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Abstract

Oocyte maturation and embryo development are controlled by intra-ovarian factors such
as steroid hormones. Progesterone (P4) exists in the follicular fluid that contributes to
normal mammalian ovarian function and has several critical functions during embryo
development and implantation, including endometrial receptivity, embryonic survival
during gestation and transformation of the endometrial stromal cells to decidual cells.
It is well known that the physiological effects of P4 during the pre-implantation stages of
some mammal’s embryos are mediated by P4 receptors and their gene expression is determined. The effects of P4 on oocytes and embryo development have been assessed by
some investigations, with contradictory results. P4, a dominant steroid in follicular fluid
at approximately 18 hours after the luteinizing hormone (LH ) surge may have a critical
role in maturation of oocytes at the germinal stage. However, it has been shown that different concentrations of P4 could not improve in vitro maturation rates of germinal vesicles (GV) in cumulus oocyte complexes (COCs) and cumulus denuded oocytes (CDOs).
Culture media supplemented with P4 significantly improved mouse embryo development. In addition, an in vivo experimental design has shown high blastocyst survival and
implantation rates in P4-treated mice.
In this review we explain some of the findings that pertain to the effects of P4 on
oocyte maturation and embryo development both in vitro and in vivo.
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Introduction
Oocyte maturation and embryo development
are controlled by steroid hormones as well as intra-ovarian factors such as cytokines and growth
factors (1-4). In vivo, oocyte maturation takes
place in the presence of follicular fluid which
is composed of plasma exudates and secretions
of follicular cells. With each follicular developmental stage, the steroid contents of follicular
fluids change and the ratio of progesterone (P4)
to estradiol (E2) is related to the maturation
stage of the oocytes (5-7).
During folliculogenesis the oocyte gains its
developmental competence in a gradual and seReceived: 8 Mar 2012, Accepted: 30 Dec 2012
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quential manner, after which it becomes a fully
mature oocyte with the capability to become
fertilized and develop into a high quality embryo (8).
The process of mammalian oocyte meiosis
takes place in several steps. Initiation of the
first meiotic division leads to primary oocytes
that occur in the fetal development period or
around the time of birth. Oocytes progress
through zygotene, pachytene and early diplotene stages but arrest at the dictyate stage of
prophase I. At puberty the first meiotic division
is completed by a surge of luteinizing hormone
during the menstrual cycle; the second meiotic
arrest of the oocytes occurs at ovulation. Re-
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sumption of the second meiotic division occurs
after penetration of the sperm (9).
P4 structure and production
P4 is a cholesterol-derived, phylogenetically old
steroid hormone (10). It is synthesized during the
steroid hormone metabolizing pathways from androgens, estrogens, and glucocorticoids within several cell types such as the corpus luteum, placenta
and adrenal gland. In addition it is produced from a
plant steroid precursor, diosgenin (11, 12).
Within the ovary, cholesterol is converted by an
enzyme to pregnenolone, another precursor steroid,
after which it can follow one of two pathways (∆4 or
∆5). In the ∆4 path way pregnenolone is converted
to P4. P4 not only serves as aprecursor for other steroids, but enters the female’s blood and acts as a hormone on target tissue (13).
The level of plasma P4 varies with sex and reproductive age. P4 is mainly bound to albumin,
however it has an affinity to bind to corticosteroidbinding globulin. In the normal menstrual cycle,
its levels rise during the follicular phase and reach
a maximum level after ovulation. Its half-life in serum is about 5 minutes (10-12, 14).
P4 function
P4 is an intra follicular steroid that plays critical roles in ovulation, implantation and maintenance of pregnancy (15, 16). P4 is the dominant
content of follicular fluid steroids in mammalian preovulatory follicles, which are temporary
and elevated at 18 hours after the luteinizing
hormone (LH) surge (17).
P4 was initially studied as a contraceptive agent
by inhibition of the luteinizing hormone surge and
ovulation (18). However, it has a critical function
in pregnancy maintenance and in the regulation of
different biological functions in the ovarian tissue and feto-maternal unit such as resumption of
