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Abstract
Retinoids are recognized as important regulators of vertebrate development, cell differentiation,
and tissue function. Previous studies, performed both in vivo and in vitro, indicate that retinoids
influence several reproductive events, including follicular development, oocyte maturation and
early embryonic development. The present study evaluated in vitro effects of retinol addition to
media containing maturing bovine oocytes and developing embryos in both a low oxygen
atmosphere (7%) and under atmospheric oxygen conditions (20%). In the first experiment, abbatoir
collected bovine oocytes were matured in the presence or absence of varying concentrations of
retinol. After a 22–24 hour maturation period the oocytes were fertilized, denuded 18 hours later
and cultured in a modified synthetic oviductal fluid (mSOF) in a humidified atmosphere at 38.5
degrees C, 5% CO2, 7% O2 and 88% N2. Cleavage rates did not differ among control and retinoltreated oocytes in all three experiments. Addition of 5 micromolar retinol to the maturation
medium (IVM) tended (p < 0.07) to increase blastocyst formation (blastocyst/putative zygote;
26.1% +/- 2.2%) compared to the controls (21.9% +/- 1.9%). Further analysis revealed when
blastocyst development rates fell below 20% in the control groups, 5 micromolar retinol treatment
dramatically improved embryonic development, measured by blastocyst/putative zygote rate (14.4
+/- 2.1 vs 23.7 +/- 2.5; p < 0.02). The 5 micomolar retinol treatment also enhanced the blastocyst/
cleaved rate by nearly 10% (23.7% vs 34.6%; p < 0.02). In the second and third experiments addition
of 5 micromolar retinol to the embryo culture medium (IVC) under low oxygen conditions did not
significantly improve cleavage or blastocyst rates, but 5 micromolar retinol significantly increased
blastocyst development under 20% O2 conditions (p < 0.001). These studies demonstrate that
supplementation of 5 micromolar retinol to the maturation medium may improve embryonic
development of bovine oocytes indicated by their increased blastocyst rate. A significant
improvement in the blastocyst development with the 5 micromolar retinol treatment under
atmospheric conditions suggests a beneficial antioxidant effect during embryo culture.

Background
Vitamin A is essential for reproduction, and deficiencies
and excesses may result in embryonic loss and/or congenital defects [1]. Retinol (vitamin A alcohol) is the parent

