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ABSTRACT

Maternal B-vitamin status and homocysteinemia can affect
fertility and pregnancy establishment, although the direct effects
on ovarian follicle and oocyte development are not known. We
report on the effects of restricting the supply of vitamin B12 and
methionine from the diet of mature female sheep on ovarian
folliculogenesis following follicle-stimulating hormone (FSH)
stimulation. The study was split into three batches and involved
76 animals. Surprisingly, the number of growing, estrogen-active
antral follicles following FSH treatment was enhanced (P =
0.005) following this dietary intervention. This increase oc-
curred even in the presence of modest live-weight loss (batch 1
only) and depressed plasma insulin concentrations, suggesting a
breakdown in the regulation of follicular responsiveness to FSH.
This dietary intervention also increased plasma homocysteine
concentrations. Physiological concentrations of homocysteine
increased granulosa cell proliferation (P , 0.001), estradiol
production (P = 0.05), and FSHR transcript expression (P =
0.017) during culture. Transcript levels for growth differentia-
tion factor 9 and bone morphogenetic protein 15 in oocytes
from treated ewes were increased (P , 0.05) in the first two
batches. Furthermore, regression of BMP receptor 2 (BMPR2)
transcript expression and diet on follicle number revealed a
significant interaction (P = 0.01); BMPR2 transcript expression
was associated with follicle number only in vitamin B12/
methionine-restricted animals. Because FSHR transcript expres-
sion also was positively (P = 0.007) related to follicle number,
the effects of diet may have arisen through enhanced FSH and
BMP signaling. Although this remains to be confirmed, the data
support an intraovarian impact of vitamin B12/methionine-
deficient diets.

AMH, follicle, follicle-stimulating hormone, follicle-stimulating
hormone receptor, follicular development, granulosa cells,
homocysteine, ovarian follicle, vitamin B12

INTRODUCTION

There is compelling evidence to indicate that maternal B-
vitamin status during the period leading up to and around the
time of conception can have a major impact on fertility,

pregnancy establishment, and term delivery [1–3]. Mild hyper-
homocysteinemia is prevalent in subjects polymorphic for a
number of enzymes involved in folate/methionine metabolism,
and/or who consume diets deficient in B vitamins, such as
vitamin B12 and folate [4]. Total homocysteine concentrations
can be measured in follicular fluid, are sensitive to dietary
intakes of folic acid [5], and can determine pregnancy outcome
in clinical IVF cycles [6, 7]. Furthermore, elevated plasma
homocysteine concentrations are frequently detected in women
with polycystic ovarian syndrome [8], although the mecha-
nisms underlying this relationship are unclear.

In spite of these reported outcomes, little is known about the
effects of B vitamins on ovarian follicle and oocyte
development [9]. Although we have shown that transcripts
for all major enzymes involved in the linked methionine/folate
cycles are present in human embryonic cells [10], it is not clear
how these cycles function in the ovary. One enzyme involved
in the metabolism of homocysteine is cystathionine b-synthase
(CBS; EC 4.2.1.22). Cbs�/� mice are hyperhomocysteinemic,
and females are infertile, although fertility can be restored
when CBS-deficient ovaries are transplanted into normal
ovarectomized females [11]. However, CBS is known to be
highly expressed in cumulus cells, particularly following
superovulation, and the functional suppression of Cbs by
RNA interference results in a significant increase in the number
of germinal vesicle-arrested oocytes in mice [12]. Other than
this, the specific effects of B vitamins on ovarian function are
not known, although clearly they can have an impact on
fertility following natural conception and following assisted
reproduction, particularly in stimulated cycles.

We recently reported on the extent to which the periconcep-
tional availability of dietary methyl groups (in particular, vitamin
B

12
and methionine) can perturb homocysteine metabolism in

embryo donor ewes, leading to epigenetic modifications to DNA
methylation in offspring that became obese, insulin resistant, and
hypertensive [13]. As part of ongoing investigations, to further
characterize the metabolic status of our embryo donors, we
offered the same experimental diets (i.e., control or methyl
deficient [MD] diets) to an additional group of 76 ewes in a
single experiment that was split into three batches. Curiously, we
observed a significant increase in the number of growing antral
follicles in MD ewes relative to controls following follicle-
stimulating hormone (FSH) treatment, suggesting that the MD
diet might affect mechanisms regulating follicular responsive-
ness to FSH, thereby increasing the proportion of growing antral
follicles. The purpose of the current study, therefore, was to
identify these mechanisms in an attempt to better understand
how B-vitamin/methionine status can determine ovarian respon-
siveness to gonadotropin treatment.

MATERIALS AND METHODS

Animals and Dietary Treatments

All procedures were reviewed by the Animal Ethics Committee of the
University of Nottingham and conducted in accordance with the requirements
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of the U.K. Home Office Animals (Scientific Procedures) Act 1986. All
reagents were purchased from Sigma-Aldrich (Poole Dorset, U.K.) unless
otherwise stated.