meiosis, fertilization, embryonic development and
implantation (19-21).
Clinically, it can be used in the female reproductive system as luteal support during in vitro fertilization (IVF) (22), hormone replacement therapy
for older women (23), and as treatment for endometriosis and polycystic ovarian syndrome in
younger women (24). In addition, P4 has immuIJFS, Vol 7, No 2, Jul-Sep 2013
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nological functions for the maintenance of a fetomaternal allograft (19).
Some investigations showed that P4 administration for luteal support improved uterine receptivity
at the ultra structure levels (25-27) and enhanced
the implantation rate in mice (28).
In our experiments we used ovariectomized animal models and injected exogenous hormones to
evaluate the effects of P4 on endometrial morphology and gene expression. Our observations showed
that exogenous P4 administration affected expression of endometrial integrin molecules (29, 30).
P4 receptors in oocytes and embryos
The biological actions of P4 are mediated by
three genomic isoforms of P4 receptors (PR), PRA, PR-B and PR-C, in addition tothree non-genomic
isoforms, alpha, beta, and gamma (31, 32). Although
PR-A and PR-B arise from a single gene, PR-A is a
more important repressor than PR-B (33). The PR-C
isoform is the shortest isoform. PR-C does not have
transcriptional activity, however it has a role in decidual cells during late pregnancy (31, 34).
Both PR-A and PR-B are expressed in preovulatory folliclegranulosa cells (35-37). The membrane PR or non-genomic PGR are particularly
notable as promoters of oocyte meiosis. They are
expressed in neural, kidney, and intestinal tissues
in addition to the reproductive tract (32).
Mice that lack PR-A and PR-B isoforms are infertile as a result of ovulation failure (38). It has
been suggested that induction of PR isoforms in
cumulus cells and their binding to P4 appear to affect follicular growth, oocyte maturation, and embryo development (39, 40).
Although PR was identified in granulosa cells,
there was no evidence of this receptor on the oocyte (41, 42) with the exception of one report
which observed the PR receptor in Xenopus laevis
oocytes (43). Canine oocytes have been shown to
express estrogen receptors during the estrous cycle, however, there is a lack of PR expression in
all phases (41).
PR membrane component 1 (PGRMC1) is another potential mediator of P4 action (44). Possibly PGRMC1 mediatesanti-apoptoticactions of P4
(45). Western blot analysis has demonstrated the
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presence of PGRMC1in bovine germinal vesicle
(GV) and metaphase II (MII) oocytes (46) as well
as rat (44), and human oocytes (47). PGRMC1
expression is not only associated with male and
female pronuclear formation, it is also highly expressed in blastocysts (46).
Despite high level expression of PGRMC1, little
is known about its role on oocyte function, however it may be directly involved in the regulation
of meiotic maturation (48).
Despite the lack of PGR ( PR) expression in the
oocyte, both P4 and estrogen receptor mRNA and
proteins have been detected in mature cumulus oocyte complexes (COCs) and embryonic cells from
several mammalian species (49-55).
Aparicio and colleagues (39) have shown decreased bovine embryo development as a result of
blocking genomic PR and non-genomic PR alpha
activity. This result indicates that P4 intracellular
signaling is mediated by its interaction with nuclear and membrane PRs and is also important for
oocyte developmental competence.
Limited work has been performed on embryo
PR expression however there were varied, contradictory results. Expression of PR during the preimplantation stages of pig and mouse embryos has
been shown (48, 49, 51-54, 56, 57). P4 receptor
mRNA was present during all stages of bovine
embryo development (51). PR mRNA and protein
were expressed in pre-implantation pig embryos
prior to the fifth cell division but not at later stages
through blastocyst formation. P4 receptor mRNA
was undetectable until the blastocyst stage (54).
We have located no studies on PR expression
during early organogenesis. However, mRNA and
protein are expressed in increasing amounts in the
female reproductive tract of the rat after organogenesis (58). In the female reproductive system, PR
is expressed in the uterus, mammary gland, ovarian
tissue, fallopian tubes (57) and placenta (59).
P4 and oocyte maturation
Resumption of meiosis in oocytes is triggered by
steroid hormones, specifically P4, in certain species (60). The resumption of meiosis and its progression to MII in several mammalian species such
as cows, sheep and pigs is steroid dependent and
the inhibition of steroidogenesis in ovine follicles