vitamin A compound and metabolites, analogs, and
derivatives are known collectively as retinoids. Results
from several studies, in a variety of species, have indicated
that retinoid administration may function in very early
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events associated with reproductive success, including follicular development, oocyte maturation and early embryonic development. Retinol concentration in bovine
follicular fluid was shown to be an indicator of follicular
quality and was highest in healthy follicles, lowest in
atretic follicles and highly correlated with estradiol concentrations [2,3]. Retinol or β-carotene administration
has been shown to prevent fetal resorption in rats [4],
increase the number of births in rabbits [5], and increase
litter size in swine [6]. Retinol administration to ewes, in
combination with superovulation followed by natural
service was shown to improve the competence of resultant
1–4 cell and morula stage embryos, collected from the
oviduct and uterus, respectively, to develop to the blastocyst stage when cultured in vitro [7]. In cattle, retinol
injection improved the estimated quality of embryos collected from superovulated animals but did not increase
the number recovered [8].
Retinol is transported systemically and intercellularly
bound to retinol-binding protein (RBP). Cellular retinolbinding proteins (CRBP) and cellular retinoic acid-binding proteins function in intracellular vitamin A transport,
metabolism and homeostasis [9]. All-trans and 9-cis retinoic acid (RA) are natural cellular metabolites of retinol
and mediate biological activity through interaction with
nuclear retinoic acid receptors (RAR) and retinoid X receptors (RXR), respectively. Ligand-bound RARs and RXRs
influence transcription by interacting with response elements in the promoter regions of retinoid-regulated genes
[10]. Within the ovary, RBP and CRBP are expressed in
thecal and granulosa cells, and facilitate the transport of
retinol from the blood into developing follicles [3]. Concentrations of RBP, and its ligand retinol, are highest in
the follicular fluid of large preovulatory bovine ovarian
follicles, compared to smaller and/or atretic follicles [3].
RBP synthesis and secretion increase in the oviduct and
uterus coincident with the transport of the egg or embryo
into these organs [11,12].
The cumulus oocyte complex (COC) may be a target for
retinol, since the cells that nurture and communicate with
the oocyte, contain transcripts and protein for several
RARs and RXRs, RBP and retinaldehyde-2 dehydrogenase
(RALDH-2) a metabolizing enzyme [13]. Bovine oocytes
and embryos from the 2-cell to hatched blastocyst stage,
also express transcripts for several RARs, RXRs, RBP and
RALDH-2, and the inner cell mass and trophectoderm of
blastocysts express immunoreactive protein for RAR and
RXR [14]. It has been shown recently that addition of 9-cis
RA to in vitro oocyte maturation medium affects trophectoderm differentiation, total cell number and inner cell
mass-trophoblast cell ratios, following fertilization in cattle oocytes [15,16]. Together, these studies suggest that the
reproductive tract delivers retinol to the oocyte and early
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embryo which possess key elements of retinoid metabolizing and signaling mechanisms; thus, influencing gene
expression, differentiation, and development.
The mechanism by which retinol or retinoic acid administration influences oocyte maturation and positively
impacts early embryonic development is not known and
is the subject of much investigation. Retinoic acid may
influence oocyte maturation through its effects on FSH or
LH receptor expression as demonstrated in porcine [17]
and rat [18] granulosa cells. Alternatively, it has been suggested that retinoic acid may increase mRNA quality and
processing during maturation mediated by increases in
polyadenylation [19]. Expression of several growth factors
is influenced by RA [20]. Midkine [16], a member of the
heparin-binding growth/differentiation family, is induced
by RA and has been shown to improve bovine oocyte and
embryonic developmental competence [21]. In addition,
retinoids may promote development through participation in an endogenous oxidative-stress protection mechanism [22].
In the present study, we investigated the effects of retinol
administration to in vitro matured oocytes, and cultured
bovine embryos under atmospheric O2 and reduced O2
conditions. Results suggest beneficial effects of retinol
administration during maturation especially to less competent oocytes, and improved development of embryos
cultured under atmospheric oxygen conditions, indicating
protection from oxidative stress.

Materials and Methods
Reagents and Media
All chemicals were purchased from Sigma Chemical Company, St. Louis, MO unless otherwise noted. Bovine
oocyte collection medium (OCM) was composed of modified M199, 4.2 mM NaHCO3, 12 mM HEPES, and supplemented with 2 mM glutamine, 2% fetal bovine serum
(FBS, BioWhittaker, Baltimore, MD), and penicillin/streptomycin (Specialty Media, Phillipsburg, NJ). Oocyte maturation medium (OMM) consisted of bicarbonate
buffered TCM-199 supplemented with 50 µg/mL of gentamycin, purchased from Specialty Media, 5 µg/mL of FSH
purchased from Vetrepharm Canada, Inc. (Ontario, Canada), 0.3 µg/mL of luteinizing hormone (LH) that was
generously provided by the USDA, Beltsville, MD, 10%
FBS, 0.2 µM sodium pyruvate and 2 mM glutamine. Modified Tyrode's Albumin Lactate Pyruvate (TALP) media
used in sperm preparation (SP-TALP), removal of cumulus cells from oocytes (HEPES-TALP) and in vitro fertilization (IVF-TALP) were prepared as described by Parrish et
al. [29]. In vitro culture (IVC) medium was a modified
synthetic oviductal fluid (mSOF) [30] supplemented with
3 mg/mL of BSA, 0.6 mM sodium pyruvate, 2% (v/v) BME
essential amino acids, 1% (v/v) MEM non-essential
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amino acids, and 100 µg/mL of penicillin and
streptomycin.
All-trans retinol was dissolved in 100% ethanol, appropriate dilutions made, and aliquots were stored at -80°C
until use. Retinol was prepared fresh each month and
checked on a spectrophotometer for accuracy. The concentration of ethanol during maturation or culture was
less than 0.1%.
Collection and in vitro maturation (IVM) of oocytes
Ovaries from mature, cycling cattle were obtained from an
abbatoir and pooled. Cumulus oocyte complexes (COCs)
were quickly harvested by slicing follicles (2–5 mm) with
a sterile surgical blade, and collecting them in OCM.
Intact COCs with homogeneous ooplasm and two or
more layers of cumulus cells were selected, washed, and
approximately 50 were transferred to 500 µl of pre-equilibrated OMM, and matured for 22–23 hours in a 38.5°C
incubator with an atmosphere of 5.0% CO2, ambient air,
and saturated humidity.
In vitro fertilization (IVF)
Fertilization (Day 0) was performed with combined
semen from two bulls of proven fertility prepared according to the method by Parrish and coworkers [29]. Briefly,
spermatozoa were washed in a discontinuous Percoll gradient (45%/90%) by depositing semen on top of the Percoll layers and centrifuged for 15 minutes at 960 g. The
pellet was removed and resuspended in SP-TALP and centrifuged for 8 minutes at 460 g. After removal of the supernatant, the sperm sample was reconstituted in 500 µL of
IVF-TALP for a final concentration of 1 × 106 spermatozoa/mL. The plate was incubated for 22 hours at 38.5°C
in an atmosphere of 5.0% CO2 and ambient air with saturated humidity.
In vitro culture (IVC)
Approximately 18 hours after fertilization putative
zygotes were denuded of cumulus cells by vortexing in
500 µl of HEPES-TALP for four minutes (Day 1). Putative
zygotes (approximately 35–40) were cultured in 500 µL of
mSOF for eight days in a 38.5°C incubator in an atmos-