A single experiment was conducted which was split into three batches, with
one batch per year. A total of 76 Scottish Blackface ewes, with an average body
weight (6SEM) of 50.3 6 0.6 kg, were used. Ewes were allocated to one of
two dietary groups on the basis of initial body weight (n¼ 37 control and n¼
39 MD). Because it can take several weeks in order to deplete sheep of
endogenous reserves of vitamin B

12
[14], all ewes were offered a diet of cobalt-

deficient barley and hay (,0.04 mg/kg dry matter) over a 4- to 6-wk period
prior to the introduction of experimental diets. During this period, ewes were
housed singly and offered around 300–400 g of barley and around 600 g of hay
daily. Animals were allocated to their experimental diets as soon as mean
plasma vitamin B

12
concentrations fell below 250 pM, as determined from

weekly blood samples collected by jugular venipuncture into ethylenediamine-
tetraacetic acid-treated tubes.

Ewes were offered a complete pelleted diet (Table 1) identical to that
offered by Sinclair et al. [13] and calculated to fully meet their energy and
protein requirements [15] for a period lasting 7 wk. The two experimental diets
were chemically identical except for their content of elemental cobalt and
sulfur, which were reduced in the MD diet relative to the control diet in order to
diminish the capacity of rumen microorganisms to synthesize sulfur amino
acids and vitamin B

12
, respectively [15]. In addition, control ewes were given a

cobalt bolus (containing 3 g cobalt oxide; Rumetrace; Cox Surgical, Surrey,
U.K.) at the introduction of experimental diets. In contrast, MD ewes received
no such bolus and were placed on the MD diet. The concentrate component of
each diet was offered at 900 g/day. Ewes remained on these experimental diets
for 49 days, when they were killed and tissues collected.

Estrous Synchronization, Ovarian Stimulation, and Tissue
Collection Postmortem

Full details of the estrous synchronization and ovarian stimulation
procedures employed were documented previously [16, 17] and were identical
to those employed by Sinclair et al. [13]. Briefly, estrous cycles were
synchronized toward the end of the experimental period by the use of
progestogen-impregnated intravaginal sponges (30 mg of fluorogestone acetate;
Chronogest; Intervet) and prostaglandin F2a (250 lg/ml cloprostenol;
Estrumate; Schering-Plough Animal Health), administered intramuscularly on
two occasions 7 days apart. Sponges remained in position for 7 days, after
which time they were removed and a fresh sponge inserted intravaginally,
where it remained for a further 5 days. Ovarian stimulation was induced using a
total of 9 mg of ovine FSH (Ovagen; ICP Ltd., Auckland, New Zealand)
administered intramuscularly twice daily in equal doses over 4 days beginning
on Day 10 of the 12-day progestogen priming period. Intravaginal sponges
were withdrawn, on average, 26 h (24–28 h) prior to killing, whereas the final
dose of FSH was administered, on average, 17 h (15–19 h) prior to killing.

Following killling by captive bolt and exsanguination, ovaries were
recovered, the diameter of individual antral follicles measured using calipers,
and follicle number counted. Follicular fluid, oocytes, and granulosa cells were
aspirated and pooled from all visible follicles within an animal. Cumulus-
oocyte complexes were identified and oocytes denuded by vortexing in 500 ll
of PBS containing 0.1% polyvinyl alcohol (PVA). Denuded oocytes were snap
frozen in minimal-volume (2–3 ll) PBS/PVA and stored at �808C until
analysis. The remaining aspirants were centrifuged at 500 3 g for 10 min, and
follicular fluid was stored at �808C prior to analysis. Granulosa cells were
washed in 10 ml of 13 PBS, snap frozen in liquid nitrogen, and stored at�808C
in minimal-volume PBS/PVA until analysis.

Metabolic Analyses

Plasma vitamin B
12

and folate were measured in plasma using a
commercially available kit (Simultrac Radioassay Kit Vitamin B

12
[57Co]/

folate [125I]; MP Biomedicals, Strasbourg, France) as described previously
[13]. Thiols in plasma were analyzed using an Agilent 1100 HPLC system
(Agilent Technologies, Stockport, U.K.), and amino acids (including
methionine) in plasma were analyzed using an amino acid analyzer (Pharmacia
LKB; Biochrom Ltd., Cambridge, UK) with ninhydrin detection, according to
previously published in-house protocols [10]. This method for thiol analysis
was modified from the original method of Pfeiffer et al. [18] to reduce the pH of
the mobile phase in order to facilitate better separation of cysteinyl glycine and
glutathione. For amino acid analysis, the cytosol preparation (490 ll) was
mixed with 10 ll of norleucine internal standard and 30 mg of 5 sulphosalicylic
acid and was allowed to stand at 48C for 30 min. After centrifugation at 16 000
3 g for 10 min at 48C, the supernatant was passed through a polyvinylidene
fluoride Millipore syringe-driven filter unit with 0.22-lm pore size, and amino
acids were measured using Biochrom 20 amino acid analyzer with ninhydrin
detection (Pharmacia LKB; Biochrom). Peak integration was performed using
EZChrom Elite Software (Scientific Software Inc., San Ramon, CA).