leads to impairment of resumption of meiosis and
progression to MII. According to research, levels of
P4in follicular fluid and its ratio to the estrogen levels are strongly associated with oocyte quality and
maturity (61). However, controversy exists regarding the effect of P4 on in vitro oocyte maturation
(IVM). Our investigations have shown that addition
of P4 (10, 38, 50, 100 μM) to the in vitro maturation media of mouse GV oocytes could not improve
maturation rates and developmental competence of
GV in COCs and cumulus denuded oocytes (CDOs)
at any of the tested concentrations when compared
to the control groups. When we increased P4 from
10 to 100 μM in the culture medium, the maturation
rate decreased in a dose dependent manner and the
GV arrested rates increased. Research has shown
that the effect of P4 in inhibition of meiotic resumption was more effective in COC than CDO (62). It
seems there were intensive interactions between oocytes and the surrounding cumulus cells. Oocytes
could affect cumulus cell functions.
Vanderhyden et al. (63) have shown that mouse oocytes modulate steroid production by the surrounding
cumulus cells. These observations have suggested
that oocytes secret a factor (s) which control cumulus
cell production of E2 and P4. In contrast, Jamnongjit
et al. (64) observed that testosterone or P4 and epidermal growth factor induced meiotic resumption in
mouse oocytes during their in vitro maturation; the
effect of these steroids could have been inhibited by
specific receptor antagonists. Fukui et al. (65) demonstrated that P4 supplementation of IVM culture
systems decreased the rate of bovine oocyte maturation and that addition of P4 to fertilization culture medium did not improve the number of cleavage stage
embryos. Carter et al. (66) have shown that addition
of P4 to culture medium did not affect the proportion
of in vitro matured/in vitro fertilized zygotes that developed to the blastocyst stage in vitro. There was no
effect on conceptus elongation following transfer to
synchronized recipient heifers.
Elsewhere, the role of P4 on bovine oocyte developmental competence has been investigated
by inhibiting P4 production of cumulus cells. Research has shown that supplementation of oocyte
maturation medium with trilostane, an inhibitor of
3 β-hydroxy steroid dehydrogenase, caused a significant decrease in the blastocyst formation rate,
which was completely reversed by the addition of
P4 or a P4 agonist. This observation might support
a positive rolefor P4 in oocyte quality (39).
76
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Supplementation of canine oocyte culture media with steroid hormones stimulates their nuclear
maturation (67, 68). However, this effect of steroid
hormones has not been shown in anestrus bitches
(69). In rhesus monkeys, the improvement of in
vitro oocyte development was demonstrated in the
presence of P4 and E2 (68).
Overall, these inconsistent results may be due
to different experimental strategies that have been
used. It seems that the length of time between LH
or human chorionic gonadotropin (hCG) stimulation and GV breakdown (GVBD) might explain
differences among mammalian species. Possibly,
maintaining the healthiness of the oocyte and its
ability to mature in species with a long dormant
period between LH surge and GVBD requires steroid support.
It has been shown that the P4 antagonist mifepristone (RU486) which occupies PR could not reverse the inhibitory effect of P4 on oocyte maturation (62). Therefore, it has been concluded that the
inhibition of mouse oocyte maturation by P4 is not
receptor dependent. It appears that P4 could inhibit
cAMP phosphodiesterase (PDE) activity through
binding to the purine-binding site of this enzyme,
which in turn inhibits meiosis by increasing oocyte
cAMP levels (70, 71).
P4 and oocyte fertilization
The role of steroids has been shown to be involved in the acquirement of meiotic competence
and the ability to undergo normal fertilization and
development to the blastocyst stage (33). In humans and rhesus monkeys, high ratios of P4 to E2
in follicular fluid were associated with better embryo development (72).
In this regard we attempted to investigate the effect of P4 in concentrations similar to that of preovulatory follicular fluid (10 and 38 μM) on developmental competence of mouse GV oocytes and
subsequent fertilization potential. Our experiments
showed that P4 could not increase the fertilization
rate and development of the embryo to the blastocyst stage (62). The result of this experiment was
inconsistent with other studies (73-75). Silva and
Knight (76) have shown that the addition of P4 to
bovine oocyte in vitro maturation medium reduced
the rate of blastocyst formation.
IJFS, Vol 7, No 2, Jul-Sep 2013
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Mattioli et al. (77) reported that presence ofP4
in porcine oocyte maturation medium increased
subsequent sperm head decondensation and
male pronuclei formation. Zhang and Armstrong
(78) reported that the addition of P4 to porcine
oocyte maturation medium could increase both
fertilization and cleavage rates, whereas E2
could not. P4 had the opposite effect in ovineoocytes (74).
In vivo embryo development and P4
The embryo develops in tubal and uterine microenvironments that are mainly controlled by
P4. P4 may act directly as a survival factor or
indirectly promote the production and secretion
of cytokines which contribute to embryonic survival and development (79). It has been shown
that P4 elevation occurs when the embryo does
not reach the uterus, thus this finding proposes
that the effect of P4 on embryo development is
mediated via P4-induced changes in the endometrial transcriptome (80).
Granulocyte macrophage colony stimulating
factor is a cytokine secreted by the embryo and
endometrium under control of P4 (81) which
promotes embryo development (82). Lessey et
al. (83) have shown an increase in growth factor
production in the stromal cells in response to P4
administration.
Low P4 levels have been linked to early pregnancy failure (84) and poor embryo development
(85), while in cattle administration of P4 enhances
conceptus development (66, 86).
Some studies have shown that endogenous P4
is a main factor in the preparation of the endometrium for embryo implantation (87, 88). Due
to the effects of P4 on improving pregnancy rates
of IVF patients in the ART clinic, thus exogenous
P4has been used as luteal support to enhance implantation rates (89). Although P4 is essential for
continuation of pregnancy in all mammals, expressions of P4 receptors cease prior to implantation.
It seems the loss of P4 receptors is important for
maternal recognition and embryo development in
early pregnancy (90).
Several studies have described the effect of exogenous P4 supplementation on embryo development with varying results, according to the time
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and duration of P4 treatment (91-95).
Initiation of P4 supplementation at the time of
onset of the postovulatory rise (between days 4
and 5) resulted in consistent increases in pregnancy rate, however when P4 was administered later
there was no improvement in pregnancy rate (92).
The results of another study have suggested that
the time of/or strength of the postovulatory P4 rise
is critical for embryo development rather than the
final concentration of P4in the luteal phase (91).
Use of supraphysiological levels of P4 during early pregnancy in the mouse has resulted in a similar
conclusion (96).
In our previous study we compared embryo
quality and implantation rate in pregnant mice
in superovulated, P4 treated and superovulatedP4 treated groups. Our observation showed a
high survival rate of blastocysts (97.68%) and
implantation rate (92.06%, p<0.001) in pregnant
mice from the P4-treated group compared to the
P4 superovulated group, which meant that injections of 1 mg/mouse of progesterone in un-stimulated mice significantly improved implantation
rates compared to the control and super ovulated
groups (28).
In vitro embryo development and P4
To answer the question of whether P4 directly
affects embryo development or there is an indirect
effect via changes in the endometrium, some researchers have added P4 to embryo culture medium
in vitro and examined development to the blastocyst
stage, with contradictory results (2, 97-100). These
contradictory observations might be attributed to
different culture systems which have been used.
In vitro and in vivo experiments by Clemente et
al. (57) showed that the effects of P4 on conceptus
elongation could be due to a direct effect of P4 on
the embryo. They demonstrated that a P4 receptorwas expressed in all stages of embryo development. These researchers showed the direct effect
of P4 on embryo development. Supplementation
of simple or co-culture embryo culture systems
with P4 did not affect on the embryo development
and blastocyst cell number. However, in vitro-derived embryo transfer to a recipient treated with P4
resulted in a four-fold increase in conceptus length
on day 14. These data confirmed the hypothesis that

