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Endometriosis, PCOS, and unexplained infertility are currently the most common diseases rendering large numbers of women
infertile worldwide. Oxidative stress, due to its deleterious effects on proteins and nucleic acids, is postulated to be the one of the
important mechanistic pathways in differential expression of proteins and in these diseases. The emerging field of proteomics has
allowed identification of proteins involved in cell cycle, as antioxidants, extracellular matrix (ECM), cytoskeleton, and their linkage
to oxidative stress in female infertility related diseases. The aim of this paper is to assess the association of oxidative stress and
protein expression in the reproductive microenvironments such as endometrial fluid, peritoneal fluid, and follicular fluid, as well
as reproductive tissues and serum. The review also highlights the literature that proposes the use of the fertility related proteins
as potential biomarkers for noninvasive and early diagnosis of the aforementioned diseases rather than utilizing the more invasive
methods used currently.The review will highlight the power of proteomic profiles identified in infertility related disease conditions
and their linkage with underlying oxidative stress. The power of proteomics will be reviewed with regard to eliciting molecular
mechanisms for early detection and management of these infertility related conditions.

1. Introduction

Current studies estimate that 17% of couples are confronted
with an inability to conceive and their infertility could stem
from different causes, either affecting the male or the female.
Around 50% of these are due to the female factor and
associated diseases in the female reproductive tract [1].When
defining infertility, it has been noted that couples are termed
infertile if they are unable to conceive after 12 months of
unprotected and regularly timed sexual intercourse [2]. The
desire to procreate is naturally present in women worldwide.
Due to various advances in medical techniques it has now
become possible for many women to fulfill the hope of
mothering children of their own. The longing to conceive a
child has been recently proposed to be one of the risk factors
for women’s depression. Furthermore, the added financial
burden is an impediment to economic status as these women
are more likely to end up paying for assisted reproductive
techniques (ART). Several medical advances during the past
decade and a half have led to the establishment of ART clinics
worldwide that provide services to infertile couples to help

them achieve pregnancy. Chachamovich et al. showed that
women were more likely to be psychologically distressed due
to infertility than men and that they suffer from poor quality
of life once they are diagnosed as infertile [3].

There seems to be multiple reasons for female infertility,
of which the most common are endometriosis related infer-
tility, ovulatory disorders, tubal factor infertility, and unex-
plained infertility. Women suffering from any of the above-
said diseases have been shown to have a lower chance of con-
ceiving a child and aremore likely to seek infertility treatment
[4].

Several studies have linked the prevalence of female infer-
tility with an increase in oxidative stress levels in the various
critical micro- or macroenvironments in the body. Oxidative
stress results from an increase in reactive oxygen species
(ROS), as the antioxidant capacity of the cells to scavenge
and remove these free radicals decreases. ROS is the byprod-
uct of the process of respiration taking place in themitochon-
dria [5]. Commonly, ROS molecules interact with proteins,
lipids, carbohydrates, or DNAmolecules within cells, causing
damage to cellular structures including cell membranes and
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genetic material [6]. The imbalance of ROS can eventually
lead to epigenetic differences and changes in cellular path-
ways and transcription factors [7]. Studies have shown that
oxidative stress causes alterations in certain protein path-
ways and the abnormal expression of several proteins could
possibly lead to the pathophysiology of female infertility.
The abnormally expressed proteins could be integral factors
responsible for oxidative stress reaction, or antioxidants or
different binding proteins that may bind oxidants and antiox-
idants such as superoxide dismutase (SOD), paraoxonase
(PON), hemopexin, apolipoproteins, and heat shock proteins
[8–13].

The study of the expression of different proteins in a cell
or tissue in a temporal and spatial fashion is referred to as
proteomics [14]. This technique is fairly new and has been
advancing at an extraordinary pace, as new methodologies
evolve for the detection of minute amounts of proteins in dif-
ferent body fluids. Since proteins dictate cellular functions to
a large extent, comparative proteomics investigating various
proteins in the normal and diseased samples is deemed to be
an important factor in the diagnosis and treatment of diseases
[15]. Comparative proteomic analyses could possibly aid in
the identification of biomarkers for noninvasive diagnosis of
female diseases and assist in the prediction of success rates for
the assisted reproduction techniques (ART).

The purpose of this review is to examine the relationship
between oxidative stress and differentially expressed proteins
in female infertility that has been identified by proteomic
techniques. The review will focus on the proteins involved
in endometriosis, polycystic ovarian syndrome, and unex-
plained infertility and those involved in examining the
embryonic secretome associated with ART. Finally, our
reviewwill illustrate the power of proteomics in the discovery
of biomarkers for noninvasive diagnosis as well as prediction
of ART success rate.

2. Oxidative Stress and Female Fertility

Reactive oxygen species (ROS) are a class of free radicals lack-
ing one or more electrons in their outer shell. They are highly
reactive and have a tendency to interact with neighboring
molecules to stabilize their structure. The electron transport
chain in themitochondria is an important endogenous source
of ROS. Several exogenous factors, namely alcohol, smoking,
and environmental factors, can enhance the ROS production
[16]. The free radicals commonly associated with oxida-
tive stress include hydroxyl radicals, superoxide anion, and
hydrogen peroxide [17].

Enzymatic antioxidants such as glutathione oxidase and
superoxide dismutase as well as nonenzymatic antioxidants
(vitamin A, vitamin E, zinc, and selenium) are essential in
maintaining adequate levels of ROS in the cell by disposing
and removing excess free radicals [7]. Any disruption in the
antioxidant/ROS balance leads to a state of oxidative stress in
the cell with damaging consequences.

Physiological levels of ROS are required for proper func-
tioning of different biological pathways and in maintaining
homeostasis within the human body. Low levels of free

radicals act as modulators in female reproductive pathways
such as oocyte maturation, physiological follicular atresia,
ovulation fertilization, luteal regression, and corpus luteum
formation during pregnancy [18]. At puberty, monthly mat-
uration of a primordial follicle into a graafian follicle occurs.
Normal levels of ROS help in the resumption ofmeiosis-I and
also in the development of a dominant oocyte, and increased
concentrations of antioxidants have been shown to inhibit
this process. Conversely, antioxidants promote resumption of
meiosis-II [19] allowing for fertilization at the metaphase II
level. Therefore, follicle maturation is a classic example of the
delicate balance that exists between ROS and antioxidants in
the maintenance of the regulated sequence of events that
culminate in ovulation. As the follicle grows, hormonal secre-
tions increase and result in elevation of Cytochrome P450.
Cytochrome P450 enzymes can undergo changes in the
absence of a substrate to produce ROS including superoxide
anions, hydroxyl radicals, and hydrogen peroxide. CYP 2E1,
one of the enzymes in the P450 complex, is thought to induce
NADPH-dependent lipid peroxidation. Another component
of the P450 complex, CYP4A, is associated with the produc-
tion of superoxide and hydrogen peroxide [20]. The increase
in ROS in pre-ovulatory follicle is crucial for the onset of
ovulation [5].

ROS is also believed to play a role in the different phases
of the endometrial cycle. Late luteal phase is characterized by
elevated levels of lipid peroxide and a decrease in the antiox-
idant, superoxide dismutase. ROS stimulates the secretion of
PG2F𝛼 through activation of NFk𝛽 (nuclear factor-kappa𝛽)
[21]. Decreased levels of estrogen and progesterone lead to a
decreased SOD expression and hence generate oxidative
stress in the uterus, resulting ultimately in endometrial shed-
ding and lack of implantation. Controlled levels of ROS have,
however, been associated with the angiogenic activity in
the endometrium causing regeneration in every cycle. These
studies show that limited levels of ROS are necessary to
maintain physiological function, but when present in higher
concentrations, ROS can have deleterious effects [22].

Disruption in physiological levels of ROS leads to female
reproductive dysfunction and in some cases, to unexplained
infertility. Oxidative stress in female reproduction has been
associated with polycystic ovarian syndrome and endo-
metriosis. Needless to say, these pathologies negatively affect
pregnancy rates and IVF outcomes.

ROS is produced atmultiple sites in a preovulatory follicle
and renders it, a susceptiblemedium for oxidative stress. ROS
levels can be measured in several different media including
the follicular fluid (FF), endometrial fluid, and peritoneal
fluid. The FF contains ROS producing agents, including
cytokines, neutrophils, and macrophages. Steroidogenesis
involves a series of enzymatic reactions which result in the
formation of steroid hormones.Themonooxygenase pathway
is mediated by p450 and results in production of ROS [23]
rendering the FF as a suitable medium for oxidative stress
measurement.

Even though abnormal increase in ROS levels in women
is negatively correlated with (1) oocyte development [24], (2)
embryonic development [25], and (3) pregnancy outcome
[26], physiological levels of ROS are required for healthy
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development of oocytes and better IVF outcomes [27]. This
makes it important to determine the threshold value of ROS,
beyondwhich its negative effects in fertility are observed. Jana
et al. determined the upper cut-off value of ∼100–107 counted
photons per sec (cps) of ROS in follicular fluid, above which
ROS negatively affects fertility and IVF results. In women
with tubal factor infertility, undergoing IVF, ROS cut-off
levels were determined to be 100 counted photons per
second (cps). With ROS levels lower than 100 cps, embryo
formation and embryo quality were enhanced compared to
those with ROS levels above 100 cps [28]. When the same
study was performed on patients with PCOS and endo-
metriosis, the upper cut-off value was identified to be 107 cps.
The authors conclude that women with ROS levels higher
than 107 cps may encounter difficulties conceiving a viable
embryo [28]. The result of this study stresses the importance
of antioxidants to suppress ROS buildup and maintain physi-
ological levels of free radicals for proper cell functioning and
homeostasis.