Methylmalonic acid (MMA) determination was based on the method of
Shroads et al. [19], with minor modification. The methyl esters were analyzed
by Agilent 6890N gas chromatography using an online 5973N mass-selective
detector (MSD). The column was a DB-WAX (30 m 3 0.25 mm; 0.15-lm film
thickness). The injection volume was 1 ll for SCAN mode for qualification and
0.2 ll for selected ion monitoring mode for quantification, both using splitless
mode. The injector and detector temperatures were maintained at 2508C and
2808C, respectively. The carrier gas (He) was set at a constant flow rate of 1 ml/
min. The chromatograph was programmed for an initial temperature of 358C for
5 min, raised to 2008C at 88C min�1, then to 220 at 188C min�1, and held for 2
min at the final temperature. The MSD was tuned daily and operated in electron
impact mode at an ionization energy of 70 eV.

Plasma samples were analyzed for glucose using an Imola Autoanalyser
(RX imola; Randox Laboratories Ltd., Antrim, U.K.). The kit for glucose was
supplied by Randox Laboratories (Glucose GOD PAP; catalogue no. GL2623).

Primary Granulosa Cell Culture

Ovine granulosa cells from small (2–4 mm) antral follicles were cultured
under serum-free conditions based on the method of Campbell et al. [20]. All
reagents and media were obtained from Sigma-Aldrich unless otherwise stated.
Briefly, ovaries were transported from a local abattoir to the laboratory in warm
(378C) PBS where, on arrival, they were further washed in warm PBS prior to
follicular aspiration. Aspirants were transferred to a 60-mm dish, under sterile
conditions, containing 0.1% solution of PVA/PBS, and all cumulus-oocyte
complexes were recovered. The remaining cells and fluids were centrifuged in
15-ml conical tubes at 300 3 g for 5 min, and the granulosa cell pellet was
resuspended in 10 ml of 13 PBS prior to a second centrifugation. Granulosa
cells were resuspended in culture medium (90% v/v TCM199 and 10% v/v
double-distilled water supplemented with 0.1% w/v BSA [fatty acid free],
0.01% w/v L-glutamine, 1 ng/ml FSH [i.e., 0.02 U/ml; catalogue no. F2293;
Sigma-Aldrich], 10 ng/ml insulin, 0.5 lg/ml bovine transferrin, 0.5 ng/ml
sodium selenite, 50 IU/ml penicillin, and 50 lg/ml streptomycin) and taken
through a third wash cycle. Granulosa cells were incubated in 24-well plates at
an initial seeding density of 3.5 3 105 viable cells (determined by Trypan blue
exclusion) in 500 ll of media for 144 h at 38.88C in a humidified atmosphere of
5% CO

2
in air, with 80% of the medium renewed at 48 h. Spent media collected

at 144 h were stored at �208C until estradiol and progesterone analysis. The
number of viable cells at 144 h was determined by Trypan blue exclusion.

To assess the effects of homocysteine and MMA on granulosa cells during
culture, these metabolites were added to media at physiological concentrations
(homocysteine: 0, 10, 50, and 100 lM [13, 14]; and MMA: 0, 0.85, 8.5, and 85
lM [13, 14]) after the initial 48-h period of culture, and effects were recorded at
144 h. Culture media were replenished every 48 h. For each metabolite, the four

TABLE 1. Ingredients and chemical analyses of control and methyl-
deficient diets.

Parameter Control
Methyl-
deficient SED P value

Ingredient (g/kg)
Nutritionally improved straw 200 200
Oat feed 250 250
Maize starch 322 324
Maize grain 200 200
Urea 25 25
Soya oil 1 1
Sulfur/cobalt premix 2 0

Chemical analysisa

Dry matter (DM; g/kg) 891 884 10.0
Metabolizable energy

(MJ/kg DM)
11.4 10.9 0.35

Crude protein (g/kg DM) 127 127 3.4
Neutral detergent fiber

(g/kg DM)
289 323 19.3

Starch (g/kg DM) 509 482 15.3
Sulfur (g/kg DM) 2.8 0.8 0.40 0.008
Cobalt (mg/kg DM) 1.80 0.04 0.153 ,0.001

a Hay analysis (offered at 100g/animal per day) averaged over the three
batches: Dry matter (855g/kg), metabolizable energy (6.5 MJ/kg DM),
crude protein (66.2 g/kg DM), sulfur (1.6 g/kg DM) and cobalt (,0.05 mg/
kg DM).
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doses were applied within a single 24-well plate (i.e., six wells per dose per
plate), and there were seven plates (replicates) per metabolite.