conceptus elongation in cattle was related to P4induced changes in the uterine environment (57).
This finding agreed with a study by Geisert et al.
(101) who showed that administration of P4 early
in the estrous cycle advanced uterine receptivity for
the transfer of older asynchronous embryos. Supplementation of embryo culture medium with lipidsoluble P4 resulted in an increase in the numbers of
embryos that developed to the blastocyst stage (28,
99, 102-106). However different observations were
reported by other studies (76, 99, 107).
Ferguson et al. (97) have demonstrated that addition of physiological concentrations of P4 to
embryo culture medium at three days post-insemination benefitted embryo development in several
ways. Thus, they have concluded that P4 has a
direct positive effect on the developing in vitro
culture of bovine embryos. P4 supplementation increased the number of in vitro culture embryos that
developed to the grade 1 blastocyst stageas well as
the number of hatched blastocysts.
It was shown that co-culture of an embryo with
endometrial tissue cultured in the presence of P4
and E2 benefitted embryo development (108).
Also, our investigations led to similar results in
which in vitro culture of mouse 2-cell embryos
in the presence of 20 ng/ml P4 resulted in a high
proportion of embryos that reached the blastocyst
stage. In this study,embryo quality was less affected by P4 (28).

Conclusion
These results have shown that P4 could be a
factor for embryonic survival and improve in
vivo embryo development and implantation,
both directly and indirectly. on its concentration
and the mammalian species. The effect of P4
on oocyte maturation and embryo development
may be dependent on its concentration and the
mammalian species.

References
1.

2.
3.

Tsafriri A, Cao X, Ashkenazi H, Motola S, Popliker M, Pomerantz SH. Resumption of oocyte meiosis in mammals:
on models, meiosis activating sterols, steroids and EGF-like
factors. Mol Cell Endocrinol. 2005; 234 (1-2): 37-45.
Lonergan P. Influence of progesterone on oocyte quality
and embryo development in cows. Theriogenology. 2011;
76(9): 1594-1601.
Byskov AG, Yding Andersen C, Hossaini A, Guoliang X.
Cumulus cells of oocyte-cumulus complexes secrete a mei-

78

Salehnia and Zavareh

4.
5.

6.

7.

8.

9.
10.
11.
12.
13.
14.
15.
16.
17.

18.
19.
20.
21.
22.

23.

24.

osis-activating substance when stimulated with FSH. Mol
Reprod Dev. 1997; 46(3): 296-305.
Gandolfi F. Intra-ovarian regulation of oocyte developmental
competence in cattle. Zygote. 1996; 4(4): 323-326.
Andersen CY. Levels of steroid-binding proteins and steroids
in human preovulatory follicle fluid and serum as predictors
of success in in vitro fertilization-embryo transfer treatment.
J Clin Endocrinol Metab. 1990; 71(5): 1375-1381.
Mendoza C, Ruiz-Requena E, Ortega E, Cremades N, Martinez F, Bernabeu R, et al. Follicular fluid markers of oocyte
developmental potential. Hum Reprod. 2002; 17(4): 10171022.
Flores-Herrera H, Diaz-Cervantes P, De la Mora G, ZagaClavellina V, Uribe-Salas F, Castro I. A possible role of
progesterone receptor in mouse oocyte in vitro fertilization
regulated by norethisterone and its reduced metabolite.
Contraception. 2008; 78(6): 507-512.
Eppig JJ, Schultz RM, O'Brien M, Chesnel F. Relationship
between the developmental programs controlling nuclear
and cytoplasmic maturation of mouse oocytes. Dev Biol.
1994; 164(1): 1-9.
Wassarman PM, Litscher ES. Mammalian fertilization is dependent on multiple membrane fusion events. Methods Mol
Biol. 2008; 475: 99-113.
Mahesh VB, Brann DW, Hendry LB. Diverse modes of action of progesterone and its metabolites. J Steroid Biochem
Mol Biol. 1996; 56 (1-6 Spec No): 209-219.
Golub MS, Kaufman FL, Campbell MA, Li LH, Donald JM.
"Natural" progesterone: information on fetal effects. Birth
Defects Res B Dev Reprod Toxicol. 2006; 77(5): 455-470.
Raber L. Steroid industry honored. ACS News. 1999; 77:
78-80.
Jones RE, Lopez KH. The female reproductive system. In:
Maragioglio N, editor. Human reproductive biology. 3nd ed.
USA: Academic Press; 2006; 37.
Simon JA. Micronized progesterone: vaginal and oral uses.
Clin Obstet Gynecol. 1995; 38(4): 902-914.
Graham JD, Clarke CL. Physiological action of progesterone in target tissues. Endocr Rev. 1997; 18(4): 502-519.
Bradshaw FJ, Bradshaw D. Progesterone and reproduction in marsupials: a review. Gen Comp Endocrinol. 2011;
170(1): 18-40.
Su YQ, Sugiura K, Woo Y, Wigglesworth K, Kamdar S,
Affourtit J, et al. Selective degradation of transcripts during meiotic maturation of mouse oocytes. Dev Biol. 2007;
302(1): 104-117.
Letterie GS. A regimen of oral contraceptives restricted to
the periovulatory period may permit folliculogenesis but inhibit ovulation. Contraception. 1998; 57(1): 39-44.
Barrera D, Avila E, Diaz L. Immunological role of progesterone in the maintenance of pregnancy. Rev Invest Clin. 2007;
59(2): 139-145.
Sengupta J, Ghosh D. Role of progesterone on peri-implantation stage endometrium-embryo interaction in the primate.
Steroids. 2000; 65(10-11): 753-762.
Loutradis D, Beretsos P, Arabatzi E, Anagnostou E, Drakakis P. The role of steroid hormones in ART. J Steroid Biochem Mol Biol. 2008; 112 (1-3): 1-4.
Nyboe Andersen A, Popovic-Todorovic B, Schmidt KT, Loft
A, Lindhard A, Hojgaard A, et al. Progesterone supplementation during early gestations after IVF or ICSI has no effect
on the delivery rates: a randomized controlled trial. Hum Reprod. 2002; 17(2): 357-361.
Gillet JY, Andre G, Faguer B, Erny R, Buvat-Herbaut M,
Domin MA, et al. Induction of amenorrhea during hormone
replacement therapy: optimal micronized progesterone
dose. A multicenter study. Maturitas. 1994; 19(2): 103-115.
Chhabra S, McCartney CR, Yoo RY, Eagleson CA, Chang

