
Abstract. Despite the explosive increase in the use of
Assisted Reproductive Technologies (ART) over the last 30
years, their success rates remain suboptimal. Proteomics is
a rapidly-evolving technology-driven science that has
already been widely applied in the exploration of human
reproduction and fertility, providing useful insights into its
physiology and leading to the identification of numerous
proteins that may be potential biomarkers and/or treatment
targets of a successful ART pregnancy. Here we present a
brief overview of the techniques used in proteomic analyses
and attempt a comprehensive presentation of recent data
from mass spectrometry-based proteomic studies in humans,
regarding all components of ARTs, including the male and
female gamete, the derived zygote and embryo, the
endometrium and, finally, the ART offspring both pre- and
postnatally.

In developed countries, subfertility has become an increasing
problem and, with time, increasing numbers of infertile
couples are offered assisted reproductive technologies (ART)
treatment to beget children. In general, ART-accomplished
pregnancies account for 1-3% of births in industrialized
countries (1). ARTs are comprised mainly of classic in vitro

fertilization (IVF), that first led to a living child in 1978 (2),
and the Intracytoplasmic Sperm Injection (ICSI) procedure,
that was introduced in 1992, primarily to treat male
subfertility (3).

However, despite the use of ART for more than 30 years
and notwithstanding the increasing number of performed
cycles, success rates are still suboptimal. According to the
2009 report by the European Society of Human
Reproduction and Embryology, including data from 2007-
2009, pregnancy rates failed to show a year-to-year increase
for the first time in 5 years (4). Not all ART attempts lead to
successful pregnancies and an even smaller percentage
results in successful deliveries. Indeed, successful pregnancy
is achieved in 29, 2% and 28, 8% of IVF and ICSI
aspirations, whereas delivery is accomplished in 22, 4% and
21, 1% of oocyte aspirations, respectively (5).

To date, gamete and embryo selection rely mainly on
morphological criteria that have been highly debated, even
though they were recently updated (6). In addition, hormonal
hyperstimulation protocols, that include the use of chorionic
gonadotropin (instead of luteinizing hormone) to induce
multiple ovulation and leading to high progesterone levels
are known to create a hostile endometrial environment (7-9).
ART pregnancies have also been associated with increased
rates of preterm labor, small birth weight of the offspring
(10), chromosomal abnormalities (11), and epigenetic defects
linked to imprinting disorders, such as the Beckwith-
Wiedemann and Angelman syndromes (12).

Given the high cost and the even higher psychosocial and
physical burden these techniques entail, there is ongoing
research to optimize ART outcome, that is, achieve an
uneventful pregnancy leading to healthy offspring (13). 

Proteomics represents a state-of-the-art, technology-driven
science, which in a high-throughput mode studies proteins
and their post-translational modifications and interactions
and provides the opportunity to elucidate complex biological
processes and conditions, including fertilization, embryo
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implantation and differentiation and pregnancy (14, 15). The
advances in the use of mass spectral (MS) profiling have
enabled determination of potential biomarkers and treatment
targets in biological tissues and fluids related to human
reproduction. This advance may provide substantial
information on the various steps of the ART process and
might hopefully lead to the successful outcome of high-risk
ART pregnancies.

This review presents recent data on MS-based proteomics
in humans aiming to identify markers that may optimize
ART outcome, beginning from the evaluation of the male
and female gamete to the assessment of embryo quality and
endometrial receptivity and finally to prevention of
pregnancy complications and disorders in the offspring,
frequently, but not exclusively, associated with ART. 

Proteomics is the descriptive, quantitative and qualitative
study of proteins in a biological unit (16). The proteome is
not only the sum of proteins that derive from the translation
of the genome, as we know that proteins differ significantly
in stability and turnover rates, are subject to posttranslational
modifications and interact with other proteins to form
structural and functional complexes (17). Therefore, the
proteomic profile is both multifaceted and dynamic spatially
and temporally, as it mirrors different phases of cell
differentiation and status. 

In current practice, proteomics technology encompasses
four clinical applications: i. Mining, protein identification in
a specific biologic sample. ii. Protein expression profiling:
detection of proteins that characterize a particular state of the
organism or cell, such as differentiation stage or disease.
Protein expression profiling is achieved through comparison
of two different states of the same system, i.e. between
normal and diseased tissues or cells. iii. Protein-network
mapping: determination of protein interactions within a
specific functional protein network and assessment of their
status at a specific time point. iv. Mapping of protein
modifications: the identification of possible post-translational
changes that determine the protein’s structure and function,
but are also the result of exogenous environmental
influences, such as drugs or radiation (18).

Tools Used in Proteomics Analysis

To approach these goals, proteomics technology includes
three major steps: 

Analytical protein separation. This step enables the
resolution of protein mixtures and simplifies the
identification of target proteins that substantially differ in
quantity between two samples. The most widely used
technique is one (1-D) and –mainly– two dimensional (2-D)
electrophoresis. To employ these methods and optimize their
results, prior appropriate protein extraction is necessary. In

typical 2-D electrophoresis, proteins are separated according
to their electric charge (isoelectric point-IP) through
isoelectric focusing (IEF) and according to their molecular
mass on a polyacrylamide gel containing sodium dodecyl
sulfate (SDS-PAGE) and are subsequently visualized through
staining (19). Acquired gel images are digitalized and further
analyzed through computers for protein volume or intensity
quantification (20). Other techniques, such as high-
performance liquid chromatography (HPLC) or affinity
chromatography, or capillary electrophoresis can be useful
tools in analytical proteomics, especially when integrating
different protein and peptide separations, as
multidimensional techniques (MudPIT) (21).

Mass spectrometry. The analytes that have been isolated
based on their IP and their molecular mass (by 2-D
electrophoresis) are identified by MS, that-roughly-consists
of ionization and subsequent identification of a compound
based on the ion mass/charge ratio (m/z). MS instrumentation
has evolved dramatically through the years into a robust and
highly reliable tool to analyze proteins and peptides. It can
provide accurate mass measurements of large intact proteins
(>100 kDa) and small peptides that have been derived from
proteolytic digests, as well as sequence analysis of these
peptides. The equipment comprises of i) an ionization
source, namely matrix-assisted laser desorption/ionization
(MALDI) and electrospray ionization (ESI). Other MALDI
variants include surface enhanced laser desorption/ionization
(SELDI) and imaging MS; ii) a mass analyzer: time of flight
(TOF), quadrupole and ion trap (IT) analyzers are those most
commonly used. During this step, the ionized components
are accelerated while passing through a vacuum chamber-
either between two electrodes (TOF), four-rod electrodes
(quadrupole) or in a three dimensional electric field
(IT/Orbitrap), and finally received by the detector that
calculates the m/z value. Combinations of these analyzers
may be used in order to produce more accurate results. The
derived m/z values are processed by a computer and result to
the final MS spectrum. The peptide sequence can
subsequently be determined after fragmenting selected
peptides by collision-induced dissociation or by electron
transference and performing a second MS analysis. The final
result is a MS/MS spectrum that mirrors a series of distinct
amino acids and thus allows the determination of the peptide
sequence. MS also enables the identification of post-
translational modifications, such as phosphorylation,
glycosylation, acetylation and ubiquitination that lead to a
mass increment or mass deficit compared to the naked
amino-acid sequence by tandem MS. 

