF

The coincubation of gametes during IVF procedures is a scenario that merits
attention when discussing oxidative stress in ART. Spermatozoa are known to
generate ROS and other potentially dangerous by-products—especially when dead
or damaged, as in many cases of male factor infertility [15–20]. Although a
physiological level of ROS is necessary for hyperactivation and capacitation in
spermatozoa [21], excessive generation of ROS may be detrimental to both female
and male gametes, particularly in the in vitro environment where they are exposed
to higher oxygen levels than in vivo. Therefore, concentration of spermatozoa and
the duration of coincubation are important stress factors for oocytes and zygotes
during IVF.

Conventional IVF utilizes a coincubation period of 16–18 h to ensure that
gametes have ample time to achieve fertilization. This time period was originally
established because it corresponds with the observation of pronuclei in zygotes [22].
Interestingly, however, human spermatozoa enter the cumulus complex within
15 min of in vitro insemination [22], and the number of spermatozoa positioned
within the cumulus mass reaches a plateau of 15 within that time [22, 23]. In most
mammals, fertilization is normally completed within 2–4 h of insemination [22, 24].
Several studies in the human have confirmed that fertilization rates are similar
between oocytes coincubated with normal sperm for 1–2 h and those coincubated
with normal sperm for the standard 16–18 h in IVF [23, 25, 26], suggesting that 2 h is
sufficient time for fertilization to occur in vitro.

Despite similar fertilization rates, human oocytes coincubated with sperm for
short time periods (1–4 h) are reported to give rise to higher quality embryos and
significantly improved embryo development, implantation, and pregnancy rates
compared to those coincubated with sperm for 16–18 h [22, 23, 25–27].

Fig. 12.3 ROS are produced by various components of the in vitro environment. Lipid
peroxidation by ROS gives rise to lipid radicals, which self-propagate and generate further ROS;
metal ions in culture media accelerate ROS-generating reactions; leakage from the mitochondria
electron transport chain produces new intracellular ROS; sperm are known to generate ROS
during IVF coincubations
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Interestingly, in vivo-derived mouse zygotes coincubated with sperm for 12–18 h
following retrieval exhibit higher levels of degradation and arrest than those
coincubated with sperm for 2–4 h, suggesting that shortened exposure of embryos
to sperm produces higher blastocyst rates [24]. The involvement of sperm-
generated ROS in promoting these differences is supported by observations that
fertilization media containing sperm—with or without oocytes—contains signifi-
cantly higher levels of ROS after 18 h than after 4 h [24], and that the success of
16–18 h coincubations of human gametes is improved when the media contains
EDTA and glutamine [23].

Furthermore, the number of spermatozoa encountered by oocytes during IVF
(1 9 106/ml) is many times higher than what would be found in vivo [28]. This
higher number helps to ensure fertilization in IVF by increasing the probability of
sperm–egg collision, especially in cases of male factor infertility where a majority
of spermatozoa may be immotile or defective. However, high concentrations of
spermatozoa produce high levels of ROS relative to any antioxidants or protective
components in the medium. This is perhaps one reason that reduced coincubation
times have been shown to be beneficial by the studies described above. Indeed, a
study comparing different sperm concentrations found that coincubation of zygotes
with sperm negatively affects embryo development in a dose-dependent manner
[29]. The question of spermatozoa concentration may also help to explain why
some studies have reported no effect of reduced coincubation times on
embryo development [30, 31]. In these studies, a fixed number of spermatozoa
(20,000–50,000) were placed with oocytes in 0.75–1 ml drops, whereas the other
studies reporting benefits of shorter incubation times used the same number of
spermatozoa in microdrops. A higher ratio of spermatozoa—and therefore
ROS—to volume of medium may necessitate shorter incubation times.

The ROS generated by spermatozoa during IVF may affect preimplantation
embryo development in two ways. First, ROS are known to cause zona pellucida
hardening [23, 32]. This may interfere with embryo hatching and consequently
reduce their viability. Next, ROS can oxidize polyunsaturated fatty acids in the
oocyte membrane, leading to a decrease in membrane fluidity and flexibility.
Fluidity of oocyte membranes is necessary for polar body extrusion during
maturation (which occurs during IVM), proper sperm–oocyte fusion (during IVF),
and subsequent embryo cleavage (during embryo culture). As no negative effects
of shortened coincubation time on embryo development have been reported, it may
be the safer choice for IVF. In particular, dead sperm are known to generate high
levels of ROS, and the probability of their presence during IVF increases with
longer coincubation times. From this perspective, ICSI provides the advantage of
avoiding coincubation of oocytes with sperm, potentially avoiding excess exposure
to ROS during and after fertilization. Overall, it is important to be aware that any
damaging effects of sperm-derived ROS during IVF will depend heavily on the
duration of sperm exposure, sperm quality, environmental features such as
temperature, media composition, and oxygen tension, and the type of ROS
generated.

12 Oxidative Stress in Assisted Reproductive Technologies 209



12.3 Oxygen Tension

The percent of oxygen that oocytes and embryos are exposed to during ART (be it
during gamete manipulation, IVF, or embryo culture) must be considered, the
reasons being twofold. First, oxygen concentrations differ significantly between
the in vivo and in vitro environments, with mean values ranging between 5–9 %
oxygen in the fallopian tubes and 1.5–8 % oxygen in the uteri of rhesus monkeys,
hamsters, and rabbits [33]. This is in contrast to the ambient air in the laboratory
and the traditional 5 % CO2 cell culture incubators both containing about 20 %
oxygen. Oxygen concentration in the oviduct is thus about 40 % lesser than
atmospheric, and even less in the uterus. Second, 20 % oxygen tension is
associated with increased ROS production when compared to culture in 5 %
oxygen; for example, this was demonstrated in mouse, pig, and cow embryos
[12, 34–36].

Mechanistically, high oxygen concentrations could activate the reactions of
xanthine oxidase with hypoxanthine, in turn resulting in the increased production of
free radicals. There is supporting evidence for such effects of high oxygen during
bovine embryo culture [37]. Beyond the risks of increased ROS with non-physio-
logical oxygen concentrations are changes in the expression of oxygen-sensitive genes.
For instance, the hypoxia-inducible factor (HIF) transcription factors respond to
external oxygen, in turn modulating the expression of a battery of genes [38–40].
Altered metabolism and energy substrate utilization of an embryo cultured under
varying oxygen tension merits attention, and overall future studies remain to establish
with certainty the mechanisms by which oxygen influences early embryonic
development.

To prevent in the first place the generation of excessive free radicals and
changes in oxygen-sensitive genes, one approach has been to perform cultures
under 5 % oxygen. A myriad of animal studies have compared embryos cultured
under 5 % versus 20 % oxygen, with only a growing number of them now focused
on human embryos. Taken together, animal studies do not all support significant
benefits of lowering oxygen during embryo culture (reviewed by [41]). Of note is
the fact that it is now common practice to culture bovine embryos in reduced (5 %)
oxygen from zygote through blastocyst development; yet this is not the case for
mouse embryos that are routinely cultured in 20 % oxygen. It is not implied that
reduced oxygen should not be used in the mouse, as some studies do report on
beneficial effects, but a consensus is yet to be reached [42–44]. The following
discussion focuses on human studies unless noted otherwise; a few domestic
species and mouse reports are used. In this respect, it is important to note that
mouse embryos may not be the best study system for human (when compared to
the bovine) since the volume of a mouse embryo is four times less than the volume
of a human embryo [45]. As a result, oxygen diffusion and availability would differ
between embryos of the two species. The existence of potential oxygen gradients
across the developing embryo also merits consideration.
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Human studies testing the influence of low oxygen all focused initially on
comparisons with atmospheric oxygen during pre-compaction development,
namely from the time of insemination to cleavage-stage embryos. An early report
examining reduced oxygen tension in human embryos dates to 1994 and while
there was no comparison with ambient oxygen, it first showed encouraging blas-
tocyst formation, pregnancy, and live birth rates [46]. A first comparison was
conducted with oxygen levels manipulated from the time of insemination to day 2
(D2), with no effect on fertilization, embryonic development, pregnancy, and
implantation rates [47]. In a prospective randomized IVF study exposing gametes
and embryos from the time of fertilization under varying oxygen levels, 5 %
oxygen resulted in similar fertilization, embryo development, pregnancy, and
implantation rates with D2 or D3 transfers. However, when culture was continued
post-compaction, blastocyst formation and cell numbers were improved under low
oxygen [48]. Such study began pointing to the importance of timing when
exposing pre-implantation embryos to modified oxygen levels. Further, the in vivo
environment (following embryo transfer on D2 or D3) may have mitigated any
detriments of ambient oxygen cultures beforehand, thereby attesting to the
potential plasticity and recovery of embryos. A prospective randomized study
comprising ICSI cycles also demonstrated no benefits of lowered oxygen
concentration from the time of oocyte retrieval to embryo transfer at either D2 or
D3 [49]. Interestingly, morphological evaluations of embryos prior to transfer on
D3 showed significantly increased quality with low oxygen culture, a difference
that was not apparent on D3. This also supports the time dependence of oxygen
effects, with extended in vitro cultures (for even a single day) further benefiting
from reduced oxygen. Kea et al. [50] showed no changes in fertilization and
pregnancy rates for cultures (from oocyte retrieval to D3 embryo transfer) in either
5 or 20 % oxygen; this was in spite of improvements in morphological embryo
scores on D3. Several studies thus fail to support the need to culture under reduced
oxygen; however, there are conflicting results with other reports that document the
overall benefits of 5 % oxygen, as summarized below.

An often cited early study by Catt and Henman [51] reported on higher preg-
nancy and implantation rates in the 5 % oxygen group; however, it is important to
note that the study was preliminary in nature and little details were provided on the
experimental design. In a randomized prospective study design, human sibling
oocytes fertilized and cultured under 5 % oxygen developed favorably in com-
parison to the 20 % oxygen group; there was a significant increase in cleavage by
D3, and blastocyst formation and expansion by the end of culture [52]. While an
evaluation of ongoing pregnancy outcomes did not reveal significant differences
between the two oxygen groups, an improvement in favor of culture in 5 %
oxygen was seen in the cumulative pregnancy rates and in poor responders (\40
yo with \5 metaphase-II oocytes) [53].

Two recent studies also examined the influences of reduced oxygen from
insemination to D5 in blastocyst transfer cycles. One randomized trial reported
increased blastocyst formation, viable pregnancy, and live birth (with a 10 %
increase) in the 5 % when compared to 19 % oxygen group [54]. Similarly,
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implantation and live birth rates were higher (by 15 and 11 %, respectively) for
blastocysts cultured from the time of oocyte retrieval in 5 % than 21 % oxygen
[55]. Interestingly, significance only existed when considering D5 transfers in low
oxygen versus D3 transfers, also in low oxygen [55].

It is currently difficult to explain with certainty the discrepancy between
randomized control trials concluding on the benefits, or lack thereof, of reduced
oxygen. Discordant results may be explained by differences in culture media
composition and conditions, such as the influences of the volume of microdrops
and depth of oil overlays [56], or variations in percent CO2 that would in turn
impact the external pH and thus possibly confound effects directly attributable to
oxygen alone [57]; nonetheless, further studies remain needed. Particular
considerations should be given to culture conditions, with any subpar ones, or
simply the inclusion of free radical scavengers, potentially masking a detrimental
effect of oxygen. It is also relevant to note that all human studies (with the
exception of one, [53]) that report on the success of low oxygen focused on D5
transfers and/or blastocyst quality. There may thus be an accrued benefit of
extending the use of 5 % oxygen for the in vitro culture of human blastocysts,
rather than merely for cleavage-stage embryos that become replaced back in a
natural uterine low-oxygen environment.

In a small-scale study considering a potential temporal effect of oxygen levels
during the pre-implantation period, there was an improvement in blastocyst yield
and morphological quality with culture in reduced oxygen from D0 through D6
when compared to a D0 to D3 culture in ambient oxygen followed by reduced
oxygen for D3 to D6 [58]. Lowering oxygen in vitro beyond D3 may thus not
alleviate any detriments that are already caused from cultures in atmospheric
oxygen until D3. In support of this is a recent retrospective non-sibling embryo
study comparing D3 with D5 culture in either 5 or 20 % oxygen, following culture
in 20 % oxygen for all groups; there were no differences in embryo quality,
pregnancy, and implantation rates [59].

A study employing a fully crossed design tested the effects of oxygen and time
of culture in the mouse; more specifically, it examined the temporal influence of
5 % versus 20 % oxygen during the first 48 h and/or another 48 h of culture [60].
In vivo fertilized mouse zygotes suffered developmental delays in 20 % oxygen
during the first and/or second culture periods although the greatest effects were
seen pre-compaction; further, early detriments from elevated oxygen were not
found reversible when placing the embryos in reduced oxygen post-compaction
[60]. The sensitivity of embryos to external oxygen varies during pre-implantation
development, with several mouse reports pointing to a heightened sensitivity in the
early stages of development [42–44]. Of caution are studies that may conclude on
the insensitivity of embryos to oxygen during cleavage stages; unless tested fur-
ther, one cannot eliminate the possibility that early damages do occur but with
consequences not apparent until later stages of development. Of utmost impor-
tance is thus the need to support development adequately in vitro and prior to
transfer, with the evidence to date supporting the involvement of oxygen tension.
Yet future studies remain not only to elucidate the exact effects but also to take
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advantage of the optimal oxygen levels at the right time(s) during ART. Indeed,
oviductal oxygen varies between follicular (5 %) and early post-ovulatory (8.2 %)
or mid-luteal (8.7 %) phases in the rhesus monkey, with levels decreasing to
1.5–2 % in the uterus [33]. Similar low ranges of oxygen tension were measured
more recently at the endometrial surface in human [61]. Future human studies
should thus evaluate the impact of lowering oxygen down to 2 % post-compaction
from the morula (rather than 8-cell) to the blastocyst stage. This precise timing of
exposure has not yet been investigated in human embryos, while it has been
considered in recent animal studies [40, 62].

In spite of the aforementioned plasticity and potential ability of embryos to
recover from supraphysiological oxygen exposures (albeit perhaps only in vivo),
there are more subtle effects that may persist and merit careful attention. Animal
studies tested development to blastocyst and gene expression under 2 % oxygen
after morula formation (with zygote to morula culture in 7 % oxygen). In both the
mouse [62] and the cow [40], 2 % oxygen resulted in increased expression of
several oxygen-sensitive genes while there were no effects on development to
blastocysts when compared with 7 and 20 % oxygen. With respect to some recent
interest in lowering the oxygen below 5 % post-compaction, a study supports a
note of caution with respect to hypoxia; indeed, 2 % oxygen results in detriments
in fetal development after blastocyst transfer in a mouse model [63]. Species
difference should also be considered, given the beneficial effects of 2 % oxygen on
blastocyst development reported in the cow [64], in contrast with the detrimental
effects in the mouse [62, 63]. In this vein, differences in oxygen levels as measured
in vivo are relevant to note, with variations in absolute values across species.
Indeed, while all three species show lowest oxygen tension in the uterus at the time
of implantation, that lowest point is 1.5, 5.3, and 3.5% in the rhesus monkey,
hamster, and rabbit, respectively [33]. That said, the hamster is the only species
not showing decreased oxygen in the uterus when compared to the oviduct, per-
haps explaining the detriments of reducing oxygen in vitro post-compaction.
Furthermore, a careful analysis of the oviductal and uterine environments of
pregnant hamsters showed a consistent increase during early cleavage stages and
before a subsequent decline; such dynamic would suggest a need for increased
oxygen availability (albeit with a high of about 8 % in vivo) during a limited
developmental period [33]. In vitro studies ought to consider the previously
reported variations in the in vivo oxygen tension across organs, times of the
reproductive cycle, during conception, and across species.

The expression of genes related to metabolism, oxidative stress, antioxidant
protection, and stress response varied in a complex fashion depending on the
developmental stage (from 2-cell through blastocyst) of bovine embryos cultured
continuously under 5 or 20 % oxygen [65]. A gene microarray analysis also
showed increased perturbations in the global pattern of gene expression of mouse
blastocysts that were cultured from in vivo-derived zygotes in 20 % when com-
pared with 5 % oxygen; of note were similar patterns of gene expression between
embryos cultured either in vivo or under 5 % oxygen [66]. Even beyond such
short-term effects (themselves not routinely evaluated in human ART) lie concerns
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following embryo transfers. This is not surprising in light of the known influences
of pre-implantation development in the programming of later development and the
health of the offspring. Also of caution with studies to date is a prevailing reliance
on morphological parameters for the assessment of embryo quality (be it in animal
or human studies). Human studies including pregnancy and live birth outcomes are
undoubtedly telling; interestingly, fetal development (as assessed by fetal weight)
decreased with cultures of in vivo-produced mouse zygotes to blastocysts in 20 %
oxygen, while morphological assessment alone did not detect any differences [44].
The inner cell mass may also prove particularly susceptible to oxygen-related
damage as shown in the mouse [44]. Taken together, there is experimental support
for elevated oxygen influencing embryo viability but with effects not always
apparent until later developmental stages.

It is relevant to note that human studies testing the influence of reduced oxygen
have all varied oxygen exposures from the time of gamete retrieval through fer-
tilization. This is in contrast to some of the current animal ART practices, notably
in the bovine for which 5 % oxygen is the standard culture condition from the
zygote stage only (with IVF taking place under 20 % oxygen). Such significant
difference in experimental design ought to be considered when comparing find-
ings, with additional studies focusing on the true impact of oxygen during
insemination on subsequent embryo quality. With embryo culture in reduced
oxygen, IVF in 5 % oxygen significantly benefited blastocyst formation (with no
changes in cell numbers) when compared with 20 % oxygen in a sheep model
[67]. Similarly, insemination in reduced oxygen resulted in increased blastocyst
yield (with no changes in fertilization) in the bovine [68]. Yet, a bovine study
demonstrated detrimental effects of low oxygen during IVF, notably when per-
formed following IVM under 20 % and not 5 % oxygen [69]. It must also be noted
that all these animal studies manipulating oxygen levels during IVF did so after
IVM, leaving unanswered the question of potential oxygen effects during IVF for
in vivo-derived mature oocytes. Regardless, gametes and embryos will be handled
for varying amounts of time in the ambient air; these times will differ depending
on the specific ART procedures and protocols, including routine IVF, ICSI, PGD,
other micromanipulations, and/or embryo evaluations. An initial exposure to 5 %
oxygen, for a period as short as 1 h, proved detrimental to the continued devel-
opmental progression of mouse in vivo-derived zygotes, particularly past the
morula stage [42]. There is thus a need to minimize exposure of oocytes and
embryos to atmospheric oxygen at every step during clinical ART.

Studies in animal models may also vary in the source of gametes or embryos,
and such difference may impart varying responses to elevated oxygen. Interest-
ingly, in vivo-derived pig cleavage-stage embryos proved particularly resilient to
oxygen toxicity when compared with in vitro fertilized and parthenogenetically
activated embryos following IVM [70]. Yet, this was not the case in a mouse study
with detrimental effects of 20 % oxygen shown for in vivo produced embryos
when culture was initiated at the 2-cell stage but not at the 8-cell stage [44]. The
influence of prior developmental history on the effects of oxygen on embryo
quality is also relevant in human ART. Indeed, while routine ART is currently
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performed using in vivo matured oocytes retrieved following ovarian stimulation,
other sources of clinically useful oocytes are immature and cryopreserved ones
(immature or mature). It is conceivable that in vivo-derived gametes or embryos,
obtained under natural conditions, possess superior cellular defenses against the
oxidative threats of ART. Alternatively, differences in sensitivity may reflect the
stages of embryonic development at which cells are exposed to varying oxygen
levels.

In spite of the higher cost associated with maintaining embryos in reduced
oxygen conditions, the suggested beneficial outcomes on embryo development and
cycle outcomes may justify the additional expense (most of which is incurred only
initially with the purchase of new cell culture incubators). To date, no studies
identify any detriments of culturing in low oxygen; and while additional studies
await, a fail-safe approach may indeed be to reduce oxygen levels to 5 %. This is
particularly true for prolonged cultures to D5. Beyond pursuing large-scale and
independent confirmation of findings by multiple centers, there remain several
other specific avenues of research for the future, many of which are informed by
pertinent findings in animal studies (as highlighted herein).

Lastly, the influence of oxygen during IVM has received much less attention,
likely due to the experimental nature of clinical IVM and its current use in only select
cases. Yet oxygen merits consideration as a potential factor that may help explain the
superior developmental competencies of oocytes matured in vivo over those
matured in vitro. As for embryos, the oocyte normally matures in a microenviron-
ment (i.e. the ovarian follicle) that contains oxygen levels much less than in air. The
exact levels of oxygen in this environment is clearly dynamic and merits further
characterization; nonetheless, all reports indicate a maximum of 8 % oxygen with
some regions of the large follicles perhaps even approaching anoxia [71–73].

No human studies comparing oxygen tensions during IVM exist, and a
consensus is not yet established from experiments in animal models. Some studies
document benefits (albeit not always in all outcome measures) of lowering oxygen
in pig, cow, and mouse [35, 74–78], while others show developmental improve-
ments in 20 % when compared to 5 % oxygen in the same three species [79–82].
Differences are often not seen in overall developmental rates, but rather in further
analyses such as blastocyst cell numbers. Interestingly, advantages of low oxygen
IVM may be augmented by not only maturation but also fertilization and embryo
culture performed under 5 % oxygen, as shown in the pig [74]. More recently, a
bovine study (with a 2 9 2 design) aimed to distinguish the effects of oxygen
during IVM and/or IVF [69]. All embryo cultures were conducted in 5 % oxygen,
but interestingly embryo development (as assessed by overall cleavage rate and
blastocyst yield) was improved with IVM in 5 % while IVF in 5 % proved
detrimental. There was also an interaction between oxygen tension used in IVM
and IVF, with the worst development obtained with IVM and IVF in 20 % and
5 % oxygen, respectively. As proxy for oocyte and blastocyst quality, the relative
mRNA abundance of select genes indicated improvements in competence markers
of the cumulus-oocyte-complex with IVM in 5 % oxygen [69]. Even once the
optimal oxygen concentration is ascertained for IVM, it remains essential to
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consider the percent of oxygen used during IVF and embryo culture. It should be
noted that aforementioned studies used for all of the groups either IVF and embryo
culture under 5 % oxygen in the mouse [76, 83], or IVF in 20 % and embryo
culture in 5 % oxygen in the cow [35, 80]. It also appears relevant to consider
potential interactions between media composition and oxygen, with improved
development only observed with low oxygen when culturing oocytes in elevated
glucose for instance [35, 84]. In a mouse study, oocytes matured in vitro under
increasing oxygen concentrations (between 2 and 20 %) showed corresponding
decreases in blastocyst cell numbers; this was in spite of maturation, fertilization,
and blastocyst formation outcomes remaining comparable across all concentra-
tions. Interestingly, implantation and fetal outcomes following embryo transfer
also failed to show significant effects of oxygen during IVM (although fetal and
placental weight were reduced with IVM in 5 % oxygen) [83]. Taken together,
these reports testify to the complexity of the response of oocytes to maturation
under varying oxygen. There is thus a dire need for future studies on the effects of
oxygen during IVM; animal and human oocytes are generally cultured in 20 %
oxygen, but the exact benefits or detriments remain controversial.

12.4 Metals in Culture Media

Most laboratory reagents and chemicals contain trace levels of metals such as iron.
The typical concentrations of these metals, though low (1.6–19.4 lM), are high
enough to catalyze ROS generation in culture media [85, 86]. This de novo ROS
synthesis occurs through the Haber-Weiss and Fenton reactions, in which metals
such as iron or copper serve as oxidizing and reducing agents to generate the most
reactive ROS, hydroxyl radicals, from hydrogen peroxide and superoxide (Fig. 12.4)
[85]. Furthermore, some of these same metals—namely ferrous ions—can facilitate
the oxidation of lipids by other oxidized lipids [87], thus propagating a chain of
oxidative damage.

There is ample evidence from studies of embryo culture that metals in culture
media can be detrimental beyond a certain threshold. Iron, when added to culture
media during mouse embryo culture, causes hydrogen peroxide concentrations to
increase. This increase is also accompanied by higher rates of block or early
mortality [88]. In another study, the supplementation of culture medium with the
chelator EDTA lowered ROS levels compared to unsupplemented medium [89],
suggesting that EDTA’s sequestration of metal ions inhibited ROS generation to
some degree. EDTA has also been shown to protect mouse embryos from toxic
impurities, believed to be zinc from the silicone oil used as overlay [90]. It should
be noted, however, that there are physiological requirements for low levels of
metal ions by embryos and that, therefore, the complete removal of metal ions
from culture media would most likely be detrimental to development [88, 91, 92].
In fact, mammalian oocytes and embryos in vivo normally encounter metals such
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as potassium, calcium, magnesium, zinc, and other heavy metals in the form of
protein nucleotides, in the reproductive tract [93, 94].

12.5 Visible Light

Yet another unnatural stress factor for gametes and embryos during ART is visible
light. Light, or electromagnetic radiation, is energy that travels through space in
oscillating waves. Types of electromagnetic radiation are categorized based on the
frequency of their waves (their wavelengths). The wavelength of visible light
ranges from approximately 380 to 780 nm, and oocytes and embryos are inevitably
exposed to it during ART when they are handled and inspected. A particular
concern for ART is how visible light affects oocyte and embryo viability.

Light can generate ROS, and is therefore a potential aggravator of oxidative
stress. When light is absorbed by a molecule, its energy excites electrons. Excited
electrons weaken chemical bonds, which can lead to the degradation of the
molecule into radicals and other molecular fragments. Alternatively, molecules
can absorb light energy and transfer it to other molecules that then degrade.
Whether this process occurs depends on which wavelength of light a molecule can
absorb and the strength of its bonds. For example, molecules such as riboflavin and
tryptophan are sources of ROS both intracellularly and in cell culture media when
they are irradiated by solar light or fluorescent light [95–98]. Light is either
measured as units of intensity (lux) or by level of irradiation.

Fig. 12.4 ROS generation is a complex and cyclic process. Here, the mechanism by which the
Haber-Weiss and Fenton reactions interact with lipid peroxidation is shown. Hydroxyl radicals
are generated in Haber-Weiss and Fenton reactions, facilitated by metal ions such as iron. If
hydroxyl radicals encounter unsaturated lipids, they will react together to form lipid radicals and
eventually lipid hydroperoxides. Red arrows indicate radical-forming reactions. In reaction (1),
an ROS forms a lipid radical. In reaction (2), an unstable lipid peroxyl radical reacts with an
unsaturated lipid to form a lipid hydroperoxide and a new lipid radical
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Negative effects of visible light on embryo development in vitro have been
reported. Short exposure (increments of 0–10 min) to visible light from a
microscope generates ROS in mouse and hamster embryos. The amount of ROS
produced increases with the amount of time the embryos are exposed [12, 99].
Studies monitoring the developmental progress of oocytes and embryos exposed to
fluorescent or incandescent light during various stages of ART, including prior to
IVF, have shown that cleavage and survival rates are reduced compared to low- or
no-light controls in mice, hamsters, and rabbits. These effects are observed after as
little as 5 min of exposure to 2,400 lux fluorescent light or up to 30–60 min of
exposure to light intensities varying from 400 to 4,000 lux [100–103]. Hamster
embryos respond differently to varied light intensities (200, 500, 900 lux), with the
lowest intensity, 200 lux, allowing the highest relative rates of embryo develop-
ment [104]. Interestingly, other studies have reported no effect of fluorescent light
on DNA ploidy abnormalities and embryo development in rabbit and mouse
embryos, respectively [105, 106]. These experimental data suggest that visible
light is a component of the ART environment that merits further attention and
regulation with respect to oocyte and embryo viability.

In an IVF laboratory, light is generated by microscopes, fluorescent lighting,
and indirect sunlight if shaded windows are present. Therefore, Ottosen et al. [107]
evaluated the intensity and spectral composition of light reaching embryos during
in vitro manipulations in active IVF laboratories. They found that microscopes, at
settings appropriate for embryo inspection, produced light at 2,500–5,000 lux,
while ambient light levels (room lighting and sunlight) were over tenfold lower, at
200–400 lux. A comparison of these intensities with the results of experimental
studies (summarized above) suggests that microscope light exposure is a more
dangerous source of light for oocyte and embryo viability than ambient light is. In
fact, microscopic light was determined to produce 95 % of the light radiation
experienced by oocytes and embryos in an IVF laboratory [107]. ICSI and PGD
procedures together require *700 more seconds of microscope time, which
translates into an average of 14.2 kJ/m2 more energy exposure, than IVF proce-
dures do (167 s, 3.2 kJ/m2). They may therefore be particularly impacted by
visible light radiation.

In addition to intensity, the spectral composition of light that reaches oocytes
or embryos during ART is also relevant to consider. Short-wavelength light,
particularly blue light (400–500 nm) tends to generate the most ROS and to be most
harmful to embryos [104], as measured by TE and ICM apoptosis and gene
expression. In hamster eggs, meiosis was also negatively affected by short-wave-
length visible light [108]. Conversely, green (500–575 nm), yellow (575–585 nm),
and red light (620–750 nm) were shown not to affect morula compaction in
hamsters, and blastulation rates were increased by red light as compared to full-
spectrum visible light [104]. In the study by Ottosen et al. [107], blue light was
found to contribute 5 % of the energy produced by microscope light.

The spectral composition of light that reaches oocytes and embryos can be
managed by using certain fluorescent lights in laboratory equipment and filters on
microscopes. A 2007 study showed that warm white fluorescent lights or
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incandescent lights produce significantly fewer ROS in mouse and hamster
zygotes than do cool white fluorescent lights [109]. Cool white fluorescent lights
are particularly rich in short-wavelength light, while warm white fluorescent lights
and incandescent lights are not. Furthermore, the use of microscope filters has also
been proposed to shield oocytes and embryos from the most damaging wave-
lengths of visible light (400–500 nm) during ART manipulations [107]. In one
study, a green pass filter of 498–563 nm wavelengths was used during bovine
oocyte collection and other in vitro embryo procedures. The no-filter control group
exposed to microscopic light expressed the inducible stress-response form of
Hsp72/73 protein, while the filter group did not. Therefore, although this study
observed no differences in embryo development rates, total cell counts, or
morphological quality up to day 8 between the control and experimental groups,
light-induced stress was evident at the gene expression level in controls [110]. To
our knowledge, this is the only study directly testing the effects of a microscope
filter on oxidative stress during ART.

In considering the effect of visible light on oxidative stress during ART, there
are several additional factors to consider. First, there is evidence that sensitivity of
an embryo to light varies by species. No studies to date have examined the effects
of light on human oocyte or embryo development during ART procedures, how-
ever, studies in the mouse, hamster, and rabbit have shown that, at least between
these three species, significant differences in light tolerance exist. In the rabbit,
oocytes and embryos can tolerate strong light, while in the hamster they are
extremely sensitive [109]. As information regarding the sensitivity of human
embryos to light is lacking, it is difficult to precisely delineate safe light exposures
for human ART. Furthermore, in vitro- versus in vivo-derived embryos may vary
in their tolerance of light as well. Lastly, any exposure to direct sunlight will
include exposure to ultraviolet (UV) light (300–400 nm). With even shorter
wavelengths than blue light, UV light has been shown to exert the most damage of
any other light source available during ART [111], and even transient exposures
should be avoided entirely.

12.6 Temperature

In an effort to approximate in vivo conditions, human ART procedures are
conducted at core body temperature, or 37 �C. This practice was established by
1969, at a time when few studies had been done to elucidate whether temper-
ature gradients exist in the female reproductive tract [112]. Interestingly,
temperatures in the oviduct and within follicles—ovarian structures that
comprise the microenvironment of preovulatory oocytes—are now known to be
lower than core body temperature in humans and other mammals [113–116].
Human follicles, for example, are up to 2.3 �C cooler than the ovarian stroma.
The ovarian stroma, in turn, is approximately 35–36.75 �C, slightly cooler than
core body temperature [113]. Although no data exist for human oviduct
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temperatures, in the rabbit the isthmus and ampulla are approximately 3.1 �C
and 2 �C cooler than rectal (core) temperature, respectively [116]. Similar
gradients are reported in other mammals [114], and the presence of a similar
gradient in human oviducts is assumed [115, 117]. The degree of difference
between core body temperature and that of follicles or oviducts fluctuates slightly
with respect to stages of the estrous cycle.

The temperature discrepancy between in vivo conditions for oocyte maturation,
fertilization, and early embryo development and the in vitro environment are a
potential concern for oxidative stress during ART. Heat shock, a phenomenon that
occurs when cells are subjected to temperatures higher than those found under
ideal in vivo conditions, can lead to cellular damage and apoptosis through a
variety of mechanisms. Of particular relevance to this chapter, heat shock has been
shown to directly increase the flux of ROS in live rat intestinal epithelial cells
[118]. Therefore, it is possible that oxidative stress may play a role in the cellular
consequences of heat shock.

The temperature difference between the in vivo environment and in vitro
conditions during ART might be sufficient to establish a state of mild heat shock.
At the very least, it is a departure from natural conditions that oocytes and embryos
have evolved to develop in. As such, temperature during ART has been identified
by some as a topic in need of further investigation [115]. A clinical study
measuring the follicle temperatures of women found one patient (out of 13) whose
follicle temperature was warmer—by 0.2 �C—than the ovarian stroma. This
patient was infertile, and in vitro observations revealed that her oocytes could not
divide in culture [113]. In another clinical study, human pregnancy rates increased
when the incubator environment was up to 0.2 �C less than core body temperature
rather than up to 0.2 �C above it [57]. Although indirect, the potential link between
temperature and normal oocyte or embryo development, and the direct link
between temperature and ROS generation (described earlier; [118]), merits
attention. One study comparing core body temperature (38.5 �C) and 37 �C during
IVM, IVF, and in vitro embryo culture in the bovine found that a decrease from
38.5 to 37 �C during the last 14 h of maturation resulted in slightly (though not
significantly) higher cleavage, morula, and blastocyst development [119]. To date,
however, studies of heat shock in embryos have primarily focused on comparisons
between core body temperature and 2 �C above that temperature. Although these
studies do not compare the in vivo and in vitro conditions, they offer insight into
the effects that small temperature changes—those roughly equivalent to the in
vivo–in vitro temperature difference—can have on development and ROS
concentrations in oocytes or embryos.

In mouse and bovine models, temperatures approximately 2 �C higher than core
body temperature increase the production of intracellular ROS in pre-implantation
embryos after as little as 6 h of culture [120–123]. This rise in ROS is accom-
panied by increased DNA fragmentation, decreased blastocyst rates, and reduced
blastocyst cell numbers [122, 124–126]. Similar results have been reported in
somatic cells [127, 128] and in maternally heat-stressed mouse embryos [120].
These results suggest that small temperature increases might affect the ROS
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production in oocytes or embryos, which could in turn influence the course of
development in vitro.

Antioxidants provide protection against heat shock during in vitro embryo
development, once again supporting a role for ROS in heat-induced cellular damage.
Antioxidants such as vitamin E, glutathione, and beta-mercaptoethanol minimize the
negative effects of heat on embryo development [125, 126, 129, 130]. Interestingly, a
2002 study reported that hydrogen-peroxide-induced inhibition of cellular antioxi-
dants, specifically reduced glutathione, was exacerbated by 5 �C heat shock in
Chinese hamster ovary cells [131]. Therefore, it is possible that in embryos, heat
shock can ‘‘inactivate’’ some of the antioxidant defense system, allowing ROS
concentrations to increase to dangerous levels. Conflicting results have also been
reported regarding the relationship between oxygen and heat shock. Although one
study reports that the negative effects of heat shock are evident in bovine embryos
only when cultured under high oxygen tension [130], another study reports no
oxygen–temperature interaction [132].

The question of temperature during ART may be relevant to creating an in vitro
environment similar to the in vivo one. It is generally thought that departures from
in vivo conditions can cause stress to developing oocytes and embryos, however,
further studies are needed to elucidate the precise relationship between tempera-
ture and developmental quality. Furthermore, some features of oocytes or embryos
may be especially sensitive to ART temperatures. It is known that meiotic
spindles, for example, are vulnerable to temperature fluctuations and heat [133].
In particular, spindle integrity is important during IVM and IVF, during which
oocytes complete various stages of meiosis as they mature. Therefore, questions
have also been raised regarding the temperature fluctuations induced by the
opening and closing of incubator doors, as well as the consistency and reliability of
stage warmers [134, 135]. As the studies in this section may suggest, the negative
effects of temperature discrepancies and changes might be induced or exacerbated
by changing ROS levels.

12.7 Metabolism

Animal cells require the consumption of oxygen and nutrients to produce energy.
In the course of this aerobic metabolism, oxygen is used as a terminal acceptor in
the mitochondrial electron transport chain and thus facilitates a highly efficient
mode of ATP production. However, inevitable leakage from the electron transport
chain, combined with the presence of oxygen, contributes to the formation of
intracellular ROS [2, 38, 136]. For this and other reasons, cells regulate their
metabolism to maintain viability and quality.

