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Abstract 
Follicular development is controlled partly by intra-ovarian and intrafollicular factors within the ovary and partly 

by extra-ovarian events. Many oocyte derived factors and granulose cell factors are also involved in follicle 
development. A better understanding of all the processes involved in follicular development regulated by growth 
factors will develop procedures to enhance the reproductive efficiency in domestic animals. The present article 
discussed the role of various growth factors involved in the follicle and ovum development, and biotechniques 
associated with oocyte development in domestic ruminants. 
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1. Introduction 
The growth and differentiation of the ovarian 

follicle are primarily under the control of follicle 
stimulating hormone (FSH) and luteinizing hormone 
(LH) secreted by pituitary glands (1). 

 Folliculogenesis is modulated by various growth 
factors, novel proteins (2) and other local factors 
which include oocyte maturation inhibitor (OMI, a 
polypeptide of 1.5 kDa) (3), inhibin (FSH 
suppressing factor), activin or FSH releasing protein 
(4), follistatin (4), follicle regulatory protein (5), FSH 
binding inhibitor, luteinizing stimulator, luteinizing 
inhibitor, steroid binding proteins, enzymes 
(plasminogen, proteases), fibronectin inhibitory 
protein (a polypeptide of 14 kDa), gonadotrophins 
releasing hormone (GnRH), GnRH-like proteins (6), 
aromatase inhibitor (7), growth differentiation factor-
9 (GDF-9), bone morphogenetic protein (BMP-15), 
pregnancy-associated plasma protein-A (PAPP-A) 
(8), inhibin binding protein (InhBP) (9) and anti-
mullerian hormone (AMH, also called Mullerian 
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inhibitory substance, MIS) (10).  All the intraovarian 
peptides except inhibin appear to act locally within 
the follicle/ovary whereas the inhibin activity in 
follicular fluid is determined on the basis of extra-
ovarian actions, which consist of selective inhibition 
of FSH secretion in vivo (6). The present study 
overviews the local factors (Table 1) in ovarian 
follicular fluid and their role in ova development in 
ruminants. 
 
Table1. Local factors in ovarian follicular fluid 

Intrafollicular 
factor systems 

Intrafollicular factors 

IGF System 
 

IGF-I, IGF-II, IGF binding proteins 

Inhibin/Activin 
System 

Inhibin, Activin, Follistatin 

Classical  
growth factors  

EGF, TGFα, TGFβ1, TGFβ2, 
NGFα, bFGF,VEGF,TNFα, 
Oxytocin, Endothelin, VIP 

Interleukin 
system 

Interleukin-1, Interleukin-1 receptor 
antagonist, IL-1 binding protein (IL-
1 receptor type II), IL-2, IL-4, IL-5, 
IL-6, IL-8, IL-13 
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2. Growth factors 
Growth factors are proteins (<30 Kda) that bind to 
receptors on the cell surface, with the primary result 
of activating cellular proliferation and/or 
differentiation. They act within the local tissue 
environment as paracrine and autocrine hormones 
(11). Growth factors influence the cell proliferations 
and functional differentiation of ovarian follicle cells 
(12).  
 
2.1. Inhibin/Activin/Follistatin  

Inhibin and activin are dimeric glycoprotein  
consisting of α and β subunits, and follistatin is a 
high affinity activin binding monomeric 
glycoprotein. Dimeric inhibins in follicular fluid are 
high molecular weight (>160 kDa) forms while 
smallest dimeric forms (32-34 kDa) are in low levels 
(13). Gonadal inhibins reported to function as 
negative feedback hormones to regulate the synthesis 
and secretion of pituitary FSH, a key determinant of 
follicle development, but there is little supportive 
evidence for a peripheral endocrine role for ovary-
derived activin or follistatin in this regard (14). 
Inhibin content in ewes is significantly higher in 
large antral follicles compared to small and medium-
sized follicles, however, no significant increase is 
observed between medium and small follicles (15). 
Activin (a 25 kDa peptide), (16) induces granulosa 
cell proliferation; FSH receptor expression; granulosa 
cell steroidogenesis, basal and gonadotrophins 
stimulated aromatase activity, estradiol production 
and delayed the onset of luteinization and atresia (14, 
17). Follistatin (35 kDa peptide) was originally 
identified as an inhibitor of FSH secretion by 
cultured pituitary cells, but its potency was only 10-
30% of that of inhibin (18). The intra-follicular ratios 
of activin: follistatin and activin: inhibin has been 
suggested to be potentially important parameters 
regulating folliculogenesis. Follistatin decreases the 
activity of activin by binding to it and inhibin 
opposes the actions of activin. Thus a ratio of activin: 
follistatin and activin: inhibin reflects the net amount 
of unopposed activin (activin tone) likely available 
for interaction with its receptors (17).  