phere of 5% CO2, 7% O2 and 88% N2 (first and second
experiments) with saturated humidity. The mSOF
medium was changed every 48 hours. Cleavage was
assessed on Day 3 and blastocyst rate was calculated on
Day 8.
Experimental Design
In the first experiment maturation medium alone was
supplemented with all-trans retinol (0, 1.0, 5.0, or 10.0
µM) and embryos were allowed to develop under low oxygen conditions. In the second experiment all-trans retinol
was added only to embryo culture medium (0, 1.0, 2.0,
5.0, or 10µM) on days 1, 3, 5, and 7, and the embryos
developed in a low oxygen atmosphere. In the third experiment embryos were cultured under atmospheric oxygen
conditions (air and 5% CO2) and all-trans retinol (0 or
5µM) was added to embryo culture medium on days 1, 3,
5, and 7.
Data Analysis
Data were analyzed as an incomplete block design (experiments 1, 2, and 3), or a randomized block design (experiment 4), blocked on plate using mixed model procedures
of SAS [31]. At least six replicates were completed for each
experiment. Fisher's protected least significant differences
were used for separating least square differences for experiments 1, 2, 3, and a two-tailed Student's T-test was performed on data from experiment 4. Least square means ±
S.E.M. are expressed as the proportion of putative zygotes.
All data were subjected to a normality test (Shapiro-Wilk,
> 0.90) and were found to be normally distributed.

Results
In the first experiment addition of 5µM retinol during
IVM tended to improve (p < 0.07) embryonic development to the blastocyst stage, compared to controls (Table
1). The control blastocyst rate was 21.9% compared to
26.1% in 5µM retinol. Addition of 1µM retinol to the maturation medium did not appear to affect embryonic development compared to controls. Retinol (10µM) increased
blastocyst development, although not significantly.
Cleavage rates did not differ among the four maturation
treatments.

Table 1: Effect of all-trans retinol addition to bovine oocyte maturation medium (mean ± S. E. M.). Embryos were cultured under low
oxygen conditions.

