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The female genital tract includes several anatomical re-
gions whose luminal fluids successively interact with
gametes and embryos and are involved in the fertilisation
and development processes. The luminal fluids from the
inner cervix, the uterus and the oviduct were collected
along the oestrous cycle at oestrus (Day 0 of the cycle)
and during the luteal phase (Day 10) from adult cyclic
ewes. The proteomes were assessed by GeLC-MS/MS
and quantified by spectral counting. A set of 940 proteins
were identified including 291 proteins differentially pres-
ent along the cycle in one or several regions. The global
analysis of the fluid proteomes revealed a general pattern
of endocrine regulation of the tract, with the cervix and
the oviduct showing an increased differential proteins
abundance mainly at oestrus while the uterus showed an
increased abundance mainly during the luteal phase. The
proteins more abundant at oestrus included several fam-
ilies such as the heat shock proteins (HSP), the mucins,
the complement cascade proteins and several redox en-
zymes. Other proteins known for their interaction with
gametes such as oviductin (OVGP), osteopontin, HSPA8,
and the spermadhesin AWN were also overexpressed at
oestrus. The proteins more abundant during the luteal
phase were associated with the immune system such as
ceruloplasmin, lactoferrin, DMBT1, or PIGR, and also with
tissue remodeling such as galectin 3 binding protein, al-
kaline phosphatase, CD9, or fibulin. Several proteins dif-
ferentially abundant between estrus and the luteal phase,

such as myosin 9 and fibronectin, were also validated by
immunohistochemistry. The potential roles in sperm tran-
sit and uterine receptivity of the proteins differentially
regulated along the cycle in the female genital tract are
discussed. Molecular & Cellular Proteomics 15:
10.1074/mcp.M115.052332, 93–108, 2016.

The success of fertilisation in mammals is linked to the
correct migration of spermatozoa in the different compart-
ments of the female genital tract and the adequate timing of
their interaction with the female gamete. In many mammalian
species including human, the deposition of semen in the
vagina is followed by the sperm migration through the cervix,
the uterus and then the oviduct before reaching the site of
fertilisation. This sperm transit within the female tract includes
mechanical and biochemical interactions with the luminal flu-
ids leading to selection of spermatozoa able to fertilize the
oocyte.

The first physiological barrier the spermatozoa will have to
go through is the cervix whose vaginal side is covered by a
highly viscous mucus, the cervical vaginal fluid (CVF)1. The
CVF proteome was analyzed in humans in various physiolog-
ical conditions (1, 2), mainly during pregnancy (3–7) or in
several pathologies such as human papilloma virus (8) or
candida albicans (9) infections. But few studies have investi-
gated the CVF proteome during the cycle (10, 11). The amount
of CVF increases at the time of ovulation concomitantly with a
higher state of hydration and a reduced viscosity, to facilitate
sperm migration (12). The mechanical properties of the mucus
are essential to select spermatozoa with the highest fertilizing
ability, i.e. with normal morphology and efficient mobility. The
main structural components of the cervical mucus are mucins,
highly glycosylated, high-molecular-weight proteins assem-
bled into a filamentous and viscous mesh (13). The transcrip-
tion of the mucin genes is increased at oestrus in the bovine
cervical epithelium (14). The amount of mucins and their level
of glycosylation are expected to contribute to the viscosity of
the mucus (11). Therefore, the quantification of proteins such
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as mucins in the cervical mucus along the cycle is required to
better understand the relation between the proteome and the
mechanical properties of the mucus.

Attached to the cervix, the uterus is layered by an endome-
trial tissue which is capable of physiological remodeling in
response to the oestrous cycle and the presence of the em-
bryo (15). Therefore many studies focused on the activation of
the uterus genome during pregnancy (16–19). The preimplan-
tation phase, the window of time during which the embryo is
present in the uterus but not attached to the endometrium, is
critical for the success of the pregnancy. During this phase,
the uterus and the embryo have a biochemical dialog leading
to modifications of the uterus transcriptome aiming to support
embryo development. But few studies investigated the uterus
activity along the cycle, including at oestrous when the uterus
is putatively interacting with spermatozoa. The expression of
the transcriptome of the endometrium along the oestrous cycle
was investigated in bovine (20), equine (21) and mouse (22). In
human, the proteome of the uterus along the menstrual cycle
was studied either on endometrium epithelium (23–26) or on
uterine fluid (27–29). However, the variation of the proteome of
the uterine fluid during the oestrous cycle is not known.

The oviduct is connected to the uterus through the utero-
tubal junction. After having migrated through the uterus, the
spermatozoa transit through this utero-tubal junction to fix in
the caudal isthmus of the oviduct, the site of the sperm
reservoir (30). The quantification of expression of oviduct
proteins in the presence of spermatozoa has revealed the
dialog between the gametes and the oviduct (31, 32). The
regulation of expression of genes in the oviduct along
the oestrous cycle was shown using oviduct cells from fe-
males in oestrus or luteal phase in porcine (33) and bovine
species (34). Again, an extensive description of the proteome
of the oviduct fluid along the oestrous cycle is lacking.

Therefore, the aims of this study are 1) to provide for the
first time an integrated analysis of the luminal proteomes of
the female genital tract by performing a proteomic study of
inner cervical mucus, uterine fluid and oviduct fluid in the
same biological model, and 2) to quantify the abundance of
these luminal proteins throughout the oestrous cycle. The
animal model chosen for this study was the sheep because, in
this species, the migration of the spermatozoa through the
female genital tract, especially in the cervical lumen and the
utero-tubal junction, is subjected to a high rate of selection.
Therefore, the protein components identified in the lumen of
these regions of the tract are candidates for an interaction
with spermatozoa during their transit. The proteomes were
also assessed after an exogenous hormonal induction of es-
trus to investigate the endocrine control of the proteomes of
each luminal fluid.

EXPERIMENTAL PROCEDURES

Chemicals—Otherwise indicated, chemicals were purchased by
Sigma-Aldrich (Saint Quentin Fallavier, France).

Experimental Design—The proteome from the secretions of
three segments of the female genital tract (cervix, uterus, and oviduct)
was analyzed according to the stage of the oestrous cycle (oestrus
versus luteal phase) and the type of cycle (spontaneous versus
synchronized).

Females used in this study were adult fertile Ile-de-France ewes
housed at the INRA Experimental Farm. The experiment took place
during natural season of reproduction in France (December). A group
of 8 ewes in spontaneous oestrus was identified within the INRA flock
by detection of oestrus with a teaser ram. Among these animals, 4
ewes in estrus were slaughtered on the first day of detection of
oestrus whereas the other 4 animals were slaughtered 10 days later,
during the luteal phase.

Another group of 8 females were synchronized using a hormonal
treatment. Females received a vaginal sponge impregnated with fluo-
rogestone acetate (20 mg) for 14 days followed by an injection of 400
IU PMSG (Pregnant Mare Serum Gonadotropin) at the time of sponge
removal. Oestrus occurred 48 h after sponge removal. Four ewes in
synchronized oestrus were slaughtered on the day of estrus whereas
the 4 remaining ewes were slaughtered 10 days after oestrus during
the luteal phase. As such, four groups of ewes were available: spon-
taneous estrus, spontaneous luteal phase, synchronized estrus and
synchronized luteal phase.