Production of activin and inhibin are stage specific 
likewise primary to pre-antral follicles mainly 
expressing β subunits to form activins, and larger 
more developed follicles expressing more inhibin α 
subunit, to form inhibin A or B (19).  In bovine antral 
follicles, only trace amounts of inhibin B and activin 
B have been detected relative to inhibin A, despite 
GC expression of Inhibin beta B (INHBB) mRNA 
(19). Activin are implicated in various intra-ovarian 
roles including germ cell survival and primordial 

follicle assembly; follicle growth from preantral to 
mid-antral stages; suppression of theca androgen 
production; promotion of granulosa cell proliferation, 
FSHR and CYP19A1 expression; enhancement of 
oocyte developmental competence; retardation of 
follicle luteinization, atresia and luteolysis. Inhibin 
(primarily inhibin A) is produced in greatest amounts 
by preovulatory follicles (and corpus luteum in 
primates) and suppresses FSH secretion through 
endocrine negative feedback. Together with 
follistatin, inhibins act locally to oppose auto-
/paracrine activin and BMP signaling, thus modulate 
many of the above processes. The balance between 
activin-inhibin shifts during follicle development 
with activin signaling prevails at earlier stages but 
declines as inhibin and β-glycan expression rise (20). 
 
2.2. Insulin-like growth factor (IGF) system 

 The IGF system includes IGF-I and IGF-II, IGF 
binding proteins (IGFBPs) and IGFBP proteases (21). 
The intraovarian IGF system plays a significant role 
in the processes of follicular development, oocyte 
maturation, and ovulation. IGF-I (also called 
somatomedin C) is a 70 amino acid, single-chain 
polypeptide (7.6 KDa) that share significant sequence 
homology with insulin and IGF-II (67 amino acids, 
7.5 KDa) (22). IGF-I and -II regulate follicular 
development by stimulating granulosa cell 
proliferation, aromatase activity, progesterone 
biosynthesis and synergizing with gonadotrophins to 
promote differentiation of follicle cells (23). IGF-I is 
involved in the enhancement of FSH-responsiveness 
of granulosa cells when follicles enter into the 
gonadotrophin-dependent stages of follicular 
development (200 µm in mouse, 2 mm in sheep and 5 
mm diameter in cattle) (24). In vitro effects of IGF-I 
in bovine include increased granulosa cell 
proliferation and estradiol production, enhanced 
sensitivity of granulosa cells to FSH, increased 
secretion of inhibin, activin and follistatin from theca 
cells and enhanced LH stimulated androgen synthesis 
from theca cells (23). IGF-I enhances in vitro 
maturation of oocytes in cattle (25), sheep (26) and 
buffalo (27). IGF-I and -II also reported to increase 
maturation of bubaline oocytes in vitro (28, 29). 