Hormone Analysis

Plasma insulin concentrations were determined using a 125I-labeled insulin
double-antibody radioimmunoassay (RIA), as described previously [21]. The
assay used porcine insulin (I-3505; 24 IU/mg) obtained from Sigma Co. Ltd., as
well as guinea pig antiporcine insulin, normal guinea pig serum, and sheep anti-
guinea pig immunoglobulin G (IgG) obtained as a gift from the Scottish
Antibody Production Unit, Law Hospital (Carluke, Scotland). The [125I]
porcine insulin solution was prepared using the chloramine T method. The
minimum detection limit of the assay at 80% effective dose (ED80) was 2.6
lIU/ml. Mean (for low, medium, and high controls) intraassay and interassay
coefficients of variation were 7.2% and 9.4%, respectively.

Follicular fluid and culture media estradiol (diluted 1:50 and 1:20,
respectively) were analyzed without prior extraction using a [125I] estradiol
double-antibody RIA [22]. The assay was modified and validated to enable use
of a rabbit anti-estradiol first antibody, donkey anti-rabbit IgG, and normal
rabbit serum, obtained as gifts from the Scottish Antibody Production Unit. The
sensitivity of the assay at ED

80
was 44.0 pg/ml. Mean (for low, medium, and

high controls) intraassay and interassay coefficients of variation were 7.8% and
13.5%, respectively. Similarly, follicular fluid and culture media progesterone
(diluted 1:100) were analyzed without prior extraction using a [125I]
progesterone double-antibody RIA [23]. The assay was modified and validated
to enable the use of a rabbit anti-progesterone first antibody, donkey anti-rabbit
IgG, and normal rabbit serum, obtained as gifts from the Scottish Antibody
Production Unit. The sensitivity of the assay at ED80 was 0.54 ng/ml. Mean (for
low, medium, and high controls) intraassay and interassay coefficients of
variation were 9.1% and 14.5%, respectively.

Transcript Analysis

In support of ongoing studies, it was necessary that granulosa cells from the
first two batches were dedicated to amino acid and thiol analyses; some of these
data are available as Supplemental Data (all Supplemental Data are available
online at www.biolreprod.org). Consequently, although transcript analysis in
oocytes was conducted across all three batches, only granulosa cells from the
third batch in the series were available for transcript analysis.

Transcripts for the following genes (Table 2) were selected for analysis by
quantitative real-time PCR because of their known stimulatory or inhibitory
effects on granulosa cells and ovarian follicles [24, 25]. Growth differentiation
factor 9 (GDF9) and bone morphogenetic proteins 15 and 6 (BMP15 and
BMP6) are three transforming growth factor superfamily-b members expressed
by oocytes. Also included were follicle-stimulating hormone receptor (FSHR),
estrogen receptor 1 (ESR1), insulin-like growth factor receptor 2 (IGF2R), anti-
Mullerian hormone (AMH), bone morphogenetic protein receptor 2 (BMPR2),
and transforming growth factor-b1 (TGFB1). Transcript expression of actin-
beta (ACTB) served as a reference.

Poly Aþ RNA was isolated from groups of typically 10 to 40 oocytes
(pooled within animal) using Dynabeads Oligo (dT)

25
(Dynabeads mRNA

DIRECT; Invitrogen Ltd., Paisley, U.K.) according to the method of Kwong et
al. [26]. Reverse transcription (RT, Sensiscript Reverse Transcriptase kit;
Qiagen) containing 1 ll of random hexamers (36 lg/ml; Promega Ltd.) was
followed by PCR amplification using sequence-specific primers and Universal
Library Probes (Roche Diagnostics Ltd.; Table 2). The amount of RNA
extracted from oocytes was too small to directly quantify. However, working
with RNA extracted from groups of oocytes (10 through 40 in duplicate), a
preliminary experiment established that the ratio of the transcript of interest to
the housekeeping transcript (i.e., ACTB) was unaltered by oocyte number.
Polymerase chain reaction was run in duplicate according to the manufacturer’s
instructions. Because primers for GDF9, BMP15, and BMP6 could not be
designed to span two exons, so the following checks were conducted. To ensure
the absence of DNA contamination, the remaining poly Aþ RNA was used in
same reverse transcription reaction, as described above, except that Sensicript
enzyme was omitted. A PCR reagent control only also was run at the same
time. Agarose gel electrophoresis of PCR products was run in duplicate to
confirm further the specificity of primers.