Retinol concentration (µM)

Putative zygote (n)

Cleavage

Blastocyst/ putative zygote

Blastocyst/ cleaved

0
1.0
5.0
10.0

1095
464
1069
508

66.7 ± 2.7
65.5 ± 3.9
68.3 ± 3.2
70.1 ± 3.9

21.9 ± 1.9a
20.4 ± 2.6a
26.1 ± 2.2b
24.2 ± 2.7ab

32.8 ± 2.2a
31.7 ± 3.1a
37.1 ± 2.5b
33.8 ± 3.1ab

Values are listed as percentages. abMeans in the same column with different superscripts approach significance (p < 0.07).
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Table 2: Effect of all-trans retinol addition to bovine oocyte maturation medium on embryo development among replicate groups
where less than 20% of control embryos reached the blastocyst stage (mean ± S. E. M.).

Retinol concentration (µM)

Putative zygote (n)

Cleavage

Blastocyst/ putative zygote

Blastocyst/ cleaved

0
1.0
5.0
10.0

516
185
530
183

62.7 ± 3.9
60.0 ± 6.0
65.9 ± 4.6
63.3 ± 6.7

14.4 ± 2.1a
15.9 ± 3.4ab
23.7 ± 2.5b
17.6 ± 3.8ab

23.7 ± 2.6a
26.1 ± 4.2ab
34.6 ± 3.1b
26.7 ± 4.6ab

Values are listed as percentages. abMeans in the same column with different superscripts were significantly different (p < 0.02).

Table 3: Effect of all-trans retinol addition to the culture medium (mean ± S. E. M.). Embryos were cultured under low oxygen
conditions.

Retinol concentration (µM)

Putative zygote (n)

Cleavage

Blastocyst/ putative zygote

Blastocyst/ cleaved

0
1.0
2.0
5.0
10.0

567
312
414
303
388

86.1 ± 2.5
84.7 ± 3.2
85.3 ± 2.9
80.8 ± 3.2
81.2 ± 3.0

26.5 ± 2.4a
27.1 ± 3.2ab
28.8 ± 2.8a
20.2 ± 3.2a
13.5 ± 3.0c

30.7 ± 2.6a
32.1 ± 3.5a
34.1 ± 3.1a
25.4 ± 3.5a
16.2 ± 3.3b

Values are listed as percentages. abcMeans in the same column with different superscripts were significantly different (p < 0.05).

Table 4: Effect of all-trans retinol addition to the culture medium (mean ± S. E. M.). Embryos were cultured under atmospheric oxygen
conditions.

Retinol concentration (µM)

Putative zygote (n)

Cleavage

Blastocyst/ putative zygote

Blastocyst/ cleaved

0
5.0

400
400

73 ± 4.6
74 ± 1.5

14 ± 2.3a
28.8 ± 3.0b

19.2 ± 3.2a
38.9 ± 3.9b

Values are listed as percentages. abMeans in the same column with different superscripts were significantly different (p < 0.001).

Further analysis of the maturation data (Table 2) revealed
that when development to the blastocyst stage of controls
was below 20%, 5µM retinol dramatically improved (p <
0.02) embryo development (14.4 % vs. 23.7%). When
expressed as blastocyst/cleaved the 5µM retinol treatment
also showed a significant improvement in blastocyst
development (p < 0.02). Neither 1µM nor 10µM retinol
treatment improved embryonic development when compared to those controls that did not achieve a 20% blastocyst rate.
Further experiments were conducted during IVC under
both low and atmospheric oxygen tensions. Under low
oxygen conditions concentrations of 1, 2, and 5µM retinol
were not statistically different from controls, and 10µM
was deleterious (Table 3). Preliminary dose-response
studies were performed under atmospheric conditions
(data not shown), and additional experiments were continued with the 5µM retinol treatment. Under atmos-

pheric oxygen conditions the 5µM concentration
significantly improved blastocyst development compared
to controls (p < 0.001) (Table 4). Cleavage rates did not
differ significantly among embryos treated with and without retinol during culture under low or high oxygen
(Tables 3 &4). Fertilization rates did not differ significantly among all experiments (data not shown).