In oocytes and embryos, the regulation of metabolism is particularly important as
it ultimately impacts the fate of the organism as a whole. In 2002, Leese et al. [137]
presented a hypothesis of embryo metabolism based on data from rodent and
domestic species. This hypothesis, termed the ‘‘quiet embryo hypothesis’’ posits that
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viable embryos will consume lower levels of oxygen and nutrients (a ‘‘quieter’’
metabolism) than less viable embryos will. This difference exists because less viable
embryos have experienced significant damage to their genomes, transcriptomes, and
proteomes, and consequently undertake repair or rescue operations that have a high
energy price. The upregulation of their metabolisms, in turn, leads to increased
production of ROS [115, 138]. In summary, the quiet embryo hypothesis presents
another possible mechanism by which various stress factors in the in vitro envi-
ronment can impact intracellular ROS production.

During ART, embryo metabolism may be up-regulated directly by environmental
factors or indirectly via damage to cellular components. High oxygen tension, high
concentration of energy substrates in the media, radiation, preexisting ROS, and
temperature extremes have been identified by Leese et al. [115] as features of the in
vitro environment that favor non-quiet metabolisms, and are addressed elsewhere in
this chapter. Often, direct and indirect effects on metabolism can be induced by the
same stress factor. For instance, the difference between core body temperature (ART
incubation temperature) and the temperature in the human oviduct is theoretically
enough to increase the metabolic rate of oocytes and early embryos in vitro by at least
15 % compared to those in vivo [115]. In fact, some unpublished results (reviewed in
[115]) suggest that when bovine blastocysts are cultured at physiological oviduct
temperatures rather than core body temperature, metabolic activity is reduced with
no negative impact on blastocyst rates. Additionally, higher-than-physiological
temperatures experienced by oocytes and embryos in vitro may generate ROS
directly, which, in turn, could up-regulate embryo metabolism and lead to further
ROS production (see Sect. 12.6).

Excessive or inadequate concentrations of energy substrates in culture media can
alter the normal course of metabolic development as embryos grow. During early
cleavage stages, embryos have no net growth and therefore their energy requirements
are fairly low. Low oxygen consumption, and therefore low ROS production, might
be important during cleavage stage development, as it entails the activation of the
zygotic genome at the 4–8 cell stage in humans [115]. Energy demands and
metabolism increase later, during compaction and cavitation. High concentrations of
energy substrates such as glucose can promote inappropriate or premature metabolic
activity [51, 139]. Therefore, Leese et al. [137] advocate the use of culture media that
are low in nutrients (like the female reproductive tract), to encourage early embryos
to use endogenous stores of nutrients for energy production. Alternatively, endog-
enous compounds in culture media may autooxidize to produce ROS [140]. The
autooxidation of such compounds may deplete levels of antioxidants and other
molecules with antioxidant function. One such molecule is pyruvate—although it is
included in culture media as an energy substrate, it also reduces hydrogen peroxide
[140] and has been shown to have protective effects against these ROS intracellularly
in somatic cells [131]. Excessive ROS may lead to some media deficiencies by
invoking the antioxidant functions of molecules intended for other purposes. This, in
turn, could adversely affect the metabolism and cell function of oocytes or embryos.
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12.8 Oocyte Cryopreservation

The cryopreservation of oocytes is currently an intense area of study, due to its
strong potential as a method for fertility preservation in patients at risk of losing
their fertility from cancer treatment or those of advanced maternal age. The
success of oocyte cryopreservation does not yet match success rates with embryo
freezing; relevant culprits that may explain such differences could lie in the
significantly different cell cycle state and properties of oocytes and early embryos.
There are multiple damages associated with cryopreservation, and oxidative stress
numbers among one of many potential influencing factors.

Evidence in other study systems supports the relevance of considering oxidative
stress in cryopreservation injury, and notably when cellular materials are cooled to
low temperatures. For example, liver tissues kept cool for transplantation are
known to suffer from oxidative damage. When early and late products of lipid
peroxidation (conjugated dienes and malondialdehyde, respectively) were
measured after liver tissue storage at cold temperatures, peroxidation occurred at
-20 �C while not at -196 �C. Free radical activity, as reflected by changes in
ratios of reduced to oxidized glutathione, also increased with freezing at -20 �C,
with a proposed stabilization once the tissue reached ultra-low temperatures [141].
Interestingly, cold storage of kidney tissue at only 4 �C augmented ROS levels
concomitantly with reduced glutathione defenses, while Mn-SOD expression
increased [142]. Supplementation with antioxidants and free radical scavengers
also abrogated the cold-induced ROS formation [141] and cellular damages [142].
All of these effects of cold temperatures were time-dependent, thus buttressing the
likely improved oxidative outcomes with an ultra-low rapid freezing protocol.
Further, yeast cells that lacked some antioxidants, notably Cu, Zn-SOD, and
Mn-SOD, proved the least tolerant to freeze–thaw stress; cryopreservation also
resulted in an oxidative burst of superoxide radicals [143]. Together, there is thus
an effect of cold temperature exposures on the pro- and anti-oxidant balances of
cells, as well as an involvement of endogenous antioxidants. Conversely, the
generation of free radicals is also relevant during the rewarming of frozen tissues
[144] (reviewed by [145]); cellular damage may thus be further exacerbated upon
warming and when compared to freezing injury alone.

To date, studies examining oxidative stress during oocyte cryopreservation are
grossly lacking. This is a clear gap in the field, one that demands attention given a
precedent for the involvement of oxidative stress during both sperm and embryo
cryopreservation. Further, it is conceivable that the oocyte, when frozen individually
without its natural microenvironment, may prove particularly sensitive to oxidative
stress as induced by cryopreservation. Oocytes possess stores of antioxidants
[146–148], but whether these stores equip the oocytes with sufficient defenses
against exogenously induced oxidative stress is unclear. In vivo, the oocyte also
develops in a microenvironment that is rich in antioxidant defenses (reviewed by
[149] and [150]), and cryopreservation conditions and solutions may merit antiox-
idant supplementations in order to make up for any deficiencies.
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Experimental studies using mammalian oocytes support the involvement of OS
during oocyte cryopreservation, even if indirectly. The most direct evidence to date
includes a measurement of ROS concentrations during the vitrification of porcine
oocytes. When compared to never frozen, metaphase-II oocytes that underwent vit-
rification contained increased intracellular ROS concentration [151, 152]; there was no
difference in ROS depending on the percent oxygen (5 or 20 %) these oocytes had been
in vitro matured in [151]. Species differences cannot be ignored, and it is relevant to
note that oocytes from pigs are particularly susceptible to cryopreservation, largely due
to its very high lipid content. With very few studies focused on the oocyte, further
insight may be gained from experimentation in early embryos. First demonstrated in
mouse 8-cell embryos was a benefit of pre-culture prior to freezing in media containing
inhibitors of lipid peroxidation [153]. Benefits were more pronounced with
slow-freezing than with vitrification, perhaps indicating the particular needs for
uncompromised membrane permeability for the penetration of cryoprotectants during
slow-freezing. In this vein, membrane characteristics were measured in slow-frozen
mouse 2-cell embryos. When compared with unfrozen controls, cryopreserved
embryos had decreased membrane fluidity (presumably due to lipid peroxidation
damage), showed changes in membrane depolarization (reflecting functional damage),
and increased hydrogen peroxide levels. Cell death was further demonstrated in frozen
embryos, with thus a proposed involvement offree radical generation and damage with
an induction of apoptosis [154]. Mouse 2-cell embryos showed a 50 and 20 % increase
in hydrogen peroxide after cryopreservation with slow-freezing and vitrification,
respectively; vitrification thus resulted in less hydrogen peroxide formation than slow-
freezing [155]. Further evidence points to the influences of specific cryopreservation
protocols, with the fastest cooling method resulting in reduced ROS production during
the vitrification of human ovarian tissue [156].

Also pertinent are indications that antioxidant defenses become compromised
during cryopreservation. In porcine in vitro matured M-II oocytes, glutathione levels
become decreased following vitrification, together with the decreased fertilization
and developmental potential of cryopreserved embryos [151]. This is however, the
only study to date reporting on compromised antioxidants in the frozen oocyte.

In contrast, there are several studies indirectly buttressing the involvement of
oxidative stress during oocyte cryopreservation. All of these entail the addition of
antioxidants during various phases of the cryopreservation protocol; an improve-
ment in developmental outcomes is in turn interpreted as due to the mitigation of
cryopreservation-induced oxidative stress by these exogenous antioxidants. The
survival and fertilization rates of slow-frozen mouse metaphase-II oocytes were
improved when the freezing and thawing media were supplemented with SOD,
with further benefits obtained with the dual addition of SOD and Catalase [157].
Further insight may be gained from studies manipulating the pro- and/or antiox-
idants during the freezing of early embryos. For 2-cell mouse embryos,
supplementation of the cryopreservation solutions with the antioxidant Vitamin C
(ascorbate) resulted in some benefits, namely in reduced hydrogen peroxide,
increased number of cells in the inner cell mass, and decreased damage to the
membrane [155]. Improvements were consistently observed after slow-freezing
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rather than vitrification, likely reflecting an increased oxidative damage from
slow-freezing. When added to the culture medium following cryopreservation, the
ability of exogenous antioxidants to alleviate deficiencies in antioxidant defenses
that resulted from freezing injury was considered. This was tested for after the
vitrification of porcine zygotes, for which there was no significant improvement of
GSH addition on in vitro developmental outcomes [158]. However, when ROS are
presumably reduced experimentally (with beta-mercaptoethanol, BME) after the
vitrification and warming of bovine blastocysts, survival and re-expansion were
improved after a 6 h culture period; hatching and total cell numbers were also
increased with post-freezing culture up to 48 h in BME [159]. A more recent study
also vitrifying bovine blastocysts demonstrated the usefulness of not only
supplementing the culture medium with BME from the zygote to the blastocyst
stage but also during post-warming for 48 h on the resulting quality of blastocysts
(based on hatching, total cell numbers, and DNA fragmentation) [160]. The timing
of antioxidant supplementation thus proves influential with studies in early
embryos revealing important lessons; notably, studies should also focus on
the post-warming period, rather than only aim to neutralize ROS prior to
freezing. Most recently, BME treatment during the vitrification and warming of
metaphase-II porcine oocytes significantly diminished intracellular ROS, but to
levels that remained higher than that of control oocytes. Viability and fertilization
was not affected by BME exposures, but cleavage rates improved with BME
although there was no increase in blastocyst formation [152]. Interestingly, the
inclusion of BME during vitrification, warming, and in vitro culture of porcine
oocytes that were frozen 4 h after IVF resulted in increased blastocyst formation
and total cell numbers [152]. BME supplementation can thus partially neutralize
ROS induced by freezing and warming. Further consideration should also be given
to the most optimal type of exogenous free radical scavenger to use (e.g. GSH,
BME, or others), and the developmental periods when vitrified/warmed oocytes or
embryos may be most susceptible to oxidative damage.

The future thus awaits an improved understanding of the exact involvement and
influences of oxidative stress during oocyte cryopreservation. Past work supports
the relevance of oxidative stress, but strategies to prevent and/or remedy oxidative
damage during cryopreservation are not yet available. Notably, ways to preserve
and/or restore the antioxidant protection systems of the oocyte should be
addressed. Future consideration should also be given to potential differences in the
challenges posed by oxidative stress during the cryopreservation of either imma-
ture or mature oocytes. Of relevance is a recent study by Somfai et al. [161]
demonstrating no differences in GSH content following the IVM of vitrified
porcine GV immature oocytes, while in vitro matured M-IIs showed decreased
GSH with vitrification [151]; it has been proposed that GSH levels may recover to
normal levels during IVM, although direct supporting evidence is needed. Even
among mature oocytes, the particular susceptibility of those matured in vitro merit
comparison with those matured in vivo. The stage and origin of oocytes are thus
variables that remain to be tested when examining the roles of oxidative stress
during oocyte cryopreservation.
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12.9 Conclusion

In this chapter we have addressed features of the in vitro environment that are
known or suspected to contribute to oxidative stress during ART. However, it is
also important to note that patient history—lifestyle factors, diet and nutrition, age,
medical history—may influence the vulnerability of oocytes and embryos to
oxidative threats that exist in vitro. Smoking, for instance, alters the balance of
ROS and antioxidants in the in vivo developmental milieu of oocytes (i.e. follicles)
to favor oxidative stress conditions [162, 163], potentially making oocytes more
sensitive to the in vitro stresses they later encounter during ART [164].

Patient age is a prominent concern in ART, as advanced maternal age is strongly
correlated with low oocyte and embryo quality. Oxidative stress is suspected to play a
role in this aetiology. Notably, follicle cells in women and mice of advanced age exhibit
low antioxidant expression [165–167]. The ‘‘free radical theory of ageing’’ proposes that
oxidative damage gradually accumulates in oocytes that spend an extended number of
years in arrest, as they are metabolically active throughout that time [168, 169]. Lowered
antioxidant expression in the corresponding follicle cells may exacerbate that condition.

A number of medical conditions are associated with oxidative stress to oocytes
and embryos. Polycystic ovary syndrome (PCOS), for example, is a common female
endocrine disorder that causes infertility. Evidence including elevated concentra-
tions of oxidized protein in sera [170], increased systemic oxidative stress [171, 172],
and increased DNA susceptibility to oxidative damage [173] suggest that oxidative
stress is intimately tied to the aetiology of this syndrome. Oocytes and embryos from
PCOS patients are likely exposed to higher ROS levels in vivo than normal, thus
possibly altering their tolerance of further stress. Other relevant medical conditions
include obesity, diabetes, and nutrition disorders [174–177].

Each of these scenarios bring to light yet another important question for women’s
reproductive health and ART success—to what degree do oocytes and embryos rely
on external antioxidant sources during development? The fluid inside follicles
contains high levels of many different antioxidants [178], suggesting that oocyte
protection against oxidative stress requires extracellular components. Similarly, the
early embryo develops in the oviduct, an environment naturally rich in antioxidants
[179, 180]. Attention to the in vitro environment and patient history is thus of the
utmost importance in achieving successful ART outcomes. Furthermore, it is evident
that ROS levels in follicle fluid vary [178, 181–183], and that both minimum and
maximum ROS thresholds for oocyte quality likely exist. Identifying and replicating
that balance in vitro is an important task facing ART advancement today.

12.10 Summary Statements

• During ART, oocytes and embryos encounter an artificial environment that
differs significantly from in vivo. Developing under such conditions may
contribute to oxidative stress.
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• Oxidative stress can lead to severe cellular damage that impairs the viability and
quality of oocytes and embryos. It occurs when oxygen-containing radicals,
ROS overwhelm a cell’s defense system.

• Coincubation with sperm during IVF exposes oocytes to ROS. The conse-
quences of this exposure might depend on the duration of coincubation.

• Oxygen tension influences ROS formation and gene expression. Culturing
embryos under low oxygen tension (5 %) rather than atmospheric oxygen
tension (20 %) appears to benefit development; however, evidence in human
models is still tentative. As for the optimal oxygen tension during the IVM of
oocytes, even data in animal models are still preliminary and controversial.

• Most laboratory reagents and chemicals contain trace levels of metals. Metal
ions can accelerate ROS generation in cell culture media through Haber-Weiss
and Fenton reactions.

• Visible light can radiate molecules and generate ROS. Short wavelengths are
more dangerous in this respect, and the use of microscope filters during ART is
thus supported by several research groups.

• Human ART incubations occur at core body temperature, however, the temperatures
found inside the oviduct and uterus are consistently cooler. Inappropriate temperatures
could contribute to ROS generation and metabolism disruption.

• Oocyte and embryo metabolisms may be up-regulated during ART procedures
due to environmental factors or cellular damage. Increased electron leakage
from the mitochondria—a consequence of aerobic metabolism—subsequently
promotes higher intracellular ROS generation.

• Cryopreservation appears to affect the balance of antioxidants, as well as
concentrations of ROS, in oocytes.

• Maternal lifestyle factors can influence the vulnerability of oocytes and embryos
to oxidative stress during ART.
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Chapter 13
Antioxidant Strategies to Overcome
OS in IVF-Embryo Transfer

Mitali Rakhit, Sheila R. Gokul, Ashok Agarwal
and Stefan S. du Plessis

Abstract During in vitro fertilization (IVF) procedures, the transferred embryo is
exposed to many sources of reactive oxygen species (ROS) originating both
internally (in vivo from the male or female reproductive tracts and secretes) and
externally (in vitro during the IVF procedures). In order to prevent oxidative
damage various antioxidant strategies may be employed. Several antioxidants may
be used in the prevention of oxidative stress (OS) in an assisted reproductive
technology setting. Most studies involve enzymatic or non-enzymatic antioxidants,
and these same antioxidants may be effective in therapy individually or in com-
bination with another treatment. Throughout this chapter, the most studied anti-
oxidants are discussed. The experiments that provide evidence for or against the
effectiveness of these compounds to decrease ROS and protect the embryo from
OS in an IVF-embryo transfer setting are evaluated based on the strength of
evidence in order to give a recommendation for or against the use of an antioxidant
or combination of antioxidants in OS-preventing therapies.
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13.1 Introduction

Up to 15 % of all reproductive age couples are unable to achieve a natural
pregnancy after one year of regular unprotected intercourse and are thus classified
as infertile [1]. As both sexes must undergo a series of complex physiological
processes in order to achieve pregnancy male and female factors (endogenous or
exogenous origin) can contribute equally toward couple infertility. With the advent
of assisted reproductive technologies (ART) many of these couples seek clinical
intervention in order to achieve pregnancy. Various ART procedures such as in
vitro fertilization (IVF) and intracytoplasmic sperm injection (ICSI) are available;
however these interventions are both emotionally and physically demanding. As
these are highly specialized techniques, they are extremely costly and therefore
place a further financial burden and stress on the couple [2]. Due to the significant
amount of energy and resources invested in such ART treatment, it is paramount to
reduce any factors that may potentially prevent a successful outcome.

Various endogenous and exogenous factors can impede on ART outcome [3].
First, the quality of the gametes plays a vital role, but due to the nature of the
individual male or female factors, any of these endogenous and or exogenous
factors will have an even more pronounced effect on the outcome. Factors such as
oxidative stress (OS) that result from an imbalance between reactive oxygen
species (ROS) and antioxidant capacity is just one such contributing factor. Both
in vivo and in vitro (during ART procedures) OS have been implicated to be a
major role player in pregnancy failure, especially when it develops in the envi-
ronment surrounding the gametes [4].

In the recent past various research studies have focused on studying antioxidant
strategies to prevent OS damage to gametes and developing embryos, in order to
optimize ART outcome. Therefore, the aim of this chapter is to review the current
understanding of antioxidant treatments and strategies employed in the clinical
setting with the intention of preventing OS during IVF and embryo transfer.

13.2 ROS, Antioxidants, and Oxidative Stress

Most ROS are free radicals involved in various signaling processes throughout the
body. While necessary for normal body function, they are harmful in larger
amounts and are involved in the pathophysiology of various diseases. Three of the
most common ROS members include hydrogen peroxide (H2O2), the superoxide
anion (O2

-), and the hydroxyl radical (OH-) [5]. Free radicals, by definition, are
molecules, which contain one or more unpaired electrons in their valence shell.
Therefore, they are inclined to remove an electron from a surrounding molecule in
order to complete their octet. However, in the process of stabilizing itself, a former
free radical ends up also transforming the other molecule into a free radical,
thereby causing a chain reaction. ROS result primarily as a by-product of cellular
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respiration. As oxygen is the final electron acceptor in the electron transport chain,
failure of these ions to bind to hydrogen ions in order to form water molecules
leads them to be released as free radicals from the mitochondria. Although this
process accounts for the greatest percentage of ROS, there are many other
mechanisms of ROS production in the body, such as through immature sperma-
tozoa and leukocytes in the seminal fluid [6].

The characteristic chain reaction of ROS is usually disrupted by the presence of
an antioxidant. Antioxidants are molecules that are able to donate an electron to a
free radical in order to stabilize it. Antioxidants are not affected by this mechanism
because they are stable with or without the electron that they have donated. There
are two recognized groups of antioxidants: enzymatic and non-enzymatic. Enzy-
matic antioxidants such as superoxide dismutase (SOD) and its variants (Cu-SOD,
Zn-SOD, Mn-SOD) can be found in cytoplasm, mitochondria, and endometrial
glandular cells [7]. These enzymes scavenge O2

- radicals and protect tissues from
damage. Similarly, catalase and glutathione peroxidase both scavenge H2O2. Some
examples of non-enzymatic antioxidants include vitamins A, C, and E as well as
carotene, ascorbate, and hypotaurine. These antioxidants found in the seminal
plasma, tubal fluid, epithelium of the endometrium, follicular fluid, and ovary
exhibit the typical chain breaking property. Antioxidants are endogenous and
acquired exogenously via dietary intake in both males and females [7]. ROS and
antioxidants are contained in balanced levels throughout the body in order to
maintain homeostasis (Fig. 13.1). However, if this delicate harmony is disrupted
and comes into discord due to excess buildup of ROS generation or inadequate
antioxidant levels, OS develops. OS is potentially harmful because elevated

Fig. 13.1 ROS (reactive oxygen species) and antioxidants are contained in balanced levels
throughout the body in order to maintain homeostasis and prevent oxidative stress. Reprinted with
permission, Cleveland Clinic Center for Medical Art & Photography � 2010. All Rights
Reserved
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amounts of ROS can cause changes in basic regulatory molecules such as proteins,
DNA, lipids, in addition to causing ATP depletion. The prevention of OS is key to
maintaining normal reproductive function [7].

13.3 Sources of ROS in an IVF Setting

Due to the nature of an IVF setting, risk of exposure to ROS and OS is much
higher than in vivo [5]. It is also important to note that the natural antioxidants
found in vivo during fertilization are not present in a laboratory setting, thereby
further exacerbating the situation [7]. Endogenous as well as exogenous sources of
ROS exist in an IVF setting (Fig. 13.2). Both of these causes must be considered in
ART procedures in order to ensure successful fertilization and pregnancy.

13.3.1 Internal

OS that develops in an in vitro setting can originate from ROS that was generated
in vivo. In case of male factor, it is known that human spermatozoa requires low
levels of ROS in order to function normally as ROS are involved in the processes
of capacitation, and the successful completion of the acrosome reaction. Seminal
ROS can originate from both spermatozoa and leukocytes. ROS can be produced
in spermatozoa through the cytoplasmic cytochrome b5 reductase system in the

Fig. 13.2 In an IVF setting
ROS can originate from both
endogenous as well as
exogenous sources. Reprinted
with permission, Cleveland
Clinic Center for Medical Art
& Photography � 2010. All
Rights Reserved
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mitochondria, the NADH-dependent oxidoreductase system in the mitochondria,
and the NADPH oxidase system in the sperm plasma membrane [8]. Men with
confirmed teratozoospermia and/or leukocytospermia are likely to have higher
levels of ROS than normal men. This is due to the fact that increased levels of
ROS correlate with higher incidences or morphologically abnormal spermatozoa
and an increased white blood cell count in the semen [8]. It is estimated by Saleh et
al. [9] that spermatozoa used in at least 50 % of all IVF cases are obtained from a
setting that has experienced OS. Due to the magnitude of this finding it is therefore
vital to address this issue and explore alternative means to minimize gamete
exposure to OS prior to undergoing IVF.

Some consequences of OS, such as lipid peroxidation, can decrease the fluidity
of the plasma membrane, thereby leading to reduced or possibly even complete
loss of motility. As high levels of ROS can lead to a decrease in mitochondrial
membrane potential a drop in membrane potential could be harmful because it is
likely to activate apoptosis signaling pathways in the spermatozoa [10]. Further-
more, ROS may also cause DNA damage in spermatozoa which manifest as shifts,
breaks within the nitrogenous bases, and changes in chromosome arrangements
[11]. These alterations can ultimately result in increased abortion rates and the
augmented incidence of various fetal abnormalities. During the use of the ICSI
technique, the risk of negative outcomes is of greater concern because only one
spermatozoon is selected and placed directly inside the oocyte. Therefore, since
there is no barrier by natural selection, this could result in detrimental conse-
quences for the developing embryo if the selected spermatozoon was exposed to
OS-related DNA damage.

Gametes provide a source of ROS in both in vivo and in vitro settings. OS
contributed by male gametes has great significance in procedures involving ART,
as shown in a study by Baker et al. [12]. From this study it was concluded that
there was a negative correlation between elevated levels of sperm generated ROS
and fertilization rates, subsequent embryo development, and clinical pregnancies.
Female factors such as follicular fluid may also contribute to increased ROS levels
during ART, especially in the IVF setting. Low levels of ROS are required to
ensure and maintain proper folliculogenesis, ovarian steroidogenesis, oocyte
maturation, and luteolysis in the female reproductive system [13]. A study by
Pasqualotto et al. [14] determined that ROS at low concentrations may actually be
used as a predictive indicator of future success in terms of IVF outcomes. Certain
amounts of ROS-mediated lipid peroxidation, a bioindicator of metabolic activity,
are necessary in order to establish pregnancy. In addition, Bedaiwy et al. [15] was
able to show that an increase in total antioxidant capacity in follicular fluid cor-
related with higher rates of pregnancy. Alternatively, exceedingly high levels of
ROS can have negative effects on the oocyte. Free radicals are able to impair
microtubule function and the cytoskeleton while also causing aneuploidy and
chromosomal scattering. A study by Sugino et al. [16] also found that measuring
8-hydroxy-2-deoxyguanosine levels, a biomarker for DNA damage caused by OS,
in granulosa cells can predict oocyte quality and subsequent embryo development
during IVF treatment cycles.
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ROS can also be produced by the embryo post fertilization. Some of the pathways
that contribute to the levels of ROS include oxidative phosphorylation, NADPH, and
xanthine oxidase [17]. A study conducted by Goto et al. [18] showed that ROS pro-
duction was higher in embryos cultured in vitro compared to in vivo. The evidence
from this study was not conclusive about whether or not the results were affected by the
procedural constraints of IVF. However, the negative effects of ROS on a developing
embryo have been observed in other studies. Decreased development and growth of
normal blastocysts as well as high rates of fragmentation have been observed and
associated with increased levels of ROS in day 1 embryo culture. These results
eventually correlated with lower rates of pregnancy in clinical settings [6].

13.3.2 External Sources of ROS

In addition to the internal sources there are also many external sources and factors that
contribute to the production of ROS in the clinical ART setting that should be taken
into account. When considering the IVF procedure it is evident that there are a mul-
titude of modes during IVF procedures that can lead to increased ROS production.
These include everything from the specific techniques used to complete the process to
freeze–thawing, visible light, oxygen concentration, and culture medium. The con-
tribution of ROS generation varies between IVF and ICSI due to the difference in
techniques employed. The main discrepancy between the two techniques is that
multiple sperm are conventionally used during IVF as compared to a single selected
sperm in ICSI. The greatest danger of increasing the levels of ROS in ICSI is due to the
risk of transferring some of the ROS containing culture media into the oocyte along
with the single spermatozoon. This procedure may put the DNA material located
within the oocyte in danger of being damaged [19]. However, there is a significant
decrease in the amount of incubation time required between IVF and ICSI. The
incubation period is shorter in ICSI compared to IVF and this leads to a decrease in the
risk of ROS generation from exposure to abnormal spermatozoa. During IVF proce-
dures, both the spermatozoa and oocyte, along with its cumulus cells, are able to
generate ROS. However, during ICSI procedures, the cumulus cells are removed from
the oocyte and therefore there is an immediate reduction in the rate of ROS production
[6]. Additionally, spermatozoa being prepared for either IVF or ICSI must undergo
centrifugation. A study by Lampiao et al. [20] has shown that there is an increase in
levels of ROS in spermatozoa that have been centrifuged, which can lead to OS.

Cryopreservation is another technique commonly used during IVF treatment
cycles. Cryopreserved spermatozoa may sometimes suffer membrane damage as a
result of lipid peroxidation as well as a decrease in SOD levels, which are
bioindicators of OS [21]. Although oocyte cryopreservation methods such as
vitrification are still novel and actively researched, a study by Rahimi et al. [22]
has shown that techniques which use a slower method of thawing increase levels of
apoptosis and production of ROS. When considering this observation, it is likely
that more gradual freeze–thaw techniques make the oocytes more susceptible to
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damage from subsequent OS compared to more rapid alternatives. Therefore, it
can be concluded that there are various benefits and costs of conducting IVF as
well as ICSI techniques in terms of risk of exposure to ROS.

It is important to recognize that it is very difficult to simulate in vivo repro-
ductive conditions in an in vitro setting. This is especially true of oxygen con-
centrations. Oxygen concentration in the culture medium is significantly greater
than the concentration within the female reproductive tract [6]. This is dangerous
because elevated concentrations of oxygen can lead to increased amounts of H2O2

production, an agent of DNA fragmentation [7]. A study by Jones et al. [23] was
able to quantify the values and found that the atmospheric oxygen concentration is
approximately 20 times greater than the concentration within the body. Placing
gametes in an environment that is so highly concentrated with oxygen greatly
increases the chances for generation of ROS as well as OS. Therefore, exposure to
high atmospheric concentrations of oxygen is often presumed to be the main cause
of a rise in ROS levels and the impairment of subsequent embryo development
under in vitro conditions [6]. The presence of visible light during the execution of
IVF procedures can also have potentially harmful consequences in terms of ROS
production. Girotti et al. [24] conducted a study about the effects of visible light
and found that it could cause damage to cholesterol and unsaturated lipids con-
tained in cell membranes through OS. This phenomenon would increase overall
generation of ROS and simultaneously contribute to the amount of DNA damage.
Nakayama et al. [25] reported that due to the negative effects of visible light
exposure during IVF, many laboratories have installed fluorescent light filters in
order to reduce additional damage from this source.

Another important source of OS can result from overproduction of ROS in the
culture medium used during IVF procedures. The presence of ROS within the culture
medium itself can cause direct damage to the oocyte and impair embryo development
[3]. This is especially likely to occur if the media contains certain metallic ions such as
iron or copper, which may unintentionally be transferred to the oocyte or embryo
during standard IVF techniques and initiate the generation of ROS. Bedaiwy et al. [15]
reported that increased levels of ROS in the culture medium correlated with impaired
blastocyst development, cleavage, and fertilization, as well as increased fragmentation
rates. In a review by Du Plessis et al. [6] it was advocated that some supplements, added
to enhance the culture medium, may actually lead to increasing ROS levels. For
example the addition of a serum containing the amine oxidase enzyme actually con-
tributed to an increase in the amount of H2O2 molecules present in the media, thereby
inducing a greater likelihood of OS-related damage to the embryo.

13.4 Antioxidant Treatments in an IVF Setting

Due to the presence of so many internal and external sources of ROS that can
contribute to the development of OS during IVF, it is essential to explore ways to
curb the potentially negative effects this may have on successful outcomes.
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In vivo, the body contains many natural antioxidant defense systems to protect a
developing embryo from ROS. These mechanisms are eliminated during the in
vitro state. Li et al. [26] reported that the environment surrounding an oocyte or
embryo contains antioxidants from both enzymatic (such as SOD, glutathione
peroxidase, and catalase), as well as non-enzymatic (including taurine, hypotau-
rine, vitamin C, and glutathione) origin. These antioxidants provide protection
against both internal and external sources of ROS production. One possible way to
facilitate the management of OS during IVF procedures includes providing the
potential parents with oral antioxidant supplements to improve the quality of the
gametes prior to collection for the IVF treatment cycle [27]. Another conceivable
method might be to add various dosages of antioxidants directly into the culture
medium during IVF to reduce the effects of OS from endogenous and exogenous
factors.

13.5 Antioxidant Therapies and Studies

Antioxidant therapies have been studied extensively in the ART setting. Oral
antioxidants and those used to supplement culture media are already employed in
improving fertilization and pregnancy rates. Both enzymatic and non-enzymatic
antioxidants have been and are being studied in an IVF setting. While non-
enzymatic antioxidant supplementation is more common than enzymatic, both
have their value in improving fertility in men and women, as well as minimizing
oxidative damage during embryo transfer.

In the following section, we will discuss multiple studies that support or rebuff
the use of specific antioxidants, along with the dosage information and methods of
antioxidant treatment. We will provide a recommendation for each antioxidant as a
treatment for use in IVF based on the results of the studies. The assigned grades
and classification of evidence for each study can be seen in Table 13.1, organized
by antioxidant. The grading system, including the methods of classifying evidence
from each study and the recommended grades are presented and explained in
Table 13.2. The system used in this review was employed in order to be as
objective as possible in determining the effectiveness of each study. While the
system assigns grades based on how well controlled and randomized a study is, it
does not take into account factors such as number of participants, length of study,
and type of subject. The system also does not distinguish between the supple-
mentation type, and whether supplementation success was based on gametes or
embryos. It is acknowledged that these parameters are important in reviewing the
studies; however, it is difficult to assign a grade based on all these complex
parameters while comparing across different types of subjects and methods of
supplementation.
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13.5.1 Enzymatic Antioxidants

13.5.1.1 Superoxide Dismutase

SOD catalyzes the breakdown of the O2
- anion into oxygen and H2O2. It is part of

the group of enzymatic antioxidants naturally found within the seminal plasma
[28]. Griveau et al. [29] observed that SOD helps to increase hyperactivation and
acrosome reaction rates in spermatozoa when added in vitro. A study by Kobay-
ashi et al. [30] found that SOD also has an effect on sperm motility. A sperm
sample incubated for 2 h in culture medium without seminal plasma showed an
increase in malondialdehyde (MDA) levels and a decrease in sperm motility. After
the addition of exogenous SOD (400 U/ml) to the sperm suspension, a decrease in
MDA and increase in motility levels was recorded. SOD is found inside the theca
interna cells of the antral follicles and therefore protects the oocyte from ROS-
mediated damage during the maturation process. Hammadeh et al. [31] conducted
a study that observed the effects of antioxidants in the seminal plasma of males
undergoing IVF and ICSI treatments. The group reported a positive correlation
between SOD levels and normal sperm morphology and a negative correlation
between ROS levels and morphology as well as motility. These findings indicate
that enzymatic antioxidants play a positive role in protecting spermatozoa from
damage related to ROS. In addition to the positive correlation between SOD levels
and normal morphology in spermatozoa used during IVF and ICSI, a negative
correlation between SOD levels and pregnancy rates was also observed in patients
who underwent IVF treatments. Addition of exogenous SOD to sperm undergoing
preparation for IVF resulted in a decrease of motility loss and MDA levels,

Table 13.2 Key for Table 13.1. Classification of evidence and grading recommendations based
on objective analysis of each article [76]

Evidence classification

Ia Evidence from meta-analysis of randomized controlled trials
Ib Evidence from at least one randomized controlled trial
IIa Evidence from at least one controlled study without randomization
IIb Evidence from at least one other type of quasi-experimental design
III Evidence from non-experimental descriptive studies, such as comparative studies,

correlation studies, and case–control studies
IV Evidence from expert committee reports or opinions and/or clinical experience of respected

authorities
Recommendation grading

A Directly based on category I evidence
B Directly based on category II evidence, or extrapolated recommendation from category I

evidence
C Directly based on category III evidence, or extrapolated recommendation from category I or

II evidence
D Directly based on category IV evidence, or extrapolated recommendation from category I, II,

or III evidence
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indicating that supplementation of SOD may help to increase the successful IVF
outcomes [32]. Liu et al. [32] also noted that patients who had undergone a failed
cycle of IVF-embryo transfer (IVF-ET) tended to have lower levels of SOD
present in their granulose cells. These patients also had embryos of poorer quality
compared to the group of patients who were able to achieve pregnancy. SOD has
been reported to increase the proportions of zygotes that undergo at least one round
of cleavage while improving cleavage past the two-cell stage and overall blasto-
cyst development. Elevated levels of SOD may help provide protection from
various gynecologic diseases such as pre-eclampsia or diabetes-induced embry-
opathy [33]. According to Table 13.1, the three studies examined in this section
were given grades of B or C. These classifications indicate that the evidence
provided from these studies is not of the highest quality due to the lack of ran-
domized, controlled trials. However, the results were predominantly positive and
provide a good base for the execution of further trials investigating the role of SOD
during IVF treatments.

13.5.1.2 Catalase and EDTA

Catalase is another enzymatic antioxidant present in seminal plasma [30]. It is
also present within the corpus luteum and tubal fluid of females and can neu-
tralize H2O2 molecules by converting it into oxygen and water. A study by Chi et
al. [34] investigated the effects of various concentrations of EDTA, a metal
chelating agent, and catalase on human spermatozoa. Both EDTA and catalase
were added in three different concentrations to the Ham’s F-10 medium. The
results showed that addition of EDTA increased sperm motility while combina-
tions of EDTA and catalase increased acrosome reaction rates and decreased
levels of DNA fragmentation. Due to improved functional parameters of the
spermatozoa, the study may be alluding to possible increases in successful IVF
outcomes. However, since only one study by Chi et al. was found on these
antioxidants and the evidence provided was from controlled trials without ran-
domization, it was therefore only assigned a grade of ‘‘B’’ in Table 13.1. Further
studies must be executed in patients undergoing IVF treatments before a direct
recommendation can be made.

