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Fig. 2. Overlap of number of up-regulated (A) and down-regulated (B) proteins in PL and FF after paired analyses.

down-regulated and 7 up-regulated proteins in PL HE2
compared to PL LE2 and 10 down-regulated and 15 up-
regulated proteins in FF HE2 compared to FF LE2. Compari-
son between PL and FF showed more proteins up-regulated
in PL compared to FF. Each PL and FF pair, (ie, PL LE2 and
FF LE2; PL

HE2 and FF HE2) revealed 51 up-regulated proteins in
PL. Twenty-one proteins were down-regulated in PL LE2
compared to FF LE2 whereas 27 proteins were down-
regulated in the PL HE2 compared to the FF HE2. Thirty-
nine up-regulated proteins and 11 down-regulated proteins
were commonly identified from both PL and FF paired
analyses. Overlaps of numbers of proteins from the differ-
ent paired comparisons are depicted in Fig. 2.

The iTRAQ ratio value of a protein is indicative of the
extent of up or down regulation of the protein in a sam-
ple. Comparison of FF HE2 to FF LE2 identified keratin
type II cytoskeletal 7 (KRT7), serum albumin (ALB), and
cytokine receptor like factor 3 (CRLF3) as the top 3 up-
regulated proteins and hemoglobin subunit alpha (HBA),
hemoglobin subunit beta (HBB), and ubiquitin protein lig-
ase E3 component n-recognin 4 (UBR4) as the top 3 down-
regulated proteins in the FF HE2. Suppressor of G2 allele
of SKP1 homolog (SUGT1), C8G protein (C8G), and ser-
glycin (SRGN) were the top 3 up-regulated proteins and
DDB1 and CUL4 associated factor 5 (DCAF5), transmem-
brane protein 186 (TMEM186), and haptoglobin (HP) the
top 3 down-regulated proteins in PL HE2 compared to PL
LE2.

3.3. Functions of identified proteins

To determine the functions of all proteins showing
expression changes, the up- and down-regulated proteins
derived from all paired analyses were compiled (103 in
total) and functional analysis performed using PANTHER
classification system. The up- and down-regulated proteins
were categorized into molecular function (MF), biological
process (BP), and cellular component (CC; Fig. 3). The ma-
jority of the MF proteins were binding (52%) and catalytic
activity (40.0%). The BP proteins were categorized into
cellular component cellular process (33.3%), metabolic pro-
cess (20.5%), organization or biogenesis (6.8%), localization

(6.8%), biological regulation (6.8%), developmental process
(6.8%), multicellular organismal process (6.0%), response
to stimulus (5.1%), biological adhesion (4.3%), immune
system process (2.6%), and locomotion (0.9%). Analysis of
the CC proteins revealed the majority of the up and down-
regulated proteins were localized in the cell (31.8%), the
extracellular region (22.7%) and organelle (21.2%).

3.4. Enriched pathways

Database for Annotation, Visualization and Inte-
grated Discovery (DAVID) was used to determine the path-
ways associated with the up- and down-regulated proteins
in PL and FF. The databases within the DAVID platform
searched were KEGG and Reactome [18] databases. Sta-
tistical enriched pathway, P < 0.05, is based on Modified
Fisher Exact (EASE Score). Results from KEGG showed
the complement and coagulation cascades were enriched
(P = 3.5 x 105': Fig. 4). The search in Reactome sup-
ported these enriched pathways by identifying platelet
degranulation (P = 8.2 x 1059), intrinsic pathway of fibrin
clot formation (P = 1.4 x 1055), common pathway of fibrin
clot formation (P = 2.4 x 1054), and scavenging of heme
from plasma (P = 6.0 x 1053) as the main pathways.