Identification. The derived MS spectra are juxtaposed to
software, database-searching solutions MASCOT (22),
SEQUEST (23) and X!Tandem (24), used to search
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databases (e.g. SwissProt, TrEMBL) containing catalogs of
proteins of the organism/cell of interest through sophisticated
software that match MS data with specific protein sequences
included in these databases. These software tools can also
match MS data to sequences in protein, expressed sequence
tags and genome-sequence databases and, thus, produce an
automated, rapid interpretation of MS results. 

Methodologies employed in proteomics are classified as
bottom-up, or shotgun proteomics, and top-down types. The
former includes LC separation of peptides derived from
resolution of protein complexes followed by MS, whereas
the latter involves processing of the intact protein, allowing,
thus, recognition of posttranslational modifications. Further
processing of the samples prior to MS is possible to achieve
higher concentrations of low-abundant components of
interest. Moreover, MS-identifiable labeling [such as isotope
coded affinity tag (ICAT) (25), isobaric tags in isobaric tags
for relative and absolute quantification (iTRAQ) (26), stable
isotope labeling with amino acids in cell culture (SILAC)
(27) and other non-labeling methods have been developed to
facilitate the quantification of proteins and peptides (28).

Proteomics have been integrated into the study of human
health and disease over the last decade and, in some fields,
are now considered an integral part of study design. Almost
all biologic fluids (serum, plasma, urine, saliva,
cerebrospinal, synovial, bronchoalveolar lavage, and
amniotic fluids (AF), as well as tissue samples have been
analyzed in search of specific target proteins that may act
as possible diagnostic or therapeutic markers. Almost all
fields of clinical medicine have profited from the
characterization of proteins and their subproteomic profiles,
such as the phosphoproteomes, in different tissues and
medical conditions, although their use in everyday clinical
practice remains a challenge (29-31). 

Proteomics and Sperm

Male factor is believed to account for 50% of overall
infertility (32, 33) and the investigation of sperm through
MS is of outmost importance to gain a more in-depth insight
in its physiology and possible defects in infertile men.

Human testis proteome has been examined in several
studies (34-36) that have managed to identify 143, 462 and
725 proteins, respectively, although less than 200 of them are
common in all studies, unraveling, thus, the difficulties met
by investigators in applying proteomic techniques in tissue
biopsies (37). However, more recent studies have managed
to yield significant results in further understanding aberrant
spermatogenesis. Testis samples from patients with sertoli
cell only syndrome (SCOS) were submitted to MALDI-
TOF/TOF MS proteomic analysis to reveal 13 differentially
expressed proteins compared to healthy controls. Among
them, heterogeneous nuclear ribonucleoprotein L (HnRNPL),

which appeared underexpressed in patients, seems to have an
important role as regulator of growth and apoptosis of
spermatogonia (38).

To overcome technical difficulties, scientific interest has,
therefore, mainly focused on the proteomic analysis of
semen components, that is, sperm and seminal fluid, for the
identification of infertility biomarkers. Several studies have
characterized the normal human sperm proteome (39). Some
of the research groups have utilized a subcellular approach,
aiming to differentially characterize the proteome of sperm
surface (40-42), tail (43), both head and flagella (44) and
nucleus (45). The bioinformatic analysis of the above studies
on human sperm revealed the presence of only 5 proteins
that were common in all subcellular sperm structures (RAS-
related protein RAB-2A, heat-shock protein 2 (HSP2),
valosi-containing protein, lactotransferrin and member B1 of
the sperm protein associated with the nucleolus on the X
chromosome family). Moreover, the datasets provided by
these studies provided an almost complete estimation of the
entire sperm proteome (37). More recently, Amaral et al.
compiled a list of 6,198 different proteins identified in
human sperm, functionally involved in metabolism,
apoptosis, cell cycle, meiosis, RNA metabolism and
translational regulation, as well as proteins of cytoplasmatic
ribosomes and peroxisomes (46). Proteomic analysis of
human sperm samples after chromatin fractionation has
revealed two sets of proteins with differential affinity to
chromatin (regulatory proteins: weakly attached versus
structural proteins: strongly attached) that may reflect their
epigenetic role (47).

Post-translational modifications, and especially
phosphorylation, are considered critical in the course of
spermatogenesis and establishment of normal sperm
function, as indicated by the high phosphorylation levels in
the testis (48). Whilst attempting to characterize the sperm
proteome using MS analysis, Shetty et al. recognized the
presence of the same protein in different, distinct 2-D-gel
spots, describing, thus, the eventual post-translationally
modified protein forms (49). In the study by Ficcaro et al.,
who performed 2-D gel analysis coupled to anti-
phosphotyrosine immunoblots, followed by tandem MS,
valosin-containing protein and two members of the A
kinase-anchoring protein family (AKAP3 and AKAP4) were
found to be tyrosine-phosphorylated during sperm
capacitation (50). The use of label-free quantitative
phosphoproteomics has revealed 231 sites of increased
phosphorylation in human sperm during capacitation,
mediated through the insulin-like growth factor receptor
(51). Lefièvre et al. explored the role of nitrous oxide in
human sperm function, identifying not only well-established
targets for S-nitrosylation in other cells, but also sperm-
specific new targets, including AKAP3 and -4, voltage-
dependent anion-selective channel protein 3 and
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semenogelin 1 and 2 (52). The role of lysine acetylation in
fertilization has been studied by Sun et al., who used LC-
MS proteomic analysis to unravel 576 lysine acetylated
proteins in human capacitated sperm. The inhibition of
lysine deacatylases seemed to have a negative impact on
sperm motility and, thus, fertilization. Other proteomic
studies have attempted to elucidate the roles of post-
translational modifications in defective sperm and will be
discussed below.