13.5.1.3 Glutathione Peroxidase

Glutathione peroxidase is an enzyme that acts in conjunction with glutathione, a
tripeptide cofactor. It is able to reduce peroxides such as H2O2 and lipid peroxides
into water and alcohol while oxidizing glutathione [34]. It is located within the
glandular epithelium of the endometrium in females as well as in the seminal
plasma of males [34, 35]. When examining the effects of glutathione peroxidase
addition on the production of ROS in the culture media used for sperm preparation,
the study reviewed showed a negative correlation between GPX levels and MDA
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levels, a marker of lipid peroxidation [1]. Although only one study on this anti-
oxidant was graded, the results were positive. However, the evidence was not of
the highest experimental quality as the study was not controlled or randomized and
did not receive the highest grade. While it is an essential enzymatic antioxidant in
both males and females, no studies have examined the effects of the addition of
GPX to embryo culture media.

13.5.2 Non-Enzymatic Antioxidants

13.5.2.1 Vitamin C

Griesinger et al. [36] conducted a study to test the effects of oral vitamin C supple-
mentation during the luteal phase in women undergoing IVF treatment cycles. The 620
women participating in the study were all under 40 years of age and were given either a
placebo or three different dosages of ascorbic acid in increments of 1, 5, or 10 g/day.
The study showed no significant difference in either pregnancy or implantation rates
between the experimental or placebo groups. The results of this trial may indicate that
vitamin C supplementation alone during the luteal phase may not be sufficient in terms
of increasing the likelihood of successful IVF outcomes. From the experimental
studies that were testing the effect of vitamin C, the studies that were given the most
positive ratings in Table 13.1 indicated that oral supplementation increases sperm
quality in smokers but does not result in any change in pregnancy or implantation rates
after follicle aspiration in women undergoing IVF-ET [36]. A study with category II
evidence, as classified in Table 13.2, indicated increases in sperm motility and via-
bility along with decreases in MDA levels when vitamin C was added to the culture
media [37]. However, when extremely high levels of vitamin C were tested, the
motility and viability of the sperm actually decreased compared to pretreatment values
and actually resulted in an increase in lipid peroxidation activity. When vitamin C is
used in moderate amounts, it appears to have a positive effect on semen parameters and
seems to be a viable option for infertile men undergoing IVF.

13.5.2.2 Vitamin E

A study by Suleiman et al. [38] focused on the effects of oral antioxidant supple-
mentation on sperm motility and pregnancy rates. The group also measured MDA
levels to correlate the effects of lipid peroxidation on these parameters. A group of 52
males received supplementation of 100 mg vitamin E three times daily for 6 months,
while the control group received a placebo. The results showed a significant decrease
in MDA levels accompanied by an increase in sperm motility. Experiments inves-
tigating the effects of vitamin E supplementation recorded increased rates of sperm
motility, in vitro sperm function, and fertilization rates in IVF, with decreased levels
of MDA compared to placebo groups. All studies reviewed had positive results and
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two of them provided category I evidence, indicating a strong recommendation for
the use of a vitamin E supplement in couples undergoing IVF-ET [38–40].

13.5.2.3 Vitamin C and E

Both vitamin C and vitamin E are chain breaking antioxidants. In the male,
vitamin C is highly concentrated in the seminal plasma and can preserve motility
levels in sperm [41]. Vitamin E is a lipophilic antioxidant, meaning that it is fats
and lipid soluble. This property allows it to protect polyunsaturated fatty acids
(PUFAs) from lipid peroxidation. This is important for male infertility because
germ cell and sperm membranes contain large amounts of PUFAs [42].

There have been many studies conducted on the effects of vitamins C and E on
male infertility. For example, in a study by Kodama et al. [43] 19 infertile men
received an oral vitamin E supplement (200 mg/day) combined with vitamin C
(200 mg/day) and glutathione (400 mg/day) for a 2-month period. The results of
the trial showed increased sperm concentrations and a significant reduction in
oxidative DNA damage as measured by 8-hydroxy-2’-deoxyguanosine levels for
patients in the experimental group [42]. Hughes et al. [44] reported that using a
combination of vitamin C (600 lmol/L) and vitamin E (30 and 60 lmol/L) with
urate (400 lmol/L) provided significant protection against damage to sperm DNA
when added under in vitro conditions to sperm wash media or during IVF pro-
cedures. In a study by Greco et al. [45] the effects of oral antioxidant supple-
mentation to males was evaluated with regard to ICSI outcomes. The trial
consisted of 38 men who presented with more than 15 % of sperm DNA damage
and had gone through at least one unsuccessful ICSI treatment cycle. The men
were given daily doses of vitamin C (1 g) and vitamin E (1 g) for 2 months. A
76 % decrease in sperm DNA damage was reported in the treatment group, while
pregnancy rates increased from 7 to 48 %, and implantation rates from 2 to 19 %.
These studies have shown that both oral antioxidant therapy as well as antioxidant
supplementation during IVF preparation methods can prevent damage caused by
OS to male gametes, thereby increasing the chances of favorable IVF outcomes. In
females, vitamin C is present mainly in the ovaries. It recycles and enhances the
activity of vitamin E and protects lipoproteins from damage by peroxyl radicals.
Supplementation of vitamin C in the female prevents follicular apoptosis [34].
Conversely, a deficiency in the levels of vitamin C in females can result in pre-
mature resumption of meiosis, follicular atresia, as well as atrophy of the ovaries
[45]. Vitamin E increases the number of embryos developing into blastocysts and
increases their resistance to heat shock [34]. Several studies have been conducted
in order to observe the effects of vitamin C and E supplementation on both in vivo
and in vitro infertility. The use of antioxidants has not been as thoroughly studied
in oocytes and embryos as it has in sperm preparation. The few trials that have
been conducted have mainly been in women inflicted with various gynecologic
diseases in order to see if it could improve pregnancy rates. A randomized control
trial by Mier-Cabrera et al. [46] revealed that the addition of vitamin C and E oral
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antioxidant supplementation in women with endometriosis increased concentra-
tions of both enzymatic antioxidants, SOD and glutathione peroxidase, and non-
enzymatic antioxidants, vitamins C and E, in the plasma while decreasing levels of
OS markers such as lipid peroxides and MDA.

Effects of antioxidant supplementation on oocytes and embryos have mainly been
studied in animal models due to the physical constraints of oocyte retrieval in
humans. Wang et al.[10] studied the effects of vitamin C and vitamin E supple-
mentation to the culture media on mouse blastocyst development . After incubation
for 6 h with 50 lM vitamin C, the blastocyst development rate increased signifi-
cantly from 30 to 90%. The blastocyst development rate also increased during a 6-h
incubation period with 400 lM vitamin E, but the results were not significant and did
not surpass those achieved with vitamin C.

Several studies were reviewed which tested the effects of vitamins C and E,
when used separately or in conjunction. Both oral supplementation and in vitro
supplementation of these antioxidants showed a decrease in DNA fragmentation
and damage in human spermatozoa compared to pretreatment values. A combined
oral supplement of these vitamins showed an increase in sperm concentration in
men with oligozoospermia and/or asthenozoospermia, but these results conflicted
with another study that was assigned a higher grade due to experimental param-
eters that showed no change in semen parameters and no change in pregnancy rates
compared to pretreatment values in a similar group of men [28, 47]. Although the
second study was assigned an ‘‘A’’ in Table 13.1 in terms of overall design, a
discrepancy in results may come from the fact that a significantly smaller sample
size (31 in the prior compared to 14 in the latter) was used. Many of these studies
only failed to receive a category I evidence rating, classified per Table 13.2,
because they were not randomized [10, 46, 48–50]. In women with gynecologic
diseases such as endometriosis or pre-eclampsia, results were derived from studies
containing category I evidence, and are therefore highly recommended for women
inflicted with these diseases and are choosing to undergo IVF-ET in order to
provide a greater likelihood of successful outcomes [50, 51].

13.5.2.4 Vitamin E and Selenium

Selenium is an important element required for normal sperm function. It is
involved in testicular development, spermatogenesis, motility, and maintenance of
structural integrity [46]. Keskes-Ammar et al. [47] conducted an in vivo study
investigating the effect of a combination of vitamin E and selenium supplements
on sperm motility . The experimental group, comprising 28 men, received vitamin
E (400 mg) and selenium (225 lg) daily for 3 months. Another group of 26 men
were given a 4–5 g vitamin B supplement daily for the same period of time. At the
end of the experimental period the group receiving vitamin E and selenium
showed a significantly greater increase in sperm motility and viability as well as a
decrease in MDA levels compared to the vitamin B supplement group.
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13.5.2.5 Selenium and N-Acetyl-Cysteine

N-acetyl-cysteine is a derivative of l-cysteine, a naturally occurring amino acid. It
can act directly as a free radical scavenger or increase existing levels of gluta-
thione. N-acetyl-cysteine is also involved with the survival of male germ cells in
the seminiferous tubules in vivo [47, 49]. In a study by Safarinejad et al. [49] a
group of infertile men (n = 468) received daily oral supplements of either sele-
nium (200 lg), N-acetyl-cysteine (600 lg), or a combination of both for a 26-
week period. A positive correlation was established between the combination of
both antioxidants and an increase in sperm concentration, motility, and mor-
phology. The authors subsequently recommend the use of these antioxidants for
infertility treatments. A study with category II evidence testing the effects of oral
selenium supplementation to infertile men showed no improvement in semen
parameters [50]. However, when selenium was used in conjunction with other
antioxidants such as vitamin E or N-acetyl-cysteine in category I studies, as per
Table 13.1, improvements in sperm motility, morphology, and concentration as
well as decreases in MDA levels compared to pretreatment were observed [52, 53].
Thus, it can be recommended to infertile male partners undergoing IVF-ET to
consider the use of an antioxidant supplement containing selenium as one of the
components to a successful outcome. In addition, a study by Elgindy et al. [53]
found that the use of N-acetyl-cysteine in female patients undergoing ICSI treat-
ment cycles resulted in lower early and late apoptosis rates in granulosa cells
compared to the control group. The study also noted a significant negative cor-
relation between early and late apoptosis rates and fertilization rates as well as in
the number of good quality embryos. Therefore, the use of N-acetyl-cysteine may
be advantageous for women planning to undergo various ART procedures.

13.5.2.6 Folic Acid

Folic acid is also known as vitamin B9. Symanski et al. [54] conducted a study that
evaluated 40 female patients who qualified for IVF-ET. Half of these women were
given a daily folic acid supplement. After treatment, levels of homocysteine
decreased significantly in the group of women who had taken the folic acid.
Additionally, this group exhibited a larger percentage of oocytes in first and
second degrees of maturity. Therefore, it can be concluded that folic acid sup-
plementation can help to increase oocyte quality prior to IVF treatment. In another
study, Berker et al. [55] observed the levels of homocysteine and folic acid in
oocytes retrieved from women with polycystic ovarian syndrome (PCOS) prior to
undergoing ART. The results of the study showed that levels of homocysteine
correlated negatively with folic acid levels and fertilization rates post IVF treat-
ment. It was further noted that homocysteine levels were lower in embryos that
were given a grade of 1–2 than in embryos with a grade of 3. In women under-
going IVF-ET, the effects of oral folic acid supplementation were classified
according to the previous two experiments; one with category I evidence and the
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other with category III, as per Table 13.2. However, both studies noted oocytes of
better quality and higher grades of maturity compared to control groups, allowing
for a positive recommendation with reservation for folic acid supplementation in
women undergoing IVF-ET [56, 57]

13.5.2.7 Glutathione

Glutathione is a cofactor for glutathione peroxidase, and is an antioxidant that
scavenges O2

-, H2O2, and OH- [34]. Lenzi et al. [58] studied the effects of
glutathione in 20 male patients suffering from unilateral varicocele or genital tract
inflammation. The test subjects either received a placebo or glutathione (600 mg)
injection every other day for a 2-month period after which they were switched over
to receive the alternative treatment for an additional 2 months. The results showed
a significant increase in sperm motility and morphology in the groups treated with
the glutathione supplement compared to the placebo group. Griveau et al. [29]
furthermore reported that glutathione had beneficial effects on acrosome reaction
rates. Although both experiments reported positive results, only one of the trials
presented category I evidence and was given a grade of A [59]. Therefore, rec-
ommendations are given with reservation since only one study of sufficient quality
was evaluated.

13.5.2.8 Hypotaurine

Hypotaurine is one of the antioxidant precursors of taurine, and is involved in
sperm capacitation, fertilization, and embryo development. It also provides pro-
tection from ROS-induced lipid peroxidation [59]. Guerin et al. [17] was able to
show that both taurine and hypotaurine were produced by epithelial cells from the
oviduct in vivo. This study confirmed that hypotaurine remains stable when it is
added as an antioxidant supplement to culture media used for IVF. A study by
Guyader-Joly et al. [56] on the effects of hypotaurine on bovine embryos in vitro
found that the supplementation of 0.5–1 mM hypotaurine to the embryo culture
medium resulted in a significant improvement in blastocyst quality and develop-
ment. However, adding hypotaurine to culture media had no effect on sperm
motility or DNA integrity [60]. Since the evidence from all studies reviewed on
hypotaurine were only assigned grades of ‘‘B’’ or ‘‘C’’ according to Table 13.2, a
recommendation is only given with significant reservation.

13.5.2.9 Glutathione and Hypotaurine

Donelly et al. [57] observed the effects of adding hypotaurine and glutathione, both
separately and in combination to sperm preparation media. No significant
improvement was noted in total motility, DNA integrity, or ROS production.
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However, the study concluded that the addition of these antioxidant supplements
may be beneficial because they can potentially protect the spermatozoa from DNA
damage and ROS production that was specifically induced by H2O2.

13.5.2.10 L-Carnitine

L-carnitine performs anti-cytokine and anti-apoptotic actions in gametes and the
developing embryo. It has a potential effect on the outcome of IVF in patients with
endometriosis and leukocytospermia. Costa et al. [61] observed the effects of L-
carnitine in patients with asthenozoospermia. One hundred patients were given an
oral supplement containing 1 g of l-carnitine for 4 months three times daily after
meals. A significant increase in their total sperm count and motility was observed.
A similar study by Lenzi et al. [62] using 2 g of l-carnitine as a daily oral sup-
plement confirmed the previous results in terms of greater sperm motility and
quality compared to the placebo group. Mansour et al. [63] studied the effect of L-
carnitine on embryos in patients with endometriosis. Mouse embryos were used in
the experiment, but were cultured in peritoneal fluid (PF) from human female
patients with endometriosis. Oocytes and embryos incubated only with the PF
from endometriosis patients exhibited microtubal and chromosomal damage as
well as increased levels of embryo apoptosis. However, the oocytes and embryos
incubated with 0.6 mg/ml l-carnitine had a significantly improved microtubule and
chromosome structure with a simultaneous decrease in embryo apoptosis. Three
out of the four studies reviewed for the effects of l-carnitine supplementation were
classified as category I and received grades of ‘‘A.’’[61, 64, 65]. In terms of male
factor infertility, results from a category II study showed increased motility and
sperm concentration in patients with asthenozoospermia after the use of an oral L-
carnitine supplement [66]. Therefore, it seems reasonable to make a fairly strong
recommendation for the use of L-carnitine orally or within the culture medium
when conducting IVF treatment cycles.

13.5.2.11 Human Serum Albumin

Human serum albumin (HSA) is a protein in the body that has antioxidant potential
in sperm preparation techniques. Armstrong et al. [67] found that the use of HSA
during sperm preparation led to the recovery of spermatozoa with better quality
compared to the Percoll method. The authors conclude that the antioxidant
properties of HSA would be helpful when preparing semen samples from men with
increased ROS levels in the seminal fluid, such as those with leukocytospermia.
Only one study was reviewed for the effects of human serum albumin. The
experiment recorded that the use of HSA during sperm preparation resulted in
lower rates of decrease in motility and viability in the spermatozoa compared to
the group treated with Percoll. However, since the study is classified under
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category III in Table 13.1, the evidence is given a ‘‘C’’ rating and cannot be well
recommended for use in IVF-ET.

13.5.2.12 Pentoxifylline

Pentoxifylline is a 3,5 nucleotide phosphodiesterase inhibitor that protects cells
from lipid peroxidation induced by the presence of ROS [60]. Pentoxyfilline also
possesses various immunomodulatory properties. It is a derivative of xanthine and
has the potential to reduce the embryotoxic effect of H2O2 as was observed in a
study by Zhang et al. [68] using murine embryos. In this study, approximately
500 lM of pentoxifylline was added to concentrations of H2O2 in solution. This
resulted in a reduction in embryotoxicity compared to controls. The rate of blas-
tocyst development increased from 67 % in a solution containing only H2O2, to
82 % in a solution containing both H2O2 and pentoxifylline, to 94 % in a solution
with only pentoxifylline. In another study Cook et al. [66] examined the effects of
in vitro pentoxifylline addition to human spermatozoa prior to a treatment cycle of
ICSI. The authors reported a significant increase in pregnancy and implantation
rates per embryo in patients over 38 years of age with oocytes injected with
pentoxifylline-treated sperm. Ohn et al. [65] confirmed these results in patients
suffering from severe asthenozoospermia whose partners were undergoing an ICSI
cycle. Treatment of the spermatozoa from these men with pentoxifylline showed
an increase in sperm motility, fertilization, and implantation rates, as well as
successful embryo transfer and pregnancy rates. Therefore, it appears that the
supplementation of pentoxifylline to human gametes prior to IVF or ICSI treat-
ment cycles ensures a greater chance of positive outcomes. Pentoxifylline treat-
ment improved murine blastocyst development and reduced H2O2 induced damage
in a category I study, suggesting the possible advantages of using it in the culture
media during IVF treatments to improve outcomes [68]. Several category II
studies have also shown the effects of pentoxifylline treatment in vitro for sper-
matozoa from male partners undergoing ICSI treatment [68–70]. Oral pentoxif-
ylline supplementation has not been shown to be effective in low doses, but in high
doses, around 1,200 mg daily, is able to improve sperm motility. From the evi-
dence collected, it appears that pentoxifylline treatment would be most beneficial
when added to the culture medium during IVF.

13.5.2.13 Pentoxifylline and Vitamin E

Ledee-Bataille et al. [69] evaluated 18 patients who were enrolled in oocyte
donation programs. These women were treated with 800 mg pentoxifylline and
1,000 IU vitamin E daily for 6 months. Seventy two percent of patients treated
responded well and showed an overall increase in endometrium thickness. Three
patients conceived naturally while another three became pregnant through ART
treatment methods, ultimately resulting in a total pregnancy rate of 33 %. The
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authors concluded that a combination of pentoxifylline and vitamin E treatment
helps patients with a thin endometrium as well as improving ovarian function and
pregnancy rates. Another study involved daily supplementation of 800 mg pen-
toxifylline and 1,000 IU vitamin E for a 9-month period to patients with premature
ovarian failure. This led to an increase in endometrial thickness, which may have
enhanced implantation rates and resulted in two viable pregnancies through
embryo transfer. Combined pentoxifylline and vitamin E treatment in a category II
study and a category III study have shown to be beneficial in patients with a thin
endometrium planning to undergo IVF treatments [68, 71]. However, a definite
recommendation cannot be made since the evidence reviewed was given grades of
‘‘B’’ and ‘‘C’’ as shown in Table 13.1.

13.5.2.14 Melatonin

In a study by Tamura et al. [4] 18 patients undergoing IVF-ET were treated with an
oral supplement of 3 mg melatonin, 600 mg vitamin E, or a combination of both
antioxidants once daily. Intracellular concentrations of 8-hydroxy-2-deoxyguano-
sine were significantly reduced after antioxidant treatment. The second part of the
experiment involved 115 patients who had previously failed to get pregnant after
one IVF-ET treatment cycle. Out of these women, 56 were treated with melatonin
(3 mg) daily, while the remaining 59 patients received no antioxidant supple-
mentation. Fertilization rates increased significantly from the previous IVF-ET
cycle within the melatonin treatment group, but no significance was observed
when compared to the control group. The study concluded that melatonin
improved oocyte and embryo quality and marginally increased fertilization rates.
Du Plessis et al. [70] studied the effects of melatonin in vitro by incubating
spermatozoa with melatonin (2 mM) for 2 h. Results of the experiment indicated
an increase in the number of motile sperm and simultaneous reduction in nonvi-
able sperm compared to the control. A reduction in endogenous NO levels was
also reported, however, there was no significant difference in levels of ROS. The
studies examining the effect of melatonin supplementation were classified as either
category I or II in Table 13.1. However, one category II study that was given a
‘‘B’’ rating showed no improvement in terms of oocyte maturation after in vitro
supplementation of melatonin [51]. Therefore, it is likely that further studies will
need to be conducted in order to confirm the positive effects of melatonin in terms
of IVF-ET but it is very possible that the use of this antioxidant will become
definitive soon.

13.5.2.15 Coenzyme Q10

Coenzyme Q10, also known as ubiquinone, is a substance mostly produced in the
mitochondria of cells. Lewin et al. [72] performed a study on 22 patients, 16 of
which were diagnosed as asthenozoospermic. Supplementation with 50microM
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CoQ 10 resulted in a significant increase in motile sperm from the subgroup of
asthenozoospermic men. No significant increase in motility was seen in normo-
zoospermic men. However, after daily oral treatment with 60 mg/day CoQ 10, for
a mean of 103 days, a significant improvement in fertilization rate was observed.
The authors conclude that ubiquinone supplementation is effective in selected
patients [73]. Unfortunately, the trials were not randomized and were therefore
classified as category II evidence in Table 13.1. Positive outcomes indicate a need
for more studies to investigate the effects of using this antioxidant as a supplement
in IVF/ICSI patients.

13.5.2.16 Combined Antioxidants

Many antioxidants, like vitamin C and vitamin E, can work in conjunction with
one another to scavenge free radicals and prevent OS. Therefore, combinations of
antioxidants may be more effective in vivo than single antioxidant treatments.
Tremellen et al. [71] conducted a study using Menevit, an oral antioxidant sup-
plement containing 100 mg vitamin C, 25 mg zinc, 400 IU vitamin E, 500 lg folic
acid, 6 mg lycopene, 333 lg garlic oil, and 26 lg selenium per capsule, in 60
couples suffering from severe forms of male factor infertility . In the experimental
group, males were instructed to take one pill daily for 3 months prior to beginning
an IVF treatment cycle. After completion of the trial, the experimental group
taking Menevit had a viable pregnancy rate of 38.5 % from the total number of
embryos transferred compared to only 16 % in the placebo group. The two cate-
gory I studies that reviewed the effects of combination antioxidant therapies were
given ‘‘A’’ ratings in Table 13.1 [71]. Combination antioxidant supplementation
seems to have overall positive effects on IVF-ET outcomes and is recommended
for use orally in both male and female factors as well as in the culture medium.

13.5.3 Additional Strategies

13.5.3.1 l-Arginine and Nitric Oxide Synthase

l-Arginine is a compound with antioxidant properties that is together with O2

converted under the influence of nitric oxide synthase (NOS) to form L-citrulline
and nitric oxide (NO) [74]. Endometrial glandular cells and surface epithelia
secrete NOS in females. Low levels of NO help to reduce the occurrence of
apoptosis. Conversely, higher concentrations of NOS may actually promote the
production of peroxynitrite and superoxide, causing cell death and embryo frag-
mentation [75]. While it may seem that supplementation of l-arginine could induce
more negative than positive outcomes in terms of fertility, several conflicting
results have been reported which indicate that this may not be true in all cases.
Battaglia et al. [76] reported that l-arginine supplementation may be beneficial in
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poor responder patients and detrimental in normal responder patients who are
undergoing controlled ovarian hyperstimulation in order to retrieve oocytes for
IVF treatment cycles. The first study involved female subjects classified as poor
responders. The group that received orally administered l-arginine supplements
reported low cancelation rates compared to controls, high numbers of retrieved
oocytes and transferred embryos, as well as three pregnancies compared to zero in
the placebo group. However, the second study observed the effects of l-arginine in
normal responder patients and found lower quality and quantity of oocytes
retrieved in addition to decreased pregnancy rates in the experimental group versus
the control group. Further studies need to be conducted in order to determine
normal l-arginine levels in the body. The studies about l-arginine and NOS as
listed in Table 13.1 were assigned the highest grade of evidence, an A, as the trials
were controlled and randomized [76, 77]. They showed a positive outcome in poor
responder patients and no improvement in normal responders who had undergone
controlled ovarian hyperstimulation prior to IVF. Although the experiments were
of high quality, the results remain inconclusive. Further trials will need to be
conducted before a definitive recommendation can be made for these antioxidants.

13.6 Conclusion

Increased ROS levels cause oxidative damage to gametes and embryos, impairing
the fertility of couples. Sources of ROS and OS can be endogenous and be pre-
valent in diseases such as varicocele, leukocytospermia, endometriosis, and PCOS.
Between 30 and 80 % of male subfertility cases are considered to be due to the
damaging effects of OS on sperm and oral supplementation with antioxidants may
improve sperm quality by reducing OS. ROS are also present outside of the body,
and oxidative damage can easily occur during oocyte and sperm preparation
procedures, as well as in the transfer of embryos during IVF and ICSI.

Antioxidant strategies in IVF-ET include antioxidant treatments both in vivo
and in vitro. While some antioxidants are still being tested in bench research and
animal models, other antioxidant treatments have been shown to significantly
improve the quality of human spermatozoa, oocytes, and embryos involved in
assisted reproduction techniques. In a recent Cochrane review the evidence sug-
gests that antioxidant supplementation in subfertile males may improve the out-
comes of live birth and pregnancy rate for subfertile couples undergoing ART
cycles [78]. Further studies are required to determine which antioxidant treatments
will provide the best outcomes in ART with the least amount of negative side
effects, although some current treatments have already proven to be effective in
improving fertilization and pregnancy rates. Continued research on antioxidants
that are not well-studied in humans or that are only studied in gametes will add to
the current knowledge about the best treatment options for men and women
undergoing IVF and other assisted reproduction procedures.
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Chapter 14
Oxidative Insult After Ischemia/
Reperfusion in Older Adults

Tinna Traustadóttir and Sean S. Davies

Abstract Aging is associated with significant impairment in tolerance to acute
stressors such as ischemia/reperfusion and this impairment appears to contribute to
the increased morbidity and mortality of older adults compared to young adults in
clinical conditions associated with ischemia/reperfusion. These conditions include
ischemic heart disease, stroke, and a variety of surgeries. Ischemia leads to a
transition from aerobic to anaerobic metabolism with subsequent depletion of
ATP, accumulation of lactate, acidosis, and loss of intracellular ion homeostasis.
Reperfusion results in increased oxidative stress and calcium overload which
together stimulate pathways of necrosis and apoptosis. These adverse events are
exaggerated in older individuals. In particular, oxidative stress plays a central role
in the age-related increase in vulnerability to ischemia/reperfusion. We outline a
useful forearm ischemia/reperfusion method to assess this vulnerability in older
adults and have shown that several interventions can markedly improve resistance
to ischemia/reperfusion.
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14.1 Introduction

Ischemia/reperfusion is an oxidative insult requiring upregulation of enzymatic
antioxidants and stress proteins if tissue is to be protected against damage. Aging
is associated with increased oxidative damage as a result of ischemia/reperfusion
and this increased oxidative damage may be a significant contributor to the
increased morbidity and mortality of older adults compared to younger adults with
similar medical conditions. This chapter will outline the processes of ischemia and
reperfusion and the ensuing cascade of events in the affected tissue. We will then
discuss the effects of aging and gender on the ischemia/reperfusion response and
how ischemic preconditioning, a mechanism known to have a protective effect on
ischemia/reperfusion injury, has a reduced efficiency in older adults. Finally, this
chapter will present interventions that may reduce ischemia/reperfusion injury by
increasing the individual’s capacity to effectively counterbalance formation of
Reactive Oxygen Species (ROS).

14.2 Ischemia/Reperfusion

Ischemia results from restricted blood flow to downstream tissues causing hypoxia
relative to the metabolic demand. Reperfusion occurs when blood flow is subse-
quently restored and oxygen levels revert to near normal levels. Ischemia/reper-
fusion occurs in a variety of clinical conditions relevant to older adults including
myocardial infarction, stroke, and circulatory shock, as well as surgical inter-
ventions such as organ transplants, and cardiopulmonary bypass [1–4]. If the
ischemic conditions are not relieved in a timely manner, hypoxic tissue may
undergo necrosis. However, even restoring blood flow and oxygen delivery to the
hypoxic tissue can lead to tissue damage, known as reperfusion injury. The
severity of the reperfusion injury depends on the duration of ischemia and although
the exact mechanisms have not been fully elucidated they involve decreased ATP
levels, calcium loading, inflammation, accumulation of hydrogen ions, and oxi-
dative stress [5–8].

Perhaps the most studied form of ischemia/reperfusion injury involves damage
to the heart during myocardial infarction, an understanding of which is vital given
that cardiovascular disease is the leading cause of morbidity and mortality in older
adults in industrialized countries [9]. Myocardial infarction results from throm-
botic occlusion of a coronary artery, causing the tissue normally perfused by the
artery to become ischemic. This lack of oxygen disrupts mitochondrial metabo-
lism, as the electron carriers in the electron transport chain are unable to hand off
their electrons to oxygen, forcing these electron carriers to remain in reduced state.
Furthermore, xanthine oxidoreductase, normally present in its reductase form,
is converted to its oxidase form during ischemia. When oxygen is restored to tissue
during reperfusion (e.g., as a result of angioplasty), the excess of electron carriers
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in reduced state react with this oxygen to form ROS, with the formation of ROS
being exacerbated by xanthine oxidase, so that the surrounding tissues are
presented with a massive oxidative insult. In particular ubiquinone, the mobile
electron carrier which transports electrons from complexes I and II to complex III
and cytochrome c, is a major contributor of electrons for the formation of ROS
during ischemia/reperfusion. These free radicals can damage lipids, proteins, and
nucleic acids, with the extent of lipid peroxidation being markedly increased by
ischemia/reperfusion [10, 11]. Manifestations of postischemic reperfusion injury to
myocardium can emerge over hours, days, and sometimes weeks after reperfusion
and may present the greatest threat to survival for the patient [12]. Importantly,
the extent of lipid peroxidation in the myocardium inversely relates to the
antioxidant capacity of the myocardial tissue [11, 13] and negatively correlates
with the postischemic functional recovery of the myocardium [11]. Three levels of
ischemia/reperfusion injury have been described in the myocardium: level 1 occurs
when the ischemic period is less than 5 min and is associated mainly with cardiac
arrhythmias. Level 2 occurs when the ischemic period extends from 5 to 20 min
and is referred to as myocardial stunning. This level is associated with reversible
dysfunction without cell death. Level 3 occurs when the ischemic period is greater
than 20 min and is the most severe, resulting in irreversible myocardial cell death
from both necrosis and apoptosis. Both forms of cell death are regulated by the
mitochondria through opening of the mitochondrial permeability transition pore
(mPTP) and the mitochondrial apoptosis channel (mAC). The mPTP and mAC are
opened in response to ischemia/reperfusion by the combination of elevated levels
of oxidative stress and calcium. Opening of the mPTP causes depolarization of the
mitochondrial membrane potential, mitochondrial swelling due to disruption of ion
balance followed by osmotic uptake of water, and the release of proapoptotic
factors (Fig. 14.1).

Although the literature on ischemia/reperfusion injury tends to focus on
myocardial infarctions, ischemia/reperfusion is also relevant to other organs and
clinical conditions. For example, organ transplantation by necessity involves
ischemia starting at the recovery of organs from the donor until their reperfusion in
the recipient. Reperfusion injury to the graft is a major concern in these proce-
dures. The oxidative stress generated during the reperfusion upregulates
proinflammatory molecules which compounds and perpetuates the early reperfu-
sion injury, leading to cellular apoptosis/necrosis, and initiation of rejection
episodes [14]. Extensive tissue ischemia/reperfusion also occurs during both the
rupture and surgical repair of an abdominal aortic aneurysm. Surgical repair of a
ruptured abdominal aortic aneurysm is associated with far higher mortality rates
than elective repair of an abdominal aortic aneurysm. While in both cases the
surgery requires lower torso ischemia induced by aortic clamp, ruptured aneurysm
includes hemorrhagic shock in the interval prior to surgical repair [15]. Not
surprisingly, patients with ruptured abdominal aortic aneurysm have elevated
levels of lipid peroxidation pre-surgery compared to patients who undergo elective
repair [10, 16]. Additionally, these patients are hit with a second wave of increased
lipid peroxidation 3–5 days post-surgery [10].
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In summary, prolonged tissue or organ ischemia followed by reperfusion results
in an oxidative insult which can lead to organ injury and dysfunction [17]. The
severity of ischemia/reperfusion injury depends on the degree and duration of
ischemia as well as the sensitivity of the tissue to the lack of oxygen, the degree of
inflammatory response, and the ability to neutralize the increase in ROS during
reperfusion. Although the increased generation of ROS during both ischemia and
reperfusion comes primarily from mitochondria, other sources also contribute
including nicotinamide adenine dinucleotide phosphate (NADPH) oxidase and
xanthine oxidase.

Fig. 14.1 Pathophysiological changes in rodent cardiac tissue during ischemia (top) and
reperfusion (bottom). Postulated mechanisms involved in exercise-preconditioning noted in red
font. Abbreviations: DWp sarcolemmal membrane potential, DWm mitochondrial membrane
potential, sarcKATP sarcolemmal ATP-sensitive potassium channels, PTP permeability transition
pore
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14.3 Effects of Aging on the Response to Ischemia/
Reperfusion

One particular hallmark of aging is decreased stress resilience (i.e., the ability to
return to homeostasis after a perturbation). Greater susceptibility to myocardial
ischemia/reperfusion injury with aging has been shown in variety of animal
models including mice, sheep, rabbits, and rats, [18–21] as well as in human
myocardium [22, 23]. This age-associated increase in vulnerability to ischemia/
reperfusion injury, including loss of contractile function, is associated with
increased oxidative stress and greater calcium accumulation with negative con-
sequences for ion-dependent enzymes, intracellular signaling, and ATP production
[18, 24]. The combination of ROS and calcium results in opening of the mPTP,
initiating necrosis and apoptosis. Inhibition of mPTP opening reduces ischemia/
reperfusion injury in young but not in old, suggesting that the regulation of mPTP
opening changes with age [25]. In addition, aging is associated with lower
threshold of ROS to induce mPTP opening [25]. A recent study has provided
evidence that apoptosis induced by ischemia/reperfusion is significantly greater in
older patients, as compared to young [26]. These clinical results were confirmed in
an animal study where myocardial apoptosis was measured directly, including
caspase-3 activity [26]. Other age-related molecular changes in cardiomyocytes
include DNA mutations, increased formation of ROS, protein oxidation, telomere
shortening, and advanced glycation end products [27–30] Together, these changes
result in a decline in function and decreased tolerance to stress [31].

Oxidative stress appears to play a key role in the increased susceptibility of
older individuals to ischemia/reperfusion. In young adult myocardium, ischemia/
reperfusion results in decreased complex II activity in the electron transport chain,
secondary to high ROS release early in reperfusion. The oxidative stress-induced
inhibition of complex II at restoration of blood flow, thus, has a protective effect
on the recovery of cardiac metabolic efficiency by reducing subsequent mito-
chondrial ROS production. In middle-aged and older myocardium; however,
complex II activity is maintained in response to ischemia/reperfusion. This leads to
higher ROS production, as compared to young, and a delayed recovery of coronary
flow during reperfusion [32]. A pharmacological inhibition of complex II has also
been shown to protect the myocardium from ischemia/reperfusion injury [33, 34].

The role of oxidative stress in age-associated ischemia/reperfusion injury is
further supported by data from intervention studies that have shown an
improvement in post-ischemic myocardial function and reduced oxidative stress in
response to antioxidant treatments [4, 11, 23, 35]. Furthermore, transgenic mice
that overexpress manganese superoxide dismutase (MnSOD), a mitochondrial
antioxidant enzyme, are more resistant to ischemia/reperfusion injury [36]. This
area is covered in more detail in the section below on ‘‘Interventions to reduce
ischemia/reperfusion injury.’’

The negative impact of age on the ischemia/reperfusion response is not limited
to myocardial tissue. For example, the severity of hepatic ischemia/reperfusion
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injury, as commonly seen with liver transplants, is also associated with advancing
age [37, 38]. A recent study found that among transplant patients, when the liver
donor was older, the ischemia/reperfusion injury was greater and the graft was
more apt to fail [39]. Age was also an independent risk factor for the transplant
recipient in terms of graft injury and patient survival [39].