Collection of Genital Tract Secretions—Immediately after slaughter
of the females, the genital tracts were collected and dissected. The
cervix was longitudinally opened with surgical scissors and the inner
cervical mucus was aspirated using a positive displacement pipette
suited for viscous media (Gilson MicroMan). Each uterine horn was
separated from the cervix and the oviduct, and was flushed from the
utero-tubal junction to the bottom of the horn with 1 ml of PBS
(phosphate buffer saline). Each oviduct was flushed from the isthmus
to the ampulla with 200 �l of PBS. The fluids from each uterine horn
and each oviduct were kept separate and provided biological varia-
bility within each animal. The uterine and oviduct fluids were centri-
fuged at 10,000 � g to remove the cellular debris and stored at
�20 °C until use.

The stage of each ewe (estrus or luteal phase) was confirmed first
by the presence/absence of corpora lutea or preovulatory follicles on
the ovaries during fluids collection then by blood progesterone assay.
The fluids from each region of the genital tract (cervix, uterus, and
oviduct) were then pooled by group of ewes according to their phys-
iological state (spontaneous estrus, synchronized estrus, spontane-
ous luteal phase, and synchronized luteal phase).

Sample Preparation for MS Analyses—Protein concentration was
determined in pool samples using Uptima BC Assay kit (Interchim,
Montluc�on, France.) according to manufacturer’s instructions and
using bovine serum albumin as a standard. Each sample was mi-
grated separately in triplicate (20 �g per lane) on a 10% SDS-PAGE
(50V, 30 min). Gels were stained with Coomassie (G-250) and each
lane was cut horizontally in 3 bands for quantitative proteomic
analysis.

In-gel and Solution Digestion—After SDS-PAGE and cutting of the
bands, each band was in-gel digested with bovine trypsin (Roche
Diagnostics GmbH, Mannheim, Germany) as previously described
(35). Each band was washed in water/acetonitrile (1:1) for 5 min
followed by a second wash in acetonitrile for 10 min. Cysteine reduc-
tion and alkylation were performed by successive incubations in
solutions of 10 mM dithiothreitol in 50 mM NH4HCO3 for 30 min at
56 °C and 55 mM iodoacetamide in 50 mM NH4HCO3 for 20 min at
room temperature in the dark, respectively. Gel slices were washed
by an incubation in 50 mM NH4HCO3: acetonitrile (1:1) for 10 min
followed by an incubation in acetonitrile for 15 min. Proteins were
digested overnight in 25 mM NH4HCO3 with 12.5 ng/�l trypsin (Se-
quencing Grade, Roche, Paris, France). The resulting peptides were
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extracted from the gel using an incubation in 0.1% formic acid,
acetonitrile (1:1) for 10 min followed by an incubation for 5 min, in
acetonitrile. The two collected extractions were pooled with the initial
digestion supernatant, dried in a SpeedVac, reconstituted with 30 �l
of 0.1% formic acid, 2% acetonitrile, and sonicated for 10 min.

To complete the data provided by the in-gel digestion, the in-
solution digestion of the cervical mucus, uterus fluid, and oviduct fluid
was performed. Each sample (7 �g of total proteins) was diluted in
1% Rapigest (Waters, Milford, MA) in TEAB 100 mM. Cysteine reduc-
tion and alkylation were performed by successive incubations in
solutions of 10 mM TCEP for 1 h at 37 °C and 50 mM iodoacetamide
for 30 min at room temperature in the dark. Proteins were digested
overnight with 0.1 �g/�l trypsin (Sequencing Grade, Roche, Paris,
France). The resulting peptides were incubated in 1% formic acid to
precipitate the Rapigest and centrifuged during 5 min at 10,000 � g.
The supernatant was collected and dried in a SpeedVac. TFA (triflu-
oroacetic acid) was then added at the final concentration of 1% and
the peptides were desalted using Zip Tips U-C18 (Millipore, Billerica,
MA). Peptides were eluted in a small volume of a solution containing
organic solvent (50:50 acetonitrile: 0.1% TFA in water), dried in a
SpeedVac, reconstituted with 30 �l of 0.1% formic acid, 2% aceto-
nitrile, and sonicated for 10 min.

NanoLC-MS/MS—All experiments were performed on a dual linear
ion trap Fourier transform mass spectrometer (FT-MS) LTQ Orbitrap
Velos (Thermo Fisher Scientific, Bremen, Germany) coupled to an
Ultimate® 3000 RSLC Ultra High Pressure Liquid Chromatographer
(Dionex, Amsterdam, The Netherlands). Five microliters of each sam-
ple was loaded on trap column for desalting and separated using
nano-column as previously described (35). The gradient consisted of
4–55% B for 90 min at 300 nl/min flow rate. The eluate was ionized
using a Thermo Finnigan Nanospray Ion Source 1 with a SilicaTip
emitter of 15 �m inner diameter (New Objective, Woburn, MA). Stand-
ard mass spectrometric conditions for all experiments were spray
voltage 1.2 kV, no sheath and auxiliary gas flow; heated capillary
temperature, 275 °C; predictive automatic gain control enabled, and
an S-lens RF level of 60%.

Data were acquired using Xcalibur software (version 2.1; Thermo
Fisher Scientific, San Jose, CA). The instrument was operated in
positive data-dependent mode. Resolution in the Orbitrap was set to
r � 60,000. In the scan range of m/z 300–1800, the 20 most intense
peptide ions with charge states �2 were sequentially isolated (isola-
tion width, 2 m/z; 1 microscan) and fragmented using collision in-
duced dissociation. The ion selection threshold was 500 counts for
MS/MS, and the maximum allowed ion accumulation times were 200
ms for full scans and 50 ms for collision induced dissociation-MS/MS
in the LTQ. Target ion quantity for FT full MS was 1e6 and for MS/MS
it was 1e4. The resulting fragment ions were scanned at the “normal
scan rate” with q � 0.25 activation and activation time of 10 ms.
Dynamic exclusion was active during 30 s with a repeat count of 1.
The lock mass was enabled for accurate mass measurements. Poly-
dimethylcyclosiloxane (m/z, 445.1200025, (Si(CH3)2O)6) ions were
used for internal recalibration of the mass spectra.

Protein Identification and Data Validation—Raw data files were
converted to MGF using Proteome Discoverer software (version 1.2;
Thermo Fischer Scientific, San Jose, USA). Precursor mass range of
350–5000 Da and signal to noise ratio of 1.5 were the criteria used for
generation of peak lists. In order to identify the proteins, the peptide
and fragment masses obtained were matched automatically against
the Swissprot_2013.01 database (66153 entries). MS/MS ion
searches were performed using MASCOT Daemon and search engine
(version 2.3; Matrix Science, London, UK). The parameters used for
database searches include trypsin as a protease with allowed two
missed cleavage, carbamidomethylcysteine (�57 Da), oxidation of
methionine (�16) and N-terminal protein acetylation (�42) as variable

modifications. The tolerance of the ions was set to 5 ppm for parent
and 0.8 Da for fragment ion matches. Mascot results from the target
and decoy databases were incorporated to Scaffold 3 software (ver-
sion 3.6, Proteome Software, Portland, OR). Peptide identifications
were accepted if they could be established at greater than 95.0%
probability as specified by the Peptide Prophet algorithm (36). Pep-
tides were considered distinct if they differed in sequence. Protein
identifications were accepted if they could be established at greater
than 95.0% probability as specified by the Protein Prophet algorithm
and contained at least two identified peptides (FDR � 1%).