RNA was extracted from granulosa cells using AllPrep DNA/RNA/Protein
kit (Qiagen) according to the manufacturer’s instructions. RNA yield was
quantified using an ND-1000 Nanodrop spectrophometer (Nanodrop, Wil-
mington, DE) and quality determined using an Agilent Bioanalyzer (Agilent
Technologies Ltd.). Only RNA with an integrity number higher than 7 was
used. A total of 500 ng of RNA was used for RT, which was conducted using
the Transcriptor first-strand cDNA kit (Roche Diagnostics Ltd) according to
manufacturer’s instructions. Polymerase chain reaction amplification, run in
duplicate, used sequence-specific primers and Universal Library Probes (Table
2), as described above. Once again, ACTB served as the reference gene in all
reactions, and RT- and PCR-negative reactions and agarose gel electrophoresis
were conducted as before to confirm the specificity of primers and absence of
genomic DNA.

Statistical Analyses

Body weights were recorded at fortnightly intervals prior to and during the
experimental period. These data were regressed against time, and the regression
coefficients were analyzed by ANOVA using Genstat release 9.1 [27]. Plasma
metabolites, including amino acids, and insulin were measured on at least two
occasions within the experiment, and so were analyzed using repeated-
measures ANOVA within Genstat. Terms fitted to these regression models
were batch (one to three), sample date within batch, dietary treatment, and
interactions between these terms. Follicle number was analyzed using a
generalized linear model assuming Poisson errors and with log transformations.
Terms fitted to this model were batch and dietary treatment. Follicular fluid
concentrations of steroid hormones also were analyzed by ANOVA. Estradiol
data were not normally distributed and so were log transformed prior to
analysis. Data are presented as geometric means. Transcript expression (relative
to ACTB) for each of the three genes (GDF9, BMP15, and BMP6) assessed in

TABLE 2. Primers and probes used for real-time quantitative PCR analysis of transcript expression in oocytes and granulosa cells.

Transcript Primer sequence (50 ! 30) Probe NCBI accession no.

GDF9 CTCTTCACCCCCTGTGCTC Probe #92 AF078545
AGCAGATCCACTGATGGAAAG GGCTCCTG Ovis aries

BMP15 GCTCCTGGCACATACAGACC Probe #6 AF236079
AGTTGGTATGCTACCCGGTTT TTCCTCTG Ovis aries

BMP6 AACAGCAGCGAGCTGAAGAC Probe #87 AF508310
ACGAACATTCTCCGTCACAGT GGTGGCAG Ovis aries

FSHR CCTCTGGACCGGTCATTCTA Probe #13 NM_001009289
CCGCAGCTTCTTAAGATTTTCTA CTCTGCCT Ovis aries

CYP17A1 AACCTGTGGGCACTGCAT Probe #74 AF251388
CTCGGGCATGAACAGGTC GGCAGCAG Ovis aries

ESR1 CATCTGATGGCCAAAGCAG Probe #63 Y033393
TGTTGCTCATGTGCCTGAA CTCCTCCT Ovis aries

IGF2R CCTCCGGTGGTACACCAGTT Probe #47 AF353513
CACTAGCCTGGAGAGGTCGT ACACTGGA Ovis aries

AMH TGGCCTGGAGGTCACTGT Probe #13 NM_173890
GGCCAGGAAGTCCGAGTC CTCTGCCT Bos taurus

BMPR2 TTCTATTCATCACACTGACAGCATT Probe #6 XM_617592
GGTGTGCTGGACATCGAAT TTCCTCTG Bos taurus

TGFB1 GGCTACCACGCCAATTTCT Probe #50 NM_001009400
GACCTTGCTGTACTGTGTGTCC TCTGGAGC Ovis aries

ACTB CATCACCATCGGCAATGA Probe #11 U39357
ATTCCATGCCCAGGAAGG TGCCTGA Ovis aries

HOMOCYSTEINE AND OVARIAN FOLLICLE DEVELOPMENT 745



oocytes for all three batches was analyzed by ANOVA. Residual plots
confirmed that the conditions of normality and homogeneity of variance were
met. Terms fitted to these models were batch, diet, and interactions between
these terms. Follicle number within each of the three batches was regressed
against transcript expression using generalized linear models as described
before. Terms fitted to these models were diet and transcript expression.
Transcript expression (relative to that of ACTB) in granulosa cells from batch 3
was also analyzed by ANOVA. Follicle number was again regressed against
transcript expression using models described previously. Terms fitted to these
models were diet, transcript expression, and interactions between these terms.
Estradiol and progesterone concentrations in spent culture media were log
transformed prior to analysis in order to normalize the data and standardize
errors. When it came to analyzing the effects of homocysteine and MMA dose
on cell proliferation and transcript expression in granulosa cells, the three
degrees of freedom associated with the four levels of each of these two
metabolites were partitioned into linear and quadratic contrasts, with a residual
error term. This permitted the direct assessment of metabolite concentration on
gene expression.