14.4 Effects of Gender on the Response to Ischemia/
Reperfusion

Clearly, age is an independent risk factor for the impact of ischemia/reperfusion
injury. What about gender? Although premenopausal women are protected against
Cardiovascular Disease (CVD) compared to age-matched men, CVD increases
within 10 years after the onset of menopause to levels matching or exceeding male
incidence rates. CVD is the leading cause of death in women, accounting for
approximately 40 % of total mortality. The marked difference in CVD occurrence
before and after the menopause suggests that estrogen may have a cardioprotective
effect. However, most of the studies showing beneficial effects of estrogen
replacement on the risk for CVD have been observational; in contrast, randomized
clinical trials have failed to detect such an effect. This discrepancy has been
explained by the ‘‘timing hypothesis’’ whereby estrogen replacement has differ-
ential effects depending on the amount of time elapsed since the onset of meno-
pause. Thus, the cardioprotective effects of estrogen would only be expected if
initiated prior to the development of advanced atherosclerotic lesions and accu-
mulation of mitochondrial mutations [40, 41]. Comorbidities, such as type 2
diabetes, in the presence of ischemic heart disease, generally worsen the outcome
of a myocardial infarct and erase the gender-associated protection of premeno-
pausal women. In fact, diabetic women have significantly higher mortality after
myocardial infarction than diabetic men [42, 43].

The literature on gender differences and ischemia/reperfusion, in particular with
aging, is still quite sparse and is noticeably an area which warrants more research.
Increased resistance of the female heart to ischemia/reperfusion has been found in
dogs, mice, rats, and rabbits [44–46]. Increasing estrogen levels in male rabbits
increases the tolerance to ischemia/reperfusion, suggesting that estrogen may play
the central role in these gender-related differences [47]. The effects of estrogen
occur through activation of Estrogen Receptors (ERs) which act as a ligand-gated
transcription factors (genomic effects). However, ERs are also found on the plasma
membrane, where they can elicit rapid effects via activation of nongenomic sig-
naling pathways [42]. Studies using isoform-specific ER modulators have shown
that all ER isoforms including ER-a, ER-b, and G protein-coupled ER (GPR30)
are involved in providing protection against ischemia/reperfusion injury using both
genomic and nongenomic mechanisms [48–53]. Specifically, the activation of
GPR30 has been shown to exert cardioprotective effect by inhibiting the mPTP
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opening associated with reperfusion injury and this effect occurs independent of
gender [54, 55]. In addition to the effects of estrogen, other gender differences in
heart function may contribute as well. For example, female rat hearts exhibit lower
calcium uptake rates into mitochondria and better ability to maintain mitochon-
drial membrane potential, even at higher concentrations of calcium, as compared
to male myocardium. Thus, male hearts are more susceptible to calcium overload
which may exacerbate reperfusion injury. Moreover, female rats have lower car-
diac mitochondrial content which makes them more efficient and there is lower
generation of ROS [56, 57].

In a cross-sectional comparison of postmenopausal women that were on various
forms of Estrogen Replacement Therapy (ERT) with an age-matched group of
women that were not on estrogen replacement, the ERT group had significantly
greater tolerance to forearm ischemia/reperfusion as indicated by lower increases
in oxidative stress in response to the acute challenge [13]. This was, however, a
small pilot study and the results should be verified in an intervention-based study
with larger number of subjects.

14.5 Ischemic Preconditioning: Endogenous Protection
Against Myocardial Ischemia

Brief, repeated episodes of myocardial ischemia and reperfusion, termed ischemic
preconditioning, are a powerful endogenous protective mechanism against
prolonged myocardial ischemia that was first described by Murry et al. in 1986
[58]. Ischemic preconditioning is an adaptive response to ischemia where the
tissue adapts to brief occurrences of sublethal ischemic stress and becomes more
resistant to a subsequent, prolonged ischemia resulting in diminished reperfusion
injury. The preconditioning has two phases; an early phase which is manifested
within minutes after the ischemic stress and lasts 2–3 h (classical preconditioning),
and a late phase which has a slower onset and lasts up to 72 h (second window of
protection) [59]. Both phases are associated with decreased ischemia/reperfusion
injury and improved postischemic myocardial performance [60]. The beneficial
adaptations to ischemic preconditioning are not limited to cardiac tissue and have
been observed in other organs and tissue, in particular skeletal muscle, small
intestine, and neuronal tissue [61–66].

Much of the data on preconditioning comes from experimentally induced short
episodes of ischemia/reperfusion using direct occlusion by clamping coronary
arteries. Nevertheless, there are clinical equivalents of ischemic preconditioning
such as preinfarction angina, exercise, and various pharmacological precondi-
tioning mimetics [67–69]. For example, preinfarction angina is associated with
reduced left ventricular impairment, smaller infarct size, and improved short-term
prognosis as well as in-hospital outcome, after an acute myocardial infarct [70–73].
These effects, however, were only seen in adult, nonelderly patients and did not
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extend to older adults. Indeed, both experimental and clinical data show that in
general, the effects of preconditioning are lost or reduced with aging [18, 74, 75].
An exception to this rule is in female rat hearts, where it has been shown that the
effect of ischemic preconditioning is absent in young but is observed in older
female animals. This may be due to the fact that the young female animals already
have high tolerance for ischemia/reperfusion injury and so the preconditioning does
not afford any additional benefit. In older animals, where the susceptibility to
ischemia/reperfusion injury is increased, the effects of preconditioning confer an
advantage in the female heart [76]. The mechanisms for these differences are not
fully understood.

The effects of preconditioning may occur through a temporary increase in
oxidative stress triggering pathways involved in the upregulation of antioxidant
enzymes. Wu et al. [77] studied patients undergoing coronary artery bypass
grafting and measured free radical generation in the coronary sinus blood using
spin-trap spectroscopy. The patients who were randomized to ischemic precon-
ditioning (two cycles of 2 min ischemia followed by 3 min reperfusion prior to
cross clamping) had improved ventricular functioning at 1 and 6 h following aortic
declamping, as compared to the controls [77]. The ischemic preconditioning
protocol resulted in measureable increases in free radicals. Furthermore, precon-
ditioning-induced increase in free radical generation correlated with the left
ventricular stroke work index at both 1 and 6 h after declamping. These data
suggest that there is a hormetic effect of ischemic preconditioning resulting in a
better capacity to constrain a subsequent oxidative insult, such as that seen with a
more prolonged ischemia/reperfusion.

Norepinephrine is thought to be another possible mediator of the effect of
preconditioning, specifically the release of norepinephrine from intramyocardial
adrenergic nerves. The reduced effect of preconditioning with aging may be due to
decreased release of norepinephrine in response to a myocardial infarct [74]. This
concept is supported by data showing that the beneficial effect of preconditioning
observed in adult and food-restricted senescent rats was blocked by pharmaco-
logical depletion of norepinephrine stores [74].

Full discussion on ischemic preconditioning and the cellular mechanisms
involved in the adaptive response is beyond the scope of this chapter, but the
reader is referred to some excellent reviews on this subject matter (e.g., [78–80]).

14.6 Forearm Ischemia/Reperfusion and Oxidative Stress

The majority of experimental data on the effects of cardiac ischemia/reperfusion
come from animal studies since experimental induction of ischemia in the coro-
nary arteries of humans cannot be done safely. A model used to study systemic
responses to mild or moderate ischemia/reperfusion in humans is forearm ische-
mia/reperfusion. In this model, the forearm vasculature is occluded by inflating a

270 T. Traustadóttir and S. S. Davies



blood pressure cuff on the upper arm, generally to a pressure of 200 mm Hg, and
after a brief period of ischemia the cuff is released and reperfusion occurs.

Longer duration forearm ischemia (20 min rather than 5 min) generates
increased levels of oxidative stress, activation of neutrophils, and a decrease in
brachial flow mediated dilation; suggesting that this model produces modest
ischemia/reperfusion injury to the endothelium of the brachial artery [81, 82]. We
found that further modification of this procedure to a protocol utilizing three
10 min periods of forearm arterial occlusion separated by 2 min periods where the
cuff was deflated to allow reperfusion, was better tolerated by study participants
and resulted in slightly greater increases in oxidative stress [13]. In this model, the
extent of oxidative stress induced in each individual in response to this ischemia/
reperfusion is quantified by measuring levels of plasma F2-isoprostanes at baseline
(pre-I/R) and at several time points after the final cuff release, up to 240 min post
I/R (see Fig. 14.3). F2-isoprostanes are prostaglandin-like compounds formed from
free-radical catalyzed peroxidation of arachadonic acid through a noncyclooxy-
genase enzyme pathway [83]. This marker of oxidative stress has been found to be
the preferred biomarker of lipid peroxidation in terms of both sensitivity and
reliability [84]. Increase in F2-isoprostane levels in response to forearm ischemia/
reperfusion is thus an index of free radical generation and the overall response to
the challenge indicates how well the individual can neutralize or constrain this
oxidative insult. This model has been shown to elicit significant increases in F2-
isoprostane levels in both young and older adults [13, 85].

Rather than just measuring oxidative stress in a ‘‘static’’ manner, the forearm
ischemia/reperfusion trial (I/R) requires dynamic responses to an acute challenge
such as upregulating endogenous antioxidant defenses. The forearm ischemia/
reperfusion model, therefore, serves as a proxy marker for the capacity to respond
to ischemia/reperfusion in the myocardium and other tissues.

Similarly to the results from studies on myocardial ischemia, the forearm
ischemia/reperfusion trial demonstrates an impairment with aging in the ability to
constrain the oxidative stress generated during an acute challenge [13]. Interest-
ingly, resting levels of F2-isoprostanes did not differ between the age groups,
demonstrating the value of an acute challenge to unveil impairments in these
defensive pathways such as upregulation of antioxidant defenses and/or down-
regulation of ROS-producing pathways. The older group had more acute peroxi-
dation as exhibited by significantly higher levels of F2-isoprostane levels at 15 min
post I/R in the older group compared to the young. This higher response was
sustained throughout the entire study period (240 min) in the older group, while
the young group returned to baseline levels by the end of the study period
(Fig. 14.2) [13].

This alteration in the resistance to oxidative stress may have significant physio-
logical implications, as older adults have increased morbidity and mortality in a variety
of serious medical conditions associated with oxidative stress, including ischemic
heart disease, traumatic injury, burns, and organ transplantation [27–30, 86]
Furthermore, the levels of oxidative stress in hospitalized older patients correlate with
the severity of illness and mortality [87]. Thus, identifying the mechanisms that
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underlie this reduced resistance as well interventions that effectively reverse age-
related declines may be extremely helpful in preventing morbidity and mortality.

The age-related impairment in susceptibility to ischemia/reperfusion may occur
gradually with advancing age or it may not manifest until late in life. A recent
study comparing middle aged to young sedentary men and women found that the
middle aged individuals exhibited greater and more sustained decrease in brachial
flow mediated dilation, a measure of endothelial function, after forearm ischemia/
reperfusion injury compared to the younger individuals [81]. Similar results have
been seen in animal models including a progressive loss in the tolerance to
ischemic insult as well as the ability to induce myocardial protection from
ischemia/reperfusion injury through preconditioning [21, 88, 89]. Taken together,
these data suggest that the decrement occurs more gradually with advancing age
and underscore that potential interventions may be more successful if initiated
earlier in life.

14.7 Interventions to Reduce Ischemia/Reperfusion Injury

Given the increased vulnerability of older adults to ischemia/reperfusion injury
and oxidative damage, it is of great interest to find interventions that can improve
tolerance to ischemia/reperfusion and reduce tissue reperfusion injury. The
following sections will highlight research in areas that show promising effects on
improving tolerance to ischemia/reperfusion including exercise, antioxidant
supplementation, and dietary restriction.

Fig. 14.2 Comparison of
oxidative stress in young and
older adults induced by
forearm ischemia/
reperfusion. Graph shows
increases in plasma F2-
isoprostanes (percent change
from baseline levels) in older
adults (filled squares,
n = 20) and young adults
(open squares, n = 20).
Significant effects of trial and
age (p \ 0.05). Reprinted
from: Davies et al [13] with
permission from Elsevier

272 T. Traustadóttir and S. S. Davies



14.7.1 Exercise

Exercise, in particular endurance exercise, is perhaps the most practical and
clinically relevant countermeasure against ischemia/reperfusion injury. Regular
exercise or physical activity is well known to reduce risk for chronic diseases,
including CVD, type 2 diabetes, hypertension, and certain cancers [90]. Acute
exercise can be considered a type of preconditioning, especially if the intensity is

Fig. 14.3 Forearm Ischemia/Reperfusion (I/R) trial. Description of Trial: a An intravenous
catheter is inserted in the antecubital vein and a baseline blood sample is collected (-34 min).
The catheter is kept in situ with a slow saline drip throughout the trial in order to prevent clotting
at the blood draw site. A blood pressure cuff is placed on the same arm, inflated to 200 mm Hg
and kept inflated for 10 min, then released for 2 min. This inflation procedure is repeated twice
more (total time = 34 min). b At the three time points of cuff inflation when blood flow is
occluded, approximately 2 mL of heparin flush (10 kUSP/L) is injected into the blood sample
tubing to further prevent any clotting at the site. A blood sample is drawn immediately after the
final release of the blood pressure cuff and then at minutes 15, 30, 60, 120, 180, and 240 post final
cuff deflation. Blood samples are centrifuged and the plasma is stored at -80 �C until analysis of
F2-isoprostanes
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high enough where the metabolic demand of the cardiac tissue is not fully met,
inducing a temporary ischemia which is resolved when the exercise is halted.
Regular exercise results in physiological adaptations in response to intermittent
occurrences of acute exercise and the tissue becomes more resistant to subsequent
bouts of exercise stress. This increased stress resistance with regular exercise does
appear to translate to a general increased tolerance to ischemia/reperfusion injury.

14.7.1.1 Exercise-Induced Cardiac Preconditioning

The effect of ischemic preconditioning is reduced or lost with aging. For example;
adult, but not elderly, patients with preinfarction angina (a clinical equivalent of
ischemic preconditioning) have better outcomes after an acute myocardial infarct
than patients who do not experience angina. However, a retrospective study found
that among older patients ([65 years), high physical activity was associated with
better outcome after an acute myocardial infarct [68]. Furthermore, when these
patients were analyzed based on presence or absence of preinfarction angina, the
effects of greater physical activity were only found in the group with angina [68].
These data suggest that regular exercise/physical activity preserves the precondi-
tioning effect in aged individuals.

There is inherent difficulty in translating the beneficial effect seen with
preconditioning in experimental settings to the real world of clinical practice
because to do so would require knowledge of an impending ischemic event. In
contrast, exercise can be carried out regularly without expectation of an impending
ischemic event, is readily available and without harmful side-effects and can take
numerous forms that best suit the patient’s preferences [69]. Thus, exercise can be
considered a sustainable form of preconditioning. Exercise-induced precondi-
tioning appears to act through different mechanisms than ischemic precondition-
ing. Some potential candidates include adenosine receptors, opium receptors,
transient ROS production, AMPK, and surges of inflammatory cytokines [69].

14.7.1.2 Exercise-Induced Increase in Tolerance to Ischemia/Reperfusion
Injury

Epidemiological studies have shown that individuals that exercise regularly have a
reduced risk of mortality during a myocardial ischemic event [91–94]. Moreover,
studies employing exercise interventions show improved postischemic cardiac
function in the exercise groups as compared to sedentary controls [95–98]. The
protective effect afforded by exercise on ischemia/reperfusion related responses
has been demonstrated both with short duration ischemia (5–20 min) as well as
prolonged ischemia (20–60 min). Maximal benefits of exercise can be attained
with a few days of consecutive exercise [97, 99, 100]; however, these beneficial
effects are also quickly lost if regular exercise is not maintained [101].
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There are multiple mechanisms that have been proposed and investigated as
responsible for the exercise-induced increase in tolerance to ischemia/reperfusion
injury. These include improved coronary collateral circulation, elevated heat shock
proteins, elevated cyclooxygenase-2 (COX-2) activity, elevated endoplasmic
reticulum stress proteins, sarcolemmal and mitochondrial ATP-sensitive potassium
channels, and increased antioxidant capacity [102]. However, several studies show
that the effects of exercise occur even when there are no changes in myocardial
heat shock proteins, COX-2 activity, or endoplasmic reticulum stress proteins
[99, 103–105]. Similarly, the time course of exercise-induced benefits against
ischemia/reperfusion injury is much faster than the time it takes to attain coronary
collateral circulation [102]. Thus, changes in antioxidant capacity may be the most
plausible mechanism for exercise induced tolerance.

Exercise has been shown to increase antioxidant capacity, with increased
MnSOD activity being the most consistent alteration [106–108]. For example,
Starnes et al. [106] found that a single 60 min exercise bout increased stress
response proteins (catalase and MnSOD activity, HSP70 content) and improved
postischemic recovery of contractile function in old rats, 24 h after the exercise
session. Importantly, exercise-induced changes in antioxidant activity are seen in
both young and old [107]. The critical role of antioxidant enzymatic activity in
exercise-induced cardioprotection has been shown by studies where blocking
increases in MnSOD activity prevented the exercise-induced decrease in ischemia/
reperfusion injury [101, 109, 110].

If exercise increases expression of antioxidant enzymes; then, we would
anticipate that ischemia/reperfusion would induce less oxidative stress in physi-
cally active older adults than their sedentary counterparts. This appears to be the
case, as we have recently shown that among older adults, physically fit individuals
have a significantly lower F2-isoprostane response to forearm ischemia/reperfusion
than age-matched unfit controls [111]. The two groups did not differ in plasma
concentration of small molecular weight antioxidants, nor could the reduced
oxidative stress in the physically fit individuals be explained by other known
effects of exercise training such as lower adiposity or higher HDL levels. Thus,
exercise appears to significantly enhance the antioxidant capacity and oxidative
resistance of older adults.

The exercise intensity required to invoke protection against ischemia/reperfu-
sion injury in older adults is unclear. Wislöff et al. [112] compared high intensity
exercise versus moderate intensity exercise in heart failure patients and found that
the high intensity group had greater endothelial function, increased total antioxi-
dant capacity, and decreased oxidative stress after a 12-week exercise intervention
[112]. The effect on ischemia/reperfusion was not determined. There is some
indication that an exercise intensity of approximately 70–75 % of maximal oxygen
consumption (VO2 max) generally results in increased tolerance to ischemia/
reperfusion [107], whereas the efficacy of low-intensity exercise (\60 % VO2 max)
has been equivocal [110, 113]. Thus, future studies are need to resolve this
important question.
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14.7.2 Diet and Antioxidant Supplements

14.7.2.1 Flavonoids

In addition to exercise, another effective mechanism for inducing antioxidant
enzymes and increasing resistance to ischemia/reperfusion injury may be through
dietary consumption of flavonoids. While flavonoids are often touted as ‘‘antiox-
idants,’’ their very poor bioavailability suggests that their concentration in plasma
and tissue is too low for them to act directly as antioxidants. More likely, they
evoke antioxidant effects because they are potent inducers of NF-E2-related factor
(Nrf-2) activation [114, 115]. Nrf2 is a transcriptional factor that binds to the
antioxidant response element of target genes and increases the transcription of a
variety of proteins involved in antioxidant stress resistance and neutralization of
ROS including catalase, MnSOD, and glutathione peroxidase. Thus, diets rich in
flavonoids may be a relatively simple way to enhance resistance to ischemia/
reperfusion damage in older adults. To test this notion, we examined the effect of
consuming tart cherry juice on oxidative resistance using our forearm ischemia/
reperfusion model, employing a double blind, placebo controlled, cross-over
design in older men, and women [85]. Tart cherries have high levels of flavonoids,
including polyphenols, and anthocyanins. The 2 week tart cherry juice interven-
tion significantly reduced the F2-isoprostane response to the forearm ischemia/
reperfusion indicating an improved resistance to this oxidative insult [85].

14.7.2.2 Vitamins

While flavonoids likely act by inducing antioxidant enzymes, dietary vitamins
such as tocopherols (vitamin E) and ascorbic acid (vitamin C) may increase
antioxidant capacity and resistance to ischemia/reperfusion by acting directly as
antioxidants, although with poor efficiency. Ascorbic acid was classified as a
vitamin, because its deficiency leads to scurvy and not because of an essential role
in protecting against oxidative stress. Nevertheless, animal studies suggest that
vitamin C may be essential in protecting against oxidative stress when other arms
of the antioxidant response are incapacitated. For example, when combined with
selenium deficiency (which reduces glutathione peroxidase activity), vitamin C
deficiency markedly increased levels of F2-isoprostanes in guinea pigs [116].
Although similar studies have not been performed in humans for obvious ethical
reasons, a longitudinal study of adult men found correlations between vitamin C
intake and plasma F2-isoprostane levels [117]. That megadoses of vitamin C may
protect against oxidative damage during ischemia/reperfusion is suggested by a
recent study in elderly patients undergoing bilateral total knee replacement, which
requires tourniquet application and thus invokes ischemia/reperfusion injury.
Patients who received vitamin C had lower levels of MDA and troponin I release
compared to those who did not received vitamin C [118]. Further investigations of
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the effectiveness of vitamin C in surgical settings of ischemia/reperfusion
involving the elderly are needed.

Like vitamin C, selenium deficiency to remove glutathione peroxidation
activity unveils a role of vitamin E in maintaining oxidative balance, as dual
vitamin E and selenium deficiency increased F2-isoprostanes in rats [119]. How-
ever, the value of vitamin E supplementation in the absence of antioxidant enzyme
deficiencies is less clear. For instance, vitamin E supplementation required
extremely high doses (1,600 IU or higher) for prolonged periods (16 weeks) to
significantly alter resting F2-isoprostane levels in hypercholesterolemic women
[120]. This previously unrecognized poor potency of vitamin E likely underlies the
failure of clinical trials with vitamin E and CVD, as typical doses in these trials
were 400 IU or lower. Whether high doses of vitamin E could protect against
ischemia/reperfusion injury is unclear. A recent meta-analysis of nine clinical
trials evaluating the efficacy of vitamin E supplementation on stroke, found a 10 %
decrease in the risk of ischemic stroke from vitamin E supplementation, but a
22 % increase in risk for hemorrhagic stroke, leading the authors to conclude that
indiscriminate use of vitamin E should be cautioned against [121].

One interesting question is whether there is an additive effect between exercise
and dietary antioxidants or if dietary antioxidants might actually prevent the
protective effect of exercise being exerted. This question was investigated by
Hamilton et al. [122] using young rats that were either on control diet or an
antioxidant diet, and within each diet group half were exercise trained and the
other half were sedentary. The results showed that exercise and antioxidant
supplementation independently decreased myocardial ischemia/reperfusion injury
and that combining the two strategies did not enhance or worsen the effect of either
treatment alone [122]. Whether combining both interventions might be more
efficacious in humans is not known, but would be of particular interest to explore
in older adults where the basal activities of antioxidant enzymes are lower than in
young adults, so that inducers might have a more profound effect.

14.7.3 Dietary Restriction

Dietary Restriction (DR) is a term describing various interventions which either
reduce caloric intake or limit certain nutrients such as protein or specific amino acids.
It is well accepted that DR increases life span in many organisms and the limited data
in humans show beneficial effects on markers of aging and age-related diseases.

The effects of DR on increasing tolerance to ischemia/reperfusion have been shown
in both heart and brain [123–125]. The mechanisms underlying these beneficial effects
of DR are thought to be a combination of reduced oxidative stress, upregulation of
stress proteins, and attenuated inflammatory response. DR is associated with activation
of Nrf2 resulting in increased cellular oxidative stress tolerance [126]. As previously
described, the protective effect of ischemic preconditioning on ischemia/reperfusion
injury is generally lost with aging. This age-associated loss of hormetic adaptation is

14 Oxidative Insult After Ischemia/Reperfusion in Older Adults 277



preserved in older animals that have been calorically restricted [74]. Moreover, when
DR and exercise were used in tandem in older animals, there was a synergistic effect
and the benefits of ischemic preconditioning were restored to levels greater than that of
either intervention alone [95].

Interestingly, the effects of DR are not limited to long-term intervention. Recent
studies have shown that as little as 2–4 weeks of DR is sufficient to attenuate both
reversible and irreversible ischemic myocardial damage in young and old rats
[127]. Similarly, short-term DR improved survival and kidney function following
renal ischemia/reperfusion injury in mice [128]. Even short-term fasting
(1–3 days) elicits significant protection from ischemia/reperfusion in both kidney
and liver [128, 129]. Surprisingly, the protection acquired after 3 day water only
fasting was similar to that of 2–4 weeks of 30 % DR [128]. These results have
great clinical relevance, because patients undergoing surgeries where ischemia/
reperfusion is involved could potentially use ‘‘dietary preconditioning’’ prior to
surgery, in order to improve their tolerance to ischemia/reperfusion and thereby
minimize the impact of reperfusion injury. The reader is referred to two excellent
reviews on the effect of caloric restriction and cardiovascular protection; one by
Shinmura [130] and the other by Ungvari et al. [126].

14.8 Conclusions

The response to ischemia/reperfusion is a clinically relevant issue, especially in
older individuals. The current literature illustrates the dire need for more transla-
tional studies both to identify vulnerable individuals and to identify appropriate
interventions. Easily applied methodologies such as forearm ischemia/reperfusion,
may be particularly useful in testing the efficacy of various potential interventions
in humans. To date, the most consistent mechanism for reducing ischemia/reper-
fusion injury is through upregulation of endogenous antioxidant enzymes and stress
proteins. Interventions that appear to act via this mechanism include exercise, short-
term caloric restriction, and diets rich in flavonoids. In addition to general inter-
vention studies, there is also a need to investigate the gender differences in oxi-
dative stress responses to ischemia/reperfusion and in particular, the
appropriateness of estrogen replacement for older women. Such recommendations
await results from studies currently in progress. Hopefully, such studies will fill this
obvious void in our knowledge of appropriate treatment strategies for older women.

References

1. McCord JM (1985) Oxygen-derived free radicals in postischemic tissue injury. N Engl J
Med 312(3):159–163

2. Maxwell SRJ, Lip GYH (1997) Reperfusion injury: a review of the pathophysiology,
clinical manifestations and therapeutic options. Int J Cardiol 58(2):95–117

3. Seal JB, Gewertz BL (2005) Vascular dysfunction in ischemia-reperfusion injury. Ann Vasc
Surg 19:572–584

278 T. Traustadóttir and S. S. Davies



4. Zhang W-X, Zhou L-F, Zhang L et al (2011) Protective effects of glutamine preconditioning
on ischemia-reperfusion injury in rats. Hepatobiliary Pancreat Dis Int 10(1):78–82

5. Downey JM (1990) Free radicals and thier involvement during long-term myocardial
ischemia and reperfusion. Annu Rev Physiol 52:487–504

6. Hoffman JWJ, Gilbert TB, Poston RS, Silldorff EP (2004) Myocardial reperfusion injury:
etiology, mechanisms, and therapies. J Extra Corpor Technol 36(4):391–411

7. Bolli R, Marbán E (1999) Molecular and cellular mechanisms of myocardial stunning.
Physiol Rev 79(2):609–634

8. Piper HM, Meuter K, Schafer C (2003) Cellular mechanisms of ischemia-reperfusion injury.
Ann Thorac Surg 75(2):S644–S648

9. Lakatta EG (2002) Age-associated cardiovascular changes in health: impact on
cardiovascular disease in older persons. Heart Fail Rev 7(1):29–49

10. Lindsay TF, Luo XP, Lehotay DC et al (1999) Ruptured abdominal aortic aneurysm, a
‘‘two-hit’’ ischemia/reperfusion injury: evidence from an analysis of oxidative products.
J Vasc Surg 30:219–228

11. Xia Z, Godin DV, Ansley DM (2003) Propofol enhances ischemic tolerance of middle-aged
rat hearts: effects on 15-F2t-isoprostane formation and tissue antioxidant capacity.
Cardiovasc Res 59(1):113–121

12. Webster KA (2009) Mitochondrial death channels. Am Sci 97:384–391
13. Davies SS, Traustadottir T, Stock AA et al (2009) Ischemia-reperfusion unveils impaired

capacity of older adults to restrain oxidative insult. Free Radic Biol Med 47:1014–1018
14. Ozaki M (2002) New strategy for preventing ischemia/reperfusion-induced organ injury and

promoting regeneration: a novel trial for improving transplant organ function by targeted
regulation of cellular signals. Transplant Proc 34(7):2637–2639

15. Chen JC, Hildebrand HD, Salvian AJ, Hsiang YN, Taylor DC (1997) Progress in abdominal
aortic aneurysm surgery: four decades of experience at a teaching center. Cardiovasc Surg
5(2):150–156

16. Aivatidi C, Vourliotakis G, Georgopoulos S, Sigala F, Bastounis E, Papalambros E (2011)
Oxidative stress during abdominal aortic aneurysm repair—biomarkers and antioxidant’s
protective effect: a review. Eur Rev Med Pharmacol Sci 15(3):245–252

17. Ar’Rajab A, Dawidson I, Fabia R (1996) Reperfusion injury. New Horiz 4:224–234
18. Ataka K, Chen D, Levitsky S, Jimenez E, Feinberg H (1992) Effect of aging on intracellular

Ca2 ? , pHi, and contractility during ischemia and reperfusion. Circulation 86(suppl. II):II-
371–II-376

19. Misare B, Krukencamp I, Levitsky S (1992) Age-dependent sensitivity to unprotected
cardiac ischemia: the senescent myocardium. J Thorac Cardiovasc Surg 103:60–65

20. Tani M, Suganuma Y, Hasegawa H et al (1997) Decrease in ischemic tolerance with aging
in isolated perfused fischer 344 rat hearts: relation to increases in intracellular na ? after
ischemia. J Mol Cell Cardiol 29(11):3081–3089

21. Willems L, Zatta A, Holmgren K, Ashton KJ, Headrick JP (2005) Age-related changes in
ischemic tolerance in male and female mouse hearts. J Mol Cell Cardiol 38(2):245–256

22. Mariani J, Ou R, Bailey M et al (2000) Tolerance to ischemia and hypoxia is reduced in
aged human myocardium. J Thorac Cardiovasc Surg 120:660–667

23. Rosenfeldt F, Pepe S, Linnane A et al (2002) The effects of ageing on the response to
cardiac surgery: protective strategies for the ageing myocardium. Biogerontology 3(1):
37–40

24. Shim YH (2010) Cardioprotection and ageing. Korean J Anesthesiol 58(3):223–230
25. Zhu J, Rebecchi MJ, Glass PSA, Brink PR, Liu L (2011) Cardioprotection of the aged rat

heart by GSK-3b inhibitor is attenuated: age-related changes in mitochondrial permeability
transition pore modulation. Am J Physiol: Heart Circ Physiol 300(3):H922–H930

26. Liu M, Zhang P, Chen M et al (2011) Aging might increase myocardial ischemia/
reperfusion-induced apoptosis in humans and rats. AGE 34(3):621–632

27. Boengler K, Schulz R, Heusch G (2009) Loss of cardioprotection with ageing. Cardiovasc
Res 83:247–261

14 Oxidative Insult After Ischemia/Reperfusion in Older Adults 279



28. Gutierrez C, Al-Faifi S, Chaparro C et al (2007) The effect of recipient’s age on lung
transplant outcome. Am J Transplant 7(5):1271–1277

29. Mosenthal AC, Lavery RF, Addis M et al (2002) Isolated traumatic brain injury: age is an
independent predictor of mortality and early outcome. J Trauma 52(5):907–911

30. Pereira CT, Barrow RE, Sterns AM et al (2006) Age-dependent differences in survival after
severe burns: a unicentric review of 1,674 patients and 179 autopsies over 15 years. J Am
Coll Surg 202(3):536–548

31. Bernhard Laufer (2008) The aging cardiomyocyte: a mini-review. Gerontology 54(1):24–31
32. Mourmoura E, Leguen M, Dubouchaud H et al (2011) Middle age aggravates myocardial

ischemia through surprising upholding of complex II activity, oxidative stress, and reduced
coronary perfusion. AGE 33(3):321–336

33. Turan N, Csonka C, Csont Ts (2006) The role of peroxynitrite in chemical preconditioning
with 3-nitropropionic acid in rat hearts. Cardiovasc Res 70(2):384–390

34. Wojtovich AP, Brookes PS (2008) The endogenous mitochondrial complex II inhibitor
malonate regulates mitochondrial ATP-sensitive potassium channels: implications for
ischemic preconditioning. Biochim Biophys Acta (BBA)-Bioenerg 1777(7–8):882–889

35. Besse S, Bulteau AL, Boucher F, Riou B, Swynghedauw B, De Leiris J (2006) Antioxidant
treatment prevents cardiac protein oxidation after ischemia-reperfusion and improves
myocardial function and coronary perfusion in senescent hearts. J Physiol Pharmacol
57(4):541–552

36. Chen Z, Siu B, Ho Y-S et al (1998) Overexpression of MnSOD protects against myocardial
ischemia/reperfusion injury in transgenic mice. J Mol Cell Cardiol 30(11):2281–2289

37. Okaya T, Blanchard J, Schuster R et al (2005) Age-dependent responses to hepatic
ischemia/reperfusion injury. Shock 24(5):421–427

38. Selzner M, Selzner N, Jochum W, Graf R, Clavien P-A (2007) Increased ischemic injury in
old mouse liver: an atp-dependent mechanism. Liver Transplant 13(3):382–390

39. Selzner M, Kashfi A, Selzner N et al (2009) Recipient age affects long-term outcome and
hepatitis C recurrence in old donor livers following transplantation. Liver Transplant
15(10):1288–1295

40. Mendelsohn ME, Karas RH (2005) Molecular and cellular basis of cardiovascular gender
differences. Science 308(5728):1583–1587

41. Miller VM, Duckles SP (2008) Vascular actions of estrogens: functional implications.
Pharmacol Rev 60(2):210–241

42. Sowers JR (1998) Diabetes mellitus and cardiovascular disease in women. Arch Intern Med
158(6):617–621

43. Natarajan S, Liao Y, Cao G, Lipsitz SR, McGee DL (2003) Sex differences in risk for
coronary heart disease mortality associated with diabetes and established coronary heart
disease. Arch Intern Med 163(14):1735–1740

44. Johnson MS, Moore RL, Brown DA (2006) Sex differences in myocardial infarct size are
abolished by sarcolemmal KATP channel blockade in rat. Am J Physiol: Heart Circ Physiol
290(6):H2644–H2647

45. Ostadal B, Kolar F (2007) Cardiac adaptation to chronic high-altitude hypoxia: beneficial
and adverse effects. Respir Physiol Neurobiol 158(2–3):224–236

46. Ostadal B, Prochazka J, Pelouch V, Urbanova D, Widimsky J (1984) Comparison of
cardiopulmonary responses of male and female rats to intermittent high altitude hypoxia.
Physiol Bohemoslov 33(2):129–138

47. Hale SL, Birnbaum Y, Kloner RA (1996) [beta]-Estradiol, but not [alpha]-estradiol, reduces
myocardial necrosis in rabbits after ischemia and reperfusion. Am Heart J 132(2, Part
1):258–262

48. Lin J, Steenbergen C, Murphy E, Sun J (2009) Estrogen receptor-{beta} activation results in
s-nitrosylation of proteins involved in cardioprotection. Circulation 120(3):245–254

49. Favre J, Gao J, Henry J-P et al (2010) Endothelial estrogen receptor {alpha} plays an
essential role in the coronary and myocardial protective effects of estradiol in ischemia/
reperfusion. Arterioscler Thromb Vasc Biol 30(12):2562–2567

280 T. Traustadóttir and S. S. Davies



50. Weil BR, Manukyan MC, Herrmann JL et al (2010) Signaling via GPR30 protects the
myocardium from ischemia/reperfusion injury. Surgery 148(2):436–443

51. Deschamps AM, Murphy E, Sun J (2010) Estrogen receptor activation and cardioprotection
in ischemia reperfusion injury. Trends Cardiovasc Med 20(3):73–78

52. Jeanes HL, Tabor C, Black D, Ederveen A, Gray GA (2008) Oestrogen-mediated
cardioprotection following ischaemia and reperfusion is mimicked by an oestrogen receptor
(ER)Î ± agonist and unaffected by an ERÎ2 antagonist. J Endocrinol 197(3):493–501

53. Nikolic I, Liu D, Bell JA, Collins J, Steenbergen C, Murphy E (2007) Treatment with an
estrogen receptor-beta-selective agonist is cardioprotective. J Mol Cell Cardiol 42(4):769–780

54. Bopassa JC, Eghbali M, Toro L, Stefani E (2010) A novel estrogen receptor GPER inhibits
mitochondria permeability transition pore opening and protects the heart against ischemia-
reperfusion injury. Am J Physiol: Heart Circ Physiol 298(1):H16–H23

55. Deschamps AM, Murphy E (2009) Activation of a novel estrogen receptor, GPER, is
cardioprotective in male and female rats. Am J Physiol: Heart Circ Physiol 297(5):
H1806–H1813

56. Ostadal B, Netuka I, Maly J, Besik J, Ostadalova I (2009) Gender differences in cardiac
ischemic injury and protection–experimental aspects. Exp Biol Med 234(9):1011–1019