The use of MS in the identification of fertility markers in
human sperm is gaining the attention of investigators
worldwide. Pixton et al. in 2004 relied solely on 2-D
electrophoresis to compare the proteomic profile of the
sperm of a man that had been previously employed in
unsuccessful IVF with that of three fertile donors (53). They
were able to recognize 20 spots that were consistently
expressed differently, among which secretory actin-binding
protein and outer dense fiber protein 2/2 were identified. De
Mateo et al. analyzed 47 sperm samples from infertile men
and 10 fertile donors by 2-D gel electrophoresis followed by
MALDI-TOF analysis to quantify the expression of 101
spots. Of the identified proteins, eight correlated with DNA
integrity and seven with protamine content, constituting,
thus, possible markers of sperm quality (54). The same group
identified 17 differentially expressed proteins in the sperm
samples of asthenozoospermic men, which were consistently
associated with the asthenozoospermic samples (55).
Members of the heat shock protein firing (HSPs) were
recognized in both studies. The roles of HSPs were further
implicated in impaired sperm-oocyte recognition in the study
of Redgrove et al. (56). MS-based quantification was applied
to compare proteomic profiles of normal spermatozoa and
spermatozoa exhibiting such impairment and revealed
reduced expression of heat-shock 70-kDa protein 2 (HSPA2),
which appears to have a critical role in sperm-oocyte
interaction and is possibly related to the underlying
mechanism(s) of male infertility (56). A number of studies
have proteomically analyzed asthenozoospermic samples
aiming to clarify the molecular basis of sperm motility. Zhao
et al. identified 10 proteins differentially expressed between
asthenozoospermic men and normal controls (57), whereas
16 differentially expressed proteins were identified by
MALDI-TOF tandem MS in the study by Shen et al. (58).

Comparative proteome analysis between asthenozoospermic
and normozoospermic patients by Siva et al. identified eight
proteins, functionally involved in cellular metabolism (triose-
phosphate isomerase, glycerol kinase 2 and succinyl-CoA:3-
ketoacid co-enzyme A transferase 1), movement (tubulin
beta 2C and tektin 1), as well as the stress response
(proteasome alpha 3 subunit and HSPA2). Interestingly, the
proteins of the first group were overexpressed in the
asthenozoospermic samples in contrast to the proteins of the
two other groups that were underexpressed. A positive

correlation was noted between proteasome alpha 3 subunit
levels and rapid, linear progressive motility of the
spermatozoa (59). Semenogelin II precursor, prolactin-
induced protein, clusterin isoform 1, and prostate-specific
antigen isoform 1 pre-proprotein were overexpressed in the
sperm of fertile compared to that of infertile men in the
study by Thacker et al. Semenogelin II precursor and
clusterin isoform 1 were absent in the infertile sperm
samples, indicating a particular importance of these proteins
in male fertility (60). Another study identified 24
differentially expressed proteins between fertile and infertile
men with normal sperm parameters, mainly involved in
wound healing, metabolism and cell growth and even
managed to reconstruct a functional network including nine
out of the 24 proteins (61). More recent studies have
focused on the differential proteomic sperm analysis
between men that achieved pregnancy through IVF and
those with a history of unsuccessful IVF attempts. In the
study by Frapsauce et al., complete failure to achieve sperm
binding to the oocyte and consequently oocyte fertilization
in men with normal sperm parameters was investigated in
comparison to men that had been associated with successful
IVF. Out of the 12 proteins that were identified by MS,
laminin receptor LR67 and L-xylulose reductase seem to be
involved in sperm-oocyte interaction (62). Finally,
spermatozoa from six men who failed and six who
succeeded in achieving clinical pregnancy through IVF were
submitted to proteomic analysis through 6-plex tandem
mass tag (TMT) isobaric MS and were compared. Of the 21
proteins that differed between the two groups, three
(A2LD1, ATP1B3 and FBXO2) exhibited a more consistent
pattern (63). Azpiazu et al. used LC-MS/MS after TMT
labeling to identify differentially expressed proteins in the
pooled sperm samples from 10 normozoospermic men who
failed to achieve pregnancy and that of 10 normozoospermic
men who achieved clinical pregnancy. Sixty-six proteins
were found to be either over- (n=35) or under-expressed
(n=31), mainly involved in chromatin assembly and
lipoprotein metabolism.

The proteomic profiles of fertile men, normozoospermic
men with infertility and normozoospermic men who have
failed to achieve pregnancy after IVF were compared after
iTRAQ labeling and LC-MS analysis. Of the 18 proteins that
were found to be differentially expressed between the fertile
and the two infertile subgroups (aggregated), semenogelin 1
(SEMG1), prolactin-induced protein (PIP), glyceraldehyde-3-
phosphate dehydrogenase (GAPDHS), and phosphoglycerate
kinase 2 (PGK2), were found to be common in the two
infertility subgroups. The sperm proteomic profile of
normozoospermic men undergoing an ICSI procedure for
non-male factor infertility was compared with regards to
satisfactory blastocyte development and-consequently-
better implantation rate. Forty nine proteins were identified
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to be differentially expressed between the two groups (good
versus poor blastocyte development), including HSPs and
spermatogenesis involved proteins. Interestingly the
samples were not different according to the classical
morphological, functional and quantitative criteria that are
currently applied (64).

In regard to post-translational modifications, the
phosphoproteomic profiles from eight normozoospermic and
asthenozoospermic samples that were derived from ultra-
performance LC/MS were investigated in search of
underlying mechanisms that regulate/compromise sperm
motility. The majority of the 66 phosphoproteins that were
differentially expressed in asthenozoospermia were HSPs,
cytoskeletal proteins, proteins related to the fibrous sheath
and proteins involved in cell metabolism. Further structural
and functional pathway analysis of these spermatozoa
confirmed the defects suggested by the differential proteomic
profiling (65). Finally, Vigodner et al. localized areas of
increased SUMOylation (small ubiquitin-like modifiers) in
specific regions of morphologically abnormal human sperm.
Through MS they managed to identify 55 SUMOylated
proteins, such as HSPs, proteins involved in metabolism,
sperm maturation -some of which were sperm-specific-,
including HSPA2, A-kinase anchor proteins 3 and 4, L-
lactate dehydrogenase C, valosin-containing protein and
seminogelins (66). Despite the increasing number of studies
on spermatozoa, the majority of proteomic analyses have
been conducted on seminal plasma (SP), which comprises
90% of the semen and is the supernatant remaining after
centrifugation of the semen (67). 