Label-free Protein Quantification—Scaffold 3 Q� software was
employed (version 3.6, Proteome Software, Portland, USA) using
spectral count quantitative module. All proteins with greater than two
peptides identified in SwissProt database with high confidence were
considered for protein quantification. To eliminate quantitative ambi-
guity into protein groups, we ignored all the spectra matching any
peptide which is shared between proteins. Thereby, quantification
from normalized spectral counts was carried out on distinct proteins.
Student’s t test was done to characterize changes between two
samples. Statistically significant differences were considered for p �
0.05.

Gene Ontology—The Uniprot accession numbers were submitted
to the UniProt Knowledgebase (UniProtKB) and the Gene Ontology
data were retrieved for all the 940 identified proteins. The subcellular
location data were used to generate a pie graph. A panel of 16 main
biological functions was used to categorize the proteins and generate
a pie graph.

Data Repository—The mass spectrometry proteomics data have
been deposited to the ProteomeXchange Consortium (http://www.
proteomexchange.org) via the PRIDE partner repository (37) with the
data set identifier PXD000299.

Western Blotting—Primary antibodies directed against the follow-
ing proteins were purchased from Santa Cruz Biotechnologies (Santa
Cruz, CA): zinc � glycoprotein (dilution 1/500, sc-11358), lactoferrin
(1/500, sc-52694), �-enolase (1/500, sc-15343), CD109 (1/500, sc-
98793), myosin 9 (1/500, sc-98978), ceruloplasmin (1/500, sc-21240),
Hsp105 (1/500, sc-1805). Primary antibodies directed against the
following proteins were purchased from Abcam (Cambridge, Eng-
land): gelsolin (1/1000, ab11081), valosin containing protein/VCP (1/
2000, ab11433), heat shock protein (HSP) 90 � (1/1000, ab82522),
heat shock protein 70 (HSPA2, 1/200, ab1428), and HSPA8 (1/2500,
ab1427). Primary antibodies against angiotensin converting enzyme
and acrosin were produced from our laboratory after immunization of
rabbits with purified angiotensin converting enzyme and acrosin. The
antibody directed against bovine oviductin (OVGP or Oviduct specific
glycoprotein) was a generous gift from Dr O’Day-Bowman (Labora-
tory of Dr. Harold Verhage, University of Illinois) The second antibody
was goat anti rabbit HRP (1/5000, A6154) for rabbit primary antibod-
ies and goat anti mouse HRP (1/5000, A4416) for mouse primary
antibodies. The chemiluminescent HRP substrate was SuperSignal
West Pico and West Femto Chemiluminescent Substrate (Thermo
Scientific, Waltham, MA).

Each sample was migrated separately in triplicate (20 �g per lane)
on a 8–16% gradient SDS-PAGE (180V, 60 min). Liquid transfer of
proteins was performed over 75 min at 100V at 4 °C. The western
blots were blocked with TBS-Tween 20 (0.5%, w/v), supplemented
with lyophilized low-fat milk (5% w/v). Membranes were incubated
with primary antibodies under mild agitation overnight at 4 °C or for
1.5h at 37 °C and with secondary antibodies overnight at 4 °C or for
1h at 37 °C. The peroxidase was revealed with chemoluminescent
substrates and the images recorded on film or digitized with a cooled
CCD camera (ImageMaster VDS-CL, Amersham Biosciences, GE
HealthCare Lifesciences, Pittsburgh, PA). The intensity of the signal
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was quantified using the TotalLab Quant software (TotalLab, New-
castle upon Tyne, UK).

Immunohistochemistry—Tissue-Tek-embedded, 10 �m sections
of cervix were prepared on Superfrost Plus microscope slides
(Thermo Fisher Scientific) with Cryostar NX70 (Thermo Fisher Scien-
tific), and fixed with acetone at �20 °C for 20 min. After rinsing in
PBS, endogenous peroxidase activity was blocked by incubating the
sections for 10 min in 1% H2O2. After rinsing again in PBS, slides
were pre-incubated in 2.5% normal horse serum blocking solution
from the ImmPRESSTM kit (Vector Laboratories, Burlingame, CA) for
30 min at room temperature, and then incubated overnight at 4 °C
with the following antibodies : anti-myosin 9 antibody (sc-98978;
Santa Cruz Biotechnology; 1/50), anti-fibronectin antibody (produced
from our laboratory; 1/100), anti-tubulin � antibody (T9026; 1/100),
diluted in 2.5% normal horse serum blocking solution.

After rinsing in PBS, sections were incubated with the anti-mouse/
rabbit IgG Reagent from the ImmPRESS™ kit for 30 min at room
temperature. For peroxidase detection, all sections were incubated
with the NovaREDTM substrate (Vector Laboratories) for 10 min.
Slides were then mounted in DePeX mounting medium (GURR). To
assess the specificity of the immunolabeling, sections were incubated
only with secondary anti-mouse/rabbit IgG Reagent, and all other
steps remained the same. Samples were analyzed using bright field
microscopy (Olympus BH2, Olympus) at a magnification of 200�.

RESULTS

The Proteome of the Female Genital Tract Fluids—This
study aimed to compare the proteome from the luminal fluids
at two biologically significant stages of the cycle (estrus and
luteal phase) from the three adjacent regions of the female
genital tract; namely, the cervix, uterus and oviduct. We col-
lected the cervical mucus originating from the inner part of the
cervix only, to characterize as much as possible the secre-
tions from the cervical epithelium. The uterine and the oviduct
fluids were collected from gentle flushing with a very limited
volume of buffer in order to analyze a fluid being as close as
possible to the native fluids. The combination of in-solution
and in-gel digestion MS data from the fluids originating from
the female tract yielded in the total identification of 940 pro-
teins. The association of the in-solution digestion data to the
in-gel digestion data increased the total number of proteins
identified when compared with the in-gel digestion data
alone. This was particularly evident for cervical mucus as its
elevated viscosity reduced the efficiency of protein separation
on SDS-PAGE. In the cervix, 527 proteins were identified were
identified using the in-gel digestion method whereas 642 pro-
teins were identified with the in-solution digestion protocol.
Combined, these methods led to the total identification of 749
proteins, which shows the complementarity of the methods.
The combination of data from the two digestion methods also
slightly improved the number of proteins identified in uterine
and oviductal fluids over in-gel digestion alone with, respec-
tively, 827 uterine proteins identified compared with 789 and
624 oviductal proteins identified compared with 562.

The complete list of the identified proteins is provided in
supplemental Table S1. A total of 749, 827, and 624 proteins
were identified in the cervix, the uterus and the oviduct fluids,
respectively (Fig. 1).