IJFS, Vol 7, No 2, Jul-Sep 2013

79

25.
26.

27.
28.

29.

30.

31.
32.

33.
34.

35.

36.

37.

38.

39.

40.

RJ, Marshall JC. Progesterone inhibition of the hypothalamic gonadotropin-releasing hormone pulse generator:
evidence for varied effects in hyperandrogenemic adolescent girls. J Clin Endocrinol Metab. 2005; 90(5): 2810-2815.
Salehnia M. Different pattern of pinopodes expression in
stimulated mouse endometrium. Exp Anim. 2005; 54(4):
349-352.
Arianmanesh M, Salehnia M, Niknafs B. The effect of prtogesterone after hyperstimulation on the ultrastructure
of mouse endometrium during preimplantation period.
Yakhteh. 2002; 4(14): 61-67.
Salehnia M. Progesterone shifts the pinopodes expression
of mouse endometrium to pre-implantation time after ovarian hyperstimulation. Iran J Reprod Med. 2003; 1(1): 20-23.
Ghaemi SR, Salehnia M, Valojerdi MR. The effect of progesterone and exogenous gonadotropin on preimplantation
mouse embryo development and implantation. Exp Anim.
2008; 57(1): 27-34.
Peyghambari F, Salehnia M, Forouzandeh Moghadam M,
Rezazadeh Valoujerdi M, Hajizadeh E. The changes in morphology and morphometrical indexes of endometrium of
ovarictomized mice in response to exogenous ovarian hormones. Iran J Reprod Med. 2008; 6(3): 125-131.
Peyghambari F, Salehnia M, Forouzandeh Moghadam M,
Rezazadeh Valoujerdi M, Hajizadeh E. The correlation between the endometrial integrins and osteopontin expression with pinopodes development in ovariectomized mice in
response toexogenous steroids hormones. Iran Biomed J.
2010; 14(3): 109-119.
Rekawiecki R, Kowalik MK, Kotwica J. Nuclear progesterone receptor isoforms and their functions in the female reproductive tract. Pol J Vet Sci. 2011; 14(1): 149-158.
Dressing GE, Goldberg JE, Charles NJ, Schwertfeger KL,
Lange CA. Membrane progesterone receptor expression in
mammalian tissues: a review of regulation and physiological
implications. Steroids. 2011; 76(1-2): 11-17.
Tsafriri A, Motola S. Are steroids dispensable for meiotic
resumption in mammals? Trends Endocrinol Metab. 2007;
18(8): 321-327.
Franco HL, Jeong JW, Tsai SY, Lydon JP, DeMayo FJ. In
vivo analysis of progesterone receptor action in the uterus
during embryo implantation. Semin Cell Dev Biol. 2008;
19(2): 178-186.
Hild-Petito S, Stouffer RL, Brenner RM. Immunocytochemical localization of estradiol and progesterone receptors in
the monkey ovary throughout the menstrual cycle. Endocrinology. 1988; 123(6): 2896-2905.
Gava N, Clarke CL, Byth K, Arnett-Mansfield RL, deFazio A.
Expression of progesterone receptors A and B in the mouse
ovary during the estrous cycle. Endocrinology. 2004; 145(7):
3487-3494.
Teilmann SC, Clement CA, Thorup J, Byskov AG, Christensen ST. Expression and localization of the progesterone
receptor in mouse and human reproductive organs. J Endocrinol. 2006; 191(3): 525-535.
Conneely OM, Mulac-Jericevic B, Lydon JP. Progesteronedependent regulation of female reproductive activity by two
distinct progesterone receptor isoforms. Steroids. 2003;
68(10-13): 771-778.
Aparicio IM, Garcia-Herreros M, O’shea LC, Hensey C,
Lonergan P, Fair T. Expression, regulation, and function
of progesterone receptors in bovine cumulus oocyte complexes during in vitro maturation. Biol Reprod. 2011; 84(5):
910-921.
Shimada M, Yamashita Y, Ito J, Okazaki T, Kawahata K, Nishibori M. Expression of two progesterone receptor isoforms
in cumulus cells and their roles during meiotic resumption of
porcine oocytes. J Mol Endocrinol. 2004; 33(1): 209-225.