2.1. Unfavorable Balance of ROS versus Antioxidants in
Endometriosis. Researchers have examined that high levels
of ROS can impact fertility in patients with endometriosis.
Szczepańska et al. compared the antioxidant levels of super-
oxide dismutase in the peritoneal fluid in infertile women
with (1) endometriosis, (2) unexplained infertility, and (3)
fertile women. The lowest concentrations of superoxide
dismutase were found in the first group of patients [29].
Similar findingswere reported by Liu et al. who demonstrated
decreased amounts of superoxide dismutase in the peritoneal
fluid of infertile women with endometriosis when compared
with fertile women [30]. Therefore, an imbalance between
ROS levels and antioxidants can explain infertility in patients
with endometriosis. In a study by Prieto et al., the concentra-
tion of vitamin C was found to decrease in the follicular fluid
of patients with endometriosis compared to infertile patients
without endometriosis. This could be due to the excessive
consumption of the antioxidant in order to neutralize the
abnormal levels of ROS [31]. Furthermore, decreased levels of
vitamin C have been associated with ovarian atrophy and fol-
licular atresia implicating its importance in female infertility
[32]. Although ROS levels were determined to be crucial in
promoting infertility in patients with endometriosis, there is
little agreement on oxidative stressmarkers, due to the incon-
sistency in results across different studies [31]. According to
Jackson et al., higher concentration ofVitaminEwas reported
in the follicular fluid of patients with endometriosis [33].
Conversely, concentration of vitamin E was lower in the
peritoneal fluid of patients with endometriosis [34]. This
discordance in results may be explained by the vitamin E rich
diet or the nutrient supplementation that is commonly sug-
gested for women suffering from endometriosis [31]. It may
also be due to the increased consumption of vitamin E in the
peritoneal fluid window.

Retrograde menstruation is another theory for
endometriosis and seems to also lead to increased oxidative
stress through a differentmechanism. Itmay also be observed
in women with normal menstruation and can subsequently

cause an increase in iron levels in the female pelvis.
The increased iron is taken up by macrophages, therefore
reducing the ability of ferritin to remove this heavymetal.The
lack of antioxidant activity of ferritin therefore leads to oxida-
tive stress. The increase in oxidative stress causes change in
the cellular function due to changes in the genetic and protein
content and consequently, the release of inflammatory mole-
cules [10]. Endometriosis has been reported to be associated
with worsening of IVF outcomes, due to impaired oocyte
quality, decreased fertility, and compromised implantation
rates. The increase in ROS in endometriosis patients can lead
to adverse effects on embryo such as intrauterine growth
restriction, abortions, or fetal dysmorphogenesis [35]. DNA
damage was the highest in granulosa cells from patients with
endometriosis which resulted in fewer good quality embryos
in patients undergoing IVF [36].

2.2. Increased ROS Levels in Polycystic Ovarian Syndrome.
Oxidative stress has been implicated in different female
diseases including polycystic ovarian syndrome (PCOS). Var-
ious studies reflect the presence of oxidative stress in PCOS
patients. In a study by Hilali et al., PCOS patients had
increased serum prolidase activity as well as total oxidant
status and oxidative stress index, which is the ratio of oxidants
to total antioxidants status. Prolidase is a matrix metallo-
proteinase (MMP) that degrades the extracellular matrix.
It was found that increased MMPs can result in symptoms
seen in women with PCOS such as abnormal ovarian extra-
cellular remodeling, multiple cyst formation, and chronic
anovulation, leading to infertility [37].

Furthermore, infertility in PCOS patients was related to
the effect of follicular fluid’s oxidative stress levels on themei-
otic spindle formation in the oocyte. Fertilization rates and
embryo quality were found to be decreased in these women,
when compared to women suffering from tubal factor disease
and accompanied by increased levels of ROS. These data and
other studies indicate that elevated ROS in the follicular fluid
tends to limit the fertilization potential of oocytes, through
disruption of meiotic spindle formation [38].

2.3. Association of Increased ROS Levels in Unexplained Infer-
tility. By definition, unexplained infertility is considered as a
“diagnosis of exclusion” when no known factors are respon-
sible for infertility [39]. Studies utilizing malondialdehyde
(MDA), a marker of lipid peroxidation [40], have implicated
the role of oxidative stress in patients with unexplained
infertility. Conversely, it was also seen that glutathione was
decreased in the peritoneal fluid of patients with idiopathic
infertility [41]. Hence, one theory is that underlying cause of
unexplained infertility is the disruption of the delicate bal-
ance that exists between ROS and antioxidant levels [41].

Selenium is part of the selenoenzyme glutathione perox-
idase and protects the integrity of membrane structures by
enzymatically degrading endogenous and exogenous hydro-
gen peroxide and lipid peroxides. Selenium levels in follicular
fluid of infertile patients who presented for IVF treatment
were measured [42]. The women were divided into three
groups depending on the etiology of infertility: tubal factor,
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unexplained, and male factor. Selenium and glutathione
peroxidase levels were found to be the lowest in patients with
unexplained infertility. Consequently reduced amount of
antioxidants in ovarian follicle could be a reason for unex-
plained infertility [42].

3. Power of Proteomics in Studies of
Female Infertility

Post-translational modifications occurring within cells are
mainly responsible for the discrepancies noted between the
genome and the expressed proteome. Changes that occur at
the gene level are not always representative of the processes
taking place inside the cell, as the proteins exert their
multitudes of functions via more complex and diverse struc-
tures, generated through posttranslational modifications and
protein-protein interactions [13]. Currently, ∼300 different
types of PTM are responsible for the huge repertoire of
proteins originating from a small number of genes [43]. This
leads to diversity in the function and number of proteins, far
more complex than visualized by the number of genes
identified by the human genome project. It is, however, the
proteins that finally dictate the function of each cell through
dynamic interactions with their environment and with each
other [15]. Attention has now shifted to the protein comple-
ment of the genome, as the one gene-one protein concept that
had served as a landmark in molecular biology is no longer
true.

With the advancement in technology for studying pro-
teins, it has becomepossible to focus on the role of proteomics
in different fields of medicine. The word “omics” refers to the
study of a certain field, in this case the proteins under
investigation. This includes study of the protein content of a
cell or a tissue, providing insight and ideas for biomedical
interventions and identification of potential biomarkers [14].
Proteins differ greatly between two cells, between the same
cell at different times and betweennormal and abnormal cells.
Complexity in protein function has driven investigators to
probe the protein factors responsible for both male and
female infertilities by studying tissues and bodily fluids of
the reproductive tracts as well as in pathological tissues. Also,
proteomic analysis could aid in the identification of potential
“fertility proteins” that could prove highly beneficial in the
diagnosis of infertility. In this era of proteomics, it is impor-
tant that proteomic experiments are reproducible from one
lab to the other. Standard procedures for sample collection,
handling, storage, and analysis need to be adopted, as they
will be important for identification of biomarkers in disease
development and progression [44].

Advanced research has led to a better understanding
of the underlying causes and the mechanistic pathways of
female infertility [45]. Numerous studies have been con-
ducted on endometrial tissue and secretions, endometrial
receptivity, ovaries, uterine fluid, follicular fluid, peritoneal
fluid, plasma, endometriotic tissue, and tissues from PCOS
patients [8, 13, 31, 46–48]. However, the collection of repro-
ductive samples is a challenge as some of the samples have to
be obtained invasively [44]. The bigger challenge is the

analysis of the diverse microenvironments since they not
only contain proteins of interest, but also growth factors,
inflammatory factors, different cells, and several biological
molecules. This is a limitation in proteomics as the samples
have very high concentration of plasma proteins such as albu-
min that should be removed in order to determine the protein
content of plasma related to endometriosis [47]. Another
limitation is the retrieval of adequate amount of the sample
and hence the need for techniques with high specificity and
sensitivity to measure small amounts of proteins [48].

The ability of proteomics to characterize certain body flu-
ids and determine their contents makes it a powerful tool in
today’s world [48]. It can be used for the determination of
biomarkers specific to certain diseases as well as to differenti-
ate between fertile and infertile women.The search for certain
proteins that can discriminate a receptive endometrium from
one that is less receptive continues, as it has great potential in
increasing the success rates associated with natural fertility as
well as in assisted reproductive techniques. Considerable
progress has been made in classifying embryonic proteins,
which will aid single embryo selection during assisted repro-
ductive techniques, thereby making the process of ARTmore
efficient and decreasing unwanted multiple gestation rates as
well as failed procedures [4].

4. Methodology of Proteomic Analyses in
Infertile Females

The separation and identification of proteins are currently
performed using different methods depending on the requir-
ements of each experiment. Techniques are continuously
modified to achievemore accurate and specific results. Physi-
cal factors such asmolecular mass, acidity, charge, and amino
acid content of proteins determine the design of the experi-
ment.

The most commonly used procedures are a systematic
two-dimensional gel electrophoresis (2-DE) for separating
the proteins, mass spectrometry for identifying them, and
Western blotting for confirmation. Integral to the purity of
samples, it is essential that before separation, samples should
be denatured, purified, and solubilized for complete disinte-
gration of internal bonds resulting in single proteins [49].