57. Lagranha CJ, Deschamps A, Aponte A, Steenbergen C, Murphy E (2010) Sex differences in
the phosphorylation of mitochondrial proteins result in reduced production of reactive
oxygen species and cardioprotection in females. Circ Res 106(11):1681–1691

58. Murry CE, Jennings RB, Reimer KA (1986) Preconditioning with ischemia: a delay of
lethal cell injury in ischemic myocardium. Circulation 74(5):1124–1136

59. Bolli R (1996) The early and late phases of preconditioning against myocardial stunning and
the essential role of oxyradicals in the late phase: an overview. Basic Res Cardiol 91(1):
57–63

60. Bolli R (2000) The late phase of preconditioning. Circ Res 87(11):972–983
61. Pan P-J, Chan R-C, Yang A-H, Chou C-L, Cheng Y-F, Chiu J-H (2008) Protective effects of

preconditioned local somatothermal stimulation on neuromuscular plasticity against
ischemia–reperfusion injury in rats. J Orthop Res 26(12):1670–1674

62. Sommer C (2009) Neuronal plasticity after ischemic preconditioning and TIA-like
preconditioning ischemic periods. Acta Neuropathol 117(5):511–523

63. Saeki I, Matsuura T, Hayashida M, Taguchi T (2011) Ischemic preconditioning and remote
ischemic preconditioning have protective effect against cold ischemia–reperfusion injury of
rat small intestine. Pediatric Surgery International 27(8):857–862

64. Takeshita M, Tani T, Harada S et al (2011) Role of transcription factors in small intestinal
ischemia-reperfusion injury and tolerance induced by ischemic preconditioning. Transpl
Proc 42(9):3406–3413

65. Thaveau F, Zoll J, Rouyer O et al (2007) Ischemic preconditioning specifically restores
complexes I and II activities of the mitochondrial respiratory chain in ischemic skeletal
muscle. J Vasc Surg 46(3):541–547

66. Eberlin KR, McCormack MC, Nguyen JT, Tatlidede HS, Randolph MA, Austen WG (2008)
Ischemic preconditioning of skeletal muscle mitigates remote injury and mortality. J Surg
Res 148(1):24–30

67. Ahmed LA, Salem HA, Attia AS, Agha AM (2011) Pharmacological preconditioning with
nicorandil and pioglitazone attenuates myocardial ischemia/reperfusion injury in rats. Eur J
Pharmacol 663(1–3):51–58

68. Abete P, Ferrara N, Cacciatore F et al (2001) High level of physical activity preserves the
cardioprotective effect of preinfarction angina in elderly patients. J Am Coll Cardiol
38(5):1357–1365

69. Frasier CR, Moore RL, Brown DA (2011) Exercise-induced cardiac preconditioning: how
exercise protects your achy-breaky heart. J Appl Physiol 111(3):905–915

70. Muller DWM, Topol EJ, Califf RM et al (1990) Relationship between antecedent angina
pectoris and short-term prognosis after thrombolytic therapy for acute myocardial
infarction. Am Heart J 119(2, Part 1):224–231

14 Oxidative Insult After Ischemia/Reperfusion in Older Adults 281



71. Matsuda Y, Ogawa H, Moritani K et al (1984) Effects of the presence or absence of
preceding angina pectoris on left ventricular function after acute myocardial infarction. Am
Heart J 108(4, Part 1):955–958

72. Kloner RA, Shook T, Przyklenk K et al (1995) Coronary artery disease/myocardial
infarction: previous angina alters in-hospital outcome in timi 4: a clinical correlate to
preconditioning? Circulation 91(1):37–45

73. Ottani F, Galvani M, Ferrini D et al (1995) Coronary heart disease/myocardial infarction:
prodromal angina limits infarct size: a role for ischemic preconditioning. Circulation
91(2):291–297

74. Abete P, Testa G, Ferrara N et al (2002) Cardioprotective effect of ischemic preconditioning
is preserved in food-restricted senescent rats. Am J Physiol: Heart Circ Physiol
282(6):H1978–H1987

75. Abete P, Ferrara N, Cacciatore F et al (1997) Angina-induced protection against myocardial
infarction in adult and elderly patients: a loss of preconditioning mechanism in the aging
heart? J Am Coll Cardiol 30(4):947–954

76. Turcato S, Turnbull L, Wang GY et al (2006) Ischemic preconditioning depends on age and
gender. Basic Res Cardiol 101(3):235–243

77. Wu Z-k, Tarkka MR, Eloranta J (2001) Effect of ischemic preconditioning on myocardial
protection in coronary artery bypass graft patients*. Chest 119(4):1061–1068

78. Yang X, Cohen M, Downey J (2010) Mechanism of cardioprotection by early ischemic
preconditioning. Cardiovasc Drugs Ther 24(3):225–234

79. Morris KC, Lin HW, Thompson JW, Perez-Pinzon MA (2011) Pathways for ischemic
cytoprotection: Role of sirtuins in caloric restriction, resveratrol, and ischemic
preconditioning. J Cereb Blood Flow Metab 31(4):1003–1019

80. Murphy E, Steenbergen C (2008) Mechanisms underlying acute protection from cardiac
ischemia-reperfusion injury. Physiol Rev 88(2):581–609

81. DeVan AE, Umpierre D, Harrison ML et al (2011) Endothelial ischemia-reperfusion injury
in humans: association with age and habitual exercise. Am J Physiol: Heart Circ Physiol
300(3):H813–H819

82. Kharbanda RK, Peters M, Walton B et al (2001) Ischemic preconditioning prevents
endothelial injury and systemic neutrophil activation during ischemia-reperfusion in
humans in vivo. Circulation 103(12):1624–1630

83. Morrow JD, Roberts LJ (1996) The isoprostanes : current knowledge and directions for
future research. Biochem Pharmacol 51(1):1–9

84. Kadiiska MB, Gladen BC, Baird DD et al (2005) Biomarkers of oxidative stress study II. are
oxidation products of lipids, proteins, and DNA markers of CCl4 poisoning? Free Radic
Biol Med 38:698–710

85. Traustadóttir T, Davies SS, Stock AA et al (2009) Tart cherry juice decreases oxidative
stress in healthy older men and women. J Nutr 139:1896–1900

86. Petcu EB, Sfredel V, Platt D, Herndon JG, Kessler C, Popa-Wagner A (2008) Cellular and
molecular events underlying the dysregulated response of the aged brain to stroke: a mini-
review. Gerontology 54(1):6–17

87. Powers JS, Roberts LJ 2nd, Tarvin E, Hongu N, Choi L, Buchowski M (2008) Oxidative
stress and multiorgan failure in hospitalized elderly people. J Am Geriatr Soc 56(6):
1150–1152

88. Schulman D, Latchman DS, Yellon DM (2001) Effect of aging on the ability of
preconditioning to protect rat hearts from ischemia-reperfusion injury. Am J Physiol: Heart
Circ Physiol 281(4):H1630–H1636

89. Tani M, Honma Y, Hasegawa H, Tamaki K (2001) Direct activation of mitochondrial
KATP channels mimics preconditioning but protein kinase C activation is less effective in
middle-aged rat hearts. Cardiovasc Res 49(1):56–68

90. Booth FW, Gordon SE, Carlson CJ, Hamilton MT (2000) Waging war on modern chronic
diseases: primary prevention through exercise biology. J Appl Physiol 88(2):774–787

282 T. Traustadóttir and S. S. Davies



91. Lakka TA, Venalainen JM, Rauramaa R, Salonen R, Tuomilehto J, Salonen JT (1994)
Relation of leisure-time physical activity and cardiorespiratory fitness to the risk of acute
myocardial infarction in men. N Engl J Med 330(22):1549–1554

92. Holtermann A, Mortensen OS, Burr H, Sögaard K, Gyntelberg F, Suadicani P (2010)
Fitness, work, and leisure-time physical activity and ischaemic heart disease and all-cause
mortality among men with pre-existing cardiovascular disease. Scand J Work Environ
Health 36(5):366–372

93. Holtermann A, Mortensen OS, Burr H, Sögaard K, Gyntelberg F, Suadicani P (2010)
Physical demands at work, physical fitness, and 30 year ischaemic heart disease and all-
cause mortality in the copenhagen male study. Scand J Work Environ Health 36(5):357–365

94. Wislöff U, Nilsen TIL, Dröyvold WB, Mörkved S, Slördahl SA, Vatten LJ (2006) A single
weekly bout of exercise may reduce cardiovascular mortality: how little pain for cardiac
gain? ‘the hunt study, norway’. Eur J Cardiovasc Prev Rehabil 13(5):798–804

95. Abete P, Testa G, Galizia G et al (2005) Tandem action of exercise training and food
restriction completely preserves ischemic preconditioning in the aging heart. Exp Gerontol
40(1–2):43–50

96. Libonati JR, Gaughan JP, Hefner CA, Gow A, Paolone AM, Houser SR (1997) Reduced
ischemia and reperfusion injury following exercise training. Med Sci Sports Exerc
29(4):509–516

97. Demirel HA, Powers SK, Zergeroglu MA et al (2001) Short-term exercise improves myocardial
tolerance to in vivo ischemia-reperfusion in the rat. J Appl Physiol 91(5):2205–2212

98. Le Page C, Noirez P, Courty J, Riou B, Swynghedauw B, Besse S (2009) Exercise training
improves functional post-ischemic recovery in senescent heart. Exp Gerontol 44(3):177–182

99. Hamilton KL, Powers SK, Sugiura T et al (2001) Short-term exercise training can improve
myocardial tolerance to I/R without elevation in heat shock proteins. Am J Physiol: Heart
Circ Physiol 281(3):H1346–H1352

100. Powers SK, Demirel HA, Vincent HK et al (1998) Exercise training improves myocardial
tolerance to in vivo ischemia-reperfusion in the rat. AJP: Regul Integr Comp Physiol
275(5):R1468–R1477

101. Lennon SL, Quindry J, Hamilton KL et al (2004) Loss of exercise-induced cardioprotection
after cessation of exercise. J Appl Physiol 96(4):1299–1305

102. Powers SK, Quindry JC, Kavazis AN (2008) Exercise-induced cardioprotection against
myocardial ischemia-reperfusion injury. Free Radical Biol Med 44(2):193–201

103. Taylor RP, Harris MB, Starnes JW (1999) Acute exercise can improve cardioprotection
without increasing heat shock protein content. Am J Physiol: Heart Circ Physiol
276(3):H1098–H1102

104. Murlasits Z, Lee Y, Powers SK (2007) Short-term exercise does not increase er stress
protein expression in cardiac muscle. Med Sci Sports Exerc 39(9):1522–1528

105. Quindry J, French J, Hamilton K, Lee Y, Selsby J, Powers S (2010) Exercise does not
increase cyclooxygenase-2 myocardial levels in young or senescent hearts. J Physiol Sci
60(3):181–186

106. Starnes JW, Taylor RP, Park Y (2003) Exercise improves postischemic function in aging
hearts. Am J Physiol: Heart Circ Physiol 285(1):H347–H351

107. Quindry J, French J, Hamilton K, Lee Y, Mehta JL, Powers S (2005) Exercise training
provides cardioprotection against ischemia-reperfusion induced apoptosis in young and old
animals. Exp Gerontol 40(5):416–425

108. Siu PM, Bryner RW, Martyn JK, Alway SE (2004) Apoptotic adaptations from exercise
training in skeletal and cardiac muscles. FASEB J 18(10):1150–1152

109. Yamashita N, Hoshida S, Otsu K, Asahi M, Kuzuya T, Hori M (1999) Exercise provides
direct biphasic cardioprotection via manganese superoxide dismutase activation. J Exp Med
189(11):1699–1706

110. Lennon SL, Quindry JC, French JP, Kim S, Mehta JL, Powers SK (2004) Exercise and
myocardial tolerance to ischaemia-reperfusion. Acta Physiol Scand 182(2):161–169

14 Oxidative Insult After Ischemia/Reperfusion in Older Adults 283



111. Traustadóttir T, Davies S, Su Y et al (2011) Oxidative stress in older adults: effects of
physical fitness. AGE :33(E-pub ahead of print)

112. Wislöff U, Stöylen A, Loennechen JP et al (2007) Superior cardiovascular effect of aerobic
interval training versus moderate continuous training in heart failure patients. a randomized
study. Cirulation 115:3086–3094

113. Starnes JW, Taylor RP, Ciccolo JT (2005) Habitual low-intensity exercise does not protect
against myocardial dysfunction after ischemia in rats. J Cardiovasc Risk 12(2):169–174

114. Lee-Hilz YY, Boerboom A-MJF, Westphal AH, van Berkel WJH, Aarts JMMJG, Rietjens
IMCM (2006) Pro-oxidant activity of flavonoids induces epre-mediated gene expression.
Chem Res Toxicol 19(11):1499–1505

115. Ghanim H, Sia CL, Korzeniewski K et al (2011) A Resveratrol and Polyphenol Preparation
Suppresses Oxidative and Inflammatory Stress Response to a High-Fat, High-Carbohydrate
Meal. J Clin Endocrinol Metab 96(5):1409–1414

116. Hill KE, Motley AK, May JM, Burk RF (2009) Combined selenium and vitamin C
deficiency causes cell death in guinea pig skeletal muscle. Nutr Res 29(3):213–219

117. Helmersson J, Arnlov J, Larsson A, Basu S (2009) Low dietary intake of b-carotene, a-
tocopherol and ascorbic acid is associated with increased inflammatory and oxidative stress
status in a swedish cohort. Br J Nutr 101:1775–1782

118. Lee JY, Kim CJ, Chung MY (2010) Effect of high-dose vitamin c on oxygen free radical
production and myocardial enzyme after tourniquet ischaemia-reperfusion injury during
bilateral total knee replacement. J Int Med Res 38:1519–1529

119. Awad JA, Morrow JD, Hill KE, Roberts LJ, Burk RF (1994) Detection and localization of
lipid peroxidation in selenium- and vitamin E-deficient rats using F2-isoprostanes. J Nutr
124(6):810–816

120. Roberts LJ, Oates JA, Linton MF et al (2007) The relationship between dose of vitamin E
and suppression of oxidative stress in humans. Free Radical Biol Med 43(10):1388–1393

121. Schurks M, Glynn RJ, Rist PM, Tzourio C, Kurth T (2010) Effects of vitamin E on stroke
subtypes: meta-analysis of randomised controlled trials. BMJ 341:c5702. doi:10.1136/bmj.c5702

122. Hamilton KL, Staib JL, Phillips T, Hess A, Lennon SL, Powers SK (2003) Exercise,
antioxidants, and HSP72: protection against myocardial ischemia/reperfusion. Free Radical
Biol Med 34(7):800–809

123. Yu ZF, Mattson MP (1999) Dietary restriction and 2-deoxyglucose administration reduce
focal ischemic brain damage and improve behavioral outcome: evidence for a
preconditioning mechanism. J Neurosci Res 57(6):830–839

124. Chandrasekar B, Nelson JF, Colston JT, Freeman GL (2001) Calorie restriction attenuates
inflammatory responses to myocardial ischemia-reperfusion injury. Am J Physiol: Heart
Circ Physiol 280(5):H2094–H2102

125. Ahmet I, Wan R, Mattson MP, Lakatta EG, Talan M (2005) Cardioprotection by
intermittent fasting in rats. Circulation 112(20):3115–3121

126. Ungvari Z, Parrado-Fernandez C, Csiszar A, de Cabo R (2008) Mechanisms underlying caloric
restriction and lifespan regulation: implications for vascular aging. Circ Res 102(5):519–528

127. Shinmura K, Tamaki K, Bolli R (2005) Short-term caloric restriction improves ischemic
tolerance independent of opening of ATP-sensitive K ? channels in both young and aged
hearts. J Mol Cell Cardiol 39(2):285–296

128. Mitchell JR, Verweij M, Brand K et al (2010) Short-term dietary restriction and fasting
precondition against ischemia reperfusion injury in mice. Aging Cell 9(1):40–53

129. Sumimoto R, Southard JH, Belzer FO (1993) Livers from fasted rats acquire resistance to
warm and cold ischemia injury. Transplantations 55(4):728–732

130. Shinmura K (2011) Cardiovascular protection afforded by caloric restriction: essential role
of nitric oxide synthase. Geriatr Gerontol Int 11(2):143–156

131. Lawler JM, Kwak H-B, Kim J-H, Suk M-H (2009) Exercise training inducibility of MnSOD
protein expression and activity is retained while reducing prooxidant signaling in the heart
of senescent rats. Am J Physiol 296:R1496–R1502

284 T. Traustadóttir and S. S. Davies

http://dx.doi.org/10.1136/bmj.c5702


Chapter 15
Relationship of Oxidative Stress
with Cardiovascular Disease

Richard E. White, Scott A. Barman, Shu Zhu
and Guichun Han

Abstract More women die from complications related to cardiovascular disease
(CVD) each year than men, yet dysfunction of the heart and blood vessels is still
often considered to be primarily a ‘‘male’’ health issue. Emerging data indicate that
oxidative stress is an important etiological factor for CVD in women, and it is
apparent that female hormones, like estrogen, exert powerful influences on oxi-
dative balance. This chapter will present recent findings and current concepts
concerning oxidative stress and cardiovascular function in women. Prominent
sources of oxidants in the heart and vasculature will be discussed (e.g., NADPH
oxidase, xanthine oxidase (XO) , mitochondria, and uncoupled NOS), as well as
the effect of estrogen on activity and expression of these proteins in the context of
normal hormonal levels and exogenous estrogen replacement therapy. We will
also discuss three prominent CVDs that exhibit a rather marked—and at times,
surprising—sexual dimorphism in their epidemiology, and consider the ability of
estrogen to influence the development and progression of these pathophysiological

R. E. White (&) � S. Zhu
Department of Basic Science, Georgia Campus—Philadelphia College of Osteopathic
Medicine, 625 Old Peachtree Road, Suwanee, GA 30024, USA
e-mail: richardwh@pcom.edu

S. A. Barman
Department of Pharmacology & Toxicology, Medical College of Georgia, Georgia Health
Sciences University, Augusta, GA 30912, USA
e-mail: rwhite@georgiahealth.edu

S. Zhu
e-mail: shuzh@pcom.edu

G. Han
Michael E. DeBakey Institute, College of Veterinary Medicine, Department of Veterinary
Physiology and Pharmacology, Texas A&M University, Room#332 VMA, MS 4,466, Texas
A&M University, College Station, TX 77845, USA
e-mail: ghan@cvm.tamu.edu

A. Agarwal et al. (eds.), Studies on Women’s Health, Oxidative Stress in Applied
Basic Research and Clinical Practice, DOI: 10.1007/978-1-62703-041-0_15,
� Springer Science+Business Media New York 2013

285



states in terms of cellular/molecular mechanisms. The overall goal of the chapter is
to provide the reader with a rather comprehensive overview of how oxidative
stress impacts women’s cardiovascular health, and to review the potential role of
estrogen as both a preventive and causative factor in CVD among women.

Keywords Oxidative balance � Cardiovascular disease � Sources of oxidants �
NADPH oxidase � Xanthine oxidase � Mitochondria � Uncoupled NOS

15.1 Introduction

Cardiovascular disease (CVD) continues to be the leading cause of death in
women, with the most recent statistics indicating that approximately half of all
female deaths are due to dysfunction of the heart and blood vessels [1]. Despite the
persistence of CVD as the primary cause of female mortality for many years,
surveys reveal that women continue to view breast cancer as their most significant
health threat [2]. What is more surprising is that only about 1 in 5 physicians are
aware that more women die of CVD than men [3]. Such lack of appreciation for
the frequency and lethality of CVD in women likely contributes to the fact that
female patients often receive less aggressive care for cardiovascular disorders
when seeking medical assistance (e.g., fewer admissions to coronary care units,
less diagnostic cardiac catheterizations) [4].

A primary reason why CVD is often considered to be more of a ‘‘male disease’’ is
the fact that during child-bearing years a woman exhibits a comparatively low risk for
CVD compared to males [5]; however, the risk of CVD disease in postmenopausal
women meets or exceeds that experienced by men. Such findings have led to the
hypothesis that the female hormone estrogen (i.e., 17b-estradiol, E2) exerts a pro-
tective effect on cardiovascular function. Indeed, among the beneficial effects of E2
on the cardiovascular system are reduced atherosclerosis, preservation of endothelial
cell function, inhibition of proliferation and migration of vascular smooth muscle
(VSM) cells, increased NO production, decreased low-density lipoprotein (LDL),
higher high-density lipoprotein (HDL), vasodilation (endothelium-dependent and -
independent), lowering of blood pressure, stimulation of angiogenesis, prevention of
ischemia, and a potential antioxidant effect [6–10]. Such findings from both exper-
imental and clinical studies led to the concept that E2 might indeed by a key hormone
that preserved and protected cardiovascular function throughout the aging process.

In contrast, large clinical trials, notably the Women’s Health Initiative (WHI)
[11], have indicated that E2 supplementation during the later menopausal years is
actually detrimental to a woman’s cardiovascular health. Although the reasons for
this seemingly contradictory outcome are still not apparent, these findings have
done much to curtail the prescription of hormone replacement therapy (HRT) for
women. More recent and complete analysis of WHI data indicates that, in reality,
younger menopausal women (i.e., ages 50–59) did indeed exhibit a beneficial

286 R. E. White et al.



effect of E2 on cardiovascular endpoints [12]. So it would seem that the aging
process brings with it a transition in how a woman’s body responds to E2. In other
words, there is increasing evidence that as a woman ages her cardiovascular
system begins to respond differently to natural signals, such as hormones like E2.
Thus, understanding how age and disease alter such normal responsiveness may
unlock great therapeutic potential, particularly in terms of treating and/or pre-
venting CVD in women—who can now expect to spend nearly one-third of life
living in their postmenopausal years.

One significant change in a woman’s physiology that is now receiving increased
attention is the fact that oxidative stress increases with advancing age. Premeno-
pausal women generally exhibit far less oxidative stress compared to men of
similar age [13, 14]. With age, however, comes an increasing imbalance in oxi-
dative state, such that elderly women exhibit even higher indices of oxidative
stress than do elderly men [15]. Moreover, the rise in age-related oxidative stress
in women parallels their steady increase in CVD [16]. As illustrated in Fig. 15.1, it
is important to note that elevated oxidative stress is a common link associated with
many of the major cardiovascular risk factors experienced by women, such as
hypertension, hypercholesterolemia, diabetes, increased homocysteine, and ciga-
rette smoking [16, 17]. Understanding the mechanisms underlying increased
oxidative stress (i.e., increased production of reactive oxygen species (ROS) vs.
decreased antioxidant defense mechanisms) in pathological states or in normal
aging is an important challenge facing biomedical research that seeks to better the

Fig. 15.1 Oxidative stress contributing to heart ischemia and dysfunction is caused by several
pathophysiological factors such as diabetes, hypertension, menopause, aging, smoking, and
hyperlipidemia
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health of an increasingly aging U.S. population. A therapeutic means of rebal-
ancing oxidant production with antioxidant defenses has the potential to reduce the
incidence of CVD significantly in both women and men. For example, it is unclear
how restoration of E2 via HRT might influence oxidative stress in aging women,
as studies suggest HRT may [18] or may not [19] be protective against oxidative
stress.

15.2 Sources of Oxidants in the Cardiovascular System

There are multiple mechanisms whereby ROS can be generated in the heart and
vasculature. Details of ROS production have been delineated elsewhere in this
volume. The present chapter will briefly outline major sites of ROS production in
the cardiovascular system, and will then focus primarily on how these mechanisms
are influenced by E2, with a view towards how ROS production and antioxidant
defenses influence cardiovascular function and CVD in women.

Nicontinamide adenine dinucleotide phosphate (NADPH) oxidase. NADPH
oxidase is a membrane-associated enzyme complex that is comprised of seven
‘‘NOX’’ isoforms (i.e., NOX1, NOX2/gp91phox, NOX3, NOX4, NOX5, DUOX1,
and DUOX2). All isoforms are transmembrane proteins consisting of multiple
subunits located in both the cytosol and cellular membrane. These proteins
catalyze the one-electron reduction of oxygen using NADH or NADPH as the
electron donor. Probably, the most well-known example of NADPH oxidase
activity is the ‘‘oxidative/respiratory burst’’ of phagocytes in response to patho-
gens. In the cardiovascular system, NADPH oxidase also generates ROS from
virtually all vascular cells—endothelial (NOX4, NOX2, NOX5) and VSM cells
(NOX1, NOX4, NOX5), fibroblasts (NOX4) of the heart and vascular adventitia,
and cardiomyocytes (NOX2 and NOX4). There appears to be a constituitive, albeit
low level, production of ROS from NADPH oxidase, but this activity can be
increased markedly by endogenous substances. Angiotensin II (acting via the AT1

receptor) increases superoxide production from NADPH oxidase in VSM cells and
adventitial fibroblasts [20]. Thrombin, platelet-derived growth factor, and various
cytokines also induce NADPH oxidase activity [21]. Tumor necrosis factor alpha
(TNF-a) increases VSM NADPH oxidase activity over 24 h via increased tran-
scription of p22phox, an important subunit of NADPH oxidase [22]. In addition to
pharmacological stimulation, ROS production from endothelial cell NADPH
oxidase is also enhanced by a physiological stimulus: shear stress within the vessel
[23]. Thus, a variety of physiological and physical stimuli can modulate the
activity of NADPH oxidase in the cardiovascular system.

Xanthine oxidase. Xanthine oxidase (XO) is another enzymatic mechanism of
ROS generation in the cardiovascular system; however, it has received far less
attention as a potential target to manage oxidative stress [24]. XO and xanthine
dehydrogenase are encoded by the same gene, and are the two inter-convertible
forms of xanthine oxidoreductase, a molybdenum iron-sulfur flavin hydrolase.
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The primary role of these enzymes is to oxidize hypoxanthine to xanthine, and
xanthine into uric acid. Two molecules of hydrogen peroxide and superoxide are
generated for every molecule of xanthine that is reduced. Although XO has a fairly
wide distribution, expression in the cardiovascular system seems to be localized
mainly to endothelial cells [25]. However, xanthine oxidoreductase has also been
detected in myocardial cells, where it appears to be localized to the sarcoplasmic
reticulum [26]. In addition to endothelium-bound XO, circulating XO can bind to
glycosaminoglycans on the endothelium surface, and this form of circulating/
depositing XO may have a greater pathological influence on endothelial cell
function than XO expressed in endothelial cells [27]. XO activity is regulated at
both the transcriptional and posttranslational levels. Proinflammatory cytokines
and hypoxia enhance transcription of XO, and elevated XO levels are associated
with CVD (e.g., coronary artery disease, heart failure, hypertension) [28]. Further,
immunoblot studies have demonstrated that expression of XO protein is elevated
in myocardial tissue from patients with heart failure due to cardiomyopathy, and
that inhibition of XO activity by allopurinol improved myocardial performance
significantly in failing hearts [29]. Similarly, vascular stress in patients with
congestive heart failure is associated with higher levels of vascular XO activity
[30]. Hypercholesterolemia elevates XO activity in young, asymptomatic indi-
viduals suggesting that activation of vascular XO is an early contributing factor to
endothelial dysfunction [31]. In addition, upregulation of XO expression and
superoxide production is noted arteries from aged animals compared to controls
[32]. Clearly, there is increasing evidence that ROS generated from XO may be a
contributing factor in cardiovascular pathophysiology.

Mitochondrial respiration. The role of mitochondria extends beyond simply
generating cellular energy via ATP production. Mitochondria also regulate the
homeostasis of NO, ROS, and calcium in the heart and vasculature [33]. In fact,
mitochondria are the primary intracellular source of ROS as they generate oxi-
dative-reduction reactions and consume oxygen [34], and recent studies indicate
that scavenging mitochondrial ROS can improve the function of vascular endo-
thelium and reduce hypertension [35]. Mitochondrial function involves the transfer
of electrons from NADH or flavoprotein-linked dehydrogenases resulting, ulti-
mately, in ATP production (with water generated as a by-product). However,
during electron transport roughly 2 % of electrons escape the electron transport
chain complexes I (NADH-ubiquinone oxidoreductase) and III (succinate-ubi-
quinone oxidoreductase) to reduce molecular oxygen and form reactive oxygen
radicals (e.g., superoxide). In addition to electron leakage, mitochondrial-derived
ROS may be released by opening of the mitochondrial permeability transition pore
(PTP). Activity of the mitochondrial ATP-sensitive potassium (KATP) channel,
which is opened by NO, attenuates the release of ROS via the PTP [34], making
this mitochondrial channel a potential therapeutic target to reduce oxidative stress.
Much like NADPH oxidase, ROS production from mitochondria can be stimulated
by angiotensin II [36], epidermal growth factor [37], transforming growth factor-b
[38], and TNF-a [39].
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Angiotensin II, a well-known stimulator of NADPH oxidase activity, has also
been shown to increase production of mitochondrial-derived ROS in vascular
endothelial cells, leading to an increase in cellular superoxide levels and reduced
NO bioavailability; however, this stimulatory effect of angiotensin II is dependent
upon NADPH oxidase activity, as pharmacological or molecular attenuation of
NADPH oxidase impairs angiotensin II-induced generation of mitochondrial
superoxide [40]. Further, overexpression of the mitochondrial antioxidant enzyme
thioredoxin 2 makes mice resistant to angiotensin II-induced hypertension and
endothelial dysfunction [41]. Interestingly, mitochondrial-derived superoxide has
recently been shown to stimulate extramitochondrial NADPH oxidase activity,
strongly suggesting that a powerful positive feedback loop for ROS production
exists in the vascular wall, and involves an interplay between NADPH oxidase and
mitochondrial ROS generation [35]. These findings suggest the therapeutic
potential for mitochondrial-directed antioxidant agents as a treatment for hyper-
tensive patients which exhibit increased NADPH oxidase activity [42–44].

Uncoupled nitric oxide synthase. Nitric oxide synthases are a family of mul-
tifunctional enzymes with similar, yet distinct isoforms. For example, the three
NOS isoforms (NOS1/neuronal (n)NOS; NOS2/inducible (i)NOS; NOS3/endo-
thelial (e)NOS) are products of different genes bearing only 51–57 % homology
among the human isoforms. Both nNOS and eNOS are expressed constituitively,
and their activity is stimulated by increases in intracellular calcium levels. On the
other hand, iNOS is fully active at basal levels of calcium, so it is considered to be
the ‘‘calcium-independent’’ NOS isoform whose activity is regulated primarily by
level of expression. Moreover, NOS isoforms exhibit different localization, reg-
ulation, catalytic properties, and sensitivity to inhibitors. Proinflammatory cyto-
kines or endotoxin induces expression of iNOS in a variety of tissues. While eNOS
is expressed primarily in vascular endothelial cells, nNOS is found predominately
in neurons and muscle cells (including skeletal, cardiac, and smooth muscle) [45].

The designation ‘‘nitric oxide synthase’’ is somewhat misleading insofar as
NOS can produce either NO or superoxide anion depending on the immediate
biochemical environment of the enzyme. Under most physiological conditions NO
is the primary product of NOS activity, but NOS can become ‘‘uncoupled’’ to
produce superoxide under some pathological states. In the uncoupled state (i.e., in
the absence of the essential cofactor tetrahydrobiopterin (BH4) or the substrate
L-arginine) electrons, which normally flow from the reductase domain of one
subunit to the oxygenase domain of the other subunit, are diverted to molecular
oxygen rather than to L-arginine, resulting in production of superoxide rather than
NO [46]. Compared to dismutation via superoxide dismutase, superoxide
combines 3–4 times more rapidly with NO to generate peroxynitrite, which can
activate downstream signaling pathways leading to cellular injury [47]. Once
formed, peroxynitrite can also reduce BH4 to BH2, leading to BH4 depletion and
further uncoupling of NOS (with greater superoxide production). Thus, NOS has
the capacity to enhance oxidative stress both directly (via superoxide) and
indirectly (via peroxynitrite from the combination of NO with superoxide).
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Because a diversity of cell types can express NOS, these isoforms constitute a
potentially significant source of ROS in the cardiovascular and other systems.
Although all NOS isoforms have the capacity to catalyze superoxide formation, it
is uncoupled eNOS that is generally considered to be the major contributor to
cardiovascular dysfunction [48, 49]. Endothelial dysfunction is associated with
major CVD risk factors such as hypertension, vascular occlusive disease, hyper-
cholesterolemia, hyperglycemia, diabetes, obesity, inflammation, and smoking
[50]. Nonetheless, it is in reality the nNOS isoform that has the greater propensity
to produce superoxide [51], but we are only now beginning to understand the
important role of nNOS in cardiovascular regulation. For example, superoxide
generated from uncoupled nNOS can promote abnormal coronary artery reactivity
[52] and impaired cardiac relaxation, diastolic stiffness, and remodeling [53].

15.3 Female Hormones, Oxidative Stress, and Cardiovascular
Function

Although there is increasing evidence that as a woman ages her risk for CVD
increases in parallel with increased oxidative stress [15, 16], a direct etiological
connection between ROS and CVD in women has not been firmly established.
Despite the fact that antioxidant therapy has been successful in ameliorating CVD
in some animal models, reversal of human CVD by antioxidant supplementation
has not proven to be a consistently effective therapeutic measure [42, 54].
Nonetheless, there is experimental evidence for a gender disparity regarding
oxidative stress. For example, females with neurodegenerative disease exhibit
higher levels of oxidative stress compared to similarly affected males, suggesting a
higher susceptibility to oxidative injury for women [55]. In addition, a higher
oxidative stress status was observed in elderly women compared to men of similar
age, and this stress was a strong independent risk factor for coronary artery disease
in these women [56]. Further, data from the WHI indicated that antioxidant
vitamin supplementation reduced the risk of major cardiovascular events for
women [65 years of age, but had little protective effect in younger women [57].
Such studies suggest that the oxidant status of a woman changes with age (and
possibly with changing hormonal status), and such increased oxidative stress may
predispose a women for increased risk of CVD and other maladies.

The extent to which female hormones influence oxidant status remains some-
what unclear, as highlighted in a recent review describing both anti- and pro-
oxidative actions of estrogens [58]. Because of their chemical structure, estrogens
have the potential to function as natural antioxidants. Most estrogens (e.g., E2)
possess a phenolic hydroxyl group on the A ring of the steroid molecule, and this
moiety can quench excess ROS independent of E2 receptor (ER) activation [59].
The caveat associated with this direct antioxidant capability, however, is that in
vitro studies indicate that significant ROS scavenging by E2 occurs mainly at
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supraphysiological (i.e., lM) concentrations, whereas the more physiological range
of plasma E2 concentration varies between approximately 0.1 and 10 nM. There-
fore, the physiological relevance of a direct antioxidant capacity of E2 is somewhat
questionable. In contrast to this inherent chemical property, estrogens can also
modulate the activity of enzymes and antioxidants that influence oxidant status.

Estrogen and lower oxidative stress in the cardiovascular system. Evidence
indicates that estrogens inhibit the activity of NADPH oxidase in cardiovascular
cells. Cerebral arteries from male rats generate twice as much NADPH-derived
superoxide compared to arteries from females, which also exhibit lower expression
of NOX1, and NOX4 catalytic subunits [60]. Interestingly, ovariectomy abolished
this gender advantage for female animals, suggesting that E2 attenuates NADPH
oxidase activity. Other studies have also demonstrated E2-induced downregulation
of NADPH oxidase subunit expression. In vitro application of E2 to human vas-
cular endothelial cells decreases expression of NOX2 and p22phox, and also
suppresses ROS production by NADPH oxidase [61]. E2-induced suppression of
NADPH oxidase activity is also reported in rat VSM cells [62]. Similarly, E2
treatment inhibits oxidative stress in a mouse model of congestive heart failure,
and this reduction was associated with a significant attenuation of myocardial
NADPH oxidase activity and ROS production [63]. Other studies have indicated
that E2 impedes the development of myocardial hypertrophy by inhibiting
expression of NADPH oxidase [64]. Thus, there appears to be consistent experi-
mental evidence that estrogens exert an inhibitory influence upon ROS generated
from NADPH oxidase in both cardiac and vascular cells. Interestingly, inhibition
of NADPH oxidase activity lowered blood pressure [54] and oxidative stress [65]
in male hypertensive animals, but had no effect on females. These studies are
consistent with the idea that NADPH oxidase activity is lower in females, possibly
because of a tonic inhibitory influence exerted by E2 on NADPH oxidase.

There is also evidence that E2 may modulate the activity of XO, but findings
regarding the effect of E2 on XO have not been consistent. For example, E2
prevents the hypoxia-induced increase in XO activity in pulmonary artery endo-
thelial cells [66]. On the other hand, E2 was able to elevate ROS production in
human endothelial cells—a response which was completely inhibited by a com-
bination of allopurinol and rotenone, a mitochondrial inhibitor [67]. Consistent with
this study was a previous report of higher XO activity in females than males [68],
suggesting a stimulatory effect of E2 on XO activity. In contrast, male rats are
reported to exhibit 59 % greater hepatic XO activity compared to females [69],
which is consistent with gout/hyperuricemia traditionally being considered pri-
marily a ‘‘male’’ disease [70]. Thus, our understanding of the overall effect of E2 on
XO activity, and its potential impact of CVD in women, is far from complete. More
studies are clearly required to better understand the potential effects of E2 on XO,
and how this could impact the function of the cardiovascular and other systems.