RESULTS

Metabolic Effects of Diets

There was no significant difference in body weight between
the two experimental groups of animals at the beginning of the
experiment (Table 3). Although there was no difference in live-
weight gain between the two dietary groups averaged over the
three batches, MD ewes in batch 1 actually lost a small amount
of weight (50.3 g/day), whereas control ewes gained weight
(15.2 g/day; P¼0.05). Plasma vitamin B

12
concentrations were

reduced (P , 0.001) in MD compared with control ewes over
the three batches (Table 3). Plasma methionine concentration
also was lower (P , 0.05) in MD than in control ewes. Plasma
folate was reduced (P , 0.05) in MD compared with control
ewes in batch 1 but not in batches 2 and 3. In contrast, plasma
homocysteine and MMA concentrations averaged over the
three batches were greater (P , 0.001) in MD compared with
control ewes. Whereas plasma glucose concentrations were
unaffected by diet, plasma insulin concentrations were lower (P
, 0.05) in MD compared with control ewes.

Ovarian Follicle Development

Averaged across the three batches, mean follicle number
was greater (P ¼ 0.005) in MD than in control ewes (39.6 6
2.1 vs. 29.6 6 2.3 follicles; Fig. 1A). However, although there
was a significant effect of diet on mean follicle number
following ovarian stimulation in both batches 1 (P¼0.007) and
2 (P ¼ 0.034), this was not the case in batch 3 (Fig. 1B).
Regression of follicle number on diet and granulosa cell
homocysteine concentration in batch 1 revealed a significant (P

¼ 0.003) effect of homocysteine, in addition to diet, on follicle

number (Supplemental Fig. S1A). However, there was no

treatment effect on follicle diameter, which averaged 4.2 6

0.06 mm. There was, however, a significant increase (P ,

0.05) in follicular fluid estradiol concentrations in MD ewes
compared with control ewes (geometric means of 30.6 vs. 21.3

ng/ml for MD vs. control ewes). Furthermore, follicle fluid

estradiol concentration was positively (P ¼ 0.002) related to

granulosa cell homocysteine concentration (Supplemental Fig.

S1B). In contrast, there was no significant difference in
follicular fluid progesterone concentrations (geometric means

of 15.6 vs. 16.2 for control and MD ewes). However, there was

an increase (P , 0.05) in the ratio of estradiol to progesterone

TABLE 3. Metabolic effects (live-weight change and selected plasma
metabolites) of experimental diets.

Metabolic effects
Control
(n ¼ 37)

Methyl-deficient
(n ¼ 39) P value

Live weight
Initial live weight (kg) 50.9 6 0.91 51.5 6 0.89
Change in live weight (g/day) 39.2 6 9.41 16.5 6 9.16

Targeted metabolites
Vitamin B12 (pM) 913 6 35.2 232 6 15.6 ,0.001
Methionine (lM) 34.6 6 1.89 26.4 6 1.28 ,0.05

Secondary metabolites
Folate (nM) 5.4 6 0.18 4.8 6 0.22 ,0.1
Homocysteine (lM) 10.5 6 0.85 18.8 6 0.84 ,0.001
Methylmalonic acid (lM) 0.79 6 0.96 6.55 6 0.92 ,0.001

Glucose metabolism
Glucose (mM) 3.7 6 0.05 3.7 6 0.04
Insulin (lIU/ml) 17.2 6 0.94 14.3 6 0.91 ,0.05

FIG. 1. Follicle number (scatter plots with means [horizontal lines]) by
treatment for all three batches (A) and for batch 3 (B).
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in follicular fluid for MD relative to control ewes (geometric
means of 2.13 vs. 1.46 for MD vs. control ewes).

Transcript Expression in Ovarian Follicles

In batches 1 and 2, where there was a significant increase in
follicle number due to diet, there was also an increase in
expression of GDF9 (batch 1, P ¼ 0.017; batch 2, P ¼ 0.036)
and BMP15 mRNA (batch 1, P¼ 0.045; batch 2, P¼ 0.028) in
oocytes from MD ewes compared with control ewes (Table 4).
However, relative transcript abundance was greater in batch 3,
where there was no significant treatment difference in
expression of transcripts from either of these two genes. For
the experiment as a whole, however, GDF9 was significantly
correlated (r ¼ 0.80; P , 0.001) with BMP15. BMP6 mRNA
expression was not affected by diet in batches 1 and 3,
although it differed (P¼ 0.047) between treatments in batch 2.
BMP6 mRNA expression was significantly (P , 0.001)
correlated with both GDF9 (r ¼ 0.96) and BMP15 (r ¼ 0.81)
mRNA expression.