Actions of IGF-I and -II are restrained by a series 
of IGF binding proteins (IGFBPs) that either 
originate from the blood or are synthesized locally 
within the follicle. Various forms of IGFBPs have 
been reported with different molecular weight, amino 
acid composition, binding properties, distribution in 
biological fluids and influence upon IGF activity 
(30). During follicular growth, levels of IGFBP-2, -4 
and -5 decreases in follicular fluid which lead to an 
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increase in the bioavailability of IGFs and their 
action on granulosa cells. By contrast, follicular 
atresia is characterized by a high increase in the 
synthesis and levels of IGFBPs and a decrease in 
IGFs bioavailability. In sheep, IGF-I stimulate 
granulosa cells from small follicles to proliferate and 
those from larger follicles to produce progesterone, 
an effect likely mediated through the type I IGF 
receptor (31). IGFBP protease has been recently 
described in bovine follicular fluids (21). The 
proteases degrade the binding proteins and thus 
increase the bioavailability of IGFs in the follicle 
(17). 

Supplementation of IGF-1 enhances the embryo 
development particularly blastocyst percentage in 
bovine and buffalo (32, 33). IGF-I directly mediates 
events within the follicle in response to nutritional 
changes in cattle.  IGF-I accelerates preantral follicle 
growth in vitro (34), and several in vitro experiments 
have demonstrated that adding IGF-I to oocytes in 
culture increases blastocyst development rate (35). 
More recently, investigators established that 
supplementing IGF-I to oocytes received via ovum 
pick-up, results in a greater number of oocytes 
reaching the blastocysts stage and increase the 
number of cells within the blastocyst (36). Also, 
injecting cows with IGF-I directly into the ovarian 
stroma during folliculogenesis has been shown to be 
beneficial for the embryo production. Cows treated 
with IGF-I produce more embryos that reach the 
blastocyst stage and have increased inner cell mass 
proliferation (37). 

 
2.3. Epidermal growth factor (EGF) 

 The EGF family comprised EGF, transforming 
growth factor-α, heparin-binding EGF, epiregulin, 
amphiregulin, betacellulin, epigen and neuregulins 
(38). EGF is a single chain polypeptide of 53 amino 
acids with molecular weight of 6 KDa (39). EGF was 
reported to regulate follicle cell proliferation, protein 
synthesis and the production of progesterone and 
inhibin by granulosa cells. EGF promotes the 
proliferation of granulosa cells from preantral and 
antral follicles, decreases the production of inhibin 
and progesterone while stimulating the DNA and 
protein synthesis, as well as suppresses the FSH-
induced induction of LH receptors in granulosa cells 
(6). EGF enhances the in vitro maturation of cattle 
(40) and buffalo (41) oocytes. Nuclear maturation of 
cattle oocytes is not affected when denuded oocytes 
are cultured in media containing EGF, suggesting a 
link between the EGF and cumulus cells (42).   

The interruption of EGFR signaling prevents 
meiosis recommencement in mice, demonstrating 

that granulosa cell-derived EGF-like factors trigger 
oocyte nuclear maturation (43). Cumulus expansion 
is also stimulated by EGF like factors, resulting 
stimulation of several genes which are crucial for 
expansion such as prostaglandin-endoperoxide 
synthase 2 (PTGS2), also known as cyclooxygenase 
2 (COX2), hyaluronan synthase 2 (HAS2), tumor 
necrosis factor alpha-induced protein 6 (TSG6) and 
pentraxin 3 (PTX3) (44). Epidermal growth factor 
enhances the buffalo oocyte maturation and embryo 
development in vitro (45). EGF accelerates the 
meiotic cycle of bovine oocytes possibly by increase 
LH and MAP kinase activity during early stage of in 
vitro maturation (46).  

 
2.4. Fibroblast growth factor (EGF) 

 Fibroblast growth factor family consisting of 22 
members (47), has been isolated in both acidic (pI 
4.5, aFGF) and basic (pI 9.6, bFGF) forms, each 
being of Mr ∼ 16-17KDa (48). FGF was potent 
mitogen for tissues derived from mesenchyme or 
neuroectoderm such as chondrocytes, fibroblasts, 
myoblasts, glial cells, adrenal cortex and ovarian 
granulosa cells. Basic FGF produces by granulosa 
cells regulate their differentiation and invasion by 
capillaries. On one hand, FGF promotes follicular 
development and corpus luteum formation and on the 
other, by virtue of its action on aromatase activity, it 
could inhibit estradiol formation and effectively 
mediate follicular atresia (49).  