E2 can also influence mitochondrial function, and can either suppress or
stimulate mitochondrial ROS production depending on cell type. Felty et al. [67]
have identified mitochondria as a major source of E2-induced ROS production in
breast cancer and neuroblastoma cells, with physiological levels of E2 producing a
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rapid (15-min) generation of ROS. In contrast, physiological E2 concentrations
have been shown to suppress mitochondrial superoxide production in brain and
PC-12 cells, a cell culture model of neurons [71]. In cerebral blood vessels E2 can
reduce ROS production from mitochondria. This antioxidant effect is apparently
mediated via an ERa-dependent signaling mechanism which may increase the
efficiency of oxidative phosphorylation due to increased expression of mito-
chondrial cytochrome c, and thereby increase the efficiency of electron transport
with less ROS generation [72]. Another study indicates that chronic E2 treatment
enhances the capacity for mitochondrial oxidative phosphorylation in cerebral
vessels, probably by enhancing the activity of complex IV and citrate synthase
[73]. In addition, E2 may also lower ROS levels by upregulating mitochondrial
MnSOD levels in the vasculature [74] and in other cell types [75]. ERb has been
detected in cardiac mitochondria [76] indicating that E2 may also influence the
function of mitochondria in cardiac myocytes. Thus, there appear to be multiple
mechanisms whereby estrogens can limit the level of ROS produced by mito-
chondrial sources in the cardiovascular system, i.e., inhibition of ROS production
or increased superoxide dismutation via mitochondrial MnSOD.

Given the ability of E2 to inhibit ROS generation from both NADPH oxidase
and from mitochondrial sources in the cardiovascular system, one would expect
that a woman’s level of oxidative stress would increase with age; especially after
menopause when E2 levels decline and its tonic suppression of enzymatic ROS
generation subsides. As noted above, women do experience an age-related increase
in oxidative stress [16], which would be consistent with an attenuated inhibitory
influence of E2 upon NADPH oxidase and mitochondria in postmenopausal
women. However, this model is somewhat at odds with results from the WHI trial
which demonstrated that restoration of E2 via HRT increased the risk of CVD in
older postmenopausal women [11]. Thus, the actions of E2 on NADPH oxidase
activity or mitochondrial ROS production cannot account for the observed dele-
terious effects of E2 on older postmenopausal women. At present, it remains
unclear why and how aging alters how a woman’s physiology responds to E2, and
especially why a hormone which suppresses ROS formation would produce del-
eterious effects on cardiovascular function in postmenopausal women.

A well-known mechanism whereby E2 can promote healthy cardiovascular
function is stimulation of NO production. Production of NO within the cardiovas-
cular system promotes a variety of beneficial effects, such as vasodilation, attenuated
release of endothelin-1 and thromboxane A2, inhibition of platelet aggregation,
inhibition of VSM proliferation, and stimulation of endothelial cell proliferation/
angiogenesis [77]. Interestingly, there is evidence for gender differences in cardio-
vascular NO production. For example, arteries from female animals produce more
NO than those from males [78], and NO measurements in females are higher when E2
is elevated during the menstrual cycle [79] or during pregnancy [80]. Such studies
strongly suggest that E2 enhances NOS activity in the cardiovascular system. The
primary NOS isoform targets of E2 action in the vasculature are likely eNOS and
nNOS, although there is some evidence that E2 can also upregulate iNOS in the
myocardium [81, 82]. E2 is known to stimulate the activity of eNOS [83, 84] or nNOS
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[85, 86] by a transduction mechanism involving heat shock protein 90 and PI3
kinase—Akt phosphorylation. This stimulation of vascular NOS activity appears to
be mediated primarily via the ERa in both endothelium and VSM [87, 88]. Thus, E2
can increase NO bioavailability in the cardiovascular system, help quench super-
oxide production, and promote normal function.

Estrogen-stimulated ROS production in the cardiovascular system. Overall, E2
appears to exert a predominately antioxidant influence on the cardiovascular
system and evidence suggests this protective effect is mediated by inhibition of
NADPH oxidase activity, suppression of mitrochondrial ROS generation, and
stimulation of NOS activity. Of course, the ‘‘double-edged sword’’ of NOS activity
is that the enzyme can become uncoupled from NO production, and instead
generate superoxide anion. Such ‘‘uncoupling’’ may be fairly limited under most
physiological conditions; however, an enhanced tendency for uncoupling of NOS
activity has been reported in various pathological states (e.g., atherosclerosis,
diabetes, endothelial dysfunction). Furthermore, uncoupling also may commonly
occur during the normal aging process [9, 51, 89, 90].

Studies indicate that as a woman ages her serum L-arginine levels decrease, which
can lead to a decline in NO bioavailability [91]. This decline in L-arginine may be
related to the fact that vascular arginase activity is upregulated with aging [92].
Because L-arginine is the substrate for NO production, significant decreases in levels of
this critical amino acid could attenuate NO production, and enhance the probability of
NOS uncoupling with age. In addition to the possibility of substrate depletion, there is
evidence for a concomitant decline in BH4 levels with age in women [93]. BH4 levels in
the resistance vasculature of aged mice were\50 % of those measured in arteries of
young mice, and this age-associated cardiovascular BH4 deficiency was correlated
with a markedly lower expression of GTP cyclohydrolase 1 (the rate-limiting enzyme
in BH4 synthesis) in the aged mice [89]. As mentioned earlier, BH4 is an essential
cofactor that maintains NOS activity ‘‘coupled’’ to NO production. In light of these
observed age-related declines in factors critical for ‘‘normal’’ NOS function (i.e., NO
production), it would seem very likely that as a woman ages there may be a gradual and
increasing tendency for uncoupling of NOS activity, which would thereby predispose
her to enhanced oxidative stress. Because E2 is a powerful NOS agonist in the car-
diovascular and other systems, it follows that E2 would be more likely to stimulate
superoxide production from mostly uncoupled NOS in older postmenopausal women,
thus leading to deleterious consequences.

This hypothesis raises the intriguing possibility that menopause—instead of being
a ‘‘disease’’ that must be treated—could actually be a highly favorable physiological
adaptation in elderly women; i.e., menopause would naturally reduce a woman’s
level of E2 at the transition time in her life when E2 would begin to do more harm than
good (i.e., produce more ROS than NO), thus contributing to a number of patho-
logical consequences. Support for this hypothesis is derived from experiments
detecting E2-stimulated superoxide production in blood vessels: E2 stimulates
superoxide production from uncoupled nNOS expressed in coronary artery smooth
muscle [52]. In this study, the normal NO-dependent vasodilatory effect of E2 on
coronary arteries was transformed into a vasoconstrictor response due to E2-
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stimulated superoxide production. Thus, there is direct experimental evidence
demonstrating that E2 can function as a prooxidant hormone in cardiovascular tis-
sues under certain conditions (i.e., uncoupled NOS), but whether this prooxidant
effect of E2 occurs as a function of normal aging, and to what extent, has yet to be
determined.

Estrogen: timing is everything. Because E2 inhibits the activity of NADPH oxi-
dase and lowers ROS production from mitochondria, uncoupled NOS would seem to
be positioned as a likely mechanism whereby E2 could increase oxidant stress in the
cardiovascular system of elderly women. Based upon this model, one would predict
that E2 supplementation in older postmenopausal women (i.e., women with
decreased levels of L-arginine and/or BH4, and thus a higher tendency toward NOS
uncoupling) would actually enhance oxidative stress and possibly even promote
cardiovascular dysfunction. Interestingly, this hypothesis is very consistent with
findings of the WHI trial which reported an increased risk of coronary heart disease
(CHD) and stroke in older women (most of whom were already a decade past the
onset of menopause) receiving HRT [11]. In contrast to the deleterious effects of
HRT in older menopausal subjects, E2 supplementation reduced the risk of CVD
when given to ‘‘younger’’ women who were closer to the onset of menopause—thus
giving rise to the so-called ‘‘Timing Hypothesis’’ of HRT [94, 95]. More recent
analysis of data obtained from younger menopausal women has also reported a
cardiovascular benefit when HRT is initiated early in menopause [96]. Thus, it
appears that age (i.e., age-related changes in biochemistry) alter how a woman’s
cardiovascular system responds to E2—which is cardioprotective when given closer
to the onset of menopause, but is more likely to promote CVD when initiated years
after the onset of menopause [95]. Although the biological basis for the Timing
Hypothesis is yet unknown (and is probably multifactorial), age-dependent uncou-
pling of NOS activity in the heart and blood vessels (and other organs) could be a
contributing factor to this altered responsiveness to E2. In other words, age may
gradually transform E2 from a protective, antioxidant hormone into a potentially
harmful, prooxidative agent. Regardless, what seems clear is that there is a greater
potential for E2 to promote cardiovascular health in women when given earlier in
life, but this beneficial effect is gradually abolished with age.

15.4 Oxidative Stress and Gender Differences in CVD

Atherosclerosis and endothelial dysfunction. Although the number of deaths due to
coronary atherosclerotic heart disease has decreased steadily in men over recent
years, mortality from atherosclerotic disease in women has remained relatively
unchanged [97]. Clearly, our understanding of how atherosclerosis impacts
women’s health is lagging, and this lack of knowledge is also true regarding the
mechanisms whereby female hormones affect atherosclerotic disease. The patho-
genesis of atherosclerosis will not be reviewed here. Instead, we will focus more
on the impact of oxidative stress on atherogenesis, and discuss the current ideas

15 Relationship of Oxidative Stress with Cardiovascular Disease 295



about how gender and female hormones are believed to influence atherosclerotic
disease. The impact of oxidative stress on endothelial dysfunction, an important
early warning sign of atherosclerosis, will be considered in light of current con-
cepts and potential therapeutic interventions.

A major etiological factor for the development and progression of atheroscle-
rosis is oxidative stress, and ROS contribute to atherogenesis via multiple mech-
anisms in the blood vessel wall. For example, ROS are known to oxidize LDLs,
modulate adhesion molecules and chemotactic factor expression, stimulate VSM
proliferation and migration, increase endothelial cell apoptosis, and enhance
matrix metalloproteinase activity with vascular remodeling and plaque rupture
[98, 99]. Association of atherosclerosis with increased ROS levels has been
indicated in a long-term model of atherosclerosis: superoxide generation in
diseased aorta was threefold higher compared to control vessels, and increased
ROS production was measured throughout the vessel wall in atherosclerosis [100].
As noted above, ROS stimulates the proliferation of VSM cells with subsequent
migration from the medial into the intimal layer of blood vessels, and such
vascular remodeling is attenuated in mice deficient for either p47phox (i.e.,
NADPH oxidase activity) or eNOS [99, 101]. These and other studies in a variety
of models have clearly established an association of oxidative stress with
atherosclerotic disease of the vasculature. Disappointingly, however, clinical trials
with antioxidant supplements have seldom demonstrated a clear protective effect
on atherosclerotic disease, but such agents may have some efficacy as a preven-
tative measure [99].

Much less is known regarding oxidative stress and the development of ath-
erosclerosis specifically in the female cardiovascular system. In general, females
during their child-bearing years exhibit more favorable plasma lipoprotein profiles
than men. Younger women have lower LDL and higher HDL levels compared to
men of the same age; however, as women age LDL increases and HDL decreases
in parallel with an increased risk of CVD [4]. These changes in plasma lipopro-
teins have been associated with hormonal status, as a well-known effect of E2
(certainly in premenopausal women) is to lower LDL and raise HDL; however, it
has been estimated that only 25 % of the atheroprotective effect of E2 is related to
changes in plasma lipoproteins, whereas about 75 % was more likely due to direct
effects on arteries and inhibition of oxidized LDL [102]. For example, the spon-
taneous atherosclerosis that develops in apolipoprotein E-deficient (apoE-/-) mice
is attenuated by E2, which reduces atherosclerosis formation and intimal thick-
ening, and concomitantly reduces vascular superoxide production [103]. Young,
ovariectomized mice undergoing E2 supplementation exhibited decreased super-
oxide production and NADPH oxidase expression in aorta, along with upregula-
tion of Cu/ZnSOD, and MnSOD [103]. Despite the protective and antioxidant
effects described for E2 in younger women and animals, it appears to be less
efficacious in lowering LDL particles in older, postmenopausal women [104]. For
example, E2-containing oral contraceptive therapy is associated with reduced
severity of coronary artery disease in both nonhuman primates (i.e., cynomolgus
monkeys) [97] and premenopausal women [105], but E2 supplementation began

296 R. E. White et al.



after the onset of menopause may be far less effective in limiting atherosclerotic
progression [6]. Thus, again, there appears to be a time-/age-dependency of how
E2 influences cardiovascular health in females—basically, the younger, the better.

Consistent with the ‘‘Timing Hypothesis’’ are studies indicating that E2 pro-
duces beneficial cardiovascular effects when administered soon after endogenous
E2 deficiency (i.e., before significant atherosclerosis has progressed), but is inef-
fective or even deleterious if administered after established plaque formation [97].
Studies in cynomolgus monkeys have demonstrated that when E2 replacement is
initiated immediately after surgical menopause the progression of coronary artery
atherosclerosis is inhibited 70 % [106, 107]. Further, E2 can inhibit fatty streak
development in arteries, but has limited effect on already established lesions [108].
These studies are consistent with data from the Nurse’s Health Study (over 70,000
postmenopaual women) indicating that women beginning HRT at 50–59 years of
age experienced approximately a 50 % reduction in relative risk for a major
coronary event, whereas women who were [60 years of age at the time of HRT
initiation had no risk reduction [109]. At present, it is unclear why E2 is able to
help retard the development of atherosclerotic disease, but is much less effective at
reversing an ongoing process.

One mechanism that may contribute to altered E2 responses in diseased vessels
is the fact that E2 receptor expression is altered by atherosclerosis. Studies have
shown that the ability of E2 to prevent lipid deposition on the vascular wall
requires expression of ERa in the vascular endothelium [110]. Further, ER
expression has been detected in human coronary artery smooth muscle cells in
nearly 3 out of 4 normal arteries, but only about one-third of atherosclerotic
arteries expressed significant levels of ER [111]. Thus, the effect of E2 on arteries
may be increasingly diminished as the expression pattern of ER proteins, espe-
cially ERa, is altered by atherosclerosis. Such downregulation of ER expression
would very likely abolish a protective influence of E2 on the extent of athero-
sclerotic lesions. If verified, this concept raises the possibility that development of
novel therapeutic means of stimulating the ERa transduction pathway downstream
from the receptor might hold substantial promise as a way to restore the beneficial
effects of E2 to diseased vessels (and possibly help reverse disease progression).
Previous studies have demonstrated that an important target of ERa-mediated E2
action is NOS expressed in both endothelium and VSM [83, 85, 88].

Endothelial dysfunction is often considered to be the initial insult common to
atherosclerosis, restenosis, and hypertensive vascular remodeling, and can result
from hypercholesterolemia, oxidative stress, diabetes, and other pathological
processes. A decline in NO bioavailability is a common factor in these maladies,
and is believed to originate primarily from attenuated eNOS activity. Decreased
production of NO from the endothelium leads to the enhanced oxidative stress that
precedes the development of overt atherosclerosis [112]. In fact, all major risk
factors for atherosclerotic vascular disease have been associated with decreased
NO bioavailability and endothelial dysfunction.

There is increasing evidence that NOS uncoupling in atherosclerosis coincides
with decreased levels of BH4 and L-arginine. Atherosclerosis increases the activity

15 Relationship of Oxidative Stress with Cardiovascular Disease 297



of endothelial arginase II, which enhances degradation of the substrate required for
NO production [113]. In addition, studies of rabbit aorta indicate that athero-
sclerosis depletes BH4 levels by nearly 30-fold [114], whereas oxidized LDLs
reduce cellular BH4 levels and increase superoxide production in human aortic
endothelial cells [112]. Loss of vascular L-arginine and BH4 would increase the
likelihood of NOS uncoupling, thus making superoxide the primary product of
eNOS (and nNOS) activity instead of NO and thereby worsening oxidative stress/
atherosclerosis (i.e., possibly generating a localized positive feedback mechanism
for atherosclerotic disease). If atherosclerosis converts NOS activity from a pro-
tective into a prooxidative influence, one would expect that upregulating activity
of ‘‘uncoupled’’ NOS would worsen atherosclerosis. Interestingly, such a scenario
has been demonstrated in the atherosclerotic apoE-/- mouse model: overexpression
of eNOS, instead of increasing NO levels, generated more superoxide and
accelerated atherosclerotic lesion progression compared to mice with normal
levels of eNOS [115]. In this same study, the deleterious effects of NOS activity
were reversed by ‘‘re-coupling’’ NOS function with exogenous BH4, and this
restoration of normal NOS function reduced the size of lesions. Similarly, treating
human endothelial cells or hypercholesterolemic human subjects with exogenous
BH4 restored normal endothelial function [112], whereas BH4-deficiency increased
arterial superoxide content and exaggerated neointimal formation following vas-
cular injury [116]. These studies strongly implicate uncoupled NOS activity within
the vascular wall as an important oxidant producing, atherosclerotic mechanism,
and further suggest that re-coupling of NOS might be a means of retarding or
possibly even reversing atherosclerosis.

In summary, there is increasing evidence from both animal and human studies
that an important early marker of atherosclerosis—dysfunction of the vascular
endothelium with increased ROS production and lowered NO bioavailability—is
associated with depletion of L-arginine and BH4, with subsequent uncoupling of
NOS activity. Such studies propose a strong argument for the idea that uncoupled
NOS helps tips the delicate oxidative balance more toward oxidant stress, and
thereby contributes to the pathogenesis of atherosclerosis and endothelial dys-
function. This model is consistent with clinical findings measuring elevated levels
of oxidative stress, oxidized LDL, and BH2 (i.e., oxidized BH4) in patients after
acute myocardial infarction [117]. Nonetheless, other factors besides L-arginine/
BH4 depletion are also implicated in elevating ROS early in atherosclerosis. For
example, age-induced impairment of mouse carotid artery relaxation was not
associated with changes in either BH4 or GTPCH, but was still associated with
increased superoxide formation [118]. Further, there is also evidence for upreg-
ulation of GTPCH and BH4 levels in aorta from apoE-/- mice [119], although this
response could be compensatory to enhanced oxidative stress. As should be
expected, there appears to be several potential links between ROS and athero-
sclerosis; however, the ability of E2 to stimulate NOS activity in both endothelial
and VSM cells would suggest that uncoupled NOS might have greater athero-
sclerotic potential in women compared to men.
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Diabetes and oxidative stress in women. Diabetes has been called ‘‘the
epidemic of the twenty first century’’ [120], and cardiovascular complications
account for 80 % of mortality in diabetes. Despite the fact that premenopausal
women suffer less CVD than men of similar age, it is women who experience more
severe (and premature) CVD in diabetes. Compared to diabetic men, women with
diabetes have a four- to sixfold greater risk of CHD, a poorer prognosis after
myocardial infarction, a higher risk of death from CVD, a greater atherogenic
dyslipidemia, atherosclerotic plaques which are more prone to rupture, a greater
incidence of hypertension, a higher rate of congestive heart failure, more symp-
toms associated with hyperglycemia, and a greater incidence of depression [121].
Diabetes produces particularly disparate gender outcomes for CHD, with risk of
fatal CHD 50 % higher in diabetic women than in men [122], and diabetes more
than doubles mortality rate of CHD in women compared to men (90 vs. 40 %,
respectively) [123]. In addition, women with diabetes exhibit a tenfold increase in
CHD-related deaths compared to non diabetic women [124, 125]. Obviously,
diabetes promotes significant coronary artery pathology/dysfunction; yet, the
reasons why women suffer greater cardiovascular risk in diabetes than men—
particularly in coronary arteries—are not known. What is apparent, however, is
that diabetes blunts the cardiovascular benefit of female gender, and in fact,
transforms this normal gender advantage into a detriment. The contribution of
gender-related hormones (e.g., estrogens, androgens) to this curious phenomenon
is still unknown.

Diabetic CVD has much in common with the aging process, as both are
characterized by a higher incidence of oxidative stress, atherosclerosis, hyper-
tension, and CHD. As discussed above, oxidative stress is a common etiological
factor among cardiovascular disorders, and is also increased significantly in dia-
betes via a number of mechanisms. For example, there is evidence that hyper-
glycemia increases superoxide levels in aortic endothelial cells by processes
involving uncoupled NOS [126] and mitochondria [127]. In fact, superoxide
production is enhanced throughout the arterial wall in diabetes [128]. In addition to
superoxide, hyperglycemia elevates hydrogen peroxide production in human aortic
smooth muscle cells [129]. Other factors that would also elevate oxidative stress in
diabetes include a reduction in antioxidant enzymes (e.g., Cu–Zn SOD) and an
inhibition of antioxidant enzymatic activity due to enhanced glycation [130]. Thus,
diabetes can produce an imbalance in oxidative state by multiple mechanisms, all
contributing to enhanced oxidative stress and cardiovascular dysfunction/accel-
erated aging. Moreover, this diabetes-induced oxidative imbalance appears to be
worse in women than in men [121].

Although diabetes increases oxidative stress in both men and women, a definite
sexual dimorphism exists with regard to CVD. The reasons for this gender dis-
parity are not apparent, but we and others have hypothesized that greater oxidative
stress could be a contributing factor to the higher level of CVD observed in
diabetic women [9, 121]. For example, lipid peroxidation is increased in women
with diabetes compared to healthy females, but this same indicator of oxidative
stress did not increase in diabetic men [131]. As stated above, there are various
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means for increasing ROS in both diabetic men and women; and E2 exerts an
important regulatory influence on these mechanisms—particularly in women. Such
sex hormone specific effects would likely help promote gender differences in CVD
among diabetics. For example, hyperglycemia can stimulate activity of NADPH
oxidase [132]; however, E2s are known to downregulate activity of this enzyme in
cerebral arteries [60], VSM [62], and human endothelial cells [61]. Thus, it seems
unlikely that NADPH oxidase activity would be elevated in diabetic women
compared to diabetic males. There is evidence for enhanced oxidant production
from XO [133] and mitochondrial sources [127] in diabetes, but E2 has been
shown to decrease the potential for mitochondrial oxidant production [71] while
increasing the ROS-reducing ability of mitochondrial MnSOD [74].

It is known that diabetes tends to reduce E2 in women. For example, E2 levels
decline by approximately 30 % in premenopausal women with type 1 diabetes
[134]. Because E2 tends to inhibit ROS production from two prominent sources
(i.e., NADPH oxidase and mitochondrion), the normal ‘‘braking influence’’ of E2
on oxidant production could be attenuated in diabetic women as E2 levels decline,
thus contributing to greater oxidative stress and subsequent CVD. On the other
hand, we have already discussed that E2 is a powerful stimulator of NOS activity
in the cardiovascular system. Normally, E2 stimulated NO production would help
quench superoxide and lower oxidative stress, and a decrease in E2 levels should
lessen NOS stimulation in diabetic women. In diabetes, however, there is strong
evidence that NOS exhibits an increased tendency for uncoupling, thereby making
uncoupled NOS a potential source of superoxide in the disease state. Even the
lower levels of E2 measured in diabetes would still stimulate the activity of
uncoupled NOS, and enhance production of ROS in diabetic women (but not in
healthy women of the same age). Further, the influence of this prooxidative effect
of E2 would be much less in diabetic men, who, obviously, have far lower levels of
circulating E2. Thus, it is plausible that E2 stimulation of uncoupled NOS could
contribute to the increased risk of CVD observed in diabetic women compared to
healthy women or diabetic males.

Several lines of evidence support uncoupled NOS as a source of oxidant pro-
duction in diabetes. In addition to studies cited above [126], endothelial cells also
exhibit a reduced expression of GTPCH [135] and substantially increased activity
of arginase [136] under diabetic conditions. Decreased levels of L-arginine, cou-
pled with diabetes-stimulated increases in vascular asymmetric dimethylarginine
[137], could certainly promote NOS uncoupling in diabetes, as would BH4

depletion. Importantly, restoration of BH4 levels by overexpression of GTPCH in
endothelial cells reversed diabetes-stimulated superoxide production and helped
restore normal endothelium function [138]. Thus, there is strong evidence that
diabetes enhances eNOS uncoupling to promote ROS production. These findings
in endothelial cells are highly consistent with our work in coronary artery smooth
muscle. We found that the potent vasodilatory response to E2 can be converted
into a powerful vasoconstriction due to E2-stimulated superoxide production from
uncoupled nNOS [52]. These studies unmasked a prooxidative effect of E2 on
vascular tissue that completely reversed how arteries normally respond to E2. We
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extended these findings by observing that although E2 relaxed coronary arteries
from healthy pigs under normal conditions, it constricted similar vessels from
diabetic pigs via stimulation of superoxide production [9]. Such an abnormal
vasoconstrictor response due to E2-stimulated ROS production would be expected
if NOS expressed in these ‘‘diabetic’’ vessels existed primarily in the uncoupled
state. In other words, E2 enhances NO production in normal arteries, but generates
ROS in arteries from diabetic animals. In these studies, we found that tempol (an
SOD mimetic) completely prevented E2-induced contraction of coronary arteries
from diabetic animals, thus indicating this abnormal vasoconstrictor response was
mediated by E2-stimulated superoxide production. Taken together, these studies of
endothelium and VSM lend strong support to the idea that uncoupled NOS (i.e.,
both eNOS and nNOS) are potential sources of ROS production in the diabetic
cardiovascular system. Moreover, the fact that E2 is a powerful agonist of
uncoupled NOS suggests a novel mechanism that could contribute to greater
oxidative stress in women with diabetes compared to normal women and diabetic
men. Elevated oxidative stress in diabetic women would be expected to promote
CVD, and could contribute to the observed gender disparity in CHD and other
cardiovascular dysfunction.

Pulmonary hypertension (PAH). There are several features of the pulmonary
circulation that make it rather unique in comparison to other circulatory systems.
For example, the pulmonary vasculature is the only circulation that receives 100 %
of cardiac output. Further, although hypoxia tends to induce vasodilation in the
systemic circulation, the pulmonary circulation responds with vasoconstriction to
shunt perfusion to more well-ventilated areas of the lungs, and thereby promote
efficient gas exchange. Although CVD and hypertension are far more prevalent in
older adults, it is younger adults who are more commonly afflicted with PAH, a
group of diseases characterized by high pulmonary artery pressure and pulmonary
vascular resistance [139]. Interestingly, and in contrast to what is generally true
regarding CVD, there is a female preponderance in the incidence of idiopathic
PAH, with women being diagnosed 2–4 times more often than men [140]. At
present, however, there is no clear explanation as to why more women suffer from
idiopathic PAH compared to their male counterparts. In contrast, there appears to
be much less sexual dimorphism in the incidence of hypoxic PAH.

Formally, PAH is defined as having a sustained mean pulmonary arterial
pressure exceeding 25 mmHg at rest or more than 30 mmHg during exercise
[141]. Progressive elevation of this pressure leads to remodeling of pulmonary
arteries, abnormal vascular function, right ventricular overload, failure, and, ulti-
mately, death [142, 143]. Increased pulmonary arterial resistance results from
enhanced vasoconstriction and proliferation of VSM and endothelial cells, and
therapies often include substances which induce relaxation of pulmonary artery
smooth muscle. Although the etiology of PAH is not completely understood, we
and others have suggested that abnormal function or expression of potassium
channels in pulmonary arterial VSM could contribute to excessive vasoconstriction
in PAH [144–146]. In addition, it is likely that impaired release of vasodilatory
substances (e.g., NO, prostacyclin) or increased production of vasoconstrictors
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(e.g., endothelin-1, thromboxane) from pulmonary vascular endothelium may
contribute to increased pulmonary vascular resistance. Therefore, it appears quite
likely that dysfunction of both VSM and endothelial cells in the pulmonary
circulation contributes to the development of PAH. In summary, evidence indicates
that PAH develops due to an imbalance among vasoconstrictive, proinflammatory,
mitogenic, and thrombogenic factors versus vasodilatory, antimitogenic, and
anticoagulant mechanisms [141].

There is increasing evidence that oxidative stress plays a major role in the
pathogenesis of PAH by enhancing pulmonary arterial resistance via multiple
mechanisms [143]. Oxidative stress is enhanced in the failing right ventricle (but
not in the corresponding left ventricle) in a monocrotaline model of PAH, whereas
ROS scavenging can improve right ventricular systolic function [147]. Other
studies employing a surgical model of persistent PAH of the newborn (PPHN)
indicate increased expression and activity of the NADPH oxidase complex and
uncoupled eNOS in pulmonary arteries [148]. Using a similar model, NO-induced
relaxation of pulmonary artery rings was attenuated in vessels from PPHN ani-
mals, and this depressed relaxation was improved by either tiron (superoxide
scavenger) or L-NAME (NOS inhibitor) [149]. In contrast, relaxation of arteries
from control animals was unaffected by these agents, implicating superoxide
derived from uncoupled NOS as an important mechanism contributing to vaso-
constriction of pulmonary arteries in PAH. Supporting this idea are studies dem-
onstrating that mice deficient in BH4 (hph-1 mice) are prone to developing PAH
even under normoxic conditions, but increasing BH4 synthesis (i.e., promoting
‘‘re-coupling’’ of NOS activity) in endothelium prevented the development of
hypoxia-induced PAH [150]. In addition to NADPH oxidase and uncoupled NOS
as sources of ROS in PAH, XO activity, and superoxide production were enhanced
in a model of hypoxia-induced PAH in neonatal rats, whereas allopurinol pre-
vented the pulmonary vascular remodeling associated with PAH [151]. In sum-
mary, these finding from cardiac and vascular tissue studied in multiple
experimental models of PAH strongly indicate that oxidant stress can play an
etiological role in the development of PAH, and that there are multiple potential
sources of ROS that contribute to this pathogenesis.

At present, it is unclear why more women suffer from idiopathic PAH than men.
As summarized in a recent review [140], it is speculated that this gender disparity
could be related to the influence of sex hormones, increased tendency toward
autoimmune disorders, or possibly environmental factors. To date, most research
has considered a differential effect of gonadal steroids on the pulmonary circula-
tion: E2s could promote PAH while androgens would promote more normal
vascular resistance. However, results have indicated that E2 produces an acute
relaxation effect on pulmonary arteries and can limit hypoxic-induced pulmonary
vasoconstriction by stimulating NO production [152, 153]. Furthermore, female
rodents experience less severe hypoxic PAH compared to males, who are less
resistant to hypoxic PAH [154, 155]. These findings suggest a protective effect of
E2 against the development of hypoxic PAH, and raise the question that testos-
terone might instead promote development of this condition. In contrast, however,
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testosterone relaxes isolated human pulmonary arteries and induces vasodilation in
isolated perfused human lungs (albeit at supraphysiological concentrations) [156].
Therefore, evidence indicates that both E2 and testosterone exert a vasodilatory
effect on pulmonary arteries, making it appear less likely that direct vascular
effects of sex hormones alone could account for the female predilection for idi-
opathic PAH. Nonetheless, there are conflicting studies on how exogenous
estrogens influence the development of PAH. HRT reduced the risk of PAH in
postmenopausal women with systemic sclerosis—an effect which was independent
of autoantibodies [157]. Yet, on the other hand, there is a report of HRT being
associated with onset of PAH in a menopausal woman genetically predisposed to
familial PAH [158], a correlation between postmenopausal HRT and incidence of
PAH [159], and increased risk of idiopathic PAH in women using oral contra-
ceptives [160, 161]. Clearly, more research must be done to identify the mecha-
nism(s) responsible for the gender disparity associated with idiopathic PAH.

PAH is associated with increased oxidative stress in both the heart [147] and lungs
[162], and there is increasing evidence suggesting a link between E2, oxidative
stress, and pulmonary vasoconstriction. For example, isolated perfused lungs from
female rats exhibit a greater vasoconstrictor response to stimulation of thromboxane
receptors than do lungs from males, and this hyper responsiveness was enhanced by
E2 [163]. These studies suggested that E2 could intensify constrictor influences
exerted by arachidonic acid metabolites in the pulmonary circulation. More recent
studies have demonstrated that arachidonic acid produces a greater endothelium-
dependent contraction in rabbit pulmonary arteries from females compared to males,
and that this is contraction mediated by the lipoxygenase metabolite 15-hydrox-
yeicosatetraenoic acid (15-HETE) [139]. Furthermore, treating these pulmonary
arteries with 1 lM E2 increased production of 15-HETE and expression of
15-lipoxygenase. Interestingly, other studies have demonstrated that PAH, hypoxia,
and oxidative stress are associated with increased production of 15-HETE and
related compounds [162, 164]. In addition to these functional studies, 15-HETE has
also been found to attenuate apotosis of pulmonary VSM cells, which could promote
PAH by stimulating vessel remodeling and medial hypertrophy [165]. Thus, there is
increasing evidence that estrogens can enhance vasoconstrictor influences in
pulmonary arteries by stimulating synthesis of vasoactive prostanoids—which can
also generate ROS as byproducts of cyclooxygenase and lipoxygenase activity.
Conversely, arachidonic acid metabolites can stimulate ROS production [166],
setting up a potential positive feedback mechanisms for ROS generation in the
pulmonary vasculature.

Taken together, these findings suggest a potential synergy among E2, ROS, and
arachidonic acid metabolism in pulmonary arteries that could contribute to the higher
incidence of idiopathic PAH in women. In support of this idea are studies indicating
that E2 can directly stimulate activity of the cyclooxygenase 2 (COX-2) isoform in
the mice vasculature, probably via simulation of ERa [167, 168]. Furthermore, we
have demonstrated that indomethacin inhibits E2-induced contraction of pig coro-
nary arteries due to ROS generation, and thereby reverses abnormal vascular reac-
tivity [52]—an effect which could be mediated via hydrogen peroxide-induced
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stimulation of arachidonic acid metabolism [169]. Although further studies are
certainly required to shed further light on the gender disparity associated with idi-
opathic PAH, a greater understanding of how E2 and ROS impact arachidonic acid
metabolism may hold much promise for novel therapeutic approaches to treating this
devastating disease that afflicts more women than men.

15.5 Conclusion

As is usually the case in biomedical research, experimental findings regarding the
role of oxidative stress and CVD in women have led to even more unanswered
questions. This fascinating (and even frustrating) problem is illustrated by our
evolving attitudes regarding how female hormones influence a woman’s cardio-
vascular health. Prior to 2002, HRT was a highly prescribed regimen to help
prevent or reverse age-related declines in cardiovascular function. After 2002,
however, HRT was more rarely employed because of fears associated with
increased risk of cardiovascular and other diseases. More recent evidence and
retrospective analysis has now led to the concept that HRT is a beneficial, and
possibly even protective, option for women during early stages of menopause (i.e.,
10 years or less from onset), but should be increasingly avoided as a woman ages
beyond that time frame. Because E2 exerts an important regulatory influence upon
oxidant balance, it appears likely that oxidative stress may be a key player in
influencing how a woman’s cardiovascular system responds to HRT. Evidence
suggests that during her child-bearing years through early menopause E2 functions
primarily as an anti-oxidant hormone to help protect cardiovascular function. In
contrast, it appears that E2 may gradually exert an increasingly more prooxidant
influence during the postmenopausal years, and could promote dysfunction of the
cardiovascular and other systems. The fact that cardiovascular dysfunction in
diabetes and PAH is more severe for women than men, coupled with the emerging
idea that oxidative stress plays an etiological role in these diseases, supports the
concept that perturbations in oxidative balance can have profound consequences
for women’s health. Future studies will certainly help clarify the complicated
interplay among gonadal steroids, oxidative stress, cardiovascular function, and
gender. In so doing, such studies will help enhance both the quantity and quality of
life for women of all ages.
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Chapter 16
Female Infertility and Free Radicals:
Potential Role in Endometriosis
and Adhesions

Zeynep Alpay Savasan

Abstract Oxidative stress is widely implicated in various forms of reproduction
failure. Postoperative adhesions and endometriosis are the two common conditions
associated with female infertility with several similarities in their development and
clinical behavior. The pathophysiology of both conditions involves peritoneal sur-
face inflammation, tissue healing, and fibrogenesis, in which alterations in oxidative
metabolism appear to be operational. Enhanced free radical generation and/or
decreased scavenging have been shown in the endometriosis and postoperative
adhesion tissues. Interventions targeting oxidative metabolism for the prevention
and treatment of either condition have given mixed results. Studies utilizing con-
temporary methods may shed further light on the involvement of oxidative stress
leading to development of more targeted therapies in these conditions.