The comparison of proteomes showed similarity between
the different compartments as 517 proteins (out of 940) were
found in all three regions (Fig. 1). The comparison of fluid
proteomes from the three regions showed that regions ana-
tomically linked to each other shared a higher number of
proteins. The cervix proteome shared 645 proteins with the
uterus proteome, the uterine proteome shared 585 proteins
with the oviduct proteome whereas the cervix and the oviduct
only shared 547 proteins. A limited number of proteins were
found only in one region as 74, 114, and 9 proteins were
found, respectively, only in the cervical mucus, the uterine flu-
id and the oviduct fluid. However, these proteins may have a
marked impact on the function of that particular fluid. Indeed,
the cervical mucus is highly concentrated in mucins (mucin 5B
and mucin 5C), but this protein is not found in uterine or
oviduct fluid. The abundance of mucins of high molecular
weight such as the MUC5B and MUC5AC in the cervical
mucus explains its higher viscosity compared with those of
uterine and oviduct fluids.

Among the proteins found only in uterine fluid, the quanti-
tatively main proteins include Protein FAM115 and Ephrin,
more abundant in luteal phase, and �-crystallin S and Niban,
more abundant at estrus. In the oviduct fluid, we identified
AWN, a member of the spermadhesin family.

Gene Ontology of the Proteins—According to the Gene
Ontology classification, the cellular distribution of proteins
found in the total fluids of the female tract in estrus and luteal
phase were categorized as cytoplasm proteins (41%), se-
creted proteins (14%), and plasma membrane (11%) (Fig. 2A).
The functional classification of these proteins showed a wide
distribution of activities (Fig. 2B).

Changes of the Luminal Proteomes Along the Estrous Cy-
cle—Proteomic quantification was performed to assess the
effect of the cycle stage (estrus versus luteal phase) and the
type of cycle (spontaneous vs. synchronized) on the abun-
dance of proteins in the various fluids of the female tract
(cervix, uterus, and oviduct). A total of 694 proteins were
identified by GeLC-MS/MS and the data are summarized in
the supplemental Table S2. Proteins were considered signif-
icantly differentially abundant between estrus and luteal

FIG. 1. Venn diagram of proteins identified in the female genital
tract fluids. The proteins were identified by LC MS/MS in the inner
cervical mucus, the uterine fluid and the oviduct fluid.
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phase if the p value of the Student’s t test p � 0.05 and the
estrus/luteal phase of normalized spectral counts � 1.5. The
results of identification and quantification in the different re-
gions of the tract are provided in supplemental Table S3
(cervix, spontaneous and synchronized estrus), supplemental
Table S4 (uterus, spontaneous and synchronized estrus), and
supplemental Table S5 (oviduct, spontaneous and synchro-
nized estrus).

In ewes showing spontaneous estrus, a total of 217, 517,
and 280 proteins were identified in, the cervix, uterus and
oviduct, respectively. During estrus, 61, 97, and 64 proteins
were found in higher amounts in respectively, the cervix, the
uterus and the oviduct, which corresponded to 28%, 12 and
23% of the total of proteins. In the luteal phase, 26, 102, and
17 proteins were found more abundant in respectively, the
cervix, the uterus and the oviduct corresponding to 12%, 17
and 6% of the total of proteins.

The results show that the regulation of protein abundance
along the cycle varies between the different segments of the
female tract. Indeed, the cervix and the oviduct exhibit a
marked expression of differential proteins during estrus (70
and 79% respectively of differential proteins) whereas the
uterus shows a more balanced regulation during estrus and
luteal phase (51% of differential proteins in luteal phase)

(Fig. 3). Therefore, estrus can be generally characterized by
a concomitant increase in the differential abundance of
proteins in both the cervix and the oviduct whereas the
luteal phase is mainly characterized by an increase in the
uterus. This was shown for both types of cycles (spontane-
ous or synchronized).

Proteome of the Cervical Mucus Along the Cycle—In the
cervical mucus obtained from ewes in a spontaneous cycle,
87 proteins out of the 217 quantified proteins (40.1%) were
found to be differentially abundant between estrus and the
luteal phase. The five main proteins more abundant in estrus
were transferrin, Heat Shock protein HSP 90-�, complement
C3, �-2-HS glycoprotein, and �-2 macroglobulin (Table I). The
HSP 90-� showed a marked regulation of its abundance along
the cycle with one of the highest estrus/luteal phase ratio
(more than 17 times) and a main abundance in cervical mucus
(ranked seventh among the 749 identified proteins based on
spectral counts). Other members of the Heat Shock Proteins
family were also more abundant at estrus such as the HSP
105 kDa protein (HSPH1), the HSP 90-�1 protein (HSPAA1),
and the HSP 90-� protein (HSPB1 and HSP90AB1). Beside
the complement C3, other components of the complement
cascade were found more abundant at estrus i.e. the C4 and
C5.

FIG. 2. Cellular locations (A) and molecular functions (B) according to the Gene Ontology definition of proteins identified in the female
genital tract fluids.
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The main proteins more abundant in the luteal phase were
lactoferrin, ceruloplasmin, alkaline phosphatase, DMBT1,
EFEMP1, and PIGR (Table I). Lactoferrin, ceruloplasmin,
DMBT1, and PIGR are involved in the immune system. Sev-
eral other overabundant proteins were involved in tissue re-
modeling. These include alkaline phosphatase, EFEMP1,
CD9, and galectin-3 binding protein. The EFEMP1 (EGF-con-
taining fibulin-like extracellular matrix protein 1 or fibulin 3)
and the galectin-3 binding protein were not detected at estrus
but found in high amounts both in cervical mucus and uterine
fluid during luteal phase.

Proteome of the Uterine Fluid Along the Cycle—In the uter-
ine fluid of ewes in a spontaneous cycle, 199 proteins out of
the 517 quantified proteins (38.5%) were found differential
between estrus and the luteal phase. In the uterine fluid, the
main proteins overabundant in estrus were transferrin, HSP
90-�, myosin-9, �2-macroglobulin, and elongation factor
1-�1 (EEFA1) (Table II). The transferrin, HSP 90-�, and �2-
macroglobulin were also among the main overabundant pro-
teins in the cervical mucus.

The main proteins more abundant in the luteal phase were
ceruloplasmin, isocitrate dehydrogenase, �-enolase, alkaline
phosphatase, and ezrin. Eight components from the compo-
nent cascade were found overabundant in the uterine fluid:
C1s, C3, C4, C5, C6, C7, factor B, and factor H. In accord-
ance with the remodeling of the endometrium occurring dur-
ing the luteal phase, many of the more abundant proteins in
the luteal phase were involved in tissue modeling.

Proteome of the Oviduct Fluid Along the Cycle—In the
oviduct fluid from ewes in a spontaneous cycle, 81 proteins
out of the 280 quantified proteins (28.9%) were found to be
differential between estrus and the luteal phase. In the oviduct
fluid, the main proteins overabundant during estrus were ovi-
ductin, isocitrate dehydrogenase, elongation factor 1-�1,
HSPA8, 14–3-3 protein �, and annexin A8 (Table III).

The proteins which were more abundant in the luteal phase
were �-2-macroglobulin, ceruloplasmin, gelsolin, transthyre-
tin, and complement factor B.