 In cattle, no significant effect was achieved with 
FGF on cumulus expansion of oocytes (50). 
However, Bieser et al. (1998) reported a finely tuned 
extracellular proteolysis during in vitro maturation of 
oocytes, for which the action of modulating growth 
factor like FGF was essential (51). In buffalo, FGF 
stimulated the oocyte maturation in vitro, however, 
its role in less than that of EGF (41).    

 Fibroblast growth factors may also be essential 
for paracrine signaling in the ovarian follicle, as the 
ligand tends to be expressed predominantly in one 
cell type and its receptor in another cell type. For 
example, FGF7 and FGF10 genes, which belong to 
one FGF subfamily, are expressed predominantly in 
theca cells and their main receptor, the b splice 
variant of FGFR2, is located on granulosa cells (52) 
Both FGF7 and FGF10 proteins inhibit estradiol 
secretion from granulosa cells (53).  

FGF9 is also expresses predominantly in theca 
cells and stimulates progesterone secretion from 
granulosa cells. FGF10 is expressed in oocytes and 
theca cells and is a candidate for paracrine signaling 
to the developing granulosa cells in bovine. Recent 
evidence indicates that FGFs are also involved in 
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folliculogenesis (54). In bovine models, FGF-18 is 
thought to participate in follicle atresia by inhibiting 
theca-induced granulose cell proliferation through 
altered cell-cycle progression (55). Oocyte-derived 
FGF-8 modulates cumulus expansion (56), while 
FGF-7 and FGF-10 mediate granulosa/theca cell 
proliferation. FGF-2 is the most widely studied of the 
family, and has been shown to promote pre-antral 
follicle growth in humans and goats (57). 

 
2.5. Transforming growth factor (TGF) 

Two types of Transforming growth factor (TGF) 
are TGF-α (Mr-7.5 KDa) and TGF-β (Mr -25 KDa) 
and TGF-β2 (Mr -25 Kda)) (58). The TGF-β-related 
family of proteins includes the activin and inhibin 
proteins, Mullerian inhibiting substance (MIS), bone 
morphogenetic protein (BMP) and other as many as 
100 distinct proteins. TGF-α (a EGF-like growth 
factor) is a mitogenic agent secreted by tumor cells, 
binds to EGF receptors, and causes similar effects 
(6). TGF-β differs from other growth factors as it acts 
as inhibitor of cell proliferation (12).  

The beneficial role of TGF-α and TGF-β in 
bovine oocyte in vitro maturation was demonstrated 
by Kobayashi et al., (1994) wherein, an increase in 
cumulus expansion and nuclear maturation of in vitro 
matured cattle oocytes were reported (50). However, 
a negative role of TGF-β on cattle oocyte maturation 
was also reported (59).   

Growth differentiation factor 9 (GDF9) and bone 
morphogenetic protein 15 (BMP15; also known as 
GDF9B proteins are members of the transforming 
growth factor β (TGFβ) superfamily (60). TGFβ 
superfamily members are pivotal in controlling 
cellular growth and differentiation during fetal and 
adult life (60). Mice deficient for the GDF9 gene 
(GDF9KO) are infertile due to an arrest of follicular 
growth arrest at the primary follicle stage when an 
oocyte surrounded by 1 to <2 complete layers of 
cuboidal granulosa cells (60). BMP15 and GDF9 
mRNA and protein are localized exclusively to the 
oocyte. In sheep, BMP15 mRNA and protein are not 
present until follicles have just begun to grow, in the 
primary stage of the development: thereafter, BMP15 
is localized to oocytes of most, if not all, developing 
follicles (60).  

GDF9 mRNA and protein are identified in sheep 
oocytes during follicular formation, in primordial 
(type 1) follicles and in oocytes at all stages of 
follicular growth (61). 