4.1. Two-Dimensional Gel Electrophoresis (2DE) and Differ-
ence Gel Electrophoresis (DIGE). 2DE is an integral tool in the
study of proteomics. It is a classicalmethod often described as
the proteomic “workhorse.” It enables the separation of com-
plex proteinmixtures by combining isoelectric focusing (IEF)
in the first dimension and SDS PAGE in the second dimen-
sion [50]. Protein profiles can be visualized using both fluo-
rescent and visible stains. It is usually used to find biomarkers
in various disease states. 2DE has poor reproducibility and
limited sensitivity.

Difference gel electrophoresis (DIGE), in which two
protein samples are separately labeled with different fluo-
rescent dyes and then coelectrophoresed on the same 2DE
gel, was developed to overcome the reproducibility and
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sensitivity limitations. DIGE utilizes mass- and charge-
matched, spectrally resolvable fluorescent dyes (Cy2, Cy3,
and Cy5) to label up to 3 different protein samples (or 2
samples and 1 pooled internal standard) in vitro prior to 2D
electrophoresis [51].The fluorescent dyes have been designed
so that they do not alter the charge of proteins or impart
significant electrophoretic mobility differences to identical
proteins. Both the control and the experimental samples are
run in a single polyacrylamide gel but imaged separately
(Typhoon 9410) at a discrete wavelength for each respective
dye. Hence, the images are overlaid without any “warping”
which substantially raises the confidence with which protein
changes between samples can be detected and quantified.

Quantitative and comparative proteomics can be done
using 2D-DIGE (two-dimensional difference gel electropho-
resis). An automated software program is used to detect,
quantify, and annotate differentially expressed proteins. 2D-
DIGE offers all the advantages of 2D-PAGE and overcomes
the inherent disadvantage of variation and reproducibility
problem in a 2D-PAGE. These procedures are powerful
technologies for comparing complex protein mixtures from
biological samples in proteomics research. Compared to tra-
ditional 2-D gel techniques for protein profiling, DIGE pro-
vides a significantly more efficient, sensitive, and reliable way
to detect proteinswhose expression is altered between control
and treated samples.

There are many advantages to 2D-DIGE over traditional
2D gels: (1) high sensitivity: CyeDye fluorescent dye has a sen-
sitivity of 0.2 ng/spot versus 100 ng/spot with the traditional
2D gels stained by Coomasie; (2) high accuracy: extremely
high spot resolution allows accurate software-aided spot
quantitation and protein expression comparison between
samples. Differences as small as 10% can be detected and
protein isoforms and posttranslational modifications can be
easily visualized by 2D-DIGE.WhileDIGEprovides a reliable
and sensitive platform for discovering proteome changes in
an unlimited variety of circumstances, conventional 2DE is
still needed to identify the proteins [52, 53].

4.2. Mass Spectrometry. The principle of mass spectrometry
is applicable to all molecules including lipids and proteins. In
proteomics principle of mass spectrometry depends on the
separation of the peptides according to their mass-to-charge
ratio. An ionizer bombards the proteins with hydrogen ions
and results in a charge on the protein as they pass through the
mass analyzer to the detector which is attached to a computer
program [54].

For conducting gel-based proteomics studies, the region
of gel containing the protein of interest is excised, and the
sample is digested “in-gel” with trypsin (which cleaves pro-
teins on the C-terminal side of either lysine or arginine), the
proteins are then eluted from acrylamide. These peptides are
then subjected to MALDI-TOF, producing a series of peaks,
each describing the molecular mass of a single peptide in the
mixture.

Proteomic application of mass spectrometry (MS) is con-
stantly growing as more improved instruments and smarter
ways to couple them become available. The most commonly
usedmass analyzers for protein biochemistry applications are

time-of-flight (TOF), triple-quadrupole, quadrupole-TOF,
ion trap instruments, and hybrid ion-trap orbitrap instru-
ment.

Four common uses of MS based proteomics are (1) pro-
tein identification, (2) protein sequencing, (3) identification
of posttranslational modifications, and (4) characterization
of multiprotein complexes. There are other complex MS ana-
lyzers such as the Fourier transform-ion cyclotron resonance
MS (FT-ICR). There are also other MS applications, such
as structural analysis. The principle of mass spectrometry is
applicable to all molecules including lipids and proteins.

4.3. Matrix Assisted Laser Ionization/Desorption Mass Spec-
trometry. In the tissues from patients with endometriosis,
protein bands are excised and subjected to further identifi-
cation using one of the most common ionization techniques
used in biology which are matrix-assisted laser desorp-
tion ionization (MALDI) and electrospray ionization (ESI).
MALDI is most commonly used to produce a preliminary
scan of the peptide components released from a sample by
proteolytic digestion, such as the proteins present in an
acrylamide gel slice. It is a solid phase technique in that
researchersmix a peptide sample with a huge excess ofmatrix
material, usually either a-cyano-4-hydroxycinnamic acid or
dihydrobenzoic acid, and precipitate themixture on a plate by
drying. Whereas MALDI is a solid-state and pulsed process,
ESI is a liquid phase and is usually continuous technology. ESI
is compatiblewith both high-pressure liquid chromatography
(HPLC) and capillary electrophoresis, both of which may be
used to concentrate and purify individual peptides prior to
mass analysis. MS instruments, despite their names, do not
actually provide a mass value. Instead, they report the mass-
to-charge (𝑚/𝑧) ratio. If the charge of the ion is known, the
mass can be calculated. The most commonly used mass ana-
lyzers for protein biochemistry applications are time-of-flight
(TOF), triple-quadrupole, quadrupole-TOF, ion trap instru-
ments, and hybrid ion trap Orbitrap instruments. The TOF
analyzer is conceptually the simplest spectrometer [54]. Typ-
ical configurations for biological applications are MALDI-
TOF and ESI coupled to an ion trap, triple-quad, Q-TOF, or
orbitrap.

4.4. Surface-Enhanced Laser Desorption/Ionization. Surface-
enhanced laser desorption/ionization (SELDI) is an ioniza-
tionmethod inmass spectrometry that is used for the analysis
of protein mixtures. SELDI is typically used with time-of-
flight mass spectrometers and is used to detect proteins in
tissue samples, blood, urine, or other clinical samples. Com-
parison of protein levels between patients with and without a
disease can be used for identification of new biomarkers.
SELDI-TOF MS is a novel approach to biomarker discovery
that combines two powerful technologies: chromatography
and mass spectrometry. SELDI-TOF-MS is a variation of
matrix-assisted laser desorption/ionization (MALDI) that
uses a targetmodified to achieve biochemical affinity with the
analyte compound.

In SELDI, the protein mixture is spotted on a surface
modified with a chemical functionality. Some proteins in the
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sample bind to the surface, while the others are removed
by washing. After washing the spotted sample, the matrix is
applied to the surface and allowed to crystallize with the
sample peptides. Binding to the SELDI surface acts as a
separation step and the subset of proteins that bind to the
surface are easier to analyze. SELDI technology was commer-
cialized in 1997 as the Protein Chip system and ismarketed by
Bio-Rad Laboratories. The Protein Chip platform consists of
chips presenting specific chromatographic surfaces, includ-
ing reverse phase, anionic exchange, cationic exchange, and
immobilized metal affinity surface.

SELDI has been applied in identifying diagnosticmarkers
in ovarian, prostate, breast, bladder, hepatic, and pancreatic
cancer using serum or plasma. The technique has also been
used to characterize phosphorylated and glycosylated pro-
teins, transcription factors, and peptides and proteins shed
or secreted by various cancer cell lines. SELDI-TOF-MS is a
technology that can produce proteomic “fingerprints” from
biological samples using a relatively high throughput plat-
form. Posttranslationally modified proteins can also be
detected using SELDI-TOF MS.

An application that has generated much interest in
SELDI-TOFMS is its promise as a diagnostic tool in the early
detection of diseases, such as ovarian cancer. Serum samples
taken from healthy and diseased subjects are spotted onto
protein chips and analyzed by TOF MS to generate a protein
profile.

SELDI-TOFMS has its limitations.The system is manual,
time consuming, and prone to human error. The low resolu-
tion, and hence mass accuracy, coupled with the inability to
do TOFMS/MS, prevent reliable identification based on con-
ventional bioinformatic searching. Although a SELDI inter-
face is available for higher-resolution instruments, such as
the hybrid quadrupole TOF instrument that has a much
higher mass accuracy and MS/MS capabilities, the routine
application of these instrument platforms for biomarker
identification directly from the applied sample has yet to be
demonstrated. Largely successful at discovering proteins in
the low-molecular-weight range, SELDI-TOF MS has not
yet shown itself consistently successful in studying high-
molecular-weight proteins.

SELDI-TOFMSprovides a simple, low-resolution pattern
generated from proteins retained on a specific chromato-
graphic surface. In most instances, it does not allow the
direct identification of proteins that may be potential disease
biomarkers. SELDI-TOFMS can rapidly screen and generate
proteomic patterns for hundreds of crude samples. This sim-
ple answer may have a profound impact on how proteomics
is viewed in the future.

Bias in serum specimens of early studies, differences in
study design, and limitations of proteins detected by SELDI-
TOFMS in unfractionated serummay explain the inability of
this study to identify patients especially in studies on patients
with colorectal cancer.

There are many methods of mass spectrometry-based
proteomics that do not use TOF. For example, the Q-Exactive
(Thermo) utilizes a quadrupole-orbitrap hybrid mass
spectrometer and is the most widely used platform for
shotgun proteomics.Waters’ MSE platform is based on a very

good TOF analyzer but depends on a Quadrupole analyzer
(hybrid) in line. Moreover, the introduction of ion mobility
is one of the backbones of their technology. The newer Triple
TOF (AB Sciex) is in essence a quadrupole-time of flight
hybrid as well. Even FT-ICR MS has been used due to its
very high resolution.