Discussion
In the present study, over 3000 bovine oocytes were used
to evaluate effects of retinol supplementation during IVM
and IVC on embryonic development to the blastocyst
stage. Retinol administration during the maturation
period alone resulted in concentration-dependent effects.
Whereas the presence of 1µM retinol had no effect on
development, 5µM retinol tended to improve blastocyst
rate of development, at the p < 0.07 level, compared to
controls. At a concentration of 10µM, retinol did not significantly improve embryo development compared to
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controls. In preliminary studies, higher concentrations
(100µM) were observed to be cytotoxic (data not shown).
Similarly, exposure of bovine oocytes to low
concentrations of 9-cis retinoic acid was shown to
improve subsequent blastocyst development but high
concentrations were detrimental [16].
A more striking effect on embryonic development (p <
0.02) was observed by supplementation of 5 µM retinol to
groups of oocytes with reduced developmental competence in which development of control oocytes to blastocyst was less than 20%. These results indicate that retinol
supplementation during maturation may not benefit
oocytes competent to progress, but rather, it improves the
viability of oocytes that are developmentally challenged.
In support of this, we have shown previously that retinol
supplementation during maturation improves developmental competence of bovine oocytes compromised by
heat stress [32].
Since most transcription in the oocyte occurs prior to maturation during preovulatory development, in vitro culture
deprives oocytes of much of this activity. Meiotic inhibitors have been used as a potential means of investigating
regulation of oocyte transcription and mRNA processing
in vitro [33]. Treatment of cumulus-enclosed oocytes with
9-cis RA during meiotic arrest was observed to improve
cortical granule migration, increase subsequent blastocyst
development and increase total cell number [34]. Gomez
and co-workers [19] suggested that retinoid administration may improve mRNA quality based on the observation that 9-cis RA increased poly-(A) mRNA content in
meiotically arrested oocytes. Poly-(A) mRNA content of
oocytes treated with 9-cis RA or ethanol vehicle was
greater in matured oocytes than in oocytes prematured in
the presence of 9-cis RA and then matured.
Retinol supplementation of embryo culture medium dramatically improved development to the blastocyst stage
(p < 0.001) when cultured in an atmosphere of approximately 20% O2 (air and 5% CO2) but not in an atmosphere of low O2 (7% O2, 5% CO2 and 88% N2). The
present study, and all previous in vitro studies demonstrating a positive effect of retinoid administered during
maturation, were performed in an atmosphere of approximately 20% O2 [15,16,34], a practice common to most
laboratories. Together, these data indicate that retinoids
may protect embryos from oxidative damage, which has
been identified as a leading cause of embryonic wastage,
especially in vitro [22].
Mammalian cells, including the oocyte and those of the
early embryo, have evolved several mechanisms to protect
against ROS damage and maintain appropriate balances
in REDOX reactions. Antioxidants present in the oocyte,
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embryo and/or its environment include vitamins A (retinol), C and E, pyruvate, glutathione (GSH), hypotaurine,
taurine, and cysteamine [22]. Antioxidant enzymes produced by oocytes and embryos include, copper, zinc
superoxide dismutase (Cu, Zn-SOD), manganese-SOD
(Mn-SOD), glutathione peroxidase (GPX), glutamyl
cysteine synthase (GCS), glutathione reductase (GR), catalase and others [22]. Lonergan and co-workers [36] have
shown that expression of several antioxidant enzymes are
up-regulated during in vitro oocyte maturation compared
to in vivo maturation indicating that the former environment creates oxidative stress and oocytes respond by activating internal defense mechanisms. Addition of
antioxidants to culture medium or culture of embryos in
an atmosphere of reduced O2 has been demonstrated to
be beneficial to in vitro survival of embryos from a variety
of species [22].
Retinoids participate in a biological antioxidant network,
and have been implicated as important regulators of
redox signaling pathways [23,24]. Carotenoids and retinol can quench single oxygen molecules and interact with
other antioxidant compounds [23]. Retinoic acid has
been shown to protect against oxidative stress-induced
apoptosis by inhibition of the c-jun N-terminal kinase
(JNK) activator protein 1 (AP-1) pathway in glomerular
[26] and mesangial cells [37]. In addition, anti-apoptotic
effects of RA were mediated by both nuclear receptordependent and independent pathways [37].
Retinoids may also protect against oxidative damage by
maintaining adequate endogenous levels of antioxidant
compounds and enzymes. Glutathione is the major nonprotein sulphydryl compound found in mammalian cells
responsible for strong basal ROS scavenging activity [35].
Maintenance of adequate GSH levels is essential for
oocyte maturation, fertilization and embryonic development [22]. Retinoic acid inhibited staurosporine-induced
GSH depletion in neuronal cells, preventing oxidative
damage and apoptosis [25]. A retinoic acid response element (RARE) has been identified in the promoter region
of a specific isoform of glutathione S-transferase-pi
(GSTp) in glioblastoma cells [38] and GPX2 [28], an
enzyme necessary for the conversion and utilization of
GSH. RA has also been shown to significantly increase survival, reduce ROS content and increase protein levels of
Cu-Zn SOD and Mn-SOD in neuronal cells treated with
staurosporine [27]. Recently, microarray analysis revealed
that three genes which encode enzymes involved in GSH
synthesis and utilization were RXRα-target genes in
mouse liver [39]. The same study showed that in
hepatocytes of RXRα-deficient mice there was a significant
reduction in GSH synthesis rate and GSH content [39].
Together, these data provide strong evidence that in sev-
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eral cell systems, retinoids support and improve endogenous antioxidant defense mechanisms.
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9.
10.