Ef fect of P4 on Oocyte and Embryo Development
41. Goncalves JS, Vannucchi CI, Braga FC, Paula-Lopes FF,
Milazzotto MP, Assumpcao ME, et al. Oestrogen and progesterone receptor gene expression in canine oocytes
and cumulus cells throughout the oestrous cycle. Reprod
Domest Anim. 2009; 44 Suppl 2: 239-242.
42. Vermeirsch H, Simoens P, Coryn M, Van den Broeck W. Immunolocalization of progesterone receptors in the canine
ovary and their relation to sex steroid hormone concentrations. Reproduction. 2001; 122(1): 73-83.
43. Bayaa M, Booth RA, Sheng Y, Liu XJ. The classical progesterone receptor mediates Xenopus oocyte maturation
through a nongenomic mechanism. Proc Natl Acad Sci
USA. 2000; 97(23): 12607-12612.
44. Peluso JJ, Pappalardo A, Losel R, Wehling M. Progesterone membrane receptor component 1 expression in the immature rat ovary and its role in mediating progesterone’s antiapoptotic action. Endocrinology. 2006; 147(6): 3133-3140.
45. Engmann L, Losel R, Wehling M, Peluso JJ. Progesterone
regulation of human granulosa/luteal cell viability by an
RU486-independent mechanism. J Clin Endocrinol Metab.
2006; 91(12): 4962-4968.
46. Luciano AM, Lodde V, Franciosi F, Ceciliani F, Peluso JJ.
Progesterone receptor membrane component 1 expression and putative function in bovine oocyte maturation, fertilization, and early embryonic development. Reproduction.
2010; 140(5): 663-672.
47. Wood JR, Dumesic DA, Abbott DH, Strauss JF3rd. Molecular abnormalities in oocytes from women with polycystic
ovary syndrome revealed by microarray analysis. J Clin Endocrinol Metab. 2007; 92(2): 705-713.
48. Nousiainen M, Sillje HH, Sauer G, Nigg EA, Korner R. Phosphoproteome analysis of the human mitotic spindle. Proc
Natl Acad Sci USA. 2006; 103(14): 5391-5396.
49. Rambags BP, van Tol HT, van den Eng MM, Colenbrander
B, Stout TA. Expression of progesterone and oestrogen receptors by early intrauterine equine conceptuses. Theriogenology. 2008; 69(3): 366-375.
50. Hasegawa J, Yanaihara A, Iwasaki S, Otsuka Y, Negishi M,
Akahane T, et al. Reduction of progesterone receptor expression in human cumulus cells at the time of oocyte collection during IVF is associated with good embryo quality.
Hum Reprod. 2005; 20(8): 2194-2200.
51. Hou Q, Gorski J. Estrogen receptor and progesterone receptor genes are expressed differentially in mouse embryos
during preimplantation development. Proc Natl Acad Sci
USA. 1993; 90(20): 9460-9464.
52. Hou Q, Paria BC, Mui C, Dey SK, Gorski J. Immunolocalization of estrogen receptor protein in the mouse blastocyst
during normal and delayed implantation. Proc Natl Acad Sci
USA. 1996; 93(6): 2376-2381.
53. Hong SH, Nah HY, Lee YJ, Lee JW, Park JH, Kim SJ, et al.
Expression of estrogen receptor-alpha and -beta, glucocorticoid receptor, and progesterone receptor genes in human
embryonic stem cells and embryoid bodies. Mol Cells. 2004;
18(3): 320-325.
54. Ying C, Yang YC, Hong WF, Cheng WT, Hsu WL. Progesterone receptor gene expression in preimplantation pig embryos. Eur J Endocrinol. 2000; 143(5): 697-703.
55. Kowalski AA, Graddy LG, Vale-Cruz DS, Choi I, Katzenellenbogen BS, Simmen FA, et al. Molecular cloning of porcine estrogen receptor-beta complementary DNAs and
developmental expression in periimplantation embryos. Biol
Reprod. 2002; 66(3): 760-769.
56. Bagchi IC, Li Q, Cheon YP, Mantena SR, Kannan A, Bagchi
MK. Use of the progesterone receptor antagonist RU 486 to
identify novel progesterone receptor-regulated pathways in
implantation. Semin Reprod Med. 2005; 23(1):38-45.
57. Clemente M, de La Fuente J, Fair T, Al Naib A, Gutierrez-

58.

59.
60.

61.
62.

63.

64.

65.
66.

67.

68.

69.
70.

71.

72.

73.
74.