4.5. Liquid Chromatography-Mass Spectrometry. Liquid chr-
omatography-mass spectrometry (LC-MS) is a hyphenated
technique, which combines the separation power of LC
with the detection power of mass spectrometry. Liquid
chromatography-mass spectrometry (LC-MS, or alterna-
tively HPLC-MS) is an analytical chemistry technique that
combines the physical separation capabilities of liquid chro-
matography (or HPLC) with the mass analysis capabilities of
mass spectrometry (MS). The LC-MS system consists of four
main components: (1) a chromatographic column, (2) an
ionization source, (3) mass analyzer, and (4) detector. LC-MS
is a powerful technique that has very high sensitivity and
selectivity and so is useful in many applications.

Liquid chromatography/mass spectrometry (LC/MS) has
become a powerful technology in proteomics studies in drug
discovery, including target protein characterization and dis-
covery of biomarkers. Its application is oriented towards the
separation, general detection, and potential identification of
chemicals of particularmasses in the presence of other chem-
icals (i.e., in complexmixtures), for example, natural products
from natural-products extracts and pure substances from
mixtures of chemical intermediates.

LC-MS is also used in proteomics where again compo-
nents of a complexmixturemust be detected and identified in
some manner. The bottom-up proteomics LC-MS approach
generally involves in-solution protease digestion and denat-
uration. The denaturation of the tertiary structure is done
using urea, trypsin enzyme is used for the degradation and
the remaining cysteine residues are capped with iodoac-
etamide.They are then subjected to LC-MS/MS (tandemMS)
to derive their individual sequences. LC-MS/MS is the most
commonly used for proteomic analysis of complex sam-
ples where peptide masses may overlap even with a
high-resolution mass spectrometer. There are two general
approaches to LC-MS/MS analysis of complex peptide mix-
tures. The first is data-dependent experiments that involve
MS scans followed by MS/MS analysis on the most abundant
peptide ions [55]. These experiments are utilized widely in
proteomics and involve the MS/MS analysis of only one
peptide ion at a time.

For complexmixtures, a data-dependent analysismay not
be able to sequence all of the peptides present in the sample
which has led to the development of data-independent
acquisition, LC-MSE. These experiments involve the MS/MS
analysis of widemass ranges resulting in the fragmentation of
multiple precursors in a single scan. These experiments have
been shown to provide more comprehensive protein identifi-
cation [56]. Samples of complex biological fluids like human
serum may be run in a modern LC-MS/MS system and
result in over 1000 proteins being identified, provided that
the sample was first separated on an SDS-PAGE gel or
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multidimensional HPLC (i.e., SCX fractionation prior to LC-
MS/MS analysis).

Within a little more than a decade LC-MS/MS has
transformed from an esoteric gold standard technology to an
affordable, flexible, and accessible technique for most clinical
laboratories. LC-MS/MS has helped in developing routine
methods of high sensitivity, high specificity, high throughput,
and high cost effectiveness in biochemical genetics/newborn
screening, drug and toxicology testing,and endocrine testing
of steroids and biogenic amines. These novel methods have
made a positive impact on patient care on both economic
and quality fronts. LC-MS/MS has been applied to known,
established peptides and proteins biomarkers that is, targeted
proteomics.

Several key limitations of LC-MS/MShave become appar-
ent with the exponential increase of its use in clinical labo-
ratories. They center on the following, interacting aspects of
clinical LC-MS/MS: highly manual workflows, complexity of
operation and maintenance of instrumentation, sample
throughput limits, insufficient detection sensitivity for some
analytes, and problems with detection specificity.

LC/MS plays important roles in protein structural iden-
tification and quantitative measurements in proteomics
research, an integral part of the drug discovery process. Its
broad applications include target protein characterization
and biomarker discovery in addressing challenging issues
related to drug efficacy and safety in drug discovery environ-
ment. New technological advances in this area can provide
additional capabilities in using LC/MS for proteomics studies.
The ability to identify proteins increases 10-fold (when
comparing gel-free to gel) at least, and quantification is much
more precise.

Another emerging field in proteomics research is top-
down proteomics. In contrast to bottom-up experiments,
intact proteins are analyzed directly using high-resolutionMS
and dissociated subsequently by a tandem mass spectrom-
eter. Dissociation techniques used in top-down proteomics
include collision induced dissociation (CID), electron-
capture dissociation (ECD), and electron-transfer dissocia-
tion (ETD). The use of LC/MS in a top-down approach has
been reported in the literature, demonstrating feasibility of
this method in obtaining data on a chromatographic time
scale for the first time.

Orbitrap-based mass spectrometers became a workhorse
in proteomics and are also widely used in all major applica-
tions of life science mass spectrometry such as metabolism,
metabolomics, environmental, food, and safety analysis.
Orbitrap LC-MS technology is the recognized standard for
accurate mass and high-resolution measurement. Orbitrap
LC-MS technology routinely delivers the highest-resolution
and mass accuracy necessary to reduce analysis times and
increase confidence in results. Combined with superior
dynamic range and unsurpassed sensitivity, Orbitrap plat-
forms are the only technology available that is capable of
providing all four benefits at the same time, without compro-
mise.

4.6. Protein Identification and Database Searching. Once
the molecular masses of the unknown proteins are estab-
lished experimentally, they are compared to predetermined

molecular masses of previously sequenced proteins from the
reference databases. Peptide mass fingerprinting (PMF) (also
known as protein fingerprinting) is an analytical technique
for protein identification. The unknown protein of interest
is first cleaved into smaller peptides, whose absolute masses
can be accurately measured with a mass spectrometer such as
MALDI-TOF or ESI-TOF. These masses are then compared
to either a database containing known protein sequences or
even the genome.Thepeptidemasses are compared to protein
databases such as Swissprot, which contain protein sequence
information. Software performs in silico digests on proteins
in the database with the same enzyme (e.g., trypsin) used
in the chemical cleavage reaction. The mass of these peptide
fragments is then calculated and compared to the peak list
of measured peptide masses. The results are statistically
analyzed and possible matches are returned in a results table.

Alternative methods involve the LC-MS/MS analysis of
digested proteins. These experiments are carried out in a
data-dependent manner which involves initial MS analysis
to determine peptide molecular weight which is followed by
MS/MS analysis of each peptide to determine the peptide
sequence. The LC-MS/MS data is searched against a protein
database which has been subjected to a theoretical digestion
and the theoretical MS/MS spectra are generated for each
peptide. Search programs such as Mascot, Sequest, X! Tan-
dem, and Andromeda can then compare the experimentally
observed MS/MS spectrum to the predicted peptide spectra
and determine which peptides, and therefore which proteins,
are the best matches. Coupling LC-MS/MS with database
searches can result in 1000’s of protein identifications from
a single experiment [57].

There are a variety of databases available: UniProt is a
comprehensive, high-quality, and freely accessible database
of protein sequence and functional information, with many
entries being derived from genome sequencing projects. It
contains a large amount of information about the biological
function of proteins derived from the research literature. The
UniProt consortium comprises the European Bioinformatics
Institute (EBI), the Swiss Institute of Bioinformatics (SIB),
and the Protein Information Resource (PIR). UniProt pro-
vides four core databases:

(1) UniProtKB (with subparts Swiss-Prot and TrEMBL),
UniParc, UniRef, and UniMes;

(2) UniProt Knowledgebase (UniProtKB) is a protein
database partially curated by experts, consisting
of two sections: UniProtKB/Swiss-Prot (containing
reviewed, manually annotated entries) and UniPro-
tKB/TrEMBL (containing unreviewed, automatically
annotated entries);

(3) UniProtKB/Swiss-Prot is a manually annotated, non-
redundant protein sequence database. It combines
information extracted from scientific literature and
biocurator-evaluated computational analysis.The aim
of UniProtKB/Swiss-Prot is to provide all known
relevant information about a particular protein;
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(4) UniProtKB/TrEMBL contains high-quality computa-
tionally analyzed records, which are enriched with
automatic annotation.

UniProt Archive (UniParc) is a comprehensive and non-
redundant database, which contains all the protein sequences
from themain, publicly available protein sequence databases.

In addition there are other databases such as the UniProt
Reference Clusters (UniRef) that consist of three databases
of clustered sets of protein sequences from UniProtKB and
selected UniParc records. The UniProt Metagenomic and
Environmental Sequences (UniMES) database is a repository
specifically developed for metagenomic and environmental
data.

UniParc contains protein sequences from the fol-
lowing publicly available databases: UniProtKB/Swiss-Prot,
UniProtKB/Swiss-Prot protein isoforms,UniProtKB/TrEMBL;
Vertebrate and Genome Annotation Database (VEGA), and
WormBase.

Publicly available (Gene Ontology (GO) annotations
from GO Term Finder and GO Term Mapper), UNIPROT,
STRAP, and proprietary software packages including Ingenu-
ity Pathway Analysis (IPA, Ingenuity Systems) and Metacore
(GeneGo Inc.) as well as the STRINGdatabase andCytoscape
are available to identify the differentially affected processes,
pathways, cellular distribution, and protein-protein inter-
actions amongst proteins in the control and experimental
groups, as well as aid in data integration [58–62].