Conclusions
Results from the present study indicate that retinol
administration during in vitro maturation particularly
improved embryonic development in those oocytes that
may have been developmentally compromised. Moreover, retinol addition during in vitro culture, under atmospheric
conditions,
also
improved
embryonic
development compared to those embryos incubated in a
7% oxygen atmosphere. The mechanisms by which retinoids affect the developmental capacity of oocytes and
early embryos may include modulation of expression of
growth factors and other developmental genes, improving
mRNA quality, and direct and/or indirect affects on antioxidant defense mechanisms.

13.

Authors' contributions

16.

TL Performed the experiments under low oxygen conditions, helped to coordinate experiments, and drafted the
manuscript.
DE Performed the experiments under high oxygen conditions and helped to coordinate experiments.

11.
12.

14.

15.

17.

18.

JE Coordinated and assisted in the experimental design.
JG Conceived of and coordinated the experiments and
drafted the manuscript.

Acknowledgements
The authors thank Mary P. Roberts for her technical help, Dr. Arnold Saxton and George Livingston for their statistical advice, and Scott MacKenzie,
Heather King, Lisa McCann, TJ Wilson, Carmen Dorado, and Jenifer Miller
for help collecting the embryos.

References
1.
2.
3.

4.
5.
6.
7.
8.

Ward SJ, Morriss-Kay GM: The functional basis of tissue-specific
retinoic acid signalling in embryos. Semin Cell Dev Biol 1997,
8(4):429-435.
Schweigert F, Zucker H: Concentrations of vitamin A, B-carotene and vitamin E in individual bovine follicles of different
quality. J Reprod Fertil 1988, 82:575-579.
Brown JA, Eberhardt DM, Schrick FN, Roberts MP, Godkin JD:
Expression of retinol-binding protein and cellular retinolbinding protein in the bovine ovary. Mol Reprod Dev 2003,
64:261-269.
Wellik DM, DeLuca HF: Retinol in addition to retinoic acid is
required for successful gestation in vitamin A-deficient rats.
Biol Reprod 1995, 53:1392-1397.
Besenfelder U, Solti L, Seregi J, Brem G: Influence of β-carotene
on fertility in rabbits when using embryo transfer programs.
Theriogenology 1993, 39:1093-1109.
Coffey MT, Britt JH: Enhancement of sow reproductive performance by β-carotene or Vitamin A. J Anim Sci 1993,
71:1198-1202.
Eberhardt DM, Will WA, Godkin JD: Retinol administration to
superovulated ewes improves in vitro embryonic viability.
Biol Reprod 1999, 60:1483-1487.
Shaw DW, Farin PW, Washburn SP, Britt JH: Effect of retinol
palmitate on ovulation rate and embryo quality in superovulated cattle. Theriogenology 1995, 44:51-58.

19.

20.

21.

22.

23.
24.
25.

26.
27.