Adan A, Roche JF, et al. Progesterone and conceptus elongation in cattle: a direct effect on the embryo or an indirect
effect via the endometrium? Reproduction. 2009; 138(3):
507-517.
Okada A, Ohta Y, Buchanan D, Sato T, Iguchi T. Effect of estrogens on ontogenetic expression of progesterone receptor
in the fetal female rat reproductive tract. Mol Cell Endocrinol.
2002; 195(1-2): 55-64.
Shanker YG, Sharma SC, Rao AJ. Expression of progesterone receptor mRNA in the first trimester human placenta.
Biochem Mol Biol Int. 1997; 42(6): 1235-1240.
Morrison T, Waggoner L, Whitworth-Langley L, Stith BJ.
Nongenomic action of progesterone: activation of Xenopus
oocyte phospholipase C through a plasma membraneassociated tyrosine kinase. Endocrinology. 2000; 141(6):
2145-2152.
Moor RM, Polge C, Willadsen SM. Effect of follicular steroids on the maturation and fertilization of mammalian oocytes. J Embryol Exp Morphol. 1980; 56: 319-335.
Zavareh S, Saberivand A, Salehnia M. The effect of progesterone on the in vitro maturation and developmental competence of mouse germinal vesicle oocytes. Int J Fertil Steril.
2009; 3(1): 21-28.
Vanderhyden BC, Tonary AM. Differential regulation of progesterone and estradiol production by mouse cumulus and
mural granulosa cells by A factor(s) secreted by the oocyte.
Biol Reprod. 1995; 53(6): 1243-1250.
Jamnongjit M, Gill A, Hammes SR. Epidermal growth factor
receptor signaling is required for normal ovarian steroidogenesis and oocyte maturation. Proc Natl Acad Sci USA.
2005; 102(45): 16257-16262.
Fukui Y, Fukushima M, Terawaki Y, Ono H. Effect of gonadotropins, steroids and culture media on bovine oocyte
maturation in vitro. Theriogenology. 1982; 18(2): 161-175.
Carter F, Rings F, Mamo S, Holker M, Kuzmany A, Besenfelder U, et al. Effect of elevated circulating progesterone
concentration on bovine blastocyst development and global
transcriptome following endoscopic transfer of in vitro produced embryos to the bovine oviduct. Biol Reprod. 2010;
83(5): 707-719.
Willingham-Rocky LA, Hinrichs K, Westhusin ME, Kraemer
DC. Effects of stage of oestrous cycle and progesterone
supplementation during culture on maturation of canine oocytes in vitro. Reproduction. 2003; 126(4): 501-508
Vannucchi CI, de Oliveira CM, Marques MG, Assumpcao
ME, Visintin JA. In vitro canine oocyte nuclear maturation in
homologous oviductal cell co-culture with hormone-supplemented media. Theriogenology. 2006; 66(6-7): 1677-1681.
Hewitt DA, England GC. Effect of preovulatory endocrine
events upon maturation of oocytes of domestic bitches. J
Reprod Fertil Suppl. 1997; 51: 83-91.
Duval D, Durant S, Homo-Delarche F. Non-genomic effects
of steroids. Interactions of steroid molecules with membrane structures and functions. Biochim Biophys Acta.1983;
737(3-4): 409-442.
Kaji E, Bornslaeger EA, Schultz RM. Inhibition of mouse oocyte cyclic AMP phosphodiesterase by steroid hormones: a
possible mechanism for steroid hormone inhibition of oocyte
maturation. J Exp Zool. 1987; 243(3): 489-493.
Morgan PM, Boatman DE, Bavister BD. Relationships between follicular fluid steroid hormone concentrations, oocyte
maturity, in vitro fertilization and embryonic development in
the rhesus monkey. Mol Reprod Dev. 1990; 27(2): 145-151.
Karlach V. The effect of FSH, LH, oestradiol-17 beta, and
progesterone on cytoplasmic maturation of bovine follicular
oocytes in vitro. Folia Biol (Praha). 1987; 33(4): 258-265.
Osborn JC, Moor RM, Crosby IM. Effect of alterations in
follicular steroidogenesis on the nuclear and cytoplasmic

80

Salehnia and Zavareh

75.

76.

77.

78.

79.

80.

81.
82.

83.

84.

85.

86.

87.
88.
89.
90.
91.

maturation of ovine oocytes. J Embryol Exp Morphol. 1986;
98: 187-208.
Zheng P, Si W, Bavister BD, Yang J, Ding C, Ji W. 17Betaestradiol and progesterone improve in-vitro cytoplasmic
maturation of oocytes from unstimulated prepubertal and
adult rhesus monkeys. Hum Reprod. 2003; 18(10): 21372144.
Silva CC, Knight PG. Effects of androgens, progesterone
and their antagonists on the developmental competence
of in vitro matured bovine oocytes. J Reprod Fertil. 2000;
119(2): 261-269.
Mattioli M, Galeati G, Bacci ML, Seren E. Follicular factors
influence oocyte fertilizability by modulating the intercellular
cooperation between cumulus cells and oocyte. Gamete
Res. 1988; 21(3): 223-232.
Zhang X, Armstrong DT. Effects of follicle-stimulating hormone and ovarian steroids during in vitro meiotic maturation on fertilization of rat oocytes. Gamete Res. 1989; 23(3):
267-277.
Martal J, Chene N, Camous S, Huynh L, Lantier F, Hermier
P, et al. Recent developments and potentialities for reducing
embryo mortality in ruminants: the role of IFN-tau and other
cytokines in early pregnancy. Reprod Fertil Dev. 1997; 9(3):
355-380.
Tian J, Kim S, Heilig E, Ruderman JV. Identification of XPR1, a progesterone receptor required for Xenopus oocyte
activation. Proc Natl Acad Sci USA. 2000; 97(26): 1435814363.
Robertson SA. GM-CSF regulation of embryo development
and pregnancy. Cytokine Growth Factor Rev. 2007; 18(3-4):
287-298.
Sheikholslami B, Salehnia M, Valojerdi MR, Ramezanzadeh
M. Developmental potential of isolated blastomeres from
early mouse embryos in the presence and absence of LIF
and GM-CSF. J Assist Reprod Genet. 2008; 25(1): 7-12.
Lessey BA, Ilesanmi AO, Castelbaum AJ, Yuan L, Somkuti
SG, Chwalisz K, et al. Characterization of the functional
progesterone receptor in an endometrial adenocarcinoma
cell line (Ishikawa): progesterone-induced expression of the
alpha1 integrin. J Steroid Biochem Mol Biol. 1996; 59(1):
31-39.
Mann GE, Lamming GE, Robinson RS, Wathes DC. The
regulation of interferon-tau production and uterine hormone
receptors during early pregnancy. J Reprod Fertil Suppl.
1999; 54: 317-328.
Walton JS, Halbert GW, Robinson NA, Leslie KE. Effects of
progesterone and human chorionic gonadotrophin administration five days postinsemination on plasma and milk concentrations of progesterone and pregnancy rates of normal
and repeat breeder dairy cows. Can J Vet Res. 1990; 54(3):
305-308.
Garrett JE, Geisert RD, Zavy MT, Gries LK, Wettemann RP,
Buchanan DS. Effect of exogenous progesterone on prostaglandin F2 alpha release and the interestrous interval in the
bovine. Prostaglandins. 1988; 36(1): 85-96.
Bazer FW, Spencer TE, Johnson GA, Burghardt RC. Uterine receptivity to implantation of blastocysts in mammals.
Front Biosci (Schol Ed). 2011; 3: 745-767.
Szekeres-Bartho J, Halasz M, Palkovics T. Progesterone in
pregnancy; receptor-ligand interaction and signaling pathways. J Reprod Immunol. 2009; 83(1-2): 60-64.
Daya S. Luteal support: progestogens for pregnancy protection. Maturitas. 2009; 65 Suppl 1: S29-34.
Bazer FW, Spencer TE, Johnson GA, Burghardt RC, Wu G.
Comparative aspects of implantation. Reproduction. 2009;
138(2): 195-209.
Mann GE, Fray MD, Lamming GE. Effects of time of proges-