4. Discussion

Results of the present study support the hypothesis
that increased circulating concentrations of E2 in bovine
FF from dominant follicles is associated with greater abun-
dance of proteins involved in final stages of folliculogen-
esis and ovulation. When evaluating reproductive success
among cows, expression of estrus or elevated preovula-
tory concentrations of E2 has been reported as a potential
biomarker of fertility. Estradiol is critical to the develop-
ment and maturation of ovarian follicles [5,7]. Concentra-
tion of E2 in PL and/or FF has been positively correlated to
increased oocyte quality, fertilization and subsequent em-
bryo quality [19], increased follicle size, [8] and improved
pregnancy success [20]. Considering the vital role of pro-
teins in cell function and regulation, this study examined
the associations between E2 and protein abundance in FF
and PL. Both fluids were evaluated because of the signif-
icant similarities between PL and FF proteins that results
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Fig. 3. PANTHER analysis of up- and down-regulated proteins identified in bovine plasma (PL) and follicular fluid (FF) containing low and high preovulatory
E2. The up- and down-regulated proteins were compiled from PL HE2/PL LE2, FF HE2/FF LE2, PL LE2/FF LE2, and PL HE2/FF HE2 analyses. Proteins were
classified according to (A) molecular function, (B) cellular localization, and (C) biological processes.

from the number of PL proteins capable of crossing the
blood-follicular barrier during folliculogenesis [21,22].

A total of 103 proteins significantly changed abundance
as defined by fold change with HE2 or LE2. The number
and degree of fold change of proteins from the comparison
between HE2 and LE2 in FF was greater than the corre-
sponding PL comparison. This suggests preovulatory circu-
lating concentration of E2 has a greater impact on FF pro-
teome than on PL proteome. This is not surprising as E2
is produced by the GCs of ovarian follicles [6,23] and FF is
the immediate environment of the developing follicle and
oocyte. The only predominant protein in PL HE2 that was
also predominant in the FF HE2 when compared to the re-
spective LE2 samples was KRT7 a member of the keratin
gene family. The function of KRT7 is reported to be build-
ing structure integrity within complexes. Keratin genes are
usually synthesized in pairs consisting of one type I and
one type Il as both are necessary to for an intermediate fil-
ament [24,25]. The presented data supports KRT7 involve-

ment in developing follicles and possibly eliciting similar
structural functions modulated by E2 in FF.

Because of the known impacts of E2 on pregnancy suc-
cess, it is important to evaluate the results of this study in
2 different ways. The first is to determine if there are pro-
teins that could be impacting the production of E2 by the
dominant follicle. The second is to determine the impact
that E2 is having on preparing the female for pregnancy
success.

In evaluating proteins that could be impacting the pro-
duction of E2 by the dominant follicle, PANTHER analysis
revealed the up- and down-regulated proteins had mul-
tifunctional roles, but cellular process and metabolic pro-
cess were the predominant functions. Developing ovar-
ian follicles undergo a series of coordinated cellular pro-
cesses that induce morphological and functional changes
within the follicle, leading to cell differentiation and oocyte
development [26]. Further analysis in PANTHER showed
the proteins under cellular function were involved in cell
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Fig. 4. Up-regulated (red) and down-regulated (pink) proteins involved in the complement and coagulation cascades identified in this study. Up- and down-
regulated in plasma (PL) compared to follicular fluid (FF): Alpha-2-macroglobulin (A2M), coagulation factor V (F5), coagulation factor XIII A chain (F13),
complement C1s (C1S), complement C6 (C6), alpha-1-antiproteinase (A1AT or SERPINA1), plasma serine protease inhibitor (PCI or SERPINA5), factor Xlla
inhibitor precursor (C1INH or SERPING1), complement C8 gamma chain (C8G; this was also up-regulated in PL HE2 compared to PL LE2), and fibrinogen
(fibrinogen alpha chain (FGA), fibrinogen beta chain (FGB), and fibrinogen gamma chain (FGG)). Fibrinogen is a ligand of complement receptor types 3 and
4 (CR3 and CR4; orange). Up-regulated in FF HE2 compared to FF LE2: coagulation factor XII (F12). (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)