Effect of Treatment of Synchronization—The proteomes of
the cervix, uterus, and oviduct were also analyzed along the
cycle when the estrus was synchronized with a hormonal

treatment. A total of 110, 203, and 81 proteins were found
differentially abundant between estrus and the luteal phase in
the cervix, uterus, and oviduct, respectively. When these pro-
teomes were compared with those obtained from animals in
spontaneous cycle, a total of 48, 92, and 34 proteins were
both found in spontaneous and synchronized cycles differen-
tially abundant along the cycle in the cervix, uterus, and
oviduct, respectively. The ratios estrus/luteal phases of these
proteins were similar between spontaneous and synchronized
cycles (supplemental Table S6).

Comparison of Fluid Proteomes Along the Cycle in the
Female Tract—The lists of differentially abundant proteins
between the estrus and the luteal phases of each region of the
genital tract of spontaneous cycling ewes were compared
with each other (supplemental Table S7). Very few proteins
were found to be differentially abundant in all the regions and
the abundance of proteins in the female tract showed various
patterns (Fig. 4). The proteasome subunit � type-7, oviduct-
specific glycoprotein, and elongation factor 1-�1 (EEFA1)
were all found increased at estrus in the different regions of
the female genital tract. Beside elongation factor 1 �, four
members of the elongation factor family were also found in all
fluids: �, �, and �, and elongation factor 2. The ceruloplasmin
was clearly a main marker of the luteal phase in the genital
tract as it is the only protein we found in high amounts with an
increased abundance in the cervix, the uterus, and the oviduct
(Tables I–III, supplemental Table S7, Fig. 4).

When the proteomes were compared between two regions,
the differential proteomes of the cervical mucus and the uterine
fluid showed the highest similarity. Indeed, they showed a com-
mon variation along the cycle for 25 proteins including several
main quantitative proteins such as serotransferrin, Heat shock
protein HSP 90-�, elongation factors 1/2, and �-2-macroglob-
ulin which are more abundant at estrus, as well as ceruloplas-
min, alkaline phosphatase, EFEMP1, and galectin-3-binding
protein which are more abundant during the luteal phase.

The different members of the HSP family (HSPH1, HSPAA1,
HSP90AB1, HSPB1, HSPA4, and HSPA8) were all abundant
in all the fluids and were all more abundant at estrus in at least
one region. IDH1 showed a different regulation along the cycle
depending on the site of expression. Whereas IDH1 was more

FIG. 3. Pie charts of the differential proteins along the oestrous cycle. The red and blue parts of each pie indicate the proportion of
proteins found more abundant in the fluid of each region of the female genital tract (cervix, uterus, and oviduct) during oestrus and luteal phase,
respectively.
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abundant in the cervix and oviduct at estrus, it was a strong
marker of luteal phase in the uterus (Fig. 4). This was observed
for both spontaneous and synchronized cycles.

Comparison with data reported in previous studies focused
on the stage of the cycle—Variation throughout the oestrous
cycle in the abundance of proteins in the fluids assessed in
this study was manually compared with data reported in
previous studies on the regulation of the genes in the female
genital tract during the cycle. We produced from our study a

list of 367 proteins including 61, 97, and 64 proteins found in
higher amounts at estrus and 26, 102, and 17 proteins found
more abundant during the luteal phase in the cervix, uterus
and oviduct, respectively. We searched for these genes in
seven studies of the transcriptome or proteome of the female
tract during the cycle in other species. These include the
transcriptome of the bovine cervix (14), the transcriptomes of
the horse (21) and bovine (20) endometrium, the proteome of
human endometrium (23, 25), the transcriptome of bovine

TABLE I
Proteins differentially abundant between estrus and luteal phase in the cervical mucus. Proteins more abundant in oestrus and luteal
phase: list of the 20 quantitatively main proteins based on spectral counting quantitative method at oestrus and luteal phase. Estrus: NSC

(normalized spectral counts) at oestrus. Luteal phase: NSC during luteal phase. O/LP ratio: oestrus/luteal phase ratio of NSC

Proteins name Gene symbol Estrus Luteal phase O/LP Ratio

More abundant in oestrus
Serotransferrin TF 217.1 107.39 2.02
Heat shock protein HSP 90-� HSP90AA1 165.9 9.37 17.71
Complement C3 C3 109.2 65.56 1.67
�-2-HS-glycoprotein AHSG 52.4 17.04 3.08
�-2-macroglobulin A2M 46.1 3.65 12.64
Glutathione S-transferase P GSTP1 38.3 17.25 2.22
Mucin-5B MUC5B 37.6 8.41 4.47
Glutathione S-transferase Mu 1 GSTM1 31.4 4.86 6.45
Apolipoprotein A-I APOA1 31.1 6.31 4.92
Triosephosphate isomerase TPI1 24.0 6.32 3.80
Isocitrate dehydrogenase 	NADP

cytoplasmic

IDH1 23.5 6.72 3.50

Fibronectin FN1 21.9 5.77 3.80
Elongation factor 1-�1 EEF1A1 21.5 8.42 2.55
Elongation factor 2 EEF2 19.8 1.09 18.19
14–3-3 protein epsilon YWHAE 19.0 5.33 3.57
14–3-3 protein zeta/delta YWHAZ 18.0 6.96 2.58
�-1B-glycoprotein A1BG 16.5 3.65 4.52
�-enolase ENO1 15.8 3.59 4.40
Heat shock protein �-1 HSPB1 15.4 6.02 2.56
Chloride intracellular channel protein 1 CLIC1 14.5 5.04 2.87

More abundant in luteal phase
Lactotransferrin LTF 273.8 937.0 0.29
Ceruloplasmin CP 129.6 278.6 0.47
Alkaline phosphatase ALPL 15.8 80.1 0.20
Deleted in malignant brain tumors 1 protein DMBT1 14.8 65.3 0.23
EGF-containing fibulin-like extracellular
matrix protein 1

EFEMP1 0.0 63.5 0.00

Polymeric immunoglobulin receptor PIGR 4.6 22.3 0.21
Galectin-3-binding protein LGALS3BP 0.0 22.2 0.00
CD9 antigen CD9 0.0 17.3 0.00
Histone H4 HIST1H4H 1.8 13.0 0.14
Inhibitor of carbonic anhydrase ICA 5.0 11.4 0.44
Aminopeptidase N ANPEP 0.6 9.6 0.06
N-acetylglucosamine-6-sulfatase GNS 0.0 7.2 0.00
Zinc-alpha-2-glycoprotein AZGP1 0.0 6.3 0.00
Tissue alpha-L-fucosidase FUCA1 0.0 5.4 0.00
Angiotensin-converting enzyme ACE 0.0 5.2 0.00
�-hexosaminidase subunit alpha HEXA 0.0 5.0 0.00
Complement factor I CFI 0.3 3.7 0.09
Pancreatic secretory granule membrane
major glycoprotein GP2

GP2 0.0 3.6 0.00

Factor XIIa inhibitor SERPING1 0.3 3.2 0.09
Aldehyde dehydrogenase family 3 member
B1

ALDH3B1 0.0 2.5 0.00
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oviduct epithelial cells (34), and the proteome of porcine
oviduct epithelial cells (33).

A total of 59 proteins were found to be regulated similarly,
i.e. up or down regulated at estrus or the luteal phase, in the
female tracts of other species (Table IV). Among these pro-
teins, mucin 5B, and protein disulfide isomerase A3 (PDIA3)
were found both in ovine and bovine cervices to be more
expressed at estrus.