Keywords Female infertility � Free radicals � Oxidative stress � Endometriosis �
Postoperative adhesion � Reproduction failure � Tissue healing

Postoperative adhesions and endometriosis are common conditions associated with
female infertility. Both are progressive in nature and they have a tendency to recur
after treatment. The proposed developmental mechanisms of these conditions are
hypothetical and have limitations in helping to establish successful prevention
and/or treatment approaches. In recent years, free radicals have been shown to play
a role in the development of postoperative adhesions and endometriosis. This
review summarizes the possible contribution of free radical metabolism to the
development of these two conditions.
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16.1 Free Radicals and Oxidative Stress

A free radical is an unstable and reactive molecule, which has one or more
unpaired electrons. These molecules are essential for normal cellular function and
immune defense in particular. They act as secondary messengers in signaling
pathways and can help in eliminating microorganisms. Their interaction with
macromolecules may result in damage within the cell through oxidation, and may
lead to mutations or apoptosis. However, cellular antioxidant homeostatic systems
are capable of protecting the cell. The balance between the free radical activity and
the antioxidant systems help to maintain the normal cellular function. The excess
production of free radicals or the lack of or defective antioxidant defense
mechanisms may lead to a state called ‘‘oxidative stress’’. The oxidative stress as a
result of imbalance in the free radical system has been implicated in the
pathophysiology of various processes, such as aging, cataract, rheumatologic,
neurologic, and cardiovascular diseases [1–12].

There are various types of free radicals, which are generated by different
sources and enzyme systems (Table 16.1). Superoxide anions, hydrogen peroxide,
hydroxyl radicals are some of the most common free radicals and are generated
from molecular oxygen (Fig. 16.1). Xanthine oxidase generates superoxide, heme
oxygenase, cyclooxygenase, and lipooxygenase generate hydroxyl and peroxyl
radicals (lipid hydroxyperoxidases) (Fig. 16.1). The scavenger and antioxidant
molecules are either endogenous enzymes and molecules or exogenous
compounds (Table 16.1).

Nitric oxide is one of the important free radicals with a regulatory role. It is
synthesized by endothelial cells and regulates multiple cellular functions, such as
smooth muscle tone, neurotransmission, cell proliferation, apoptosis and
macrophage-mediated cytotoxicity. Nitric oxide is synthesized by a group of
enzymes called nitric oxide synthases (NOS). There are three forms of NOS:
endothelial NOS (eNOS), inducible NOS (iNOS), and neuronal NOS (nNOS).
Nitric oxide is synthesized during conversion of arginine to citrulline (Fig. 16.2).
Nitric oxide synthases catalyze this step and require tetrohydrobiopterin (H4B) and
nicotinamide adenine dinucleotide dihydro phosphate (NADPH) as cofactors. This
process can be inhibited by two methylated arginine analogues; asymmetric
dimethyl arginine (ADMA); and monomethyl arginine (L-NMMA) both of which
are competitive inhibitors of NOS (Fig. 16.2).

16.2 Endometriosis

Endometriosis is a progressive chronic inflammatory disease of female genital
tract. The diagnosis is based on the identification of ectopic endometrial tissue
outside the uterus. Women with endometriosis commonly experience pelvic pain,
dysmenorrhea, dyspareunia, and infertility. Chronic, incapacitating pelvic pain and

316 Z. Alpay Savasan



infertility impact the physical and mental health status, and quality of life
negatively and substantially [13]. There is a good correlation between the stage of
the disease and the painful symptoms. On the contrary, the link between endo-
metriosis and infertility is not clear, but the clinical association is well-accepted
[14]. The accumulating evidence has shown that infertility in endometriosis is
multifactorial and could be associated with free radical metabolism.

Fig. 16.1 Common free radicals generated from molecular oxygen

Fig. 16.2 Nitric oxide
synthesized during
conversion of arginine to
citrulline

Table 16.1 Free radicals and scavenger antioxidants

Free radicals Scavenger antioxidants

•Singlet oxygen •Superoxide dismutase
•Superoxide radical •Catalase
•Hydroxyl radical •Glutathione peroxidase
•Alkoxyl radical •Beta-carotene
•Peroxyl radical •Vitamin A, E, C
•Hydrogen peroxide •Selenium
•Lipid peroxides
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16.3 Pathogenesis of Endometriosis

Similar to normal endometrial tissue, endometriotic implants are hormone-
dependent and they regress in postmenopausal years. Hormone suppression by
contraceptive medications and establishing a pseudopregnancy state help the
regression of the lesions. In some instances, the disease has been shown to occur in
distant sites (abdominal wall, previous scar, genitourinary, gastrointestinal
systems, and thorax) [15–18]. Moreover, there are case reports of male patients
with urogenital endometriosis after high-dose estrogen exposure [19–25].

There are several pathogenetic mechanisms proposed to explain the development
of this disease. Sampson’s theory is one of the earliest proposed mechanisms, which
suggests the peritoneal implantation after menstrual dissemination of endometrial
tissue [26]. These implants can behave similar to eutopic endometrium in each
menstrual cycle. They proliferate with hormonal stimulation and bleed with pro-
gesterone withdrawal. It has been shown that the incidence of endometriosis is
higher in women who have short cycles with longer menstrual flow [27]. Similarly,
patients with mullerian anomalies with outflow tract obstruction have increased
incidence of the disease [28]. Celomic metaplasia is another theory suggesting the
induction of metaplasia in the celomic epithelium which gives rise to peritoneum,
ovarian epithelium (the most common sites), and pleura. Furthermore, menstrual
dissemination of endometrial tissue into the venous circulation may result in
metastatic or embolic endometriosis [29].

Development and survival of endometriosis depend on the new blood vessel
formation. The current literature highlights the fact that neovascularization of
endometriotic lesions is not only driven by angiogenesis, but also involves de novo
formation of microvessels from circulating endothelial progenitor cells which is
also called postnatal vasculogenesis [30]. This is also a characteristic of various
pathogenic processes, such as tumor growth and atherosclerosis, and typically
comprises the activation, mobilization, and recruitment of bone marrow-derived
endothelial progenitor cells to the sites of tissue hypoxia. Review of the recent
studies indicates that up to 37 % of the microvascular endothelium of ectopic
endometrial tissue originates from endothelial progenitor cells [30]. Accordingly,
blockade of endothelial progenitor cells recruitment effectively inhibits the
formation of microvascular networks in developing endometriotic lesions, indi-
cating that vasculogenesis represents an integral part of the pathogenesis of
endometriosis [30].

Additional suggested contribution to the pathogenesis of endometriosis is the
increased adhesive and proliferative potential of endometriotic cells in response
to specific extracellular matrix components. The stronger adhesion potential to
extracellular matrix proteins is mediated partly through integrins. Integrins which
are a class of cell adhesion molecules act as a bridge between cells and
extracellular matrix, such as collagen, fibronectin, or laminin. The alteration of
integrin expression and enhanced metalloproteinase activity have a role in the
development of endometriosis not only by increasing adhesive and proliferative
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properties of endometriotic cells [31] but also by reducing the cellular apoptosis
and hence increasing the survival in the peritoneal cavity [32].

Immunologic response is altered in women with endometriosis. The lympho-
cyte proliferation and T-cell-mediated cytotoxity are decreased, but macrophage
activity is increased in women with endometriosis [33]. Natural killer (NK) cell
activity is also defective in peripheral blood and peritoneal fluid toward both the
autologous and heterologous endometrium [34]. Not only the innate immune
system, but also adaptive immunity is also altered in endometriosis. There is an
increased antibody production due to an alteration in B-lymphocyte function [35].
Moreover, the volume of peritoneal fluid in women with endometriosis is
increased and contains increased amounts of inflammatory cells, angiogenic
factors, cytokines, prostaglandins, and growth factors [36–38]. The patterns of the
immunologic response may differ with the stage of the disease providing evidence
for the immunologic component of the disease progression [38].

16.4 Role of Free Radicals in Endometriosis

Endometriosis is a multifactorial disease and the inflammatory process is the
main component implicated in the pathogenesis. Free radicals and oxidative
stress are closely related to various inflammatory conditions. The pro-inflam-
matory mediators, such as inflammatory cells, cytokines, prostaglandins, growth
factors, and angiogenic factors are increased in the peritoneal fluid of patients
with endometriosis [36–38]. Furthermore, the number of peritoneal macrophages
and their phagocytic activity are significantly increased in this disease [39–42].
Development of several inflammatory conditions, such as arthritis, cardiovascular
and neurologic diseases, inflammatory lung and bowel diseases has been asso-
ciated with free radical metabolism and oxidative stress [5–9, 43–47]. Nitric
oxide production and iNOS expression are increased in peritoneal macrophages
of patients with endometriosis [48], similar to other inflammatory diseases
(synovial macrophages in arthritis, or alveolar macrophages in inflammatory lung
conditions) [6, 9, 45, 49]. Peritoneal content of nitrite and nitrate is also
increased in endometriosis [48]. The peritoneal macrophages of patients with
endometriosis have higher NO and iNOS production than the normal patients
after LPS, interferon-a, and interferon-c stimulation [48]. Moreover, lipid
peroxide concentration, which is a strong chemotaxin for monocytes and inducer
of cytokine secretion is increased both in the peritoneal fluid and the eutopic and
ectopic endometrial tissues of patients with endometriosis [50–53].

Refluxed menstrual debris includes erythrocytes, endometrial cells, apoptotic
cells, and inflammatory cells, which are the proposed potent oxidative stress
inducers. Free iron and heme, if not chelated, have an important role in the free
radical production and are deposited more commonly in the close proximity of the
endometriotic lesions [54]. Severe hemolysis occurring during the development of
endometriosis results in high levels of free heme and iron which can oxidatively
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modify lipids and proteins, leading to cell and DNA damage, and subsequently
fibrosis development [55]. Moreover, oxidative stress contributes to mesothelial
cell damage and enhances the adhesion of the ectopic endometrial cells [56].

There is a link between free radical metabolism and angiogenesis. Alteration of
endometrial eNOS gene expression may be an inducer of angiogenesis [57].
Oxidative stress generated after incubation of endometriotic implants with
minimally oxidized low density lipoprotein, increases the vascular endothelial
growth factor (VEGF) production in an in vitro study [58]. This is mediated by the
glycoprotein called glycodelin, which is increased in oxidative stress [58].
Glycodelin concentrations are elevated in the peritoneal fluid of patients with
endometriosis and this elevation is associated with the severity of menstrual pain
[59]. The role of angiogenetic factors in the invasion and progression of the
endometriotic implants probably through the positive feedback of local oxidative
stress have been demonstrated as potential therapeutic targets both in in vivo and
in vitro studies [60–64].

Oxidative stress related ovulation and implantation abnormalities may result
in infertility in patients with endometriosis. Free radicals are elevated in the
peritoneal and fallopian tube fluid of infertile patients with endometriosis. This can
have an impact on the ovulation, fertilization and even gamete, and embryo
transportation and implantation [57, 65]. Increased NO in the peritoneal fluid of
patients with endometriosis may decrease the oocyte fertilization rate and embryo
development [66]. In a mouse model, when sodium nitroprusside (NO donor) and
peritoneal fluid samples from human patients with endometriosis are used in in
vitro fertilization culture medium, oocyte fertilization, and embryo development
are adversely affected in a dose-dependent manner [66]. Furthermore, NO and
iNOS expressions are increased in the eutopic and ectopic endometrium and the
elevated NO activity in the endometrium may affect the receptivity of endometrium
and reduce fecundity [67]. Alpha (v) beta (3) integrin, which is a uterine receptivity
marker, and eNOS are expressed in endometrial glandular epithelium. They show
similar pattern of expression during the normal menstrual cycle. However, the
expression of the receptivity marker integrin is reduced in the endometrial glan-
dular epithelium during the mid-luteal phase whereas eNOS expression is increased
in patients with endometriosis [68]. Elevated NO production and decreased
alpha (v) beta (3) integrin in the endometrium may contribute to impaired
embryo implantation and development seen in the infertility patients with
endometriosis [69].

The oxidative stress environment induces the secretion of pro-inflammatory
mediators. Moreover, pro-inflammatory mediators such as tumor necrosis factor
(TNF)-a can impair the antioxidant defense systems. Patients with unexplained
recurrent first trimester miscarriages have higher levels of NO, malondialdehyde
(an oxidative stress marker), and TNF-a, but lower levels of antioxidant mediator
production when compared to control patients [70]. TNF-a also plays an important
role in endometrial proliferation and normal menstruation. Elevated TNF-a
concentrations have been reported in the peritoneal fluid of patients with endo-
metriosis. There is also a positive correlation between TNF-a production with the
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progression of the disease [37, 38]. Furthermore, sperm quality is shown to
decrease after TNF-a treatment in a dose and time-dependent manner suggesting
the hampering effect of elevated TNF-a on the sperm quality in the peritoneal fluid
of patients with endometriosis [71].

Local defense mechanisms are also altered in endometriosis. Endometrial
manganese and copper/zinc superoxide dismutase expressions are increased in
women with endometriosis during menstruation [72]. There is an aberrant
expression of glutathione peroxidase and xanthine oxidase in both ectopic and
eutopic endometrium of patients with endometriosis [73, 74]. Furthermore, peri-
toneal fluid from patients with endometriosis has significantly decreased levels of
antioxidant Vitamin E and superoxide dismutase [51–53].

Collectively, the development of endometriosis initially depends on the
attachment and angiogenesis, which lead to cell growth and survival. The additional
factors contributing to the persistence of endometriotic lesions probably include
hormonal imbalance, genetic predisposition, altered immune surveillance, and
oxidative stress. The mediators of inflammatory response, oxidative stress, and
fibrosis are likely involved in the symptoms [55].

16.5 Postoperative Adhesions

Postoperative adhesions occur commonly (50–90 %) after abdominal/pelvic
surgeries [75, 76]. Pelvic adhesions are well-known to cause infertility (15–40 %)
[77, 78], small bowel obstruction (60–70 %) [78], and chronic pelvic pain
(17–24 %) [78–82]. Furthermore, presence of adhesions prolongs the surgery time,
increases the risk of iatrogenic injuries and makes future surgeries difficult or even
sometimes impossible [83, 84]. Adhesions can recur and progress after repetitive
and even corrective surgeries. The most important risk factor for adhesion
development is the type of surgery and the extent of peritoneal damage. Surgeries
of the colon and rectum have higher risk of adhesion development and related
complications than the surgeries of small bowel, appendix, or gallbladder [85].
The highest incidence for adhesion-related complication is reported after total
colectomy with ileal-pouch-anal anastomosis as 19.3 %. Other high risk surgeries
include gynecologic surgeries and open colectomy with a risk of 11.1 and 9.5 %;
respectively. Additional possible risk factors for adhesion development are age
younger than 60 years, previous laparotomy within 5 years, peritonitis, multiple
laparotomies, emergency surgeries, omental resection, and penetrating abdominal
trauma especially gunshot wounds [86–89]. In general, open surgeries with
exception of appendectomy, have a higher risk for development of adhesions than
laparoscopic interventions [90].
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16.6 Pathogenesis of Postoperative Adhesions

Adhesion is a non-anatomical fibrinous tissue extending between anatomical
spaces. An insult to a normal tissue is the triggering factor in the development of
adhesion. This insult is usually a direct surgical trauma to the peritoneal surface,
but it could also be an infection, inflammation, or hypoxia-mediated injury.

Normal peritoneum is lined by a mesothelial cell layer. Under this layer there
are fibroblasts, macrophages, and extracellular matrix (collagen, glycoprotein).
This layer also includes blood vessels and lymphatics. An insult to the area triggers
a local release of histamine and kinins, which results in an increase in the capillary
leak of fibrin-rich exudate and covers the denuded tissue. Fibrin gel matrix forms
in this exudate and produces fibrinous bands between the injured tissues. In the
meantime, fibrinolytic activity starts to lyse and remodel the fibrinous bands. If the
remodeling is defective or if there is an imbalance between fibrin deposition and
degradation process, adhesions develop. The proliferating fibroblasts invade the
formed fibrinous bands and deposit collagen to form the adhesion tissue. If the
process continues, angiogenesis takes over and the adhesion tissue becomes
vascularized (Fig. 16.3).

Hypoxia and ischemic insult have been proposed as the strongest contributory
factors in the postoperative adhesion development. The abdominal peritoneum has
a protective fibrinolytic activity which is essential in the normal healing process.
Mesothelial cell layer and the peritoneal fibroblasts have two enzyme activities;
tissue plasminogen activator (tPA) which is the tissue modeling enzyme that
degrades fibrin into soluble degradation products and plasminogen activator
inhibitor type-1 (PAI-1) which is the regulatory enzyme of tPA activity [91, 92].
The two enzyme systems have a delicate balance for the normal healing process.
This balance has been shown to be defective in the adhesion tissue. Adhesion
fibroblasts have higher PAI-1 activity than the normal peritoneal fibroblasts [91].
The hypoxic environment increases PAI-1 activity in both adhesion and normal
peritoneal fibroblasts supporting the adverse effect of ischemia on the protective
fibrinolytic system. There is a decrease in tPA activity during surgery, suggesting
the depression of peritoneal fibrinolysis [93, 94]. The balance between two systems
is indicated by the ratio between tPA:PAI-1. This ratio is significantly higher in
normal peritoneal fibroblasts than the adhesion tissue fibroblasts [91]. The hypoxic
environment has been shown to be the main inducer of this imbalance by decreasing
this ratio in normal and adhesion fibroblasts (90 vs 98 %; respectively) [91]. Fur-
thermore, these markers have been proposed as preoperative predictors for the
postoperative adhesion development. There is a strong correlation between pre-
operative plasma concentrations of PAI-1 and the extent of postoperative adhesion
development [95]. The modulators of this system have been studied extensively to
prevent the postoperative adhesion development [96–100].

Extracellular matrix regulators are the other important factors involved in the
normal healing process. Matrix metalloproteinases (MMP) are the proteolytic
enzymes of the extracellular matrix and their regulators are tissue inhibitors of
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metalloproteinases (TIMP). Similar to fibrinolytic system, there is a balance
between these two counteracting enzymes for a normal extracellular tissue mod-
eling and healing. Hypoxia can adversely affect this balance resulting an inhibition
in MMP and enhancement in TIMP activity leading to fibrosis [101, 102].

Inflammation is one of the main inducers of defective tissue healing and adhe-
sion development [103]. The pro-inflammatory cytokines and mediators have been
shown to be elevated in adhesion tissue. Transforming growth factor (TGF)-b1 and
TGF- b3 levels are increased in adhesion fibroblasts [104]. Moreover, TGF- b1
expression increases under hypoxic conditions and results in elevation in both PAI-
1 and plasminogen activator activity [105]. It is important to mention that amniotic
membrane, which is a well-studied anti-inflammatory graft in many fields promotes
re-epithelization and its use has been proposed as a potential adhesion preventing
method [106, 107].

Normal peritoneal and adhesion fibroblasts and their characteristics have been
studied extensively [108–113] to understand the pathophysiology of adhesion
development. Accumulating evidence shows that they have different phenotypes
and cellular responses [108–113]. Hypoxia treatment changes the cellular
characteristics of normal peritoneal fibroblasts into the adhesion fibroblasts sup-
porting the role of hypoxia in the cellular differentiation and adhesion develop-
ment [109–112].

Fig. 16.3 Pathophysiology of adhesion development
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Alterations in immunologic system have been detected in adhesion tissue.
Cell surface immunologic marker expressions and immune responses differ in
normal peritoneal fibroblasts and adhesion tissue fibroblasts [108, 109, 113].
Adhesion tissue fibroblasts are more susceptible to lymphokine-activated killer
(LAK) cell elimination than the normal fibroblasts, suggesting a possible impaired
natural immune response in adhesion development [108]. Hypoxia treatment also
alters the in vitro immune response in normal peritoneal fibroblasts. LAK cell
elimination of hypoxia-treated normal peritoneal fibroblasts is enhanced similar to
adhesion fibroblasts [109]. Moreover, natural killer-T (NKT) cell deficient mice
are resistant to adhesion development, whereas reconstitution of NKT cells results
in the development of severe adhesions [114]. Supporting the role of immuno-
logical mechanisms in the pathogenesis of adhesion development, expression of
NKG2D receptors which play a fundamental role in the NK cell elimination and
cytotoxicity were found to be 20 % lower in adhesion fibroblasts compared to
normal peritoneal fibroblasts [113].

16.7 Free Radicals in Postoperative Adhesion

Ischemia/reperfusion process has been implicated in pathophysiology of several
diseases. Local free radical and oxidative stress generation after ischemia/reper-
fusion plays an important role in adhesion development supported by the
overproduction of free radicals and lack of scavenger mediators [115].
The administration of free radical scavengers have been shown to decrease the
adhesion formation [116]. Hypoxic insult (direct tissue trauma, damaged vascular
supply, and hypoxic damage by pneumoperitoneum) and hyperoxic environment
during surgery (room air exposure in laparotomy) have been proposed as the
triggering factors for excessive free radical production [117].

The carbon dioxide (CO2) gas used to generate pneumoperitoneum can result
in mesothelial cell trauma by causing a hypoxic, hypercarbic, and acidotic
environment [118, 119]. The antioxidant and scavenger levels significantly
decrease by the pneumoperitoneum in a dose and time related manner [120]. It
has been demonstrated that the shorter the time of exposure to the gas, the lower
the incidence of adhesion development [121]. Similarly, helium gas can generate
the same unfavorable environment with an increase in oxidative stress and a
decrease in the scavengers [122]. Although, any approach to the abdominal
cavity (laparotomy, laparoscopy, or minilaparotomy) can cause trauma and
hypoxic damage and increase local inflammatory response, some investigators
believe that laparoscopic surgery can prevent postoperative adhesion formation.
The free radical production and inflammatory reaction have been shown to
increase more after minilaparotomy and full laparatomy than laparoscopy.
Laparoscopy has also been shown to preserve systemic immune function [123].
Furthermore, microlaparoscopy has been shown to result in a more favorable
environment with shorter and lesser exposure of CO2 gas than the conventional
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laparoscopy. The scavenger levels remain significantly higher resulting in lower
incidence of postoperative adhesions [121]. Additionally, in animal experiments,
administration of oxygen to the pneumoperitoneum environment (CO2 or helium)
or application of assisted ventilation and providing supplemental systemic oxygen
helped to prevent adhesion development supporting the hypoxia-mediated mech-
anisms in the adhesion formation [124, 125].

Nitric oxide is an important counter-regulatory mediator of free radical
metabolism in fibrosis formation. It inhibits collagen synthesis, proline hydrox-
ylation, and elastase activity [126]. It also induces myofibroblast apoptosis,
enhances fibrinolysis, collagenolysis, and TGF-b production [127]. Elevated NO
levels inhibit free radical-mediated collagen synthesis through fibrinolysis [128].
Moreover, NO has been shown to decrease excessive collagen deposition [126,
129, 130]. Normal peritoneal fibroblasts contain higher levels of NO than the
adhesion fibroblasts [131]. Low NO levels in adhesion fibroblasts are associated
with increased extracellular matrix and collagen type I production with an increase
in fibrosis. Furthermore, hypoxia treatment decreases NO secretion in normal
fibroblast similar to adhesion phenotype [131]. Inducible-NOS gene and protein
levels are affected after hypoxia treatment in normal fibroblasts promoting the
adhesion phenotype and fibrosis. Moreover, administration of iNOS inhibitors
induces fibrosis [112, 115–121, 124–126, 129, 130, 132–134].

The majority of the adhesion preventing agents has anti-inflammatory and
antioxidant potentials. Neurokinin-1 receptor (Substance P) is a known leukocyte
recruiter and free radical generator. Neurokinin-1 receptor antagonist adminis-
tration has been shown to reduce adhesion development by reducing peritoneal
tissue oxidative stress markers, such as 8-isoprostane, protein carbonyl, NADPH
oxidase, myeloperoxidase mRNA, increasing antioxidant mediators, and inhibiting
neutrophil recruitment in the peritoneal fluid of an animal model [135]. Similarly,
intraabdominal methylene blue administration decreases the incidence of adhesion
development by increasing antioxidant mediators and peritoneal fibrinolytic
activity by inhibiting NADPH oxidase (98 %) and myeloperoxidase (78 %)
activity [136]. Furthermore, intraperitoneal administration of melatonin decreases
the extent of peritoneal adhesions by lowering the malondialdehyde and NO
concentrations and increasing the reduced glutathione concentrations in the mice
peritoneal tissues [137]. Additionally, there is a reduction in the adhesion for-
mation after oral supplements of vitamin E in rats [138]. However, this effect of
vitamin E was shown on adhesions developed after scraping of the caecum with
mesh gauze, but the same effect was not seen on the adhesions developed after
denuding the serous surface of the uterus [139]. The difference in this observed
effect could be explained by a possible target tissue or dose-related generation of
free radicals and antioxidants.

Intraabdominal influx of neutrophils after surgical peritoneal trauma plays an
important role in postoperative adhesion formation. Preventing the intraabdominal
influx of neutrophils in the early postoperative inflammatory reaction by antine-
utrophil serum and increasing antioxidant and free radical scavengers by super-
oxide dismutase, catalase, and mannitol, to scavenge the superoxide, hydrogen
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peroxide, and hydroxyl radicals, respectively have been shown to decrease post-
operative adhesion development supporting inflammatory and oxidative stress-
related nature of the process [140].

Several adhesion preventive techniques and materials have been accepted and
used by many surgeons. There are conflicting results in the literature on the
efficacy of these preventive measures in reducing the incidence of adhesion
development [65, 141]. The inconsistent conclusions in the studies and failure of
not establishing the optimal preventive modality could be explained by the limited
understanding of the pathophysiology of the process. Determination of alterations
in the defense and immunologic systems and healing processes of patients who
have adhesions is critical to understanding the adhesion development. This will be
a pivotal contribution to the improvement of the preventive measures and
adhesion-related complications.

16.8 Conclusion

Enhanced free radical production and subsequent oxidative stress has been shown
to have a central role in endometriosis and postoperative adhesion development.
The similarities between these two conditions further support the involvement of
common mechanistic pathways. Although the initiation process and triggering
stimuli could be different, there appear to be shared factors contributing to the
predisposition and persistence. It is possible that free radical metabolism could be
the most important central player in these two complicated and debilitating
diseases of the reproductive medicine. Further research involving free radical
metabolism in the field of endometriosis and postoperative adhesions will poten-
tially help to answer some of the fundamental questions.
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Chapter 17
Impact of Life Style Factors
on Oxidative Stress

Peter T. Campbell

Abstract There are convincing epidemiologic data to support the role of increased
physical activity and exercise with reduced risks of various chronic diseases,
including cardiovascular disease, certain cancers, type 2 diabetes mellitus (T2DM),
and osteoporosis. Reversing global population trends in physical inactivity is
therefore a major public health priority. Better understandings of the biologic
mechanisms that link sedentary lifestyle to poor health are needed to refine and
support physical activity guidelines. Traditionally, the underlying mechanisms that
have been proposed to link physical inactivity to various disease outcomes have been
disease specific. For example, reduced circulating estrogens are often cited as one
mechanism that links physical activity to reduced risk of breast cancer; in parallel,
reduced insulin and insulin like growth factors are regularly offered to explain the
link between physical activity and colon cancer. More recently, data are emerging to
suggest that persistent physical activity may decrease resting levels of oxidative
stress. At first, this connection may seem paradoxical since acute exercise transiently
increases local and systemic oxidative stress levels.This paradox is resolved by the
concept of hormesis: low-to-moderate level of reactant species that form during non-
exhaustive exercise may lead to adaptations in the antioxidant defense system.
Whether reduced resting levels of oxidative stress further translate to reduced risks of
chronic disease is another emerging research question. While some studies support a
connection between oxidative stress and chronic disease, prospective and well-
powered studies are still relatively rare.
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17.1 Introduction

Physical inactivity is the fourth leading cause of mortality worldwide, accounting
for 6 % of all deaths [1]. Physical inactivity is associated with increased risks of:
atherosclerotic cardiovascular diseases (CVD), including coronary artery disease,
stroke, hypertension, angina, and heart attack; cancers of the breast, colon and
endometrium; metabolic diseases, including type 2 diabetes mellitus (T2DM) and
obesity; and poor bone health outcomes, such as osteoporosis and fracture.
Increasing population levels of physical activity is therefore a major public
health priority [2–7]. As part of the evidence base to help establish and support
public health guidelines for physical activity, better understanding is needed for
the mechanistic links between physical activity and reduced risks of mortality
and morbidity. One potential link, in this regard, is oxidative stress: physical
activity may lead to physiological adaptations that decrease resting levels of
oxidative stress and subsequently decrease risk of illness, chronic disease, and
death.

Oxidative stress occurs when the production of reactive species, derived largely
from oxygen and nitrogen, exceeds degradation by the antioxidant defense and
specialized repair systems. The ensuing damage to DNA, protein, and lipid has
been implicated in a wide variety of diseases and conditions, including many of the
same diseases and conditions associated with physical inactivity. Until recently,
measurement of oxidative stress in humans was hindered by a lack of sensitive,
specific, and reliable methods to assess oxidative stress in vivo: this limitation has
been overcome in recent years by the discovery and refined measurement, largely
via mass spectrometric-based technologies, of F2-isoprostanes. F2-isoprostanes are
a family of isomeric F2-prostaglandin–like compounds, derived from free radical–
catalyzed peroxidation of arachidonic acid. This review will focus mostly on F2-
isoprostanes, a specific marker of lipid peroxidation and a general marker of
oxidative stress, because of findings from a multi-institutional National Institutes
of Health-sponsored validation study that reported that these compounds were the
gold standard measurement of in vivo oxidative stress [8]. Where the literature on
F2-isoprostanes and certain outcomes is sparse or nonexistent, other markers that
correlate with F2-isoprostanes will be discussed, as needed.

Throughout this chapter, the focus on oxidative stress will take an epidemiol-
ogic, or public health, and biomarker perspective: A biomarker is defined as an
objectively measured biologic characteristic that indicates a normal biological
process, a pathologic process, or a response to a physiologic or pharmacologic
intervention [9, 10]. In this respect, a biomarker of oxidative stress may be defined
as a molecule whose structure can be modified by reactant species [10, 11]. In the
context of physical activity, oxidative stress biomarkers can serve as indicators of
acute exposure to exercise or they can serve as biomarkers of training adaptation to
long-term exercise programs or to physically active lifestyles. Similarly, with
respect to chronic disease, oxidative stress biomarkers may be often used as
predictors of future disease risk, although data of this sort are still quite rare with
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respect to F2-isoprostanes. Ultimately, two major goals of oxidative stress bio-
marker research as it relates to public health are to aid in the identification of
persons at increased risk for morbidity/mortality and to identify safe and effective
intervention methods to reduce oxidative stress levels, including effective lifestyle
modification, perhaps through enhanced physical activity.

In this chapter, the interconnectedness of physical activity, oxidative stress and
chronic disease will be reviewed, primarily as they relate to initially asymptom-
atic—or apparently healthy—individuals. The first part of this review gives an
overview, largely from seminal papers, meta analyses and expert consensus panel
reviews, concerning the associations of physical activity, exercise, and physical
fitness with risk of CVD, certain cancers, T2DM, and bone health; in the second
section, the effects of exercise on oxidative stress will be reviewed; and in the third
section, the associations of oxidative stress with risk of CVD, certain cancers,
T2DM, and bone health will be reviewed, where relevant studies are available.
This chapter will conclude with a summary and highlights of some of the key
issues surrounding physical activity, oxidative stress, and chronic disease. The
underlying hypothesis to be pursued in this chapter is that oxidative stress, as
measured by the gold standard of F2-isoprostanes, is one of the links between
physical inactivity and poor health outcomes (Fig. 17.1).

Fig. 17.1 Conceptual framework for the relationship of physical activity, oxidative stress, and
chronic disease. 1 Physical activity: all leisure and nonleisure body movements resulting in an
increased energy output from the resting condition [12]. 2 Exercise: structured and repetitive
physical activity designed to maintain or improve physical fitness [12]. 3 Physical fitness: a
physiological state of well-being that allows one to meet the demands of daily living or that
provides the basis for sport performance, or both [12]. 4 Oxidative stress has several definitions
including: (a) a disturbance in the prooxidant/antioxidant balance in favor of the former which
may lead to tissue damage [13], (b) a serious imbalance between prooxidant reactive oxygen
species (ROS), reactive nitrogen species (RNS), reactive chorine species (RCS) and antioxidant
defenses [14], (c) an imbalance in pro-oxidants and antioxidants, which results in macromo-
lecular damage and disruption of redox signaling and control [15]. Dashed line indicates
emerging evidence. Solid line indicates convincing associations
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17.1.1 Physical Activity, Exercise, Fitness, and Risk
of Cardiovascular Disease

The seminal work of Morris and colleagues in the early-1950s provided the first
evidence that occupational physical activity was associated with reduced risk of
coronary heart disease and all-cause mortality [16–18]. Morris and his colleagues
began to track heart disease rates among male transport workers in London,
England in 1949 after observing that bus, tram and trolley drivers sat for about
90% of their working hours while conductors climbed 500-to-750 stairs per shift.
Their first data indicated that the sedentary drivers experienced higher incidence
rates of fatal and nonfatal coronary heart disease [18]. These observations were
replicated within the same publication by comparing active postal carriers to their
less active supervisors and telephone operators [18].

The majority of studies on occupational physical activity, including seminal
studies of longshoremen in the United States [19, 20], have agreed with these
initial findings that men who engage in the most physically demanding occupa-
tions experience about one-half the risk of CVD and premature death than do their
sedentary peers (for detailed review, see [21]).

Industrialization has rendered occupational physical activity increasingly rarer
and more difficult to study. Additionally, there is a potential concern of self-
selection, and the related healthy worker effect, with occupational physical activity
studies. Workers who choose to engage in physically demanding occupations may
be in better overall health at the onset of their jobs than their sedentary colleagues
and the population from which they were drawn in general.

To counteract the inherent limitations in studies of occupational physical activity,
leisure time physical activity is now most-often studied. Morris and colleagues in 1973
were again among the first to report on this topic [22]. In a prospective study of 16,882
male civil servants who would have been largely sedentary at work, the authors
reported that men who engaged in regular vigorous leisure time activity (‘swimming’
and ‘getting about quickly’ were offered as examples) compared with men who were
sedentary during leisure time had about 1/3 the risk of developing coronary artery
disease [22]. At about the same time in the United States, Paffenbarger and colleagues
began to publish results from the College Alumni Study. In a 1978 study, Paffenbarger
and co-authors quantified physical activity as low (less than 2000 kcal/week) or high
(more than 2000 kcal/week): men in the low activity group were at 64% higher risk of a
first heart attack than were men in the more active group [23]. These findings were
among the first to empirically support the health benefits of lifelong physical activity.

While early studies were remarkably consistent in their findings of increased
physical activity and reduced risk of CVD, one limitation to this evidence base was
a lack of studies on direct physical fitness measures. Physical activity and fitness
are clearly correlated; however, one might expect aerobic fitness to be a more
accurate indicator of disease risk since it is objectively measured. In perhaps the
first study to address this gap, in an early study of railroad workers in the United
States, the least-fit quartile of men relative to the most-fit quartile of men,
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evaluated by heart rate response to submaximal exercise, was about twice as likely
to develop CVD during follow-up [24, 25].

Even more compelling results have been reported from the aerobics center
longitudinal study (ACLS) where physical fitness was measured among men and
women by a gold standard maximal treadmill exercise test [26]. The least-fit com-
pared with the most-fit quartiles of men and women were at 3.4-fold and 4.7-fold,
respectively, increased risks of death from any cause, mostly from CVD and cancer.
More recent work from the ACLS has better defined the dose–response relationship
between fitness and mortality: compared to the least-fit quintile, the second least-fit

quintile had about 1=2 the risk of death and the most-fit quintile had about 1=4 the risk
of death during follow-up [27]. Perhaps one of the largest advantages to a greater
number of participants with direct fitness measures, in this context, is that it allows
for examination of multiple rarer outcomes, such as specific types of CVD or cancer.

The relevance of musculoskeletal health was examined in a Canadian study of
8,116 adults with 13 years of follow-up [28]. In this study, musculoskeletal health
was defined from sit ups, push ups, grip strength, and trunk flexibility. After
adjustment for other relevant variables, only sit ups were predictive of future
mortality in men and women. Relative to the immense amount of research on
cardiovascular fitness and physical activity, the importance of musculoskeletal
health on CVD and all-cause mortality is probably underappreciated.

In recent years, meta analyses of the links between physical activity and chronic
disease have flourished as a means to systematically and quantitatively summarize
research findings. As an example, a recent meta-analysis of walking and coronary
artery disease identified 12 prospective studies with a total of 295,177 participants
and 7,094 coronary artery disease events [29]. The results from this study indicated
that 30 min of walking per day for 5 days per week was associated with a 19 %
reduced risk of coronary artery disease, with evidence of a dose–response rela-
tionship. Similarly, another large meta-analysis of total leisure time physical
activity, based on 26 studies, reported that moderate and high levels of leisure time
physical activity were associated with 12 and 27 %, respectively, reduced risks of
coronary artery disease [30].