In contrast to oocytes, transcript expression analysis in
granulosa cells was restricted to batch 3. Here, quantitative
real-time PCR analysis failed to detect differences in the
expression of any of the selected transcripts between dietary
treatments (expression relative to ACTB for control vs. MD
treatments: FSHR, 0.72 vs. 0.71, SED¼ 0.138; AMH, 0.93 vs.
1.25, SED ¼ 0.244; BMP2R, 3.40 vs. 2.62, SED ¼ 0.645;
TGFB1, 0.31 vs. 024, SED ¼ 0.113; IGF2R, 0.37 vs. 0.28,
SED ¼ 0.118; and ESR1, 0.17 vs. 0.19, SED ¼ 0.035). The
granulosa cell phenotype of our cells was confirmed by
determining the abundance of a thecal cell marker (i.e., CYP17
[cytochrome P450 steroid 17a-hydroxylase/17,20 lyase]
mRNA expression) in these cells and whole-follicle lysates.
CYP17 mRNA expression (relative to ACTB) was 0.782 6
0.28 and 0.006 6 0.002 for whole-follicle lysates and
granulosa cells, respectively (P ¼ 0.028). In contrast, TGFB1
mRNA expression did not differ between these two pools of
cells (relative transcript abundance of 0.313 6 0.048 and 0.270
6 0.043), confirming expression of TGFB1 transcripts in sheep
granulosa cells as well as thecal cells from antral follicles.

Regression analyses on log-transformed follicle number
data using generalized linear models and assuming Poisson
errors found that none of the three oocyte-specific transcripts
(i.e., GDF9, BMP15, and BMP6) were related to follicle
number in any of the three batches once the effects of diet had
been accounted for (data not shown). In contrast, the
expressions of transcripts for all six granulosa cell-expressed
genes were significantly (P � 0.007) related to follicle number
(Fig. 2). Although three of these transcripts (i.e., FSHR, ESR1,
and AMH) were positively associated with follicle number,
TGFB1 was negatively associated with follicle number.
Significant (P � 0.03) interactions between diet and transcript
expression indicated that both IGF2R and BMPR2 expression
were positively associated with follicle number in MD but not

control ewes (Fig. 2). Furthermore, FSHR mRNA expression
was positively correlated with BMPR2 (r ¼ 0.65; P ¼ 0.009),
but was negatively correlated (r ¼ �0.62; P ¼ 0.01) with
TGFB1 mRNA expression. AMH mRNA expression was
positively correlated with ESR1 mRNA expression (r ¼ 0.67;
P¼ 0.006), but was negatively correlated with TGFB1 mRNA
expression (r ¼ �0.66; P ¼ 0.008). Finally, IGF2R mRNA
expression also was positively correlated (r¼ 0.78; P , 0.001)
with ESR1 mRNA expression.

Effects of Methylmalonic Acid and Homocysteine
on Cultured Granulosa Cells

Exposure of granulosa cells for 96 h to physiologically
relevant incremental doses of MMA (0, 0.85, 8.5, and 85 lM)
had no effect on cell number (5.2 6 0.3, 5.5 6 0.3, 5.8 6 0.4,
and 5.5 6 0.1 3 105 cells, respectively), estradiol (0.93 6
0.36, 0.81 6 0.32, 0.66 6 0.22, and 0.78 6 0.30 pg/ml,
respectively), or progesterone (36.4 6 5.4, 37.5 6 6.4, 35.0 6
5.1, and 35.6 6 5.7 ng/ml, respectively) concentrations (both
steroids adjusted for viable cell number) in spent culture media
following 144 h of culture. In contrast, exposure of granulosa
cells to physiologically relevant doses of homocysteine for 96 h
led to a linear increase (P , 0.001) in cell number (Fig. 3A).
This was associated with a significant (P ¼ 0.017) increase in
FSHR mRNA expression (Fig. 3B). Homocysteine had no
effect on the expression of the other transcripts (i.e., AMH,
ESR1, and IGF2R) studied in these cells (data not shown).
There was a significant quadratic relationship (P , 0.05)
between homocysteine dose and adjusted (for cell number)
estradiol concentration in spent culture media at 144 h (0.96 6
0.28, 1.29 6 0.32, 1.65 6 0.30, and 0.80 6 0.21 pg/ml for 0,
10, 50, and 100 lM homocysteine, respectively). There was no
effect of homocysteine on progesterone concentrations in spent
media. As for follicle number, each of these four transcripts,
together with homocysteine dose, was fitted to generalized
linear models of cell number. These analyses revealed a
negative (P , 0.001) association between AMH mRNA
expression and cell number once the effects of homocysteine
dose had been accounted for (Fig. 4). None of the other
transcripts had expression significantly associated with cell
number in these models.