4.7. Validation of Identified Proteins. Western blot or the pro-
tein immunoblot is a widely used analytical technique used
to detect specific proteins in a sample of tissue homogenate
or extract. Other related techniques include dot blot analysis,
Zestern analysis, and immunohistochemistry where anti-
bodies are used to detect proteins in tissues and cells by
immunostaining and enzyme-linked immunosorbent assay
(ELISA).

Biomarker validation experiments can also be performed
using multiple reactions monitoring (MRM) peptide quan-
titation on an LC-MS/MS platform [60]. These experiments
differ from those described above in that peptides from the
proteins of interest are analyzed by MS/MS. Typically, three
peptides are selected for each protein; up to 50 proteins can
be analyzed in a single analysis, which allows proteins quan-
titation to be performed on multiple samples in a reasonable
time frame. In addition, MRM analysis coupled with isotope
dilution mass spectrometry allows for the absolute quantita-
tion of protein abundances.

5. Proteomic Profiles of
Females with Endometriosis

The presence of endometrial glands and stroma outside
the uterine cavity is referred to as endometriosis [63]. This
disease is benign and its development is primarily estrogen-
dependent [47]. The manifested symptoms of endometriosis
are most commonly pelvic pain and infertility as the lesions
develop and establish within the peritoneal region. Although
there is a delay in the diagnosis of endometriosis, it has been

noted that the most common symptoms are dysmenorrhea,
pelvic pain, dyspareunia, and infertility [48]. A diagnosis of
endometriosis is established in 17% of women who present
with primary infertility, 5–21% of women with pelvic pain,
and 50% of adolescents with dysmenorrhea [64]. These
statistics are evidence of the prevalence of this disease among
women of a wide age range, making endometriosis one of the
most investigated gynecological disorders.

The prevalence of endometriosis is the highest among
womenof reproductive age group anddeclineswith age,mak-
ing it a topic of interest to researchers [65]. It was noted that
an early diagnosis of the disease greatly reduces the risks
and symptoms associated with the disease. However, this has
proven to be more challenging than initially thought since
the only method of diagnosis of endometriosis is by invasive
techniques such as laparoscopy [47]. General fear of medical
intervention prevents women from undergoing the proce-
dure unless they are symptomatic or have already been diag-
nosed. According to Husby et al., the time of delay between
pelvic pain and final diagnosis of endometriosis was a
mean of 6.7 years [66]. However, since studies have shown
that endometriosis is progressive in 50% of the cases, early
diagnosis is the key [47].

Endometriosis can be classified into three types, each of
which affects a different region or tissue of the abdomen.
Ovarian endometriosis and peritoneal endometriosis appear
as multiple lesions of the endometrial tissue on the ovaries or
peritoneum, respectively. Endometriosis of the rectovaginal
septum is a more invasive form of endometriosis which
involves the infiltration of adenomyotic tissue, making this a
more persistent form of the disease [8]. Each of the subtypes
has its unique identity due to differences in presentation and
underlying pathology. The link between endometriosis and
infertility is not completely clear yet. Different reasons have
been proposed that could be responsible for infertility such as
changes in the peritoneal fluid content and alterations of
granulosa cells as well as changes in the follicular fluid
including immunological changes.

The high prevalence of ROS in endometriosis patients,
due to the oxidant-antioxidant imbalance mentioned previ-
ously, results in DNA damage of the sperm that is incubated
with peritoneal fluid from endometriosis patients. Although
regulated by different factors, the oocyte DNA exhibits
similar changes when subjected to incubationwith peritoneal
fluid from endometriosis patients. Alterations in oocyteDNA
and oocyte competence were seen when coincubated with
peritoneal fluid from endometriosis patients. Change in
endometrial receptivity also plays a role in the resulting
infertility in women with endometriosis [67].

The search for molecular markers to identify the symp-
toms of endometriosis early on in disease development con-
tinues, as it will not only aid in preventing progression of the
disease but also improve the quality of life, fertility status, and
health of women suffering from endometriosis worldwide
[68]. Numerous proteins have been identified in different
studies (Table 1) and this review will only focus on a few that
are either linked to or altered by oxidative stress. According to
Fassbender et al., different proteins are expressed at different
stages of the menstrual cycle depending on the severity of
endometriosis [47].
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Seeber et al. were able to identify and validate differ-
entially expressed proteins in the plasma of endometriosis
patients. The use of highly accurate methods such as SELDI-
TOF-MS may help to potentially avoid laparoscopic proce-
dures, unless absolutely required [48]. In one study, the levels
of fibrinogenBpeptidewere compared inwomenwhounder-
went laparoscopic procedures with or without pelvic pain.
The samples studied were from women in the luteal phase
of the menstrual cycle. Fibrinogen B peptide (Table 1) was
decreased in endometriosis patients when compared to the
control group suggesting its potential use as a biomarker [47].
The conversion of fibrinogen into fibrin is one of the several
steps in the blood clotting cascade, after vascular injury. Fib-
rinogen is also involved in cellular processes, inflammation,
and wound healing. It was postulated that the decrease of fib-
rinogen B chain in the plasma of endometriosis patients indi-
cated that more fibrinogen was converted into fibrin in the
peritoneal fluid that led to adhesion and attachment of
peritoneal tissue—a hallmark of peritoneal endometriosis
[47].

Afamin is a vitamin E-binding protein commonly present
in peritoneal fluid. Vitamin E, a nonenzymatic antioxidant,
present in nonvascular fluid was found to be decreased in
peritoneal fluid of endometriosis patients [74]. Several exper-
iments have shown an increase in levels of Afamin in peri-
toneal fluid of patients with endometriosis when compared to
women who are disease free [8, 74]. Higher level of the bind-
ing protein Afamin suggests reduced amounts of available
antioxidant to scavenge the free radicals and thereby provides
a linkage between endometriosis and oxidative stress.

Iron and its deposits, such as heme and hemosiderin, are
typically found in endometriotic lesions [69]. Hemopexin,
a heme binding protein, was found to be downregulated in
peritoneal fluid of patients proven to have endometriosis [8].
Heme, a breakdown product of erythrocytes, is a source of
lipid radicals as it interacts with the lipids present within the
plasma membrane, leading to an increase in oxidative stress.
Heme is also the source of redox imbalance at the surface of
peritoneal epithelial cells [10]. The decrease in hemopexin
can therefore lead to oxidative stress as noted in patients of
endometriosis. Such radical imbalance also leads to damage
in the fallopian tubes and retrograde menstruation, further
establishing the role of oxidative stress in the disease [10].

Superoxide dismutase (SOD) is an enzymatic antioxidant
produced by the theca interna of ovarian follicles. It catalyzes
the breakdown of superoxide radical into hydrogen peroxide
and oxygen thereby producing less reactive molecules. Prieto
et al. showed that this protein was decreased in the follicular
fluid of women with endometriosis (𝑃 = 0.05), further
highlighting the relation between oxidative stress and the
disease [31]. SOD is only present in ovaries, particularly in the
follicular fluid, providing protection for the theca interna.The
follicular fluid is located in a compartment surrounded by
highly vascularized cells that act as a blood-follicle barrier
[75]. The microvasculature within the theca interna layer is
responsible for transferring the SOD from within the cells to
the follicular fluid; hence the cells have a protective role.

Thioredoxin (TRX) (Table 1) regulates the levels of oxida-
tive stress in a cell due to its antioxidant activity. It is also

involved in multiple cellular processes including prolifera-
tion and apoptosis. Thioredoxin binding protein 2 (TBP-2)
regulates the activity of thioredoxin and enhances apoptosis
in cells with high oxidative stress. Seo et al. noted that
there is an increase in TRX/TBP cellular content in endo-
metriosis patients (𝑃 < 0.001).The study included 66 women
(35 with confirmed endometriosis and 31 patients without
endometriosis as a control) in which real-time PCR and
immunohistochemistry were used for amplification and
localization of the proteins in the endometrial tissue. The
levels of TBP and TRX in the serum and peritoneal fluid were
determined using ELISA. It was postulated that endometrio-
sis related oxidative stress resulted in a decrease in TBP-2
rather than an increase in TRX and hence the change in the
TRX/TBP ratio [70]. The decreased negative regulation of
TRX was indicative of lower antioxidant activity and
increased oxidative stress. The lower levels of TBP-2 in
endometrial cells also indicated lower levels of apoptosis and
higher levels of cell proliferation.As a result, uterine cellswere
implanted in different regions leading to the establishment
and progression of the endometriosis [70].

Vascular endothelial growth factor (VEGF) is a polypep-
tide responsible for blood vessel formation by binding to pro-
tein kinase receptors. VEGF has an important role in normal
angiogenesis as well as in diseased conditions associated
with abnormal vascular proliferation [76]. The levels of
VEGF increase in the endometrial tissue of women with
endometriosis. Furthermore, levels of VEGF differed at dif-
ferent times of the cycle, being higher during the proliferative
phase than the secretory phase in patients with endometriosis
as compared with women without endometriosis (control).
The level of VEGF in the peritoneal fluid was determined
using ELISA. VEGF allows the establishment and prolif-
eration of endometriotic tissue as the polypeptide induces
neo-vascularization within and around the tissue [72]. Better
understanding of this pathway could potentially assist in
treatment options as well as lead to the identification of a
biomarker of endometriosis. Antiangiogenic factors have
been proposed as therapeutic agents for treatment of women
suffering from endometriosis. Antiangiogenic drugs function
by inhibiting formation, maintenance, and development of
blood vessels and therefore act in hindering the progression
of endometriosis [77]. Although studies on the effect of
oxidative stress on VEGF in the human endometrium have
not been done, the relationship has been studied in various
other systems. Studies in gastric cancer by Schäfer et al. have
demonstrated that an increase in oxidative stress leads to an
increase in VEGF gene expression. Moreover, eliminating
reactive oxygen species in turn leads to a decrease in VEGF
levels proving the specificity of oxidative stress reactions [78].
The effect of oxidative stress on VEGF has also been studied
in embryonic development. ROS was noted to cause changes
to transcription factors and hence the pathways leading to
increased expression of VEGF and angiogenesis for cell sur-
vival [79]. Oxidative stress therefore affects VEGF expression
but the link to endometriosis is not clear yet.