Risk of stroke, too, has been assessed in meta analyses with physical activity
[31, 32]. In a recent study, Wendel-Vos and colleagues [32] reported that moderate
intensity occupational and leisure time physical activity, relative to being seden-
tary, reduced risks of total stroke by 36 and 15 %, respectively. Other meta
analyses have summarized the effects of walking [33] and aerobic exercise [34]
interventions on blood pressure from randomized, controlled trials. Both meta
analyses [33, 34] reported beneficial effects of exercise intervention on resting
blood pressure; a study by Whelton and colleagues reported a reduction in mean
systolic and diastolic blood pressures of 3.84 and 2.58 mm Hg, respectively, for
exercisers compared to nonexercisers [34]. In summary, there is incontrovertible
evidence that physical activity, exercise, and aerobic fitness are associated with
reduced risks of CVD, including coronary heart disease and heart attack, stroke,
and hypertension.
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17.1.2 Physical Activity, Fitness and Risk of Colorectal, Breast,
and Endometrial Cancers

Physical activity is associated with reduced risk of cancer at several organ sites,
particularly the colon, breast, and endometrium [35–38]. A 2007 expert report con-
cluded that the evidence for a reduction in colon cancer risk with increasing physical
activity was ‘convincing’ while the comparable level of evidence for cancers of the
breast (post-menopausal) and endometrium were considered ‘probable’ [38].

Studies show a consistent reduction in risk of colon, but not rectal, cancer with
increasing levels of physical activity [35, 39]. Even more compellingly, these
associations have been observed across diverse populations and with many dif-
ferent measurements of physical activity. A 2005 meta-analysis of 19 cohort and
30 case-control studies summarized the associations of physical inactivity with
risks of colon and rectal cancers [39]: among men, the summary estimates from
cohort studies suggested 21% (occupational) and 22% (leisure time) reductions in
colon cancer risk for high relative to low physical activity levels. Among women,
the summary risk estimate from cohort studies suggested a 29% risk reduction for
high versus low leisure time physical activity. There were no associations between
physical activity and rectal cancer risk [39]. A more recent meta-analysis con-
firmed these findings and restricted analysis to leisure time physical activity only
[35]: these authors reported summary relative risks from 14 articles, including data
from 7,873 incident cases, of 0.80 for men and 0.86 for women when comparing
highest versus lowest levels of leisure time physical activity and risk of colon
cancer. Much like the previous meta-analysis, leisure time physical activity was
not associated with risk of rectal cancer. Slattery and colleagues estimated that
14% of colon cancer may be caused by physical inactivity alone [40].

Studies of the association between physical activity and breast cancer risk have
been fairly consistent and are suggestive of an overall inverse association, although
the results are not as clear as the results for colon cancer. This ambiguity is partially
clarified when results are stratified by menopausal status [38]. There is little
empirical support that physical activity may protect against risk of premenopausal
breast cancer, although many studies have been conducted; however, there is some
evidence for a dose–response association between physical activity and reduced risk
of postmenopausal breast cancer, albeit with a few inconsistencies [38]. A recent
meta-analysis attempted to summarize data on this potential association, but because
of considerable statistical and methodological differences among studies the authors
did not summarize the results using traditional meta analytic techniques [41].
Instead, the authors took into consideration study quality and conducted a ‘best-
evidence synthesis’ of 19 cohort and 29 case-control studies: they reported an inverse
association between physical activity and postmenopausal breast cancer, ranging
from 20 to 80 %, and they also concluded that there was limited evidence for an
association with premenopausal breast cancer. A more recent report from the Nurses’
Health Study, with 20 years of follow-up and 4,782 breast cancer cases, confirmed
that increased physical activity, including brisk walking, was associated with
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reduced risk of postmenopausal breast cancer [42]. To date, the available evidence
suggests that increased physical activity is associated with reduced risk of post-
menopausal, and not premenopausal, breast cancer. There is little empirical evidence
to explain this discordant association by menopausal status, although the relative
contribution of adipose tissue to sex steroid synthesis in the postmenopausal period
(high contribution) compared to the premenopausal period (low contribution) has
been suggested as one potential explanation.

Endometrial cancer starts in the inner lining of the uterus; these malignancies are
less common than colorectal or breast cancers [43] and they generally have a good
prognosis. The ‘probable’ level of evidence identified by a 2007 expert report for the
link between leisure time physical activity and endometrial cancer was largely based
on case-control studies; in this expert report, high versus low physical activity was
associated with an average 35% reduced risk of endometrial cancer [38]. Limitations
to case-control studies include the potential for recall and survival biases; thus,
prospective data are preferred when available. Indeed, more recent work from a
meta-analysis of five prospective cohort studies, which included data from 2,663
endometrial cancer cases, found that more active relative to less active women
experienced about a 30% lower risk of endometrial cancer [37].

Studies on physical fitness and primary cancer prevention are rare. While some
studies have shown results between physical fitness and an ‘all-cancer’ outcome,
these types of studies are less favorable because of the broad disease heterogeneity
across various organ systems. Studies from the ACLS are an exception [44-47]. In
a comparison of the highest 20th percentile of cardiorespiratory fitness to the
lowest 20th percentile among men in the ACLS, risk of colon and rectal cancer
mortality was reduced by 39% and 52%, respectively, although the latter estimate
was not statistically significant [47]. Breast cancer mortality among women in the
ACLS has been examined, too: the highest 40th percentile of cardiorespiratory
fitness, relative to the lowest 20th percentile, experienced a 65% reduced risk of
dying from breast cancer [46]. In both studies, these associations were independent
of many potential confounders. There is a paucity of data on physical fitness and
risk of the less common cancer sites, including the endometrium.

17.1.3 Physical Activity, Physical Fitness, and Risk of T2DM

Even when obesity is taken into consideration, there is ample evidence to support
an independent association of physical activity and physical fitness with decreased
risk of incident T2DM. Indeed, of the 20 prospective studies identified in a recent
comprehensive review that examined the dose–response relationship of physical
activity and fitness with risk of T2DM, all 20 identified an inverse association; on
average, the risk reduction was 42 % for the most active relative to the least active
study participants [21]. One of the earlier seminal studies to contribute to this
knowledge-base used prospective data from 21,271 male physicians who were
followed for an incident diagnosis of T2DM for 5 years [48]: men who exercised
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five or more times per week, relative to inactive men, had a 42% reduced risk of
developing T2DM and the association was independent of body mass index.
Similar results for women were published at about the same time [49]: during 8
years of follow-up, 1,303 T2DM cases were identified among a prospective study
of 87,253 women. Women who were vigorously active at least one day per week
had an age-adjusted relative risk for T2DM of 0.67 compared with women who did
not exercise regularly. Adjustment for body-mass index attenuated the results
somewhat (RR: 0.84) but they remained statistically significant, suggesting that the
impact of physical activity on T2DM is partially, but not completely, dependent on
its effects on reducing body fatness.

In a recent prospective study from Canada, Katzmarzyk and colleagues identified
adiposity measures and physical fitness (musculoskeletal fitness and cardiorespiratory
fitness) to be important predictors of T2DM over 15.5 years offollow-up time. Risks of
T2DM were 70 and 61 % lower for each standard deviation increase in cardiorespi-
ratory fitness and musculoskeletal fitness, respectively [50]. An earlier study from the
ACLS similarly reported almost 2 and 4-fold increased risks of impaired fasting
glucose and T2DM, respectively, among men in the least fit 20th percentile of car-
diorespiratory fitness relative to men in the most fit 60th percentile. It is clear that
physical activity and fitness are associated with reduced risk of incident T2DM.

17.1.4 Physical Activity, Exercise, Physical Fitness
and Bone Health

There is little doubt that physical activity has positive effects on bone health,
including increased bone mineral density and reduced risk of fracture. Studies of
osteoporosis are rarer, however, but they are still in agreement. High impact and load
bearing physical activities appear to confer the most benefits to bone health, likely
because these types of dynamic activities are sufficient to induce osteogenesis [51, 52].
Meta analyses of randomized, controlled trials among pre- and post-menopausal
women generally suggest that exercise interventions, including walking, step training,
and resistance training, increase bone mineral density at the spine and femoral neck by
a few percentage points [52–58]. These findings are largely in agreement with expert
panel recommendations [59, 60] and a recent comprehensive review [18]. Although
exercise interventions may decrease or reverse about 1 % of bone loss per year among
older people [18], it has been debated as to whether this amount of bone preservation is
clinically meaningful [61].

Risk of falling is reduced by physical activity intervention although it is unclear if
the mechanism is through improved bone mineral density or through improved
musculoskeletal and neuromuscular fitness: a 2005 meta-analysis of exercise inter-
ventions among the elderly indicated a 30% reduced risk of falling [62]. Similarly, a
more recent meta-analysis of randomized, controlled trials suggested that exercise-
alone interventions were about five-fold more effective at preventing falls than were
multifactorial interventions, including those with drug therapy [63]. In line with
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these findings, moderate-to-vigorous physical activity from prospective cohort
studies has been shown to reduce risk of hip fracture—by 45% in women and 38% in
men [61]-and to prevent risk of incident osteoporosis [64, 65], although these data are
more limited and restricted to cross-sectional [64] or case control studies [65] only.

17.1.5 Physical Activity, Physical Fitness, Exercise,
and Oxidative Stress: Introduction

Physical activity and exercise clearly have a multitude of beneficial effects for
physical and psychological health in young and older individuals. Exercise, how-
ever, especially when done strenuously, is associated with increased production of
reactive oxygen and nitrogen species which are able to consume endogenous anti-
oxidants and damage biological molecules and key cellular components [66, 67].
During exercise, whole body oxygen consumption can increase 10–15-fold and local
oxygen consumption in working muscles can increase 100–200-fold, thus tem-
porarily and dramatically increasing the rate of mitochondrial production of reac-
tants species, most notably superoxide ions from complexes 1 and 3 of the
mitochondrial electron transport chain [68]. Superoxide, in turn, can dismutate to
create hydrogen peroxide. Hydrogen peroxide, in the presence of transition metals
such as iron and copper, can create the hydroxyl radical. Hydroxyl radicals are
generally assumed to be the most damaging and reactive species; they react with
biomolecules in close proximity to where they were formed [68]. Reactant species
produce a number of lesions in DNA, including base lesions, sugar lesions, DNA–
protein cross links, single strand breaks, and double-strand breaks, as well as damage
to lipids and protein [69–71]. While it is well-appreciated that excessive radical
production is harmful, it is now becoming better appreciated that moderate levels of
reactive species are essential for normal cellular signaling, co-ordination of gene
expression, remodeling/adaptation, and modulation of force production during
exercise [68, 72]. Indeed, the concept of hormesis has been often used to describe
how exercise elicits an adaptive response of cells and organisms to a moderate,
usually periodic, stressor [73]. In this section, the effect of acute and chronic exercise
on F2-isoprostane levels will be reviewed; where studies of other markers of oxi-
dative stress offer particularly compelling findings, they too will be discussed. More
detail on this topic, especially relating to the formation and measurement of F2-
isoprostanes, is offered elsewhere in a recent excellent review article [74].

17.1.6 Acute and Chronic Exercise and Oxidative Stress:
Evidence From Laboratory Animals

Much of the evidence for a link between exercise and biomarkers of oxidative stress,
including measures of F2-isoprostanes, comes from studies in experimental animals.
A three-day intensive 58 km run in sled dogs yielded significant increases in
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F2-isoprostanes on each of the 3 days of exercise relative to control dogs (rested) and
a concomitant decrease in endogenous antioxidants [75], suggesting that acute and
intense exercise increases lipid peroxidation in dogs. Acute and intense exercise
(90 min, 32 m per minute, 8� grade—considered as near maximal effort) was also
sufficient to dramatically increase plasma F2-isoprostanes immediately postexercise
(977 pg ml) compared with resting values (654 pg ml) and the values essentially
returned to normal 24 h postexercise (753 pg ml); the increased oxidative stress
occurred in concert with increased corticosterone, a general marker of the stress
response and key glucocorticoid, and was observed to induce apoptosis of T lym-
phocytes in the large and small bowel [76]. In summary, acute and intense exercise
can clearly increase F2-isoprostanes in experimental animals.

Ten weeks of treadmill training in rats (training progressed to 60 min per day,
5 days per week, at 70 % VO2peak) decreased resting values of F2-isoprostanes
among trained rats relative to sedentary control rats by nearly 3-fold at rest [77].
The improved oxidant status in the trained rats was attributed, in part, to increased
nitric oxide release, which has antioxidant properties. Other training studies with
rats have demonstrated increased antioxidant enzyme expression, including
superoxide dismutase and glutathione peroxidase, postexercise [78]. A 10-week
(15–60 min per day, 5 days per week) swim training program in rats demonstrated
that while swimming did not have a significant effect on resting levels of oxidative
stress (measured by 8-hydroxy-20-deoxyguanosine–8-oxo-dG), it did decrease the
oxidative stress response after exposure to a chemical carcinogen [79], suggesting
that exercise can decrease risk of carcinogenesis. In a mouse model of T2DM,
8 weeks of moderate intensity treadmill exercise (1 h per day, 5 days per week, at
5.2 m per minute) decreased plasma F2-isoprostanes among diabetic mice relative
to diabetic control mice, but exercise had no impact on F2-isoprostane levels
among wild-type mice [80]. The decrease in F2-isoprostane occurred in parallel
with an increase in the antioxidant enzyme mitochondrial SOD in heart muscle
[80]. Curiously, these adaptations were not correlated with an improvement in
glucose control. Collectively, these data suggest that moderate exercise generally
decreases resting levels of oxidative stress in animal models, perhaps through up-
regulation of endogenous antioxidant defenses.

17.1.7 Effects of Acute Exercise on Oxidative Stress Among
Humans

There is evidence among humans (mostly athletes) that acute intense aerobic
exercise is associated with an increase in urinary and sera F2-isoprostane during
exercise; levels have been reported to increase by as much as 88 % immediately
after intense aerobic exercise [81]. Timing of blood or urine collection and the
training status of the participants, in addition to intensity, are important parameters
to consider in respect to acute postexercise changes in F2-isoprostanes.
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The impact of timing of blood or urine collection and exercise intensity has been
demonstrated by a few studies [81–84]. Goto and colleagues conducted a 30 min
bicycle ergometer study at 25 , 50, and 75 % VO2max [82]. The eight healthy male
subjects had blood drawn immediately before exercise, 20 min into the exercise
session, and 10 min after exercise. Participants were described as generally seden-
tary, although aerobic fitness data were not provided. The 25 and 50 % VO2max

intensities were insufficient to change F2-isoprostane values during exercise or
postexercise, compared to rest; however, the most intense exercise session, at 75 %
maximal aerobic capacity, elicited a 1.66-fold increase in F2-isoprostanes relative to
rest, which reduced to a 1.33-fold increase relative to rest at the 10 min postexercise
mark. The impact of timing of sample accrual, and F2-isoprostane production and
clearance by extension, was further demonstrated in a group of 11 highly trained
extreme endurance athletes who participated in a 50 km ultramarathon [83]. In this
study, plasma F2-isoprostane increased at midrace, peaked immediately postrace,
approached resting values at 1 h postrace, and returned essentially to normal resting
values at 24 h post-race [83]. Similar pre- versus post-race results for F2-isoprostane
have been demonstrated in 90 and 160 km ultramarathons [81] and in a 2.5 h
treadmill run at 75 % VO2max [84]. Although intense aerobic exercise has been
shown to almost double F2-isoprostane values compared with resting values, normal
resting values seem to be restored within a few hours of ceasing to exercise.

The impact of gender differences and resistance training with respect to exer-
cise and oxidative stress is not well-appreciated. Because estradiol has been
suggested to be a potent antioxidant [85], women compared with men may
experience reduced oxidative stress levels at a similar workload. Kerksick and
colleagues compared 8 men and 8 women before and after seven sets of 10
eccentric repetitions of the knee extensor muscles at 150 % of the participants’ 1
repetition maximum (indicated to induce muscle soreness and damage) [86].
Blood samples were drawn before exercise, 6, 24, 48, and 72 h-postexercise. There
was no indication of a gender by time interaction effect for F2-isoprostanes.
Indeed, F2-isoprostanes did not change over the time period of study for men or for
women. The authors did, however, observe a relatively marked difference at all
time points when comparing men to women: that is, men had higher F2-isoprostane
levels at all timepoints [86]. While this study did not support the hypothesis that
estradiol, or other estrogens, protected against oxidative stress during exercise,
they do add some support that women generally experience lower resting levels of
oxidative stress. Two hours of resistance exercise at moderate intensity (40–60 %
1 repetition maximum) also failed to increase F2-isoprostane among 30 strength
training acclimated subjects [87]. In contrast, a more recent study of eight healthy
men with no history of regular exercise participation reported that a relatively
intense resistance training session (*40 min duration at *70 % 1 repetition
maximum) increased urinary F2-isoprostane by about 40 % compared with resting
values. It is difficult to draw firm conclusions from these studies; however, it
appears that resistance training does not elevate oxidative stress to the same extent
as aerobic exercise, except perhaps when performed by truly sedentary individuals.
The role of gender and oxidative stress warrants further study.
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17.1.8 Effects of Chronic Exercise on Oxidative Stress Among
Humans in Non Controlled Studies

Long-term moderate physical activity or exercise training appears to exert an
adaptive and favorable response with respect to lowered oxidative status; cross-
sectional studies in women [88] and men [89] generally support this assertion. The
cross-sectional inverse correlation between F2-isoprostanes and VO2max

(r = 0.37), observed in a study of 173 postmenopausal women, add support this
idea [90]. Further, regular habitual exercise relative to persistent inactivity reduces
the acute exercise-induced oxidative stress in older men, apparently by preserving
antioxidant function [91]. Prospective data on this topic are relatively rare,
although some short-term combined diet and exercise interventions offered pro-
vocative results, as described below.

In a series of short-term combined diet and exercise intervention studies,
Roberts and colleagues have demonstrated marked decreases in F2-isoprostane in
men [92–94]. In the first of these studies, 11 obese men (mean BMI at base-
line = 37.6 kg/m2) participated in an inpatient diet (diet: low fat, high fiber, no
alcohol, no caffeine, no tobacco) and exercise (45–60 min per day at 70–85 % of
maximal heart rate) intervention for 3 weeks. Over the course of the study, urinary
F2-isoprostane decreased by about 25 % [92]. In a similar study of 13 men with
T2DM, F2-isoprostane decreased by *40 % compared to baseline after 3 weeks
on the same intervention [93]. Among another 31 men (15 men diagnosed with the
metabolic syndrome), the same intervention yielded a 35 % decrease in F2-iso-
prostane [94]. While these studies yielded relatively dramatic results given their
short durations, because they combined diet and exercise it is not possible to
distinguish the independent effect of diet or exercise on oxidative stress.

To better understand the impact of exercise and dietary restriction on oxidative
stress, Galassetti and colleagues conducted a 7 day training study where exercise was
performed for 3 h per day at 75 % VO2max in a group of 19 healthy young men [95].
Caloric intake was either 110 or 75 % of caloric expenditure. F2-isoprostane values
decreased similarly in the 110 % calorie (-23 %) and 75 % calorie (-31 %) groups,
suggesting that a relatively brief and intense exercise regimen can decrease oxidative
stress independent of dietary intake. Similar findings were offered in a recent non
controlled study of 12 obese and 12 normal weight women [96]. All participants in
this study underwent 12 weeks of aerobic training which progressed to three sessions
per week, 60 min per session, at 65 % VO2peak by the final week of the study. Both
groups of women increased VO2peak by the end of the trial, suggesting good
adherence to the exercise protocol, and body weight remained essentially unchanged
in both groups. Urinary F2-isoprostane levels decreased postexercise by a similar
amount in both groups. Likewise, Schmitz and colleagues examined the impact of a
15 week aerobic exercise intervention on F2-isoprostanes and endogenous estrogens
among 15 previously sedentary women aged 18–25 years [97]. Aerobic exercise
resulted in a 10 % improvement in submaximal aerobic fitness and a dramatic 34 %
decrease in F2-isoprostanes over the trial period, despite having no impact on serum
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estrogens and relatively modest effects on body mass (-1.2 kg). Collectively, these
studies suggest that relatively brief periods of aerobic training may have rather
dramatic and beneficial effects on F2-isoprostanes, and the effect is independent offat
loss or changes in diet.

While studies of generally moderate intensity exercise suggest a largely ben-
eficial influence on oxidative stress, overtraining offers another perspective.
Margonis and colleagues examined the impact of overtraining in a noncontrolled
study 12 men who participated in a 12 week resistance training protocol with a
progressively increased intensity and duration [98]. The most intense training
period, the third of four periods, within this study consisted of six sessions per
week for 3 weeks where training intensity was set at 85–100 % 1 repetition
maximum. Overtraining was confirmed by a dramatic drop in performance in this
third stage. Of the many oxidative stress biomarkers used in this study, F2-iso-
prostane showed the most marked increase due to overtraining, with a 7-fold
increase relative to baseline. Earlier stages of the progressive protocol elicited 2.4-
fold and 4-fold increases in F2-isoprostane, suggesting that F2-isoprostane is a
good marker for training intensity, and it may serve as useful marker in sport to
monitor athlete overtraining. Further to this final point, F2-isoprostanes were
strongly correlated with the drop in performance. One commonality to all studies
in this section is the lack of a control group. Randomized, controlled trials are
generally considered the gold standard level of evidence in medicine; these types
of studies are reviewed next.

17.1.9 Effects of Chronic Exercise on Oxidative Stress Among
Humans in Controlled Studies

In what appears to be the first randomized, controlled study on this topic, Mori and
colleagues studied patients aged 30–65 years who had T2DM [99]. In this trial, 55
patients with T2DM were randomized to one of four groups: control (participants
performed ‘light’ exercise, defined as exercise at a heart rate below 100 bpm);
exercise only (participants performed exercise for 3 days per week, 30 min per day,
at 50–65 % VO2max); low-fat diet only; or low-fat diet combined with exercise. After
8 weeks of intervention, the combined exercise and diet intervention group was the
only arm of the trial to significantly decrease F2-isoprostane values (-27.8 %) rel-
ative to controls (-4.9 %). Both the low fat and the exercise alone arms of the study
resulted in nonsignificant decreases in F2-isoprostanes at follow-up.

Similar findings were offered in a study of 19 overweight children who were
randomized to a control group (n = 9) or to an aerobic exercise intervention [100].
The intervention group participated in cycle ergometer exercise for 4 days per week;
by the 8th week of the trial, intensity progressed to 70–80 % VO2max and duration
increased to 50 min per session. Exercisers experienced a moderate gain in VO2max

(+12.8 %) while controls decreased in the same parameter (-12.6 %). Both groups
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gained a small amount of body weight (*1 kg). Although exercisers slightly
decreased F2-isoprostanes over the 8 week trial (-13.9 %), the effect was not sta-
tistically significant [100], perhaps owing to the relatively small sample size.

In a recent and relatively large randomized, controlled trial, Campbell and
colleagues conducted a yearlong exercise intervention among 173 postmenopausal
women in the Seattle, WA area [90]. Women were aged 50–75 years and they
were overweight or obese and sedentary at the time of enrollment. The exercise
intervention progressed to at least 45–60 min per day, 5 days per week, at
60–75 % maximal heart rate (n = 87); while the control group participated in once
per week stretching and yoga classes. From baseline to the end of the study,
F2-isoprostane increased slightly among controls (+3.3 %) and decreased modestly
in exercisers (-6.2 %), although the difference was not statistically significant.
In planned subgroup analyses, however, F2-isoprostane decreased linearly among
exercisers with gain in VO2max; exercisers who increased aerobic fitness [15 %
decreased F2-isoprostane 14.1 %, and the effect was statistically significant. These
authors interpreted the inverse linear association between change in aerobic fitness
and oxidative stress as a potential hormetic effect of exercise training [73].
Collectively, the sparse data from randomized, controlled trials do not generally
support a strong, independent effect of exercise on F2-isoprostane, although future
studies in more diverse populations are clearly needed.

17.1.10 Oxidative Stress Biomarkers and Risk of Cardiovascular
Disease

Oxidative stress appears to play an important role in the initiation and progression of
atherosclerosis. Atherosclerosis, the underlying pathology of most CVD, is char-
acterized by oxidation of lipid and protein in vascular walls [101, 102]. To date, the
majority of the evidence linking oxidative stress and CVD are based on in vitro and
laboratory animal studies, with some observational studies having been conducted
among human participants (see [102] for detailed review). A gap in the current
literature is that the majority of human studies are restricted to case patients where
oxidative stress markers were measured in blood or urine after the onset of CVD.
While these studies are helpful for generating hypotheses concerning prediction and
etiology and they are valuable for studying secondary outcomes, such as disease
progression and overall survival, it is not possible from these studies alone to
determine if high oxidative stress is a cause or a consequence of CVD.

A recent nested case-control study, conducted within a prospective cohort of
10,529 men and women, identified 227 cases of fatal coronary heart disease and
nonfatal heart attack outcomes and 420 matched controls after a median follow-up
period of 5.6 years [103]. In this study, F2-isoprostane was not associated with the
mixed coronary heart disease outcome which included participants who had a prior
history of heart attack; when these participants were excluded, however, the results
were essentially unchanged, although the number of case patients necessarily grew
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smaller with this restriction. Lack of statistical power might have been one expla-
nation for these results [103]. These findings were not in agreement with an earlier
cross-sectional study of 2,850 healthy adults aged 18–30 years where coronary
artery calcification, an indicator of coronary artery atherosclerosis, was the outcome
[104]. After adjustment for sex, clinical site, age, and race, high versus low levels of
F2-isoprostane was associated with a 24 % increased risk of coronary artery calci-
fication. Similarly, an earlier case control study, where urinary F2-isoprostane was
measured after diagnosis among 93 coronary heart disease patients and 93 age- and
sex-matched controls, identified that high F2-isoprostane was an independent marker
for presence of coronary heart disease after controlling for a multitude of risk factors.
Other cross-sectional studies have supported the hypothesis that oxidative stress, via
measurement of F2-isoprostanes, is associated with higher CVD risk and severity
[105–107]. A recent nested case-control study further suggested that high urinary
levels of F2-isoprostanes were predictive of cardiovascular mortality in a cohort of
postmenopausal women [108]. Relative to the more abundant literature in support of
an association between oxidized low density lipoprotein (oxLDL) and CVD
(reviewed in [102]), the literature with respect to F2-isoprostanes is clearly sparse and
more studies, preferably using prospective samples, are needed.

17.1.11 Oxidative Stress Markers and Risk of Cancer

The underlying mechanism for the effects of exercise on reducing risks of colon,
breast, and endometrial cancers may include a free-radical scavenging mechanism
[109]. To date, studies that have assessed the association among F2-isoprostanes,
using prospectively collected blood or urine samples, and risk of cancer at these
organ sites are exceedingly rare. One exception is a nested case-control study
drawn from the Shanghai Women’s Health Study, a population-based prospective
cohort study of 74,942 women aged 40–70 years [110]. In this study, prediagnostic
urinary F2-isoprostanes and its metabolite, 15-F (2t)-IsoP-M, were measured using
gas chromatography mass spectrometry among 436 breast cancer cases and 852
matched controls. Overall, urinary isoprostanes were not different between cases
and controls; however, body size appeared to be an effect modifier. Among women
with a body mass index (BMI) in the obese range, the highest versus lowest tertile
of 15-F(2t)-IsoP-M was associated with a 10-fold increased risk of breast cancer,
while there was an inverse association between both isoprostane measures and
breast cancer among nonoverweight women. Effect modification by adiposity
status was not observed in an earlier case control study among women in the Long
Island (New York, USA) Breast Cancer Project [111]. In this study, urinary levels
of 15-F(2t)-isoprostanes were measured via ELISA among 400 cases and 401
controls: there was a statistically significant trend in increasing breast cancer risk
with increasing quartiles of 15-F(2t)-IsoP levels, the 4th quartile relative to the 1st
quartile of 15-F(2t)-IsoP experienced an 1.88-fold increased risk of breast cancer,
and the authors reported no effect modification by a number of lifestyle and
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demographic factors, including BMI. Additionally, after excluding women who
had initiated radiotherapy and/or chemotherapy, the results remained essentially
unchanged, suggesting that treatment was not a major source of bias. In summary,
increased levels of F2-isoprostane appear to be associated with breast cancer;
however, additional studies are clearly needed preferably with prospectively col-
lected samples, especially to clarify whether risk varies by other lifestyle or
anthropometric factors, such as body size.

Many of the major risk factors for colorectal cancer include a potential
inflammation or oxidative stress-based mechanism, including ulcerative colitis and
Crohn’s disease. Indeed, both inflamed and malignant tissue in the colon exhibit
increased reactant species, lipid peroxidation by-products, and 8-hydrox-
ydeoxyguanosine (8-OHdG) [112, 113]. Thus, it is plausible that systemic markers
of oxidative stress would be associated with increased risk of colorectal cancer,
assuming that the oxidative insult that is observed in tissue is not limited to the
affected tissue and it enters peripheral circulation. To date, no data are available on
this topic with F2-isoprostanes; however, a few studies have been conducted that
assessed damage to DNA, including the markers 8-oxo-dG and 8-OHdG, and
damage to oxLDL. In one of the earlier such studies, a nested case control study
was conducted among participants in a Japanese cohort study [114]. Pre-diagnostic
oxLDL levels were predictive of future colorectal cancer; men and women in the
top quartile relative to the bottom quartile of oxLDL were at a 3.6-fold increased
risk of developing colorectal cancer over the follow-up period [114]. Studies of the
association between 8-OHdG and colorectal cancer have been more inconsistent,
perhaps owing to their relatively small sample sizes. In a cross-sectional study of
36 colorectal cancer patients and 40 unaffected controls, serum 8-OHdG was
slightly greater than 4-fold higher among case patients relative to the healthy
controls [115]. These findings were somewhat corroborated by a recent case
control study of patients with colorectal adenomas or cancer [116]. Multivariate
analyses indicated that 8-OHdG was predictive of ‘early’ stage colorectal cancer
(TNM stage 1), but not more advanced lesions. This study was based on a total of
about 150 participants, divided among four strata; therefore, statistical power
might have been limited. Clearly, more research, especially using large numbers of
prospectively collected blood or urine samples, is needed to better define the
connection between systemic oxidative stress and colorectal cancer.

Endometrial cancer shares some of the same risk factors as cancers of the breast
and colon, including obesity, and physical activity. A recent meta-analysis of case-
control studies suggested that dietary intakes of beta-carotene, vitamin C, and
vitamin E were inversely associated with endometrial cancer risk [117], suggesting
that oxidative stress might be relevant to the etiology of this disease. However, the
only cohort study on this topic, as identified by the meta-analysis [117], reported
no associations between endometrial cancer risk and these dietary antioxidants
[118]. Endometrial cysts, premalignant and malignant tissues have been shown to
have increased 8-OHdG, increased lipid peroxidation markers and decreased
antioxidant enzyme expression relative to the normal endometrial tissue
[119–121]. Thus, it again follows that systemic markers of oxidative stress may differ
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between case patients with endometrial cancer and controls. Unfortunately, pro-
spective data and studies that evaluated F2-isoprostanes relevant to endometrial
cancer prediction do not yet appear to exist in the literature.

A hospital-based study on 103 women who attended a gynecologic clinic for
symptomatic reasons or for routine screening reported that plasma lipid hydro-
peroxide levels, measured by a commercially available kit, were 41%, 52% and
57% higher among cases with simple hyperplasia, complex hyperplasia, and
invasive adenocarcinoma, respectively, compared to healthy controls [122]. As
described in-general elsewhere [123], it is not possible from cross-sectional studies
alone to determine if higher oxidative stress levels are a cause of malignancy, and
may therefore serve as appropriate markers for prediction, or if the high oxidative
stress phenomenon among cancer patients is simply a product of tumors leaking
reactant species, such as hydrogen peroxide [124], into the circulation. Prospective
data are clearly needed to elucidate the role of oxidative stress biomarkers,
including F2-isoprostanes, on the risk of incident endometrial cancer.

17.1.12 Oxidative Stress Biomarkers and Risk of T2DM

The relevance of oxidative stress in-general, and F2-isoprostanes more specifically,
to the etiology and progression of T2DM is relatively well appreciated, although
prospective data on this topic, too, are rare [125]. An earlier clinic-based study
identified a 3.3-fold difference in the plasma F2-isoprostane levels of 39 patients with
T2DM compared with 15 apparently healthy controls; curiously, there was no cor-
relation between F2-isoprostanes and HbA1c or fasting glucose among patients with
T2DM, suggesting that the increased plasma levels of F2-isoprostanes among T2DM
patients were not simply markers of hyperglycemia [126]. Subsequent work among
85 patients with diabetes (62 patients had T2DM and 23 had type 1 diabetes) and 85
age- and sex-matched controls confirmed the finding of increased F2-isoprostane
levels (albeit in urine) among patients with T2DM relative to controls (about a 2-fold
difference) [127]. Unlike the earlier study [126], F2-isoprostanes and blood glucose
were strongly correlated, however, suggesting that lipid peroxidation and degree of
glucose control may be related [127]. While these studies support the potential
importance of oxidative stress on diabetes complications linked to CVD, since poor
glucose control is a major predictor of macro- and microvascular complications,
given their retrospective nature, these data do not contribute to the knowledge base
on prediction of incident T2DM or impaired glucose intolerance. To that end, a
recent nested case control study conducted among a cohort of Afro-Jamaicans over
3.9 years suggested that, among the 52 case patients who developed impaired glucose
tolerance or T2DM, baseline urinary F2-isoprostanes were not predictive of future
glucose intolerance and F2-isoprostanes did not correlate with insulin sensitivity or
beta cell function [128]. These findings were essentially identical to a previous nested
case control study of 26 T2DM patients and 26 controls, where baseline urine
measures of F2-isoprostane were not predictive of a future diagnosis of T2DM [129].
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Although the initial prospective studies on the association between F2-isoprostane
and T2DM have been null, future studies, which may require at least 10-fold larger
sample sizes, will be required to adequately assess the connection between F2-
isoprostanes and risk of incident T2DM.

17.1.13 Oxidative Stress Biomarkers and Bone Health

There is some cross-sectional evidence that oxidative stress levels are relevant to
bone health outcomes, including bone mineral density and osteoporosis; however,
much like the CVD, T2DM and cancer outcomes discussed above, prospective data
are especially rare. Oxidative stress is somewhat implicated as a plausible mecha-
nism for osteoporosis since many of the risk factors for osteoporosis, including
T2DM, smoking, and hypertension, are suspected to operate through increased
oxidative stress. An earlier cross-sectional study of 101 men and women (mean age:
56 years) identified an inverse relationship of urinary F2-isoprostanes with total body
bone mineral density and bone mineral density at the distal forearm [130]. Similarly,
a more recent cross-sectional study among 135 postmenopausal women identified
moderate correlations between 8-OHdG and bone mineral densities at the lumbar
spine (r = -0.24), total hip (r = -0.26), femoral neck (r = -0.26), and trochanter
(r = -0.25) [131]. In a logistic regression model that adjusted for several other
variables, a 1 standard deviation increase in 8-OHdG was associated with a 1.54-fold
increased risk of osteoporosis, as defined by the World Health Organization (WHO)
criteria [105]. These results are essentially corroborated by other cross-sectional
studies [132–136]. In what appears to be the only prospective study on this topic,
Ostman and colleagues recently reported that for each 1 standard deviation increase
in baseline urinary F2-isoprostanes levels at age 77 years, a 2–4 % decline in the
mean adjusted bone mineral density was expected about 4 years later [136]. Curi-
ously, these findings appeared to be slightly modified by serum alpha-tocopheral
(i.e., vitamin E), an important antioxidant: men with low alpha-tocopherol levels and
high F2-isoprostane levels had a 7 % lower bone mineral density at the lumbar spine
and a 5 % lower bone mineral density at the proximal femur [136]. While this initial
prospective study offers support that oxidative stress is an indicator of decreased
bone mineral density among older men, prospective studies of women, who are far
more prone to osteoporosis, and fracture, are clearly needed.

17.2 Summary and Conclusions

• Physical activity, exercise and fitness are convincingly associated with reduced
risks of CVD (e.g., coronary artery disease, stroke, hypertension, angina, and
heart attack), certain cancers (breast, colon, and endometrium), T2DM, and poor
bone health (osteoporosis, fracture, and low bone mineral density).
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• Acute physical activity leads to an increase in F2-isoprostane levels, especially
when the activity is done at a high intensity. Aerobic activity appears to have a
stronger effect on oxidative stress than resistance training types of activity.

• F2-isoprostane levels return to normal values within a few hours of stopping
exercise.

• Earlier noncontrolled studies of exercise intervention often suggested relatively
marked drops in resting F2-isoprostanes. These decreases in F2-isoprostane
levels occurred independent of diet or weight loss.

• Randomized, controlled trial data of the effect of exercise on F2-isoprostane
levels are sparse. Two studies suggest no effect. The largest study suggests that
the decrease in F2-isoprostane levels from exercise might occur only in the
presence of large gains in aerobic fitness.

• Retrospective data suggest some associations between F2-isoprostanes and
chronic disease, perhaps especially for CVD. Prospective data on this topic are
needed.
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