DISCUSSION

The novel finding from the current study pertains to the
counterintuitive increase in ovarian response, in terms of
growing, medium-sized antral follicles, to FSH in animals
offered the MD diet. For the most part, this diet led to low
plasma vitamin B

12
, methionine, and folate concentrations and

elevated plasma homocysteine and MMA concentrations in
ewes (Table 3). The increase in ovarian responsiveness to FSH
in MD ewes occurred even in the presence of modest live-
weight loss and depressed plasma insulin concentrations (batch

TABLE 4. Effect of ewe diet (control vs methyl-deficient) on transcript expression (mean 6 sem), relative to ACTB, for GDF9, BMP15, and BMP6 in
oocytes recovered in each of the three batches.

Transcript

Batch 1 Batch 2 Batch 3

Control
(n ¼ 12)

Methyl-deficient
(n ¼ 13)

Control
(n ¼ 13)

Methyl-deficient
(n ¼ 13)

Control
(n ¼ 12)

Methyl-deficient
(n ¼ 13)

GDF9 0.31a 6 0.071 0.67b 6 0.119 0.57a,b 6 0.146 1.20c 6 0.237 1.46c 6 0.251 1.22c 6 0.193
BMP15 0.98a,c 6 0.198 1.57b 6 0.217 0.54a 6 0.128 1.23b,c 6 0.257 1.77b 6 0.234 1.41b,c 6 0.204
BMP6 0.40a,c 6 0.072 0.47a,b 6 0.069 0.40a,c 6 0.108 0.68b 6 0.109 0.76b 6 0.099 0.62b,c 6 0.096

a,b,c Means with a different superscript within a row are significantly different at P , 0.05.
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1). A characteristic feature of ovarian follicles in MD ewes was
their greater estradiol content. Collectively, these observations
suggest a breakdown in the regulation of follicular respon-
siveness to FSH in MD ewes. However, the expression of
transcripts in granulosa cells for some of the key genes known
to regulate such responses was unaltered by diet, although
these measurements were limited to batch 3, where there was
no increase in mean follicle number (Fig. 1). The considerable
between-animal variability in follicular response to FSH (Fig.
1) has been noted previously in sheep and other species [28–
30], and it may explain the apparent lack of responsiveness in
batch 3, which contrasted to the observations made in batches 1
and 2. Nevertheless, although transcript expression was
unaffected by diet in batch 3, all transcripts were significantly
correlated (either positively or negatively) with follicle number
(Fig. 2). Furthermore, transcript levels for GDF9 and BMP15
in oocytes from MD ewes were increased in both batches 1 and
2. Transcripts for these two oocyte-specific genes are normally
stably expressed throughout follicle development in sheep [31].
Consequently, their increase further suggests a general
breakdown in intrafollicular regulatory mechanisms, the basis
of which is not currently understood.

Finally, a characteristic feature of the MD diets was the
elevation in plasma homocysteine and MMA concentrations in
ewes. Sinclair et al. [13] also reported elevated homocysteine

concentrations in granulosa cells recovered from MD ewes, and
data from the current study revealed a significant relationship
between homocysteine concentration in granulosa cells, follicle
number, and follicle fluid estradiol concentration (Supplemen-
tal Fig. S1). Consequently, the effects of MMA and
homocysteine on cultured granulosa cells were investigated.
In contrast to MMA, which had no effect, physiological
concentrations of homocysteine increased granulosa cell
proliferation, estradiol production, and FSHR transcript
expression, and so elevated levels of this methyl cycle
metabolite may partly explain the effects of diet on follicle
number following FSH treatment.

Follicle Number and Ovulation

Ewes in the current study were subjected to an ovarian
stimulation regimen that was identical to that employed
previously at our laboratory [13, 16, 17], but animals were
killed approximately 24 h prior to ovulation. All four studies
used the same genotype of ewe, estrous synchrony regimen,
and source of FSH. Ovulation rate was recorded but not
reported by Sinclair et al. [13]. Consistent with previous studies
in sheep [29], the ovarian response to FSH in that study varied
greatly between animals. It averaged 14.0 6 1.28 corpora lutea
(CLs) and did not differ between treatments. This figure is in

FIG. 2. Regression of follicle number on diet and transcript expression within granulosa cells (batch 3). Terms included in the models were diet (control
[closed circles, solid lines] vs. MD [open circles, dashed lines]) and transcript expression and interactions between these terms. NS, not significant.

748 KANAKKAPARAMBIL ET AL.



close agreement to that previously recorded at our laboratory
(e.g., 13.2 6 0.98 CLs [16]) and is markedly lower than the
number of growing antral follicles recorded in the current study
(Fig. 1), indicating that probably fewer than 50% of the
follicles recorded in the current study would go on to ovulate,
with a lower proportion of ovulations in MD ewes.

Nature and Timing of