The ectopic endometrium found in women with endo-
metriosis is an invasive tissue requiring cytoskeletal rear-
rangement and modification [73]. Beta-actin (Table 1) is one
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such cytoskeletal protein which is a mediator of cell motility
and seems to be increased in the serum of women with
endometriosis [73]. Such findings lend credibility to the ratio-
nale that endometrial cells change location and shape in order
to migrate to their new habitats in the diseased state. Other
cytoskeletal proteins that have been identified in the tissues of
women with endometriosis include alpha-actinin, ezrin, and
talin all of which are decreased in the diseased state. All
these proteins are involved in cell adhesion and hence in the
binding of cells. The downregulation of these proteins is
indicative of changes in cellular morphology and the possible
movement of cells away from each other [80].

In addition to cytoskeletal changes within the cell,
endometriosis is related to the dynamic changes in the extra-
cellular protein expression. The extracellular matrix (ECM)
plays an essential role in some of the cell processes such as
migration, adhesion, proliferation, and differentiation as well
as acts as the basis for the generation of endometriotic tissue
[81]. According to Harrington et al., laminin, fibronectin,
collagen IV, and vitronectin, all components of the ECM,
were expressedwith similar patterns in the endometrial tissue
of women with no endometriosis but with a regular men-
strual cycle and women exhibiting endometriosis. However,
Western blotting techniques were only able to detect a change
in tenascin which was upregulated in endometriotic tissue
as well as the proliferative phase of the menstrual cycle.
Although the exact function of this protein is not known, the
change in its levels suggests that the higher expression is a
result of the factors present in the peritoneal fluid surround-
ing endometriotic tissue which may aid in the development
of endometriosis [81]. In contrast, increase in vitronectin was
seen in the peritoneal fluid of patients with peritoneal and
ovarian endometriosis [8]. An increase in fibronectin, col-
lagen IV, and laminin was also seen in women with
endometriosis. The release of these molecules into the peri-
toneal cavity during ovulation may result in increased adhe-
sion of endometrial cells that enter the peritoneal cavity due
to retrograde menstruation [82]. Furthermore, fibronectin
and collagen type IV of the ECMhave been shown to enhance
cell proliferation [83, 84]. Increase of vitronectin and tenascin
in certain cancers led to the postulation that the progression
of endometriosis was similar to tumor formation. Studying
ECM proteins and their differential expression was proposed
to assist into further understanding the etiology of this
enigmatic disease [82].

Cyclins are positive regulators of the cell cycle leading to
the proliferation of cells. Their activity is associated with that
of cyclin-dependent kinases (CDKs) to keep the cell cycle
under control. Cyclin A1 was found to be expressed in the
testis, promyelocytic cells, andmyeloblastic leukemia [85]. In
addition, cyclin A1 was found to be differentially expressed in
the serum of patients with endometriosis. The association of
such a finding with the pathogenesis of the disease is not well
established and requires further studies [73]. It has been pos-
tulated that in the presence of pathogenic conditions such as
endometriosis, there is an increase in oxidative stresswhich in
turn causes damage to the cell cycle control and leads to
excessive proliferation of endometrial stromal cells [86].

Heat shock proteins (HSP) accumulate in cells exposed to
stressful conditions.They function as cellular chaperones and
play an important role in protein folding/unfolding, trans-
portation and assembly of proteins, and cell cycle control and
signaling as well as modulation of apoptosis. HSPs are classi-
fied according to their molecular weight [87]. HSP 90 modu-
lates the function of some sex steroid receptor proteins. An
increase was reported in the levels of HSP 90 during the
proliferative phase of themenstrual cycle detected by staining
for the protein in the endometrial glands of a normal
endometrium retrieved from women who underwent hys-
terectomy as treatment for cervical intraepithelial neoplasia.
This increase mirrored the change occurring at the hormonal
level [88]. There are discrepancies reported in the expression
levels of HSP90 in endometriosis. While Matsuzaki et al.
reported an increase in HSP90 expression, Fowler et al. noted
a decrease in the level of the protein in endometrial tissue
[12, 89].The role of HSPs in correcting the damage occurring
in the cell allows these small molecules to counteract the
effect of oxidative stress and hence potentiates their use as
therapeutic agents for various diseases [90]. This theory fur-
ther correlates with the effect of oxidative stress, as well as the
decrease of HSP90 during the progression of endometriosis.

The above proteins are only a sample of the diverse reac-
tions and changes that occur during endometriosis. Antioxi-
dant proteins are underexpressedwhile those inducing oxida-
tive stress appear to be overexpressed in multiple studies,
corroborating the theory that the imbalance of radicalswithin
the body could potentially cause the endometriosis. While
levels of Afamin (an antioxidant binding protein) increased
in the peritoneal fluid of patients, other authors have shown a
decrease in the expression of some proteins that inhibited
oxidative stress formation such as hemopexin [10, 74]. Studies
fromdifferent environments also revealed differential protein
expression such as decrease in SOD levels in follicular fluid
and an increase in the TRX/TBP ratio in endometrial cells
[31, 70]. Proteins with roles secondary to the function of
oxidative stress were also altered, including those that cause
neovascularization (VEGF) and cytoskeletal proteins that
affect cell division, motility, and differentiation [72, 80]. In
addition, proteins of the ECM and cell cycle regulators seem
to alter the way cells proliferate and may lead to endometrio-
sis [73]. Heat shock proteins, responsible for the circumvent-
ing the effects of oxidative stress, are reported to decrease in
endometriosis allowing for more cellular damage [12].

6. Role of Proteomics in Polycystic Ovarian
Syndrome (PCOS)

PCOS is one of the major causes of infertility and is reported
to affect 5–10% of women during their reproductive age [91].
In 1990, National Institute of Health defined polycystic
ovarian syndrome (PCOS) as a disease featuring both chronic
anovulation and clinical or biochemical signs of hyperandro-
genism, that are definitely not due to any other etiology. The
presence of polycystic ovaries became one of the required
observations for accurate diagnosis of PCOS. It was later
noted that PCOS is a symptom of ovarian dysfunction rather
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than a diagnosis on its own [92]. The Rotterdam diagnostic
criterion for PCOS states that two out of the three listed
criteria should be present in order to diagnose a woman with
this condition:

(1) clinical hyperandrogenism (Ferriman-Gallwey score
>8) or biochemical hyperandrogenism (elevated
total/free testosterone);

(2) oligomenorrhea (<6 menstrual cycles per year) or
oligo-ovulation;

(3) polycystic ovaries on ultrasound (≥12 antral follicles
in one ovary or ovarian volume ≥10 cm3) [92].

Hyperandrogenism is commonly seen in PCOS patients
due to the elevated LH levels [93]. The condition most
commonly manifests itself in the form of hirsutism and acne
whichmay eventually lead to social and psychological distress
[91]. 50% of PCOS patients are obese, mostly presenting
with an abdominal fat phenotype. This metabolic syndrome
eventually leads to the manifestation of different pathologies
including diabetes and cardiovascular disease [94]. PCOS
patients are commonly found to be insulin-resistant, irre-
spective of their weight or infertility, and exhibit hyperinsu-
linemia.

Infertility is an associated problem in patients with PCOS,
directing many of the women to seek help through assisted
reproductive techniques (ART). According to the World
Health Organization (WHO), women with ovulatory disor-
ders, including PCOS, can be successfully treated with ovu-
lation induction along with timed intercourse or any other
form or assisted fertilization [4]. Due to the increased risk
of ovarian hyperstimulation syndrome and multiple preg-
nancies, intrauterine insemination (IUI) is the least favored
method of ART that is adopted for PCOS patients. Instead,
IVF has become the more effective option for women with
PCOS to become pregnant [4].

PCOS was thought to be due to genetic predisposition,
including evolutionary and environmental modifications.
This in turn led to genetic studies of women with PCOS
in comparison with disease-free controls but no definitive
answers were obtained [95]. The lack of any conclusive infor-
mation from genetic studies led scientists to focus more on
the protein complements instead. The ability to identify
certain molecules that are characteristically under-or over-
expressed in PCOS patients compared with controls could
provide additional insights into the disease. In addition to
better understanding of the disease, advanced tools including
proteomics will also provide physicians with an excellent tool
for diagnosis of a disease that is currently difficult to diagnose,
due tomultiplemanifestations. It would also aid in the identi-
fication of therapeutic agents and newer treatmentmodalities
[96]. By examining the proteins, researchers may also have
insight into the biological pathways involved with PCOS.
This could eventually help in the identification of changes
occurring due to oxidative stress or different environmental
factors.