 Oocyte-derived growth differentiation factor-9 
(GDF-9) is closely related to BMPs because of its 
ability to signal through the BMP type-II receptor 

(BMPR2), and is critical for oocyte, granulosa and 
theca cell development (55). Early expression of 
GDF-9 appears to be consistent across all species 
studied to date (62). GDF-9 can also stimulate pre-
antral follicle growth, promote granulosa-cumulus 
cell phenotypic transition, and suppress progesterone 
production by cells in mice, rats, and cattle (55). 

 
2.6. Platelet-Derived Growth Factor (PDGF) 

PDGF comprises a family of homo-and 
heterodimeric growth factors, including PDGF-AA, 
PDGF-AB, PDGF-BB, PDGF-CC and PDGF-DD 
with molecular weight ranging from 28 to 31 kDa 
(63). Purified PDGF was shown to enhance FSH-
induced progesterone secretion by granulosa cells, 
adenylate cyclase activity and LH receptor induction 
(12). PDGF stimulates the in vitro maturation of 
cattle oocytes (64). 

Platelet-derived growth factor promotes the 
development of in vitro fertilized bovine embryos 
cultured singly from 8–16 cell stage to morula stage 
(65). 

 Larson et al. (1992) suggested that following 
acceleration of fourth cell cycle, PDGF inhibits 
further embryonic development in bovine (66). 
PDGF acts as proliferation agent in cultured somatic 
cells or cultured embryos by shortening cell cycle 
time through involving mechanism which includes 
synthesis of regulatory subunits of mitosis promoting 
factors (MPF) (66). Larson et al. (1992) also reported 
that prolonged exposure of embryos to PDGF reduces 
the embryo development and also reduces the 
receptor for other growth factors like EGF (66). It 
might therefore be hypothesized that PDGF plays 
stimulatory role at particular cell cycle and for a 
limited time. Higher developmental block at 8–16 
cell in all groups might be due to the stage of zygotic 
genome activation as it occurs at fourth cell cycle in 
buffalo (67).  

Platelet derived growth factor (PDGF), stimulate 
embryo development at the 8-cell stage by mimicking 
the effect of the oviductal environment and 
stimulating the early bovine embryo (68). This 
growth factor cannot be used as a marker of oocyte 
fertilization and embryo implantation potential (68), 
in cattle, PDGF-A is present as a maternal transcript 
since it is continuously expressed during oocyte 
maturation and up to the 2-cell stage, but not at the 
blastocyst stage (68). However, its receptor is present 
at all stages of oocyte maturation and embryo 
development (69). PDGF is also able to partially 
inhibit the apoptotic action of TNF-α and IFN-γ in 
trophoblast cells (70).  
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2.7. Tumor Necrosis Factor (TNF) 
Two forms of Tumor Necrosis Factor (TNF) are 

present: TNF-α and TNF-β. TNF-α (also called 
cachectin) is a major immune response modifying 
cytokine produced primarily by activated 
macrophages. TNF-α regulates collagenolytic activity 
in preovulatory ovine follicles (71). TNF-α inhibits 
gonadotropin supported-progesterone accumulation 
by differentiating and luteinized murine granulosa 
cells (72). TNF-β (also called lymphotoxin) is 
characterized by its ability to kill a number of 
different cell types, as well as the ability to induce 
terminal differentiation in others. Potential role of 
TNF-α on the ovarian cells of rat, rabbit, guinea pig, 
cattle, pig and women has been reviewed by 
Terranova  (73). TNF-α is involved in follicle 
development, ovulation, luteal development and 
regression. In small developing follicles, TNF-α 
suppresses the responsiveness of the ovary to 
gonadotrophins, whereas in preovulatory follicles it 
stimulates steroidogenesis. TNF-α secreted by 
dominant follicles, has a paracrine role in suppressing 
the development of smaller follicles (73). 