28.

Noy N: Retinoid-binding proteins: mediators of retinoid
action. Biochem J 2000, 348:481-495.
Mangelsdorf DJ, Umesono K, Evans RM: The retinoid receptors.
In In The Retinoids: Biology, Chemistry, and Medicine 2nd edition. Edited
by: Sporn MB, Roberts AB, Goodman DJ. New York: Raven Press,
Ltd; 1994:319-350.
Eberhardt DM, Jacobs WG, Godkin JD: Steroid regulation of retinol-binding protein in the ovine oviduct. Biol Reprod 1999,
60:714-720.
Mackenzie SH, Roberts MP, Liu KH, Doré JJE, Godkin JD: Bovine
endometrial retinol-binding protein secretion, messenger
ribonucleic acid expression, and cellular localization during
the estrous cycle and early pregnancy. Biol Reprod 1997,
57:1445-1450.
Mohan M, Thirumalapura NR, Malayer J: Bovine cumulus-granulosa cells contain biologically active retinoid receptors that
can respond to retinoic acid. Reprod Biol Endo 2003, 1:104.
Mohan M, Malayer JR, Geisert RD, Morgan GL: Expression patterns of retinoid X receptors, retinaldehyde dehydrogenase,
and peroxisome proliferator activated receptor gamma in
bovine preattachment embryos. Biol Reprod 2002, 66:692-700.
Hidalgo CO, Diéz C, Duque P, Facal N, Gómez E: Pregnancies and
improved early embryonic development with bovine
oocytes matured in vitro with 9-cis-retinoic acid. Reproduction
2003, 125:409-416.
Gomez E, Royo LJ, Duque P, Carneiro G, Hidalgo C, Goyache F,
Lorenzo PL, Alvarez I, Facal N, Diez C: 9-cis retinoic acid during
in vitro maturation improves development of the bovine
oocyte and increases midkine but not IGF-I expression in
cumulus-granulosa cells. Mol Reprod Dev 2003, 66:247-255.
Hattori M, Takesue K, Nishida N, Kato Y, Fujihara N: Inhibitory
effect of retinoic acid on the development of immature porcine granulosa cells to mature cells. J Mol Endo 2000,
25(1):53-61.
Minegishi T, Hirakawa T, Kishi H, Abe K, Tano M, Abe Y, Miyamoto
K: The mechanisms of retinoic acid-induced regulation on
the follicle stimulating hormone receptor in rat granulosa
cells. Biochemica et Biophysica Acta 2000, 1495(3):203-211.
Gomez E, Dodriguez A, Goyache F, Diez C, Royo LJ, Moreira PN,
Caamano JN, Moran E, Gutierrez-Adan : Retinoid-dependent
mRNA expression and poly-(A) contents in bovine oocytes
meiotically arrested and/or matured in vitro. Mol Reprod Dev
2004, 69:101-108.
Gudas LJ, Sporn MB, Roberts AB: Cellular biology and biochemistry of the retinoids. In In The Retinoids: Biology, Chemistry, and Medicine 2nd edition. Edited by: Sporn MB, Roberts AB, Goodman DJ.
New York: Raven Press, Ltd; 1994:443-520.
Ikeda S, Ichihara-Tanaka K, Azuma T, Muramatsu T, Yamada M:
Effect of midkine during in vitro maturation of bovine
oocytes on subsequent developmental competence. Biol
Reprod 2000, 63:1067-1074.
Guérin P, El Mouatassim S, Ménézo Y: Oxidative stress and protection against reactive oxygen species in the pre-implantation embryo and its surroundings. Hum Reprod Update 2001,
7(2):175-189.
Olson JA: Vitamin A and carotenoids as antioxidants in a
physiological context. J Nutr Sci Vitaminol (Tokyo) 1993, 39:S57-S65.
Imam A, Hoyos B, Swenson C, Levi E, Chua R, Viriya E, Hammerling
U: Retinoids as ligands and coactivators of protein kinase C
alpha. FASEB J 2001, 15:28-30.
Ahlemeyer B, Krieglstein J: Inhibition of glutathione depletion by
retinoic acid and tocopherol protects cultured neurons from
staurosporine-induced oxidative stress and apoptosis. Neurochem Int 2000, 36:1-5.
Moreno-Manzano V, Ishikawa Y, Lucio-Cazana J, Kitamura M: Suppression of apoptosis by all-trans-retinoic acid. J Biol Chem
1999, 274(29):20251-20258.
Ahlemeyer B, Bauerback E, Plath M, Steuber M, Heers C, Tegtmeier
F, Krieglstein J: Retinoic acid reduces apoptosis and oxidative
stress by preservation of SOD protein level. Free Radic Biol Med
2001, 30(10):1067-1077.
Chu FF, Esworthy RS, Lee L, Wilczynski S: Retinoic acid induces
Gpx2 gene expression in MCF-7 human breast cancer cells. J
Nutr 1999, 129:1846-1854.