Proteomic studies for PCOS have been conducted on
different body fluids and tissues including ovarian tissue,
serum, visceral adipose tissue, plasma, and ovarian granulose

cells. Follicular fluid has been utilized extensively due to its
easy accessibility by transvaginal ultrasound-guided oocyte
retrieval, following hormonal treatment. The vascularization
of the theca interna allows the transduction of different
factors from circulation transudating into the follicular fluid,
thus providing a representative studymedium [38]. Follicular
fluid contains metabolic products of granulosa cells, proteins
from the follicle and blood, hormones, growth factors, and
stem cells and will thereby provide information about the
function of each of these molecules in the process of follicu-
logenesis [14].

Dai and Lu were able to identify 20 differentially
expressed proteins when comparing PCOS patients and
normal women. The proteins were involved in glucose
metabolism, lipoproteinmetabolism, cell proliferation, apop-
tosis, and insulin resistance [14].While Cortón et al. were able
to identify only 15 differentially expressed proteins, Ma et al.
identified 69 proteins [6, 13]. Several other studies were also
able to identify differentially expressed proteins in different
testing media. A list of the more common proteins is
presented in Table 2.

Heat shock proteins (HSP) are low molecular weight
molecules that can function at temperatures higher than
other proteins. They are usually responsible for maintain-
ing cellular homeostasis and act as chaperones of proper
protein folding. According to Ma et al., HSP27 (Table 2) is
highly expressed in normal ovarian tissue compared to tissue
from PCOS patients. In this study, only women in their fol-
licular phase, younger than 30 years with regular menstrual
cycles, were selected as controls. Patients with PCOS were
only included if they had >12 follicles in one ovary or 2 of
the 4 criteria: irregular menstrual cycles, polycystic ovaries,
hyperandrogenism, and chronic anovulation [13]. This pro-
tein is responsible for maintaining proper protein shape and
configuration and acts as an antioxidant in cells. In stressful
cellular environments, HSP27 expression was shown to be
elevated in order to confer resistance against oxidative stress
[97]. HSP27 was also shown to suppress apoptosis through
different methods, either by inhibiting cellular caspases,
deactivating the ROS in the cell, or blocking Fas-induced
apoptosis.The downregulation of this protein indicated lower
levels of antioxidants in PCOS ovaries, implying the involve-
ment of oxidative stress underlying PCOS and infertility [13].

Iron is a heavy metal capable of having multiple oxidative
levels and therefore acts as a redox molecule. The ability of
iron to transfer electrons endows it with the power of forming
free radical molecules. Free iron catalyzes the formation
of hydroxyl radicals by the Fenton/Haber-Weiss reaction,
requiring iron to remain bound within solutions. Transferrin
is an iron-binding protein present in different biological
fluids [98]. An increase in free iron is thought to cause
oxidative stress within cells with concurrent increase in
ROS levels. Women with PCOS are thought to exhibit more
oxidative stress in follicular fluid [38]. This, in turn, would
mean lower transferrin levels within follicular fluid. On the
contrary, Dai and Lu found increased levels of transferrin
in follicular fluid during controlled ovarian hyperstimulation
[14]. It was postulated that this was due to the high levels of
transferrin that inhibited FSH from binding to granulosa
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cells.Thediminished levels of FSH, binding to granulosa cells,
result in altered follicular growth andmaturation as proposed
by Kawano et al. [99].

Apolipoprotein A1 (APOA1) is a component of high-
density lipoprotein (HDL), proven to maintain the structure
and function of the lipoprotein. Apolipoprotein A4 (APOA4)
is also a member of the apolipoprotein family with the weak-
est lipophilic ability. Dai and Lu showed that bothAPOA1 and
APOA4 were significantly increased in the follicular fluid of
PCOS patients when compared with patients without PCOS,
proving their role in lipid metabolism and abnormal
ovulation. These proteins were identified by 2D-GE and
MALDI-TOF and confirmed by Western blotting [14]. Lipid
metabolism may eventually lead to the formation of lipid
peroxides that contribute to the ROS content of a cell. It was
shown that lipid peroxides are usually associated with HDL
and not LDL, suggesting their association with APOA1 [100,
101]. Such indications led researchers to postulate the role of
APOA1 as a biomarker for PCOSdue to its presence in plasma
and follicular fluid making it an easy target to assess.

Peroxiredoxin (Prx) and glutathione S-transferase M3
(GSTM3) are both antioxidant proteins thatwere significantly
expressed in adipose tissue of PCOS patients. The relation
of oxidative stress with PCOS was evident through the
differential expression of these proteins between control
subjects and PCOS patients in a study done by Cortón et al.
The study included 19 morbidly obese women who were
undergoing bariatric surgery. 10 of these women were diag-
nosed with PCOS. 9 women included in the study as controls
exhibited no signs of hyperandrogenism and had regular
menstrual cycles. The diagnosis of PCOS was based on the
presence of oligo-ovulation, hyperandrogenism, and hir-
sutism, excluding hyperprolactinemia, congenital adrenal
hyperplasia, and any androgen secreting tumors [6]. Interest-
ingly, Prx was decreased as GSTM3 increased, although they
both function as antioxidants within the cell. As the cells
possess lower antioxidant capacity, due to a decrease in Prx,
they become more susceptible to oxidative stress. In an
attempt to correct for this imbalance, adipose cells produce
more GSTM3 which explains the discrepancy between the
expression levels of these two proteins. GSTM3 also functions
in the breakdown of cytotoxic cellular components which, in
turn, leads to an increase in oxidative stress levels in the cell
[6]. Therefore, the difference in expression between the two
proteins may appear to work in opposite directions when in
fact over- and underexpression of each of these proteins lead
to the same result: increase in oxidative stress due to decrease
in antioxidant activity and the breakdown of cytotoxic cell
components.

In the same study by Cortón et al., it was also noted
that the expression of annexin V increased in the adipose
tissue of women with PCOS [6]. Several functions have been
attributed to the annexin family of proteins. They appear to
function in regulation of membrane organization and may
also be involved with apoptosis [102]. Leon et al. showed that
annexin V in particular was involved in a series of cascade
reactions that in turn led to the binding of the protein to the
interferon-gamma receptor [103]. Interferon-gamma is a
cytokine responsible for the production of ROS in the body

and in this case explains the increase in annexin V and its
significance is demonstrated by increased levels of ROS in
PCOS patients.

The extracellular matrix (ECM) and the cellular environ-
ment are critical players in PCOS pathology. The ECM is
the microenvironment around cells that provides them with
physical support. It is also responsible for transmitting signals
for the different cellular functions [37]. Matrix metallopro-
teinases (MMP) are extracellular peptidases that hydrolyze
several proteins including those making up the ECM and
therefore could contribute to the altered cellular environment
and various pathologies [104]. Prolidase is one such MMP
involved in collagen remodeling and cell growth and its
activity was found to be correlated with oxidative stress levels
in the body [105]. Hilali et al. studied the amount of prolidase
expressed in PCOS patients in an attempt to assess the
association ofMMPwith the disease.The results showed that
prolidase was increased in the serum of PCOS patients in
comparison to normal women in addition to the increase
in oxidative stress levels [37]. Multiple studies reported
increased prolidase activity in patients with cardiovascular
disease [106].The increased degradation of the ECM can also
be a causative agent of PCOS, possibly due to the remodeling
of ovarian tissue structure and that could subsequently lead to
the condition of polycystic ovaries. DifferentMMPmolecules
are already being used as biomarkers for the detection of
different cardiovascular diseases [106]. Increased activity of
prolidase is almost always accompanied with oxidative stress
in the pathology of PCOS; they may be used in combination
with other clinical factors as biomarkers for early and accu-
rate diagnosis of PCOS in women where diagnosis has been
difficult.

7. Role of Proteomics in
Unexplained Infertility

Unexplained infertility is a diagnosismade by exclusionwhen
no other factors seem to contribute to this pathophysiology
[39]. Although no definitive cause of infertility in cases of
idiopathic infertility has been established yet, several studies
have linked the diagnosis of unexplained infertility with an
increase in oxidative stress and the converse where there is an
improvement in the fertility status following antioxidant
supplementation also holds true [39].The infertility diagnosis
in women is generally established after ruling outmale factor,
ovulatory dysfunction, hormonal causes, and other known
causes of infertility. According to the study performed by
Smith et al., 30% of infertile couples are labeled as having
unexplained infertility. One of the major contributing factors
is usually the age of the female partner [107].

Gleicher and Barad suggested that unexplained infertility
is not a diagnosis but is the lack of one and therefore impos-
sible to prove. They argued that the use of the word “unex-
plained infertility” is inaccurate as it would mean that all of
the reproductive workup has been done, when in fact there is
no definitive answer as to what represents a complete repro-
ductive workup [108, 109].They go on to explain the different
reasons that could cause infertility that are not usually
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checked by physicians such as premature aging of ovaries,
autoimmune disease, or even misdiagnosed tubal disease
[109].

Endometrial receptivity is another cause of infertility that
clinicians are currently unable to characterize with defini-
tive markers [44]. The endometrium is receptive for only
4-5 days of the menstrual cycle allowing a narrow window
for embryonic implantation. During this time, the cells
become secretory and release several molecules that help in
implantation and embryo development in what is called the
window of implantation [110]. It is important that physicians
are able to identify such molecules in the uterine fluid and
tissue, within that time frame, in order to provide a nonin-
vasive method to check for the appropriate environment for
establishing a pregnancy. Implantation failure is currently
the most common limiting factor in achieving pregnancy in
women undergoingART.Therefore, establishing endometrial
receptivity is crucial for improved outcomes with ART [111].
Several reports indicate that genes expressed at different
stages of the endometrial cycle do not adequately represent
the protein expression during that time and hence the need
for proteomics for the identification of potential biomarkers
of endometrial receptivity [112]. Some of the proteins identi-
fied are listed in Table 3.