communication (52.4%), cellular component movement
(23.8%), cell growth (4.8%), cell cycle (14.3%), and chromo-
some segregation (4.8%). Coordinated communications be-
tween the granulosa, cumulus, thecal cells, and the oocytes
is critical for successful folliculogenesis and the develop-
ment of oocytes capable for ovulation and fertilization
[27]. Of these communication between the oocyte and
GCs is considered the most significant for growth regula-
tion and maturation of the oocyte and follicular luteiniza-
tion. The proteins linked to cell communication identi-
fied in this study included inhibin alpha chain (INHA),
fibronectin 1 transcript variant (FN1), fibrinogen gamma
chain (FGG), fibrinogen beta chain (FGB), lumican (LUM),
synaptotagmin-12 (SYT12), regulating synaptic membrane
exocytosis 2 (RIMS2) and KRAS proto-oncogene, GTPase
(KRAS). These proteins play vital roles in follicle growth
and maturation.

Folliculogenesis is highly regulated by gonadotropins
and sex hormones. The secretions of these hormones are
in turn regulated by a number of proteins. Inhibin alpha
is one such protein involved in the regulation of FSH se-
cretion. Specifically, INHA selectively inhibits FSH secretion
from the pituitary in a negative-feedback mechanism [28].

The decline in FSH results in circulating concentrations
that can only be utilized by the largest follicle, thereby
enhancing its growth to become the DF. The inability of
smaller follicles to utilize the low circulating concentra-
tions of FSH inhibits their growth [29,30]. Inhibin alpha
was highly down-regulated in PL compared to FF with
lower abundance in the high E2 pair (PL HE2/FF HEZ2;
iTRAQ ratio 0.062) than the low E2 pair (PL LE2/FF LE2;
iTRAQ ratio 0.079). The elevated INHA concentration in FF
from high E2 is consistent with the vital roles of INHA and
E2 in the decline of FSH observed during follicular devi-
ation [29,30]. Apart from its role in regulating FSH secre-
tion, INHA is also a critical regulator of different cellular
processes including differentiation, cell migration, prolifer-
ation, and apoptosis [31].

The proteins FN1, FGB, FGG, and apolipoprotein R were
classified under biological adhesion by PANTHER. Cell ad-
hesion leads to alterations in cell shape and motility that
are required for different cellular functions during fol-
liculogenesis and the development of a competent oocyte
[32,33]. Fibrinogen and FN1 have been reported to in-
crease proliferation in several cell types. Specifically, FN1
has been reported to stimulate proliferation of ovarian GCs
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[34]. Successful ovulation and capture of the oocyte by the
oviduct and subsequent transport through the oviduct ne-
cessitates formation and expansion of the cumulus cell-
oocyte (COC) matrix [35]. Stabilization and expansion of
the COC matrix involves binding of several proteins includ-
ing FN1, versican core protein (VCAN), and laminin [36].
Furthermore, successful folliculogenesis requires adequate
regulation of cellular apoptosis, and engulfment and cell
motility 1 (ELMO1) has been reported to promote cellular
apoptosis [37]. The down-regulation of ELMO1 in FF HE2
compared to FF LE2 supports the idea of decreased apop-
tosis in preovulatory follicles that are capable of produc-
ing elevated concentrations of estradiol. The suppression
of ELMO1 in the presence of E2 at the preovulatory stage
seems more localized in FF since it was more predominant
in PL HE2 when compared to PL LE2.

In the opposite direction vitamin D-binding protein
(GC) was down-regulated in the FF of HE2 animals com-
pared to the FF in LE2 animals. Folliculogenesis involves
proteins that transport and/or maintain substances includ-
ing cells, cell components, metabolites and proteins in
specific locations of action. Proteins involved in this pro-
cess were categorized under localization. Such proteins in-
cluded GC. GC is the main protein involved in the trans-
port of 25-hydroxyvitamin D (25(OH)D), the precursor of
the active form of vitamin D and the recognized optimal
indicator of vitamin D status. Vitamin D level is therefore
majorly contributed by GC level [38,39]. Based on the free
hormone hypothesis that protein-bound hormones are not
biologically available and that unbound hormones are bi-
ologically active, down-regulation of GC as found in this
study can indicate more bioavailable 25(OH)D [38]. Apart
from its well-known role in bone morphology, vitamin D is
increasing being viewed as vital for regulation of reproduc-
tion physiology. Our data asserts a regulation of vitamin D
by E2.