The numerous actions of TNFa are mediated by 
specific cell-surface receptors. Two distinct receptors 
of 55–60 kDa (TNF-α-RI) and 75–80 kDa (TNF-α-
RII) are expressed at low levels by various cells (74). 
TNF-α is a well-known inducer of programmed cell 
death in both ovarian and non-ovarian tissues (75). 
TNF-α may be important in causing calcium release 
to activate the endonuclease, necessary for apoptosis 
(74).  TNF receptor family has roles in follicular 
atresia in mammalian ovaries (75). TNF is produced 
by granulosa cells and the oocyte, and is another 
important regulator of follicular development and 
atresia (76). When TNF binds to the TNF receptor 1, 
it stimulates apoptosis via its cytoplasmic death 
domains (DD) and when it binds to TNF receptor 2 
which lacked DD; it acts as a survival factor (77). 
Inflammatory cytokines such as tumor necrosis factor 
α (TNFα) are released in response to infection and 
may have negative effects on embryo development 
(77). TNFα is an inhibitor for the in 
vitro development of bovine embryos and this 
inhibition may be mediated by prostaglandins 
because it can be blocked by indomethacin (77). The 
embryo itself is capable of producing prostaglandins 
after exposure to TNFα and this prostaglandin 
production by the blastocyst is detrimental to its own 
development, although some prostaglandins may be 
beneficial to embryo development. Increased 
prostaglandin production by blastocysts in response 
to inflammatory cytokines such as TNFα might 
explain the decreased fertility potential (77). 

2.8. Hepatocyte Growth Factor (HGF) 
A single chain precursor (Mr -87 KDa) cleaved to 

69 and 34 kDa chain that is linked with one disulfide 
bond to make HGF (78). Both single chain and 
cleaved forms are active. HGF stimulates divisions of 
hepatocytes, renal tubular epithelial cells, epithelial 
keratinocytes, melanocytes and epithelial granulosa 
cells. HGF is produced by theca cells in the ovary 
and stimulates the granulosa cell proliferation during 
follicular development (78). 

HGF is expressed within mammalian ovaries as 
has been shown in the human, rat, pig, cow, and 
mouse (79). Importantly, intraovarian HGF is an 
autocrine/paracrine regulator of GC and theca cell 
growth and steroidogenesis (80). HGF, originally 
identified as a fibroblast-derived cell motility factor 
for epithelial cells, is a heparin-binding glycoprotein 
that consists of a 60-kDa alpha chain and a 30-kDa 
beta chain linked by disulphide bonds (81).The HGF 
receptor, identified as c-Met, is a member of the 
receptor protein tyrosine kinase family (81). The 
activation of HGF/c-Met signaling is important for 
the regulation of cell cycle progression, cell survival, 
cellular motility and invasion, and morphogenesis. In 
the ovary, HGF is produced by mesenchymal-derived 
theca cells, and stimulates the proliferation of 
epithelial granulosa cells (GCs) during follicular 
development. HGF mediates angiogenesis and 
increases capillary density and blood flow through its 
direct actions on endothelial cells. The expression of 
both HGF and c-Met in mammalian ovaries has been 
reported in several models, including human, pig, rat, 
cow, and mouse models (81). 

 
2.9. Nerve Growth Factor (NGF) 

Two identical subunits (13.6 kDa) form NGF. 
NGF is responsible for development and maturation 
of sensory and sympathetic neurons (38). GnRH 
causes a rise of NGF in large ovarian follicles in 
cattle (6).  

The increase in NGF secretion following 
gonadotrophin surge suggests that NGF is involved in 
the control of oocyte maturation. Sheep follicles also 
produce NGF in the presence of suitable hormonal 
milieu (gonadotrophin surge). Under these conditions 
the production of the NGF increases with increasing 
follicle size (82).  

In in-vitro conditions, NGF (100 ng/ml) induces a 
marked cumulus expansion and a progressive 
cumulus-oocyte uncoupling similar to that produced 
by gonadotrophins in sheep. The addition of NGF 
also causes the resumption of meiosis in more than 
70% of the oocytes analyzed with an effect that was 
only slightly less pronounced than that of gonadotro- 
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phins (80%) (83).  
Ovarian cell show the expression of nerve growth 

factor in variety of mammals including sheep, cow, 
rat, hamster and goat (84). NGF, alone or in 
combination, can be added to the media currently 
utilized for in vitro oocyte maturation, thereby 
potentially increase the production and/or quality of 
early embryos (85). 