Page 6 of 7
(page number not for citation purposes)

Reproductive Biology and Endocrinology 2004, 2:83

29.
30.
31.
32.

33.

34.

35.
36.

37.

38.

39.

http://www.rbej.com/content/2/1/83

Parrish JJ, Susko-Parrish JL, Critser ES, Eyestone WH, First NL:
Bovine in vitro fertilization with frozen-thawed semen. Theriogenology 1986, 25:591-600.
Tervit H, Whittingham DG, Rowson L: Successful culture in vitro
of sheep and cattle ova. J Reprod Fertil 1972, 30:493-497.
SAS User's Guide: Statistics, Version 8 Edition. SAS Inst., Inc Cary,
NC 2001.
Lawrence JL, Payton RR, Godkin JD, Saxton AM, Schrick FN, Edwards
JL: Retinol improves development of bovine oocytes compromised by heat stress during maturation. J Dairy Sci 2004,
87:2449-2454.
Mermillod P, Tomanek M, Marchal R, Meijer L: High developmental competence of cattle oocytes maintained at the germinal
vesicle stage for 24 h in culture by specific inhibitors of MPF
kinase activity. Mol Reprod Dev 2000, 55:89-95.
Duque P, Díez C, Royo L, Lorenzo PL, Carneiro G, Hidalgo CO, Facal
N, Gómez E: Enhancement of developmental capacity of meiotically inhibited bovine oocytes by retinoic acid. Hum Reprod
2002, 17(10):2706-2714.
Dröge W: Free radicals in the physiological control of cell
function. Physiol Rev 2002, 82:47-95.
Lonergan P, Gutiérrez-Adan A, Rizos D, Pintado B, Fuente J, Boland
M: Relative messenger mRNA abundance in bovine oocytes
collected in vitro or in vivo before and 20 hr after the preovulator luteinizing hormone surge. Mol Reprod Dev 2003,
66:297-305.
Konta T, Xu Q, Furusu A, Nakayama K, Kitamura M: Selective roles
of retinoic acid receptor and retinoid X receptor in the suppression of apoptosis by all-trans-retinoic acid. J Biol Chem
2001, 276(16):12697-12701.
Lo HW, Ali-Osman F: Genomic cloning of hGSTP1*C, an allelic
human Pi class glutathione s-transferase gene variant and
functional characterization of its retinoic acid response
elements. J Biol Chem 1997, 272(52):32743-32749.
Wu Y, Zhang X, Bardag-Gorce F, Robel RCV, Aguilo J, Chen L, Zeng
Y, Hwang K, French SW, Lu SC, Wan YY: Retinoid X receptor α
regulates glutathione homeostasis and xenobiotic detoxification processes in mouse liver. Mol Pharmacol 2004, 65:550-557.

Publish with Bio Med Central and every
scientist can read your work free of charge
"BioMed Central will be the most significant development for
disseminating the results of biomedical researc h in our lifetime."
Sir Paul Nurse, Cancer Research UK

Your research papers will be:
available free of charge to the entire biomedical community
peer reviewed and published immediately upon acceptance
cited in PubMed and archived on PubMed Central
yours — you keep the copyright

BioMedcentral

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

Page 7 of 7
(page number not for citation purposes)