The second way to examine these data is to determine
the impact that estradiol is having on preparing the fe-
male for pregnancy. The immune system in the reproduc-
tive tract plays a critical role in simultaneously providing a
protective microenvironment to support successful repro-
duction processes and conferring protection against poten-
tial pathogens. The presence of immune system mediators
during periovulatory follicle differentiation, ovulation and
subsequent formation of the corpus luteum suggests ac-
tive involvement of the immune system in these processes
[40]. In fact, folliculogenesis and ovulation are viewed as
a hormone-induced inflammatory processes [41]. Sex hor-
mones, E2 and progesterone, significantly regulate the re-
productive immune system cells, tissues and molecules
[42]. This is supported by the results of this study demon-
strating changes of immune-related proteins in the pres-
ence of high and low E2. Haptoglobin and immunoglobu-
lin lambda-like polypeptide 1 were down-regulated in both
plasma and follicular fluid while SRGN was up-regulated in
the plasma of HE2 animals compared to LE2 animals.

Pathway analysis revealed that the complement and co-
agulation cascades were the predominant pathways, con-
sistent with previous studies on FF [3,43]. Stage of follicle
development seems to regulate the proteins involved in co-
agulation pathway. Proteins involved in coagulation were

found down-regulated in the predeviation, early deviation
and preovulatory stages and up-regulated in later deviation
to postdeviation stages [3]. Here, the coagulation and com-
plement pathway involved 13 proteins showing different
levels of expression changes, supporting a dependence on
individual protein roles in the pathway. The predominance
of the complement and coagulation cascades supports the
view that the follicle development and ovulation are hem-
orrhagic and inflammatory induced events, and increased
concentrations of estradiol are preparing the body for this
event.

The complement cascade and coagulation cascade are
closely related and each activates the other in a recipro-
cal way. For instance, activated platelets can activate the
classical and alternative complement pathways. Thrombin,
coagulation factors FIXa, FXa, FXIa, and plasmin can acti-
vate C3 and C5. F12a can activate C1qrs complex to activate
the classical complement pathway. Conversely, mannan-
binding lectin associated serine protease 2 (MASP-2) and
the final stage complement complex C5b-9 are able to
generate thrombin through direct cleavage of prothrombin.
Thrombin is a vital coagulation component that converts
fibrinogen to fibrin.

Coagulation factor 12 (F12) is the first component of
the coagulation pathway and its activation triggers the in-
trinsic pathway of the coagulation system [44]. Coagula-
tion factor 12 was up-regulated in FF HE2 compared to
FF LE2, indicating a greater influence of E2 on F12 in
FF. Five other proteins were down-regulated in PL com-
pared to FF namely alpha-1 antitrypin (A1AT), plasma ser-
ine protease inhibitor (PCI), factor Xlla inhibitor precursor
(C1INH), complement C6 (C6), and complement C8 gamma
chain (C8G). Alpha-1 antitrypin expression in FF HE2 was
about double that in FF LE2 when compared to the cor-
responding PL samples. Alpha-1 antitrypin, C1INH and PCI
are protease inhibitors belonging to the SERPIN superfam-
ily. The SERPINs regulate a wide range of proteins in-
cluding those involved in the coagulation, fibrinolysis, and
complement pathways [45,46]. In conclusion, E2 concen-
trations associated with changes in abundance of several
proteins in both PL and FF. The relative changes of several
of the proteins are consistent with their function in follicle
growth and maturation, and in preparing the reproductive
tract for pregnancy success. Furthermore, the coagulation
and complement cascades are enriched during bovine folli-
cle development and support the view that folliculogenesis
and ovulation are hemorrhagic events.
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