The application of MS following gel electrophoresis
resulted in identification of 42 proteins in a pooled normal
human SP sample by Fung et al. in 2004 (68). Pilch and
Mann in 2006 managed to identify 923 proteins from a
single sample, further elucidating the proteomic profile.
Among these proteins, those more abundantly expressed
were fibronectin, semenogelin 1 and semenogelin 2
(involved in gel formation, also identified by Fung et al.),
lactoferrin (involved in protection from infections), laminin
and serum albumin (69). In a more recent study Milardi et
al. performed proteomic analysis using a LTQ Orbitrap XL
hybrid MS of the seminal plasma of five fertile men who has
recently achieved pregnancy. A total of 919 to 1,487 proteins
were identified in each sample, of which 83 were common.
Among them, semenogelin 1 and 2, olfactory receptor 5R1,
lactoferrin, hCAP18, spindling, and clusterin are believed to
be involved in male fertility and, therefore, present a special
interest as potential biomarkers (70). Previously, Starita-
Geribaldi et al. had identified prostatic acid phosphatase and
prostate specific antigen in the SP of a fertile man and also
proceeded to the comparison of the electrophoresis gels from
five normal SP samples to those from vasectomized,
anorchid and SCOS patients to recognize a number of

common spots missing in the group of men with impaired
spermatogenesis (71). Yamakawa et al. isolated 63 common
spots from 10 fertile men and compared them to those from
the gels of both obstructive (OA) and non-obstructive
azoospermic (NOA) patients. By LC-MS/MS analysis they
managed to identify 6 spots that may be used as potential
markers to differentiate OA and NOA, including epididymal
secretory protein 1, stabilin 2, 135-kDa centrosomal protein,
guanine nucleotide-releasing protein and prolactin-inducible
protein (72). Batruch et al. utilized MudPIT and high
resolution MS to proteomically characterize the seminal
plasma of both normal donors and vasectomized
azoospermic men and subsequently compared the derived
profiles to those of men with non-obstructive azoospermia,
to identify 18 and 59 proteins that were overexpressed, as
well as 34 and 16 proteins that were underexpressed in the
NOA group compared to controls and PV, respectively,
allowing, thus, possible discrimination between OA and
NOA patients. Two of these proteins, SPAG11B and
TEX101, were considered highly important as infertility
biomarkers (73, 74). In a more recent study by Drabovich et
al. immunohistochemistry and an immunoenrichment MS-
based assays were utilized in SP samples of azoospermic and
normal men and succeeded in recognizing epididymis-
expressed ECM1 and testis-expressed TEX101 as highly
specific and sensitive markers differentiating obstructive and
non-obstructive azoospermia (75). Seminal plasma from
asthenozoospermic men (AS) was compared to that of
healthy donors in the study by Wang et al. Of the 741
identified proteins, 45 proteins were up-regulated and 56
proteins were down-regulated in the AS group. Those more
prevalently overexpressed included fructose-bisphosphate-
aldolase A, glyceraldehyde-3-phosphate dehydrogenase,
legumain precursor and epididymal-secretory protein E4,
whereas the most underxpressed protein was DJ-1, a protein
known to reduce oxidative stress (76). Kumar et al.
dedicated part of their work in the clarification of the role of
heparin-binding proteins (HBPs), including semenogelin 1
and 2, lactoferrin, PSA, bovine seminal plasma proteins,
zinc-finger protein and fibronectin, as possible biomarkers
of male infertility. More recent proteomic analysis using
isoelectric focusing (IEF) followed by MALDI TOF/MS
identified 40 HBSs, mainly involved in metabolism, RNA
transcription/ transport, cell transport, recognition and
signaling (77). Davalieva et al. recognized fibronectin,
proteasome subunit alpha type-3, beta-2-microglobulin,
galectin-3-binding protein, prolactin-inducible protein and
cytosolic nonspecific dipeptidase as differentially expressed
proteins in azoospermic sperm when compared to at least
one of the three control groups, namely normozoospermic,
asthenozoospermic and oligozoospermic men. The only
protein that was significantly overexpressed in comparison
to all three groups was prostatic acid phosphatase (78).
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Sharma et al. also performed LC-MS/MS in 4 groups of
patients taking into account both sperm count
(normozoospermic and oligozoospermic) and sperm
morphology (normal and abnormal). Of the 20 identified
proteins that were differentially expressed, 3 were down-
regulated solely in the Normal count-Abnormal morphology
group (mucin 6, cystatin S precursor, prostatic acid
phosphatase precursor), one (clusterin isoform) was down-
regulated and two (zinc alpha-2 glycoprotein 1, tissue
inhibitor metalloprotease 1 precursor) were up-regulated in
the oligozoospermic-normal morphology group, whereas one
(cystatin C precursor) was down-regulated and two were up-
regulated (prostate-specific antigen isoform 1 pre-protein,
semenogelin 1 isoform b pre-protein) in the
oligozoospermic-abnormal morphology group) respectively
in comparison to the normal controls (79). The same group
compared the proteomic profile in SP samples from both
fertile and infertile men that were further categorized
according to levels of reactive oxygen species (as a measure
of oxidative stress), to identify 10 overexpressed and five
underexpressed proteins in the group with reactive oxygen
species, involved mainly in protein metabolism modification
and oxidative stress regulation (80). Finally, Hedwig et al.
identified 24 proteins that were up-regulated in the SP
samples of 11 males with idiopathic oligoasthenozoospermia
compared to healthy controls. Five of them were common
across all samples. The same study has further expanded our
knowledge on human SP proteomic profile by recognizing a
total of 2,489 proteins (81). In a recent study by Intasqui et
al. proteomic results have been studied in relation to classic
methods of sperm evaluation: sperm mitochondrial activity,
acrosome integrity and sperm fragmentation. The authors
propose annexin A7, endoplasmic reticulum resident protein
44 and glutathione S-tranferase Mu3 as biomarkers of
mitochondrial activity and phospholipid transfer protein, a
protein involved in the regulation of phospholipid exchange
in lipoproteins, as a marker of acrosome integrity. The also
propose cysteine-rich secretory proteins-involved in cellular
adhesion- and retinoic acid receptor responder protein1, a
tumor suppressor, as markers of low fragmentation rate and
proteasome subunit alpha type-5, a protein involved in
protein degradation, as a marker of increased fragmentation
and, thus, subefertility, respectively (82).

Proteomics and Oocyte

Human follicular fluid. Human follicular fluid (HFF)
constitutes the natural environment of the oocyte containing a
vast network of dynamically changing proteins responsible for
its growth and development that ultimately affect its quality
and fertilization potential (83). Moreover, it is an easily
accessible biological fluid, as it is aspirated in abundance at
the stage of oocyte retrieval during ART procedures and has

been proven to be a useful substrate for proteomic analysis
aiming to delineate its exact composition and functionality, as
well as to identify valid biomarkers of ART outcome. 

Over the last years, several study groups have published
their work on the proteome of HFF of women undergoing
ART procedures. Schweigert et al. applied SELDI-TOF-MS
to compare paired samples of plasma and FF from women
undergoing IVF and managed to reveal different protein
patterns that may be attributable to the changing blood-
follicle permeability during oocyte maturation and indicate
selective transport (84). In agreement with these results, the
study of Angelucci et al. recognized a high concentration of
proteins involved in inflammatory processes, including
transferrin, ceruloplasmin, haptoglobin and plasma amyloid
protein, as well as antioxidant enzymes, such as catalase,
superoxidase and HSP27, solely present in the follicular
milieu and not the plasma in 25 normo-ovulatory women,
further supporting the inflammatory characteristics and
oxidative stress involved in follicle maturation (85). Twigt
et al. attempted to describe the proteomic profile of HFF by
comparing two different approaches: SDS-PAGE and in-tube
gel digestion and prefractionation of proteolytic peptides,
both followed by reversed-phase LC-MS/MS. They managed
to identify 246 proteins, most of which were primarily linked
to coagulation and the inflammatory reaction. The
prefractionation approach was more efficient in detecting
proteins (86). 