In the experiment performed by Domı́nguez, both
annexin A2 and S100-A10, components of the annexin
heterotetramer (A11t), were upregulated in the endometrial
tissue obtained during the prereceptive and receptive phase of
the menstrual cycle. These protein measurements were con-
ducted by differential in-gel electrophoresis andMALDI-MS,
during the endometrial receptive phase. These proteins were
shown to be associated with higher chances of implantation
[113]. Annexin A2 was originally thought to function in cell-
cell interaction and adhesion.However, different biochemical
alterations, such as glycosylation and glutathionylation, may
cause functional alterations secondary to changes in the
structure. Glutathionylation seems to occur with develop-
ment of oxidative stress. The changes incurred on a protein
due to either glutathionylation or glycosylation may be
inhibitory or stimulatory. Glutathionylation of A11t causes a
decrease in the protein’s biological function. Both annexin A2
and S100-A10 activity were reduced in cases with higher levels
of oxidative stress [120]. A decrease in annexin concentration
could in turn inhibit cellular reorganization in endometrial
cells.The lack of annexin A2 during the receptive phase is one
examplewhere oxidative stressmay alter protein function and
structure leading to detrimental effects at the cellular level.
Without the remodeling of endometrial cells and cell-to-cell
dialogue, pregnancy outcomes decrease with disruption of
implantation.

8. Proteomics and ART

The promise of assisted reproductive techniques to achieve
pregnancy has led numerous infertile couples to opt for the
procedures, with the hope of fulfilling their dream of having
their own biological child. It is, however, noted that these
techniques are not always associated with higher clinical

pregnancy and live birth rates. To achieve a high pregnancy
rate it is important to understand the proteins involved in
follicular microenvironment [117]. Women have to undergo
controlled ovarian stimulation to isolate mature oocytes for
the use in IVF or ICSI procedures. In an ART setting, the
effects of oxidative stress are amplified due to the lack of
internal defense mechanisms that would normally operate in
vivo as well as increased levels of ROS originating as a result of
manipulation ofmale and female gametes [121].ThehighROS
levels may impact the energy pathways in the newly formed
embryo and impair embryonic development [121].

Oxidative stress levels were studied by Younis et al. in
women undergoing ovarian stimulation prior to ART. In
the study by Younis et al., it was noted that the level of antiox-
idant proteins increased during the peak estrogen levels
[9]. The increase in superoxide dismutase (SOD), paraox-
onase 1 (PON1), and interleukin 6 (IL6) in plasma corre-
lated positively with pregnancy outcomes and was therefore
thought to have potential use as biomarkers for predicting
positive pregnancy (Table 3) [9]. Prieto et al. showed that the
increase in SOD levels in follicular fluid was predictive of
successful pregnancies in IVF patients; hence it could poten-
tially be utilized as a biomarker [31]. Both PON1 and SOD
are enzymatic antioxidants present in the blood and their
upregulation during ovarian stimulation highlights the role
of oxidative stress in reducing pregnancy rates. However, this
is in contrast to other studies that showed a higher amount of
oxidative stress during ovarian stimulation with a concomi-
tant reduction in antioxidant proteins [100].

Jarkovska et al. conducted a study in which they com-
pared the protein expression within follicular fluid and
plasma in women undergoing ovarian stimulation. It was
reported that the immunological pathways are one of the
major determinants of successful IVF rates. A regulated com-
plement system seems to be essential for proper implantation
and embryo maturation during pregnancy with successful
IVF procedures. The activity of the complement system
decreased VEGF activity leading to less blood vessel for-
mation within the placenta. The inappropriate complement
activity is also directly related to a higher rate of abortions. In
addition, proteins involved with angiogenesis and blood
coagulation seem to be essential in achieving a successful
pregnancy following IVF. The list of proteins identified for
optimal embryo implantation included antithrombin III
precursor, complement precursors, and fibrinogen beta chain
precursor (Table 3) [117]. As noted earlier, VEGF levels
increase in response to higher levels of oxidative stress further
implicating that ROS has a negative effect on ART success
rates [72].

The levels of complement C3 and antithrombin were
decreased in the follicular fluid in a group of young women
who had successful live births in comparison with those who
underwent IVF procedures with no success. In addition,
higher levels of fibrinogen alpha chain were associated with
increased likelihood of live births [122]. Fibrinogen levels in
the peritoneal fluid were previously highlighted in this review
to serve as potential biomarkers for the presence of endo-
metriosis [47]. Higher levels of fibrinogen may be an indica-
tor of the hypercoagulable state of pregnancy as higher levels
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of fibrinogen have been reported along with a decrease in
fibrinolysis [123].The altered expression of these various pro-
teins and their successful reproducibility in multiple exper-
iments reinforce their potential role as a diagnostic tool in
infertility and ART.

9. Protein Profiles of Embryos in ART

In addition to its implementation in analyzing success rates
of IVF, proteomics has been used to study the secretome of
embryos in the hope of discovering a biomarker to assess
and predict embryo viability. However, the knowledge on
preimplantation embryo is currently limited due to technical
difficulties. Restrictions such as limited template of known
proteins, low quantity, and lack of sensitivity of equipment
are all impediments that should be overcome before definitive
studies can be accomplished [15]. Embryo selection in ART is
currently being done using morphology as the only determi-
nant of embryo viability. Such methods present with several
limitations and most importantly, its lack of representation
of genomic differences [4]. Several studies have looked at the
protein profile of embryos and their secretome in order to
determine a suitable marker for implantation success. Some
of the proteins identified are listed in Table 3.

Katz-Jaffe et al. identifiedmultiple differentially expressed
proteins between blastocysts that matured or did not and
blastocysts at different developmental stages as well as
embryos that were morphologically similar but did not
necessarily possess the same protein profile (listed in Table 3)
[118]. Embryos that failed to develop were shown to have
higher levels of apoptotic and growth inhibiting proteins
including cystatin-like precursor proteinwhich functioned in
inhibiting cysteine proteases [118]. Protease activity is crucial
in the degradation of the extracellular matrix in the uterine
environment and therefore in implantation [124]. The high
expression level of cystatin-like precursor protein can func-
tion as a potential biomarker for successful embryo implan-
tation and help select the embryos with the highest chance of
implantation. Although not proven in embryos, studies on rat
CNS neurons have shown that an increase in oxidative stress
eventually leads to an increase in cystatin C activity.This may
therefore explain why an increase in oxidative stress in utero
is linked to lower fertility status [125].

Katz-Jaffe et al. found that the proteins secreted from the
embryo over a period of 24 hours were highly reflective of
what was going on inside the cells, as proteins are the major
determinants of cell function [119]. Ubiquitin, a polypeptide
that functions as part of the protein degrading complex,
was found to be differentially expressed in different cells.
Significantly higher levels of the protein were observed in
developing blastocyst secretome but seemed to be dminished
in the secretome of degenerating embryos [119].

The ubiquitin-proteosome pathway (UPP) was shown to
be involved in uterine remodeling and placental development
which allows successful implantation.Wang et al. were able to
prove that blocking this pathway inhibited pregnancy in
different species including humans [126].The change of ubiq-
uitin expression in the uterine tissue also altered the activity

of the matrix metalloproteinases which are important during
the early pregnancy [126, 127]. Ubiquitin levels measured in
the secretome of the embryo may therefore be used as a
biomarker for noninvasive and easy prediction of successful
pregnancy.

Proteomic studies on the embryo are still limited due
to experimental difficulties especially in human embryos.
Finding a greater number of differentially expressed proteins
will increase our knowledge on the activity of embryos and
what is essential for successful implantation and pregnancy.
These proteins may also be used as biomarkers to select the
embryos before transferring them during ART.This can help
avoid unsuccessful transfers as well as the transfer of kary-
otypically abnormal embryos.

10. Conclusion

In this review,we have highlighted studies that have identified
some of the proteins in female infertility-related diseases
and their association with underlying oxidative stress. Endo-
metriosis, PCOS, and unexplained infertility are currently
the three most common causes of infertility among women
worldwide. Understanding of these diseases will provide
clinicians with a better insight into their early diagnosis and
management. Identification of proteins in different diseases
and at different stages of the progression will help in the dis-
covery of potential biomarkers for noninvasive diagnosis of
these diseases. The various proteins listed in the review have
been separated, identified, and confirmed using 2D-GE,mass
spectrometry, and Western blotting, respectively. 2D- PAGE
is beneficial in its ability to detect proteins with wide range
of masses and identify several proteins at any one time. How-
ever, it is a time-consuming process and requires extensive
laboratory skills. Mass spectrometry has the advantage of
being rapid and can utilize even a small sample size but is
limited by the availability of test samples that can be used.
Western blotting is characterized by its high sensitivity and
specificity; however, some drawbacks in the technique
include its high technical demand and being prone to false
results. In addition, we looked at proteins identified in the
embryonic secretome. Definitive knowledge of the embry-
onic secretome can assist in the selection of the best embryo
and help clinics to move towards single embryo transfers
without any impact on the success rates.

Future research should be directed to identify specific
proteins in the abovementioned diseases as well as proteins
related to identification of best embryos. Researchers should
also aim to achieve reproducible results and validate these
proteins as this is a main requirement in biomarker credibil-
ity.The ability to identify a protein, common betweenwomen
of different races, ages, and in different regions of the world,
will hopefully contribute to improvingwomen’s healthworld-
wide.
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