 
2.10. Vascular Endothelial Growth Factor 
(VEGF) 

 The VEGF family includes VEGF-A, VEGF-B, 
VEGF-C, VEGF-D, VEGF-E, and placenta growth 
factor (38). The level of VEGF, an angiogenic factor, 
increases as the follicle diameter increases (86). 
VEGF has been shown to stimulate the mitosis of 
endothelial cells, increases vascular permeability and 
angiogenesis. VEGF production also increases in 
cultured granulosa cells in cattle. Therefore Follicle 
produced VEGF is a candidate for role in vascular 
follicle relationships during diameter deviation (17). 
VEGF system has an angiogenetic effect during in 
vivo and in vitro maturation of the bovine oocytes, 
possibly affecting the early embryonic viability (87). 

Gabler et al. (1996) suggested that VEGF is 
involved in creating an optimal local environment for 
fertilization and/or early embryonic development by 
modulating permeability in the bovine oviduct (88).  
Einspanier et al. (1997) found that VEGF transcripts 
increase continuously in bovine granulosa cells 
according to follicular development and its 
concentration in follicular fluid is 5-fold higher in 
preovulatory follicles (5 ng/ml) than in early antral 
follicles (1 ng/ml) (89). These findings suggest that 
VEGF is involved in maturation of oocyte or the 
early development of embryo in cattle (90). 

 VEGF improves the developmental competence 
of bovine oocyte and/or embryo both in serum 
supplemented and serum- free media, and the effects 
of VEGF on bovine oocyte and embryo are 
independent of serum components (91). VEGF is an 
important factor not only for nuclear maturation but 
also for cytoplasmic maturation of bovine follicular 
oocyte. However, VEGF has no effect on the 
development of bovine embryo without cumulus cells 
(91). VEGF is highly expressed in female 
reproductive organs and associated with many 
reproductive processes, such as ovulation, periodical 
changes of the endometrium, embryo implantation, 
placental development, and functional maintenance 
of corpus leuteum, which are also regulated by 
progesterone function (92, 93). Also VEGF 
stimulates follicular development and oocyte 
competence of preantral follicles (94). 

2.11. Vasoactive intestinal peptide (VIP) 
VIP is present in the ovarian stroma of mammals 

and form association with antral follicles in immature 
rat ovaries (6). VIP stimulates biosynthetic activity of 
rat granulosa cells. It stimulates the synthesis of 
progesterone, 20-α hydroxyprogesterone and 
oestrogen (6). Culture of bovine oocyte in the 
presence of VIP does not affect nuclear maturation or 
cumulus expansion, but it retards cytoplasmic 
maturation (95). Also addition of VIP to the culture 
medium does not improve in vitro maturation of 
sheep (96) and buffalo oocytes (41). 

VIP is a member of the structurally related 
neuropeptide family including pituitary adenylate 
cyclase-activating polypeptide (PACAP), secretin 
andglucagons (97). In goats, the presence of mRNA 
for VIP was detected in all follicular categories 
(primordial, primary, secondary and antral follicles) 
and cellular types (granulosa and theca cells) (98). 
VIP stimulates maturation in follicle-enclosed 
oocytes, and transiently inhibits spontaneous 
maturation of cumulus-enclosed oocytes (99). VIP is 
involved in the regulation of steroidogenic activity 
and stimulates estradiol and progesterone release 
from cultured granulosa cells and whole ovaries in 
vitro (100) 