In a recent study by Bianchi et al. in the follicular fluid
of six women undergoing IVF after ovarian
hyperstimulation, 43 unique proteins were identified,
functionally classified in 5 groups (inflammation and
regulation of acute-phase, complement and coagulation,
response to wounding, protein–lipid complex/lipid
metabolism and transport, and cytoskeleton organization)
and cross-linked to generate a tightly controlled pathway
depicting the initial inflammatory-like phase of ovulation,
also described in previous studies (87, 88), further
accentuated by ART superovulation, followed by tissue
remodeling that is crucial for the formation of corpus
luteum. A1 antithrypsin was differentially expressed in the
follicular fluid and sera of women in this cohort (89). A
more recent study by Wu et al. further confirmed the
previous results, by using 2-DE MALDI-TOF-MS to
compare the HFF proteomic profile of women subjected to
controlled ovarian hyperstimulation and women to natural
cycles. The analysis identified eight differentially excessed
proteins, among which transferrin, complement component
C3 (C3), haptoglobin and alpha-1-antitrypsin (90).

In an attempt to recognize positive predictive markers of an
ART attempt, Jarkovska et al. used comparative proteomic
profiling in plasma/serum and FF from women undergoing
successful IVF and found altered expression of functional
components of the complement cascade, as well as proteins
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involved in angiogenesis and blood coagulation (91). FFs from
10 pairs of women with successful and unsuccessful IVF
outcome were compared in the study by Estes et al. to
demonstrate 11 potential biomarkers including haptoglobin
alpha, mitochondrial integrity genome (ATPase),
apolipoprotein H, dihydrolipoyl dehydrogenase, lysozyme C,
fibrinogen alpha-chain and immunoglobulin heavy chain V-III
(increased) and antithrombin, vitamin D-binding protein, and
complement 3 that were decreased in the second group (92).
In the study of Severino et al., iTRAQ labeling, off-gel
peptide pre-fractionaction followed by LC-MS/MS analysis
lead to the identification of 89 differentially expressed proteins
in the HFF from successful and unsuccessful IVF procedures.
The applied techniques have also enabled the identification of
a number of low-abundance proteins. The results of the study
have further confirmed the principal role of immune response,
coagulation and acute-phase reaction in IVF.

In a recent study by Ambekar et al., 320 previously
unreported proteins were identified after proteomic analysis
of FF in six healthy women and subsequent comparison with
previous studies. In addition, nine out of these 320 proteins
(tumor necrosis factor, alpha-induced protein 6, angiogenin,
ribonuclease, RNase A family 5, fibronectin 1, serpin
peptidase inhibitor clade E, pentraxin 3, glutathione
peroxidase 3, cathepsin B, superoxide dismutase and
multimerin 2) were previously reported markers of oocyte
quality and IVF outcome. The majority of the identified
proteins were functionally classified in extracellular matrix
proteins, components of inflammation and coagulation,
proteins involved in angiogenesis and, mostly, enzymes (93).

Finally, HFF comparative proteomic analysis (2-DE
MALDI-TOF MS) of young and older women has identified
five downregulated proteins in the older group
(serotransferrin, hemopexin precursor, complement C3, C4
and kininogen), that may be considered of markers of
reproductive aging and possibly infertility (94).

Cumulus cells. During oocyte collection, mature oocytes are
surrounded by cumulus oophorus cells (COC) that play an
important role in regulation of oocyte maturation (95).
Moreover cumulus cell morphology, as evaluated by
microscopic observation, is also considered to relate to the
fertilization capacity of the oocyte (96). Hamamah et el.
utilized comparative proteomic profiling from the COCs of
patients that had undergone different IVF protocols and with
different outcomes. Protein expression profiles differed
significantly in COCs deriving from diverse protocols even
when fertilization outcome was the same. Similar results
were obtained even when different protocols were applied on
the same patient, affirming, thus, a potential role for
proteomically derived markers in adjusting ovarian
stimulation protocols to achieve improved oocyte
fertilization rates (97). In a more recent study by Braga et

al., LC-MS proteomic profiling of human COCs of patients
undergoing ICSI revealed a panel of exclusively expressed
proteins in ova progressing to the blastocyst stage, as well
as in those reaching pregnancy, underlining the possible
predictive role of proteomics (98).

Proteomics and Embryo Quality

The use of proteomics in ART technologies goes beyond the
simple recognition of the quality of the gametes, which is
just the initial stage in ART procedure. The in vitro
formation of the zygote and its gradual development and
maturation prior to embryo transfer in the endometrial
cavity is a period that not only allows, but is also highly
suitable for the application of non-invasive techniques that
can timely and accurately distinguish good quality embryos,
with increased potential to result in healthy offspring,
avoiding, thus, multiple embryo transfers and increased
rates of unsuccessful implantations, prematurely terminated
pregnancies or the birth of a sick child. Currently, embryo
assessment mainly relies on embryo cell number and
morphology, with additional co-evaluation of other
parameters, such as maternal age or basal FSH levels.
However, the introduction of novel techniques has enabled
the identification of supplementary markers. These include
biochemical measurements in the embryo culture media,
assessment of oxygen consumption by the embryo, and -
mainly- the utilization of genomics, widely encompassed in
preimplantation genetic diagnosis, metabolomics of embryo
media culture and proteomics (99, 100).