IJFS, Vol 7, No 2, Jul-Sep 2013

81

92.

93.

94.
95.

96.
97.

98.

99.
100.

101.

102.

103.

104.
105.

106.

107.

108.

terone supplementation on embryo development and interferon-tau production in the cow. Vet J. 2006 ;171(3): 500-503.
Mann GE, Lamming GE. Relationship between maternal
endocrine environment, early embryo development and inhibition of the luteolytic mechanism in cows. Reproduction.
2001; 121(1): 175-180.
Sohn SH, Penzias AS, Emmi AM, Dubey AK, Layman LC,
Reindollar RH, et al. Administration of progesterone before
oocyte retrieval negatively affects the implantation rate. Fertil Steril. 1999; 71(1): 11-14.
Song H, Han K, Lim H. Progesterone supplementation extends uterine receptivity for blastocyst implantation in mice.
Reproduction. 2007; 133(2): 487-493.
Beltman ME, Lonergan P, Diskin MG, Roche JF, Crowe MA.
Effect of progesterone supplementation in the first week
post conception on embryo survival in beef heifers. Theriogenology. 2009; 71(7): 1173-1179.
Harini C, Sainath SB, Reddy PS. Progesterone administration induces preimplantation embryonic loss in mice. Fertil
Steril. 2009; 91(5 Suppl): 2137-2141.
Ferguson CE, Davidson TR, Mello MR, Lima AS, Kesler
DJ, Wheeler MB, et al. Evidence of a direct effect of P4 on
IVF-derived bovine 8-cell embryos. Reprod Fertil Dev. 2005;
17(2): 219.
Merlo B, Iacono E, Mari G. Effect of progesterone and epidermal growth factor on in vitro-produced eight-cell bovine
embryos in serum-free culture medium. Reprod Fertil Dev.
2007; 19(1): 211.
Goff AK, Smith LC. Effect of steroid treatment of endometrial
cells on blastocyst development during co-culture. Theriogenology. 1998; 49(5): 1021-1030.
Reggio BC, Lynn JW, Godke RA. The effect of progesterone
on the development of IVF-derived bovine embryos cultured
in a semi-defined culture medium. Theriogenology. 1997;
47(1): 284.
Geisert RD, Fox TC, Morgan GL, Wells ME, Wettemann
RP, Zavy MT. Survival of bovine embryos transferred to progesterone-treated asynchronous recipients. J Reprod Fertil.
1991; 92(2): 475-482.
Shimada M, Kawano N, Terada T. Delay of nuclear maturation and reduction in developmental competence of pig
oocytes after mineral oil overlay of in vitro maturation media.
Reproduction. 2002; 124(4): 557-564.
Forde N, Beltman ME, Duffy GB, Duffy P, Mehta JP,
O'Gaora P, et al. Changes in the endometrial transcriptome
during the bovine estrous cycle: effect of low circulating progesterone and consequences for conceptus elongation. Biol
Reprod. 2011; 84(2): 266-278.
Diskin MG, Murphy JJ, Sreenan JM. Embryo survival in
dairy cows managed under pastoral conditions. Anim Reprod Sci. 2006; 96(3-4): 297-311.
Lamb GC, Dahlen CR, Larson JE, Marquezini G, Stevenson
JS. Control of the estrous cycle to improve fertility for fixedtime artificial insemination in beef cattle: a review. J Anim
Sci. 2010; 88 Suppl 13: E181-192.
Ryan GJ, Waddington D, Campbell KHS. Addition of progesterone during bovine oocyte maturation in the presence
of gonadotrophins improves developmental competence.
Theriogenology. 1999; 51(1): 392.
Wiemer KE, Amborski GF, Denniston RS, White KL, Godke
RA. Use of a hormone-treated fetal uterine fibroblast monolayer system for in vitro culture of bovine embryos. Theriogenology. 1987; 27(1): 294.
Lavranos TC, Seamark RF. Addition of steroids to embryouterine monolayer co-culture enhances embryo survival and
implantation in vitro. Reprod Fertil Dev. 1989; 1(1): 41-46.