In ovine uterine fluid, cyclic variation in the abundance of 16
proteins such as heat shock protein 90 �, elongation factor 2,

and ezrin were found to match the proteomic changes that
occurred in the human endometrium along the menstrual
cycle. Moreover, the abundance of 41 ovine uterine fluid
proteins in the present study corresponded with transcription
of their matching genes at the same points in the cycle in
equine and bovine uterine tissue. Among these proteins, ezrin
and superoxide dismutase were found to show similar regu-
lation, being more abundant in the luteal phase, in several
models, i.e. in the ovine uterine fluid, in the human endome-
trium proteome and the bovine uterus transcriptome.

TABLE II
Proteins differentially abundant between estrus and luteal phase in the uterine fluid. Proteins more abundant in estrus and luteal phase:
list of the 20 quantitatively main proteins based on spectral counting quantitative method at estrus and luteal phase. Estrus: NSC (normalized

spectral counts) at estrus. Luteal phase: NSC during luteal phase. O/LP ratio: oestrus/luteal phase ratio of NSC

Proteins names Gene Symbol Estrus Luteal Phase O/LP Ratio

More abundant in oestrus
Serotransferrin TF 202.2 133.6 1.51
Heat shock protein HSP 90-� HSP90AA1 63.4 33.6 1.89
Myosin-9 MYH9 56.5 5.8 9.74
�-2-macroglobulin A2M 53.8 19.6 2.74
Elongation factor 1-�1 EEF1A1 46.5 29.0 1.60
Clathrin heavy chain 1 CLTC 36.7 12.2 3.00
Transitional endoplasmic reticulum ATPase VCP 33.8 17.2 1.96
Elongation factor 2 EEF2 33.0 12.3 2.67
�-actinin-4 ACTN4 23.5 5.8 4.07
High mobility group protein B1 HMGB1 20.2 11.3 1.79
Myosin-11 MYH11 17.7 0.2 101.22
Ras GTPase-activating-like protein IQGAP1 IQGAP1 13.1 2.7 4.91
Complement factor B CFB 12.1 4.6 2.64
Coatomer subunit alpha COPA 11.6 4.9 2.38
60S ribosomal protein L7 RPL7 11.3 0.2 65.55
Clusterin CLU 9.8 2.8 3.47
40S ribosomal protein S3 RPS3 8.4 0.9 9.66
Complement C4 C4 7.4 2.2 3.34
40S ribosomal protein S16 Rps16 6.3 0.6 9.82
40S ribosomal protein S8 RPS8 6.2 2.2 2.85

More abundant in luteal phase
Ceruloplasmin CP 117.6 301.7 0.39
Isocitrate dehydrogenase IDH1 66.6 180.2 0.37
�-enolase ENO1 38.1 64.2 0.59
Alkaline phosphatase, tissue-nonspecific
isozyme

ALPL 19.0 53.6 0.35

Ezrin EZR 23.3 47.6 0.49
Fructose-bisphosphate aldolase A ALDOA 17.8 46.2 0.39
Phosphoglycerate kinase 1 PGK1 16.1 41.8 0.39
Adenosylhomocysteinase AHCY 22.8 35.2 0.65
Peroxiredoxin-1 PRDX1 17.5 30.3 0.58
Triosephosphate isomerase TPI1 20.3 29.9 0.68
Annexin A2 ANXA2 16.8 27.8 0.60
EGF-containing fibulin-like extracellular matrix
protein 1

EFEMP1 0.0 25.1 0.00

D-3-phosphoglycerate dehydrogenase PHGDH 12.1 24.0 0.51
Phosphoserine aminotransferase PSAT1 1.5 23.6 0.06
�-1B-glycoprotein A1BG 13.9 23.4 0.60
Sialidase-1 NEU1 0.3 22.1 0.02
Transgelin-2 TAGLN2 8.5 19.3 0.44
Glutathione S-transferase Mu 5 Gstm5 8.2 19.1 0.43
N-acetylglucosamine-6-sulfatase GNS 0.0 18.4 0.00
Inhibitor of carbonic anhydrase ICA 11.7 17.7 0.66
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Endoplasmin and oviductin proteins were more abundant
during estrus in ovine oviduct fluid, a result supported by data
in cattle which showed a similar modification in the amounts
of mRNA that code for each of these proteins in bovine
oviduct epithelial cells. Gelsolin protein, that was more abun-
dant in the ovine oviduct fluid during the luteal phase, was
also described as more abundant in porcine oviduct epithelial
cells during the luteal phase.

Immunodetection of Differential Proteins—Among the pro-
teins found to be differentially abundant between estrus and
the luteal phase in spontaneous estrus, 14 proteins were
quantified by western blotting (Fig. 5). The relative abundance
in estrus or the luteal phase quantified by western blotting
was in accordance with that observed by MS. Gelsolin,

hsp90b, ezrin, �-enolase, and VCP were confirmed to be
more abundant in the cervical mucus during estrus. Lactofer-
rin, CD109, ceruloplasmin, and ZAG were confirmed to be
more abundant in the cervical mucus during the luteal phase.
Several HSPs (HSPA8, hsp105, hsp70) and oviductin were
confirmed to be more abundant in the oviduct fluid during
estrus. Myosin 9 was found more abundant both in oviduct
fluid and cervical mucus during estrus.

Immunohistochemistry was performed to confirm the or-
igin of secretion and the increased expression of several
differential proteins along the cycle. Fibronectin and myosin
9 were found more abundant in cervical mucus at estrus.
The abundance of fibronectin and myosin 9 at estrus in
the cervical mucus was associated with their increased

TABLE III
Proteins differentially abundant between estrus and luteal phase in the oviduct fluid. Proteins over abundant in estrus and luteal phase:
list of the 20 quantitatively main proteins based on spectral counting quantitative method at estrus and luteal phase. Oestrus: NSC (normalized

spectral counts) at estrus. Luteal phase: NSC during luteal phase. O/LP ratio: oestrus/luteal phase ratio of NSC

Proteins names Gene symbol Oestrus Luteal phase O/LP ratio

More abundant in oestrus
Oviduct-specific glycoprotein OVGP1 258.4 152.2 1.70
Isocitrate dehydrogenase IDH1 67.5 30.5 2.21
Heat shock cognate 71 kDa protein HSPA8 60.8 21.6 2.81
Elongation factor 1-�1 EEF1A1 55.4 33.2 1.67
14–3-3 protein epsilon YWHAE 31.4 20.7 1.52
Retinal dehydrogenase 1 ALDH1A1 25.5 9.5 2.68
Tubulin �-4B chain TUBB4B 16.6 10.4 1.60
Fatty acid-binding protein, epidermal FABP5 14.4 6.1 2.35
Malate dehydrogenase MDH1 12.6 8.0 1.57
Transaldolase TALDO1 11.9 7.4 1.61
Peptidyl-prolyl cis-trans isomerase FKBP4 FKBP4 10.7 3.1 3.42
Coatomer subunit alpha COPA 8.4 2.5 3.31
Transketolase TKT 8.3 3.8 2.18
Poly(rC)-binding protein 1 PCBP1 8.0 3.8 2.13
Proteasome subunit alpha type-6 PSMA6 7.5 4.1 1.82
Adenosylhomocysteinase AHCY 6.7 1.8 3.80
40S ribosomal protein S16 Rps16 5.8 0.6 9.17
Annexin A8 ANXA8 5.5 2.7 2.03
Osteopontin SPP1 4.9 2.4 2.10
40S ribosomal protein S4, X isoform RPS4X 4.1 1.6 2.62