Initial proteomic studies performing HPLC in the embryo
culture media of 53 ICSI cycles recognized a significant
correlation of the turnover of amino acids asparagine,
glycine and leucinewith clinical pregnancy and live birth
rate, regardless of classic predictors, such as female age,
follicle-stimulating hormone levels, embryo cell number and
embryo morphological grade (101). The introduction of MS
has amplified not only the possibility of identifying
biomarkers of embryo viability, but also of deciphering the
underlying mechanisms that regulate embryo development
and has, hence, been used in numerous studies. Katz-Jaffe
et al. managed to synthetize distinct proteomic profiles,
using SELDI-TOF MS, which allowed differentiation of the
stages of embryonic development from fertilization to the
blastocyst stage. Moreover, ubiquitin was identified as a
possible biomarker of blastocyst development potential
(102). The same technology was utilized by the same group
to obtain and compare the proteomic profiles of early,
expanded and degenerating blastocysts, to find differential
protein expression between the different blastocyst
developmental stages. Possible biomarkers included proteins
mainly involved in apoptotic mechanisms and signaling
inhibition (103). In another study, spent culture media
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samples that were used during ICSI procedures were
divided into two groups according to whether embryos were
successfully implanted and subsequently subjected to nano-
ultra-high pressure chromatography for protein separation,
followed by protein identification via tandem nano-
electrospray ionization MS with a hydrid Qq-TOF MS. The
protein that was most frequently detected in the successful
implantation group was jumonji (JARID2), a component of
the polycomb repressive complex 2 (PRC2), which is
related to gene silencing through chromatin modifications,
whereas in the unsuccessful implantation group, TSGA10.
a perinuclear protein which is believed to enhance gene
expression, was most frequently identified (104). Two-
dimensional gel electrophoresis in combination with
MS/MS was applied on spent culture media from human
preimplantation embryos by Mains et al. Increased levels of
apolipoprotein A1 (APOA1) identified in the embryonic
secretome were associated with blastocysts of a higher
morphological grade, but did not seem to have an impact on
final IVF outcome (105). Finally, lipocalin-1, a protein that
is increased in inflammatory and stress conditions, also
known to inhibit embryo implantation, was overexpressed
in both pooled and individual secretomes of blastocysts that
had been identified as aneuploid by previous chromosome
screening investigation, rendering it a potential noninvasive
biomarker for aneuploidies, which remains to be further
validated (106). 

In a very interesting study, LC-MS/MS analysis was used
to analyze the proteomic profiles of commercially available
culture media after albumin depletion. Tha proteomic
analysis of human purified serum albumin that is added in
all culture media suggested that a number of proteins, mainly
involved in immune response and inflammation, are
concomitantly introduced to the media during addition. This
observation complicates the interpretation of the results from
proteomic studies on spent culture media, but also raises
questions regarding the impact of the identified proteins on
embryo development (107).

In a recent study by Poli et al., embryo quality was
assessed by performing proteomic analysis of the blastocelic
fluid, that is, the content of the cavity surrounding the fully
developed blastocyst, immediately prior to implantation, in
145 human embryos donated by couples undergoing ART,
aiming at a more representative profiling of viable embryos
compared to the culture media profiling that has been used
so far. To that end, they used urea-based and Mono-Prep
tandem MS (Orbitrap system) and subsequently confirmed
the embryonic origin of 182 of the identified proteins by
gene-expression analysis. Finally, two of the most abundant
peptides were quantified using selected reaction monitoring
assays to reveal statistically signicant differences in the
levels of GAPDH and H2A protein family across euploid and
aneuploid groups (108).

Proteomics and Endometrial Receptivity

Aberrant endometrial receptivity is one of the major causes
of female infertility and ART failure and has justifiably
gained attention as potential source of biomarkers to help
reduce unsuccessful ART cycles (109). Proteomic profiling
of human endometrium during the proliferative and
secretory phase led to the identification of five proteins with
altered expression, of which glutamate NMDA receptor
subunit zeta 1 precursor and FRAT1 were differentially
expressed in the secretory endometrium in the study of
DeSouza et al. (110). A similar comparison by Chen et al.
identified 76 differentially expressed proteins, of which 34
were isoforms of different charge or size, indicating marked
post-translational modifications and processing (111). Hood
et al. performed a global quantitative MS proteomic analysis
in both epithelial and stromal cells during the proliferative
and secretory phase and managed to identify 318 and 19
differentially overexpressed proteins between phases in the
uterine epithelium and stroma, respectively. Further
immunohistochemical techniques were applied to a subset
of these proteins in order to elucidate eventual modifications
during the menstrual cycle (112). MALDI/MS profiling in
endometrial biopsies from the 16th to the 21st day of the
menstrual cycle (implantation window) in eight fertile
women identified annexin A2 and stathmin as possible
markers of the receptive capacity of the endometrium (113).
Superimposition of the results of proteomic and
transcriptomic studies revealed that annexin A was actually
the only gene to be consistently overexpressed and for
which mRNA abundance is translated to a protein
abundance (114). Parmar et al. analyzed endometrial tissue
during the mid-secretory phase and compared the derived
profiles with profiles of uterine fluids from the same period
and endometrial biopsies of the proliferative phase and
demonstrated increased concentrations of calreticulin, the
beta chain of fibrinogen, adenylate kinase isoenzyme 5 and
transferrin in the proliferative phase and of annexin V,
alpha1-antitrypsin, creatinekinase, and peroxidoxin 6 in the
midsecretory. HSP27, transferrin and alpha1-antitrypsin
precursor were abundant in both endometrial tissues and
uterine fluid (115). Garrido Gomez et al. applied differential
in-gel electrophoresis followed by MALDI-MS to
investigate the proteomic differences between the receptive
and non-receptive endometrium on the 5th day after
progesterone administration during an IVF cycle and
recognized 24 differentially expressed proteins, among
which progesterone receptor membrane component 1 and
annexin A6 seem to have a significant role in endometrial
receptivity (116). Finally, Meng et al. studied the differential
effect of GnRH antagonist based protocols of ovarian
stimulation compared to GnRH agonist based protocols and
natural cycles on endometrial receptivity during ICSI
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procedures, in order to examine their efficiency, using
iTRAQ quantification analysis. Seven proteins, including
ACO2, CDC5L, GNAS, ARF1, ANPEP, SERPIND1 and
SEC23B were differentially expressed exclusively in the
GnRH antagonist group. According to the subsequent
bioinformatic analysis, these proteins are mainly involved
in angiogenesis, cell cycle, apoptosis, cell migration, cell
proliferation and immune response (117).

The most important difficulty encountered during
proteomic analyses of tissue biopsies was the high
abundance of many functional and structural proteins in the
collected samples that hindered the identification of other
proteins that are present at significantly lower levels.
Moreover, existent gel techniques do not facilitate the
separation of proteins of low molecular weight. Investigators
suggest pre-fractionation of samples and use of gel-free
techniques to overcome these two major limitations and
possibly identify more biological markers (118).