 
2.12. Interleukins 

 Cytokines are small, soluble signaling proteins 
best known for their immunoregulatory properties, 
but increasingly recognized as growth factors 
governing cell proliferation, differentiation, function, 
and fate (101). They include interleukins (ILs), 
colony stimulating factors (CSFs), tumor necrosis 
factors (TNFs), transforming growth factors (TGFs), 
and various other peptide hormones such as prolactin, 
which are produced by an extensive array of cell 
types (102). Cytokines are key to reproductive 
success, creating an immune-permissive, embryo 
tropic environment that supports gametogenesis, 
fertilization, early embryo development, blastocyst 
implantation, and fetal growth (103, 104). Many 
other cytokines like Granulocyte Macrophage colony 
stimulating Factor (GM-CSF), Hepatocyte growth 
factor (HGF), Interferon alpha (IFN-a), Interferon 
gamma(IFN-γ), Interleukin 12 (IL-2), Interleukin 4 
(IL-4), Interleukin 7 (IL-7), Interleukin 10  (IL-10), 
Interleukin 18  (IL-18), Monocyte chemoattractant 
protein-1(MCP-1), Macrophage inflammatory protein 
(MIP-1b), have been identified in follicular fluid 
(105-107). IL-8, IL-18, and MIP-1b levels positively 
correlate with pregnancy outcome in IVF cycles, 
while total IL-12 levels reflect oocyte fertilization 
and subsequent embryo development (108). Embryo 
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cleavage and implantation rates might be improved 
by higher follicular fluid IL-1b concentrations (55). 
The IL1 receptor gene (IL1R) appears to be only 
expressed in oocytes, which supports the hypothesis 
of cytokine oocyte-GC crosstalk (55).  

 The role of cytokines (Table 2) in follicle/oocyte 
growth and development has been studied 
extensively. IL-β is more potent than IL-α in 
suppressing FSH-induced differentiation of granulosa 
cells. The expression of IL-1β gene in granulosa cells 
and the follicular fluid IL-1β content seems to be 
regulated by gonadotrophins suggesting that IL-1β 
can be an intermediate paracrine factor involved in 
ovulation (100). The participation of macrophages in 
proliferation of granulosa cells as local mediators in 
growing follicles (101) could be attributed to some 
growth factors secreted by macrophages.  

 
Table 2. Cytokines involved in oocyte competence 
(bovine, rat models, reference 54) 

Cytokines  
associated with  

high oocyte competence 

Cytokines 
 associated with  

low oocyte competence 

G-CSF TNF-α 

follicular fluid SCF VEGF 
SDF-1α (stromal-derived 

factor) 
Leptin 

EGF IL-4 
LIF (leukaemia inhibitory 

factor) 
IL-7 

AREG (amphiregulin) IL-12 
EREG (epiregulin) 
BTC (betacellulin) 

Macrophage inflammatory 
protein-1a (MIP-1α) 

IL-15, IL-6, IL-1 β, IL-6sR 
TGFβ1, GDF-9, BMP-15,  

 

3. Outlook 
Different ovarian follicular factors such as insulin-

like growth factors, epidermal growth factors, 
vascular endothelial growth factor, thrombopoietin, 
erythropoietin, hepatocyte growth factor, and others 
control the different ovarian functions, ovarian cell 
proliferation, apoptosis, folliculogenesis, luteogene-
sis, oogenesis, release of hormones, response to 
upstream hormonal regulators, fertility and, in some 
cases, development of ovarian disorders (108). The 
complexity of the roles and interactions of these 
factors is undeniable, and existing data handling 
approaches still fall short of providing a holistic 
representation of their biological properties (54). The 
availability of modern molecular biology techniques 

like suppressive subtraction hybridization and gene 
array techniques has made it possible to screen and 
identify genes that are differentially expressed in 
follicles and oocytes (17). The comparison of oocyte 
versus follicular cell transcriptomes has revealed 
1050 transcripts specific to the granulosa cell and 759 
specific to the oocyte (109). The laser capture 
microdissection (LCM) technique coupled with 
microarray experiments and similarly sophisticated 
modeling approaches are promising ways to address 
the expression profile of oocyte and follicle specific 
genes related to follicular development and embryo 
implantation (110). Also the positive correlationship 
of follicular fluid- ascorbic acid with clinical 
pregnancy rate denotes the importance of maintaining 
the antioxidant status within the microenvironment in 
order to achieve pregnancy (111). 
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