More abundant in luteal phase
�-2-macroglobulin A2M 34.4 61.0 0.56
Ceruloplasmin CP 23.3 56.8 0.41
Gelsolin GSN 24.8 40.4 0.61
Transthyretin TTR 12.1 19.5 0.62
Complement factor B CFB 11.4 19.1 0.60
Lactotransferrin LTF 4.0 16.7 0.24
Membrane primary amine oxidase AOC3 4.3 13.7 0.32
Complement C4 C4 5.9 13.1 0.45
Ig lambda chain V-I region HA - 4.2 10.2 0.41
Hemopexin HPX 3.1 8.8 0.36
Plasminogen (Fragment) PLG 2.7 8.3 0.33
Keratin-associated protein 6–1 KRTAP6–1 0.0 4.6 0.00
Annexin A3 ANXA3 0.1 2.8 0.05
Factor XIIa inhibitor SERPING1 0.2 2.6 0.06
Vinculin VCL 0.6 2.0 0.27
Programmed cell death 6-interacting
protein

PDCD6IP 0.2 1.5 0.11
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FIG. 4. Patterns of proteins abun-
dance in the fluids from the female
genital tract. Quantitative data from
several examples of differentially abun-
dant proteins along the cycle (estrus ver-
sus luteal phase) in the fluids from differ-
ent compartments of the female genital
tract (cervix, uterus, oviduct). Several
proteins are more abundant in all regions
of the tract at estrus such as HSPA8,
EEFA1 and myosin 9 or in luteal phase
such as ceruloplasmin. IDH1 showed a
different abundance along the cycle de-
pending on the site of collection.
Whereas IDH1 was more abundant in
cervix and oviduct at estrus, it was a
strong marker of luteal phase in the
uterus. Data are means � S.E. of nor-
malized spectral counts (NSC).
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TABLE IV
Comparison of abundance of sheep proteins during the oestrus cycle with other species. The proteins identified in the female genital tract
of the sheep were classified into two groups: more abundant either (1) at estrus or (2) during luteal phase. Based on previous studies, the genes
(mRNAs or proteins) showing the same regulation along the cycle in other species are indicated as black boxes in the table. These data are taken

from the following references

aPluta et al., 2012, Transcriptome of the bovine cervix.
bGebhardt et al., 2012, Transcriptome of the horse endometrium.
cMitko et al., 2008, Transcriptome of the bovine endometrium.
dChen et al., 2015, Proteome of human endometrium.
eLi et al., 2011, Proteome of human endometrium.
fBauersachs et al., 2004, Transcriptome of bovine oviduct epithelial cells.
gSeytanoglu et al., 2008, Proteome of porcine oviduct epithelial cells.
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expression in the luminal epithelium of the cervical tissue
(Fig. 6).

DISCUSSION

This study is the first to investigate in the same biological
model the luminal proteomes from different regions of the
female genital tract along the oestrous cycle.

The main result from this work is the differential regulation
of protein abundance in the fluid from the different regions,
depending on the stage of the oestrous cycle. Whereas the
cervix and the oviduct show an increased number of differ-
ential proteins mainly at estrus, the uterus shows a more
balanced pattern during both estrus and the luteal phase.

The patterns of protein abundance in the fluids along the
cycle could result from the regulation of secretion and also
from other origins such as immune system cells (38). The
comparison of previously published transcriptomes (14, 20,
21, 33, 34) and tissue proteomes (23, 25) in other models with
the sheep luminal proteomes from this study provided some
information about the possible secretory origin of many pro-
teins, suggesting that the regulation of the protein abundance
along the cycle may be associated to a significant extent with
endocrine control of the expression of several genes.

The comparison of proteomes from the different regions
showed similarity as 55% of the proteins were found in all
three regions. The similarity could be explained by the high
proportion of these proteins being common to biological flu-
ids but also by transfer between contiguous compartments.

Despite anatomical barriers such as the utero-tubal junction
between the oviduct and the uterus, the secretions flow from
the oviduct to the cervix due to peristaltic contractions of the
tract (39). Indeed, the quantitatively main protein identified
in the oviduct fluid, the oviductin, was also found, albeit as
traces, in the uterine fluid and the cervical mucus. The secre-
tions of the uterus also enter the cervix, located anatomically
at the basis of the uterine body, and can mix with cervical
secretions to constitute the cervical mucus.

As we provide data of luminal proteomes along the repro-
ductive cycle, it is of interest to relate the modifications of
these proteomes with the specific functions of reproduction of
the different regions of the tract. In species where the semen
is deposited in the vagina, the cervix (mainly through the
properties of the cervical mucus) plays a role in selection of
spermatozoa (40, 41). Only a small percentage of the motile
and morphologically normal spermatozoa will be able to cross
the cervical mucus and fill the lumen of the cervix. The rheo-
logical properties of this mucus are known to change along
the cycle, with a reduced viscosity at estrus to allow sperma-
tozoa to reach the uterus and an increased viscosity during
luteal phase to protect the uterus from external contamination
(12). The viscosity of the cervical mucus is mainly due its high
content of mucins, such as the mucins 5B and 5AC (13).
During the menstrual cycle in humans, the cervical production
of mucins peaks midcycle (42, 43) and the transcription of
several mucin genes in the cervix is also increased at estrus
during the bovine oestrus cycle (14). Our results in the sheep
show that the amount of mucins present in the inner cervical
mucus also peaks at estrus.

Like the cervix, our results indicated that the oviduct also
had a higher number of proteins with increased abundance at
estrus when compared with the luteal phase. Given the sper-
matozoa fertilize the oocyte in the oviduct at estrus, the higher
abundance of several proteins in the lumen of the oviduct at
the time of ovulation may suggest a putative role in fertilisa-
tion. Indeed, several of the oviduct proteins we found to be
more abundant at estrus such as oviductin, osteopontin, and
HSPA8 were described in previous studies as potentially in-
teracting with gametes (44–46).

Oviductin was shown to be preferentially secreted in the
oviduct at estrus (47) where it binds to the zona pellucida of
the oocyte (48) and the spermatozoa (49), suggesting a role in
the fertilisation process (45). Our data are in accordance with
previous studies (34) and show that oviductin is the quantita-
tively main protein in the lumen of the sheep oviduct and
increases in abundance at estrus.

Myosin 9 was also increased in the oviduct fluid at estrus
which could be consistent with an increase of oviductin, as it
was suggested that myosin 9 would bind to oviductin and be
involved in the binding of oviductin to the spermatozoa (50).
Interestingly, we observed that myosin 9 was also more abun-
dant in other compartments of the tract at estrus, with an
increased synthesis by the luminal epithelium of the cervix.