In fact, a substantial number of studies have focused on
the less invasively accessible uterine fluid in order to
retrieve useful biomarkers. Casado-Vela et al. attempted an
extensive characterization of the human endometrial
secretome by combining three different techniques and
succeeded in recognizing 803 proteins (119). Hannan et al.
studied the endometrial secretome of seven fertile women
during both the mid-proliferative and mid-secretory phase
and compared it with that of eight infertile women only
during the mid-secretory phase. The comparison identified
seven proteins that were significantly more highly expressed
during the mid-secretory phase in the first group, whereas
18 spots showed differential expression (12 were increased
and six were reduced) between the two groups of patients
that subsequently needed to be further investigated
concerning their functionality (120). Similarly, Scotchie et
al. identified 42 differentially expressed proteins in the
uterine fluid in the pre-receptive and receptive state of the
endometrium. Many of these proteins are functionally
involved in the immune and inflammatory reaction, the
stress response and apoptosis, indicating the importance of
the immunological processes that take place to achieve
implantation and pregnancy. Alpha-1 antitrypsin was
common to all three studies, with lower levels being
observed in the mid-secretory phase. Antithrombin III and
alpha-2-macroglobulin were further examined in the mid-
secretory tissue, where they followed the same pattern of
change across the cycle as that observed in the uterine fluid
(121). Recently, Bhutada et al. examined the role of high
mobility group box 1 (HMGB1), a protein that was found
to be differentially overexpressed in the pre-receptive phase
in comparison with the receptive phase after 8-plex iTRAQ
analysis of the human uterine fluid. Further analysis an
animal models has revealed that HMGB1 abundancy is
associated with pregnancy termination, suggesting thus a

possible harmful effect of high HMGB1 levels on
receptivity (122). In a very recent study by Bhagwat et al.
proteomic analysis in two human endometrial epithelial cell
lines with known differential adhesiveness to embryo cells
revealed differential expression of 55 proteins. Among the
10 identified proteins, CRT and HSPA9 appear to promote
adhesiveness, whereas TUBB2C seems to hinder it (123).

Proteomics and ART Outcome

A large part of the current literature has been dedicated to
the study of ART pregnancies and the health of ART
offspring. Although some of the included studies do not
involve ART populations, their results may be of utmost
importance in the prevention of common complications of
ART pregnancies and disorders frequently reported in
children born after ART.

Zhang et al. analyzed the placentas of six IVF
pregnancies, six ICSI pregnancies and six natural
conceptions (NC) and identified seven up-regulated and two
down-regulated proteins in the IVF group, as well as nine
proteins that were up-regulated and seven that were down-
regulated in the ICSI group compared to the NC group. Five
of the identified proteins, namely ATP5A, hnRNPC1/C2,
FTL, a-SNAP and annexin A3, were identified in both ART
groups, showing a common pattern of modifications. The
majority of these proteins were functionally involved in
membrane fusion, energy metabolism, mRNA functions,
stress response and cytoskeleton (124). 

A list of 15 potential proteomic biomarkers of preterm
labor in AF and maternal serum identified in more than two
studies has been presented in the systematic review by
Galazis et al. The proteins included in this list were
eutrophil defensin-1 precursor, neutrophil defensin-2
precursor, calgranulin A, calgranulin B, calgranulin C,
IGFBP-1 (proteolytic fragment precursor), APOA1, retinol
binding protein, filamin A, macrophage-capping protein,
neutrophil gelatinase-associated lipocalin precursor,
myeloperoxidase precursor/MPO isoform H17 of
myeloperoxidase precursor, FALL-39 precursor, leukocyte
elastase inhibitor and Von Ebner’s gland protein precursor.
A total of 201 potential biomarkers had been previously
reported in review articles. Of special interest is the fact that
the authors juxtaposed this list to biomarkers of polycystic
ovary syndrome, which is not only related to preterm
delivery but also to subfertility, and formed a list of six
common biomarkers, including pyruvate kinase M1/M2
(PKM1/M2), vimentin, fructose bisphosphonate aldolase A,
HSPbeta-1, peroxiredoxin-1 and transferrin (125).
Integration of previously reported “classic” biological
markers (126) with newly-discovered peptides, isolated
through maternal serum proteomic profiling at 28-week
gestation led to a sensitivity of 86.5% and specificity of
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80.6% in the diagnosis of preterm birth (127). Comparative
proteomic profiling of placental membranes in term and
preterm deliveries revealed a total of 11 proteins either
uniquely present in or absent from the placenta of preterm
deliveries with complete reproducibility, that were
recognized as structural/cytoskeletal components, enzymes
and chaperones of the endoplasmic reticulum, as well as
proteins with anticoagulant properties (128). In a more
recent study, a gel-free TMT-labeling processing followed
by LC-MS/MS proteomic of five placental villous tissues
from women with early pregnancy loss has resulted in the
identification of 51 differentially expressed proteins
compared to normal placentas. The identified proteins were
mainly involved in cell migration, RNA metabolism, cell
differentiation, proliferation, metabolism and apoptosis, as
well as reactive oxygen species generation and oxidative
stress (129). Several proteomic studies have been
conducted in search of early, fetal markers of aneuploidies.
Although existent data do not pertain to fetuses conceived
after ART, their applicability on ART pregnancies is of
major importance, given the advanced age of parents
involved (130, 131). 

The proteome of placenta from 19 patients with Down
syndrome (DS) fetuses and 17 normal pregnancies was
investigated by 2D-DIGE, followed by MALDI TOF/TOF
high-resolution tandem MS, that resulted in the identification
of 12 protein spots. Of those overexpressed in DS placentas,
superoxide dismutase 1, endoplasmic reticulum protein 29
and HSPbeta-1 were in involved in reactive oxygen species
generation and neurogenesis, while peroxiredoxin-6, a
protein with antoxidant properties, was overexpressed in the
normal pregnancies (132).

Supernatant AF specimens were analyzed by Wang et al.,
who managed to discriminate 20 aneuploid from 60 healthy
fetuses using a two-step proteomic approach with 100%
sensitivity and 72-96% specificity in two groups of
participants (133). Comparative MALDI-MS and micro-ESI
MS/MS in supernatant AF of 6 pregnancies with DS and 12
chromosomically normal pregnancies by Tsangaris et al. led
to the identification of five proteins (alpha-1-microglobulin,
collagen alpha 1(I) chain, collagen alpha 1 (III) chain
collagen alpha 1 (V) chain d, and basement membrane-
specific heparin sulfate proteoglycan core protein) that were
upregulated, one protein (insulin-like binding protein 1
precursor) that was down-regulated and one protein (Splicing
factor arginine/serine-rich 4) that was only expressed in
pregnancies of fetuses with trisomy 21 or DS (134).
Differential expression of nine proteins (TTHY, CERU,
AFAM, AMBP, APOE, SAMP, HRG A1AT and CLUS) was
also identified in the plasma of mothers carrying DS fetuses
by Kolialexi et al. (135), in an attempt to promote the use of
proteomics in non-invasive prenatal diagnosis of karyotype
abnormalities, a concept that was introduced by Nagalla et

al., who successfully discriminated DS from normal
pregnancies, identifying 10 proteins that were differentially
expressed in both the first and second trimesters of
pregnancy, as well as 19 and 18 proteins specific for each
trimester, respectively (136). Proteomic profiling revealed
altered expression of seven proteins (increased expression of
serotransferrin, lumican, plasma retinol-binding protein and
apolipoprotein A-I versus decreased expression of kininogen,
prothrombin, and apolipoprotein A-IV) in the AF of Turner
syndrome pregnancies (137), followed by the identification
of nine proteins (C1S, CO3, CLUS, AFAM, HABP2,
IGHA1, HPT, SHBG, and CD5L) and three proteins that
were decreased in the plasma of mothers carrying fetuses
with Turner syndrome by the same group (138).

Umbilical cord blood (UCB) samples from six women
with DS fetuses and 11 normal pregnancies were subjected
to iTRAQ analysis that identified 505 proteins involved
mainly in protein binding, hydrolase activity, nucleotide
binding, oxidoreductase activity and lipid binding. Of those,
13 were found to be up-regulated in DS samples and six
were down-regulated. APOE, complement factor B (CFB),
amyloid P component), serum (APCS) (up-regulated),
matrin-3 and osteopontin (down-regulated) were previously
associated with DS (139).

Finally, proteomic profiling of umbilical cord blood from
10 intrauterine growth restricted (IUGR) neonates revealed
absence of the O-linked sialic acid in single and heavy chain
forms of fetuin A, a glycoprotein involved in fetal growth,
in vitro cell proliferation and cellular protection versus
Gram-negative bacterial toxin, indicating a possible
mechanism of impaired intrauterine development and
further establishing the use of proteomics in detecting
posttranslational modifications of clinical significance
(140). Cecconi et al. investigated the presence of markers
of IUGR by using 2-DE and nanoHPLC-Chip/MS
technology to analyze the proteomic profile of UCB and AF
of 10 IUGR and 10 normal pregnancies. Functional
classification of the identified differentially expressed
proteins (14 in UCB and 11 in AF)revealed the principal
role of inflammatory and immune response in the
mechanisms of intrauterine growth impairment.
Interestingly, the other proteins were related to iron and
copper homeostasis, blood pressure, and coagulation, all
components of the metabolic syndrome, which is a known
long-term consequence of IUGR in adult life (141). Finally,
a more recent study explored the proteomic profile of IUGR
placentas through TMT-labeling, to reveal 95 differentially
expressed proteins compared to placentas from normal
pregnancies (142).

The application of proteomics in the characterization of the
physiology and the pathology of the human reproductive
system has the potential to provide the necessary markers that
will render assisted reproduction technologies significantly
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more successful, both by identifying the cause of infertility
and providing the possibility of a personalized treatment, but
also by contributing to the selection of the most suitable
gametes and subsequently the most suitable embryo that will
lead to an uncomplicated pregnancy and the birth of healthy
offspring. Furthermore, proteomics may also be implicated in
identifying early biomarkers of disease in children born after
ART, especially since classical and, recently, metabolomic
studies have shown subtle differences between naturally
conceived children and children born after ART (143-147). As
mentioned above, infants born by ART are at a higher risk for
IUGR and being born small for their gestational age (148).
These conditions are well known to predispose to adult disease
and to be associated with an unfavorable cardiometabolic
profile in later life (149, 150). This alone could raise concern
about the long-term health issues of children born after ART
and may explain the recently observed poor cardiometabolic
outcome of ART children (151). Moreover, hormonal
hyperstimulation (152), in vitro culture conditions (153),
manipulations of the gametes and the blastocyst (154), have
been shown to cause alterations in the imprinting status of
some genes, indicating an effect on epigenetic reprogramming
that could be a potential mechanism for alterations in growth,
development and metabolism of ART children (155).
Increased parental stress and consequently increased
glucocorticoid production, as well as endometrial oxidative
stress conditions, amplified by hormonal hyperstimulation,
may further contribute to an adverse intrauterine environment,
which induces epigenetic and constitutional changes that
impair the metabolic profile later in life (156, 157).
Proteomics have already been introduced as a useful tool in
the characterization of the plasma/serum proteome for the
discovery of next-generation markers for risk assessment,
early or even prenatal diagnosis and prognosis of metabolic
disease (158, 159) and may be expected to provide a new
insight in the metabolic profile of ART children. 

Concluding Remarks

Despite the constant advancements in the field of ART, the
specific factors that decisively contribute to a positive outcome
still remain to be elucidated. The innate complexity of human
reproduction and fertility, further enhanced by the effect of
extrinsic factors, such as hyperstimulation protocols and
embryo culture media, pose a still unmet challenge regarding
the identification of specific biomarkers that will ensure a
totally successful outcome. Over the last years, proteomics
have been used in almost all relevant biological samples
(tissues, fluids, cells) to depict both physiological and
pathological states, and have yielded important results,
including the significance of posttranslational modifications in
sperm and the intense immunological-inflammatory processes
that take place during ovulation and implantation, further

accentuated in ART. So far, very few of these studies were able
to identify uniquely expressed, validated, clinically applicable
biomarkers. However, some of these proteins, isolated from
non-invasively collected samples, such as embryo culture
media, seem to correlate well with embryo quality and fetal
aneuploidy and provide hope for a non-invasive
characterization of a favorable ART outcome (105, 106). 

There are still several obstacles to overcome regarding the
introduction of proteomic techniques into the everyday
clinical practice of a fertility laboratory. It is true that
proteomic analysis is a method with quantitative efficiency
and high sensitivity. However, the abundance of proteins,
such as albumin or immunoglobulins, in biological
specimens hinders the recognition of indicative proteins,
whose native concentration levels are below picomolar.
Currently available MS immunodepletion-based methods
have failed to reproducibly capture low-level tissue proteins
most likely due to their co-removal by costly, depletion
protocols. Therefore, the need arises to develop a method
and cost-effective protocol and devices able to detect low-
level biomarkers in the presence of proteins at multifold
order higher concentrations (selectivity and specificity) from
small volumes of clinical specimens. Today, 2-D gel
electrophoresis allows for the visualization of around 1,000
single spots per gel. The number of proteins identified by
that proteomic approach, although significant, is still very
low compared to the estimated number of different proteins
in any given cell, which is believed to be close to 100,000
or even higher in embryonic cells. Moreover, the
minimization of the necessary quantity of “valuable”
specimens, such as oocytes or embryo cells, to produce
ample proteomic profiles is of outmost importance, as it is
clear that our current knowledge on the complete protein
expression of the components of mammalian reproduction is
still limited. Finally, the validation of derived biomarkers and
the clinical interpretation of proteomic results remains the
most important challenge regarding the application of
proteomics. Undoubtedly, the growing rate of ART
worldwide calls for the use of cutting edge research that will
provide markers to ensure a successful pregnancy and the
birth of a healthy offspring. The comprehensive proteomic
profiling of human reproduction and its pathology constitutes
a major challenge for the international scientific community
and is expected to produce ground-breaking results that will
have a major social impact.
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