FIG. 5. Immunodetection of differential proteins along the cycle.
The cervical mucus and the oviduct fluid were analyzed by western
blot using primary antibodies directed against several differential
proteins between estrus and luteal phase. O/LP: oestrus/luteal phase
ratio of amounts of proteins quantified after western blotting.
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Therefore, the putative interaction of myosin 9 with sperma-
tozoa may also occur when they enter the cervical canal.

Another family of proteins overabundant at estrus are the
Heat Shock Proteins as we identified 8 members with an
increased presence in different parts of the tract. One mem-
ber of this family, HSPA8, secreted by the oviduct, was shown
to support the viability of spermatozoa in the boar, the ram,
and the bull (46, 51). The increase of abundance of HSPA8 we
found in the oviduct fluid at estrus may be linked to a role in
sperm survival around ovulation.

Osteopontin is another secreted oviduct protein sug-
gested to modulate sperm function, gametes interaction
and migration in the oviduct (44). The transcription of the
osteopontin gene was not found to vary along the oestrous
cycle in the cow oviduct (52) but was found to be up-
regulated in the mouse oviduct at estrus (53). Our data
showed an increase of osteopontin protein in the oviduct
fluid at estrus in sheep.

The AWN protein is a member of the spermadhesins family,
named after their sperm binding properties (54) and was
proposed to be involved in sperm egg primary binding (55). A
previous study showed that AWN was synthesized by the
female tract as it was identified by immunohistochemistry in
the sow oviduct (56). We have identified AWN in the oviduct
fluid, suggesting its secretion. Given its known properties of
sperm binding, the role of AWN in the oviduct fluid might be
linked to sperm oocyte interactions.

The complement C3 was found in high amounts in fluids
from the cervix, the uterus and the oviduct in our study with an
increased abundance in the cervical mucus and the uterine
fluid at estrus. Apart from C3, we observed an increased
abundance of the complement cascade at estrus with eight
components overabundant in the uterine fluid: C1s, C3, C4,
C5, C6, C7, factor B, and factor H. The synthesis of comple-
ment C3 and complement factor B are increased at estrus in
the mouse endometrium and luminal fluid (57, 58) and com-
plement C5 was found in rabbit uterine flushings with a higher
prevalence at estrus (59). This increase of abundance at es-
trus suggests a positive regulation by estrogens. Indeed, the
secretion of C3 is under estrogen regulation in the mouse and
human oviducts (60) and the 5�-flanking region of the C5 gene
contains sequences homologous with an estrogen responsive
element (61). In human, the complement C3 plays an embryo
trophic role after conversion into iC3b by the oviduct cells
(60). Complement C3 has also been proposed as a bridging
ligand between sperm and oocyte receptors (62, 63).

Beside proteins directly involved in the reproduction proc-
ess, other groups of proteins were more abundant at estrus
such as the antioxidant enzymes. The peroxiredoxins 1, 5,
and 6, the glutathione reductase, the glutathione s-transfer-
ase Mu1, Mu5, and P, and the thioredoxin were all found in
increased amounts in the cervical mucus at estrus. The thi-
oredoxin pathway was shown to be positively regulated by
estradiol in the mouse uterus (64) and peroxidase and cy-

FIG. 6. Immunodetection in the cervix of differentially expressed proteins along the oestrous cycle. The myosin 9 was detected by
immunohistochemistry in the luminal epithelium of the cervix at estrus (A) and in luteal phase (D). The fibronectin was clearly detected at estrus
(B) but the signal was very weak during luteal phase (E). The tubulin was detected in the whole tissue with similar intensity at estrus (C) and
luteal phase (F).
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clooxygenase were more elevated at estrus in rat uterus tis-
sue (65, 66) or luminal fluid (67). Glutathione peroxidase 1
mRNA was more abundant at estrus in the cow oviduct (68).

The luteal phase was characterized by a higher abundance
of proteins in the uterine fluid associated with the immune
system. The cervical mucus was also modified with higher
amounts of proteins associated with the immune system such
as the ceruloplasmin, the lactoferrin, DMBT1 and PIGR em-
phasizing the role of the cervical mucus as an immunological
barrier in the luteal phase.

This is consistent with the need to provide an environment
suited for the development of a putative embryo. Other pro-
teins more abundant in ovine uterine fluid during luteal phase
are associated with tissue remodeling like galectin 3 binding
protein, alkaline phosphatase, CD9, CD109, or fibulin. The
expression of alkaline phosphase in the hamster was shown
to be higher in diestrus in the luminal epithelium of the uterus
and under the control of progesterone suggesting a role in
uterine receptivity (69). EFEMP1, also named fibulin 3, be-
longs to the group of fibulins, a family of secreted glycopro-
teins associated with basement membranes, elastic fibers,
and other matrices (70). In human endometrial tissues, the
fibulin-1 transcript levels were higher during the secretory
phase than during the proliferative phase (71) and progester-
one was shown to up-regulate the fibulin 1 and fibulin 2 genes
in human endometrial stromal cell in culture (72). In our study,
the presence of EFEMP1/fibulin 3 in the uterine fluid and the
cervical mucus was observed only during the luteal phase
suggesting a control of its expression by progesterone in vivo.

The increased abundance of several proteins in the uterine
fluid during luteal phase also suggests that the activity of
secretion is focused toward the preparation of the implanta-
tion of a putative embryo. The regulation of the uterine tran-
scriptome during the preimplantation phase has been inten-
sively studied in several species (sheep (73), bovine (74, 75),
horse (21, 76), and pig (77–79)) and the proteome of uterine
fluid during the early stages of pregnancy was analyzed in
cattle and sheep (80–82). Several proteins we found more
abundant in the uterine luminal fluid during the luteal phase
were also described as uterine markers of early pregnancy
with an increased production in the presence of an embryo.
The transgelin protein was found in higher amounts in uterine
luminal fluid from early pregnant ewes compared with cyclic
ewes (82). The mRNA of galectin-3 binding protein
(LGALS3BP) was found in higher amounts in the luminal en-
dometrium of the cow (74), the mRNA of �2 microglobulin was
found in higher amounts in the endometrium of the ewe (73)
and the Annexin A2 gene was found up-regulated in the
myometrium of pregnant pigs compared with cyclic pigs (83).
VEGF, which was found more abundant during luteal phase,
supports the in vitro development of the mouse embryo (84).

Taken together, the data shown in this article suggest a
general pattern of regulation of protein presence in the fluid of
the female genital tract. More than 70% of differential proteins

in the cervix and the oviduct were found in higher abundance
at estrus. During the cycle, the predominant functions of the
cervix and the oviduct in the process of reproduction involve
an interaction with gametes, occurring only at estrus. There-
fore, it could be hypothesized that the regulation of protein
abundance in the cervical and oviductal fluid at estrus is
orientated toward an interaction with gametes. On the other
hand, the number of differential proteins in the uterus was
higher during the luteal phase. Given the function of the uterus
during the cycle involves preparation for embryo implantation
and development, the regulation of protein abundance in the
uterine fluid could be orientated toward an interaction with the
embryo.

This study of the proteome of the fluids from the different
regions of the female genital tract along the oestrous cycle
provides a basis for a future global understanding of the
regulation of the secretory activity of the female tract. Fur-
ther, it forms the basis for the identification of components
that potentially interact with the gametes in the fertilisation
process and the embryo during the early phases of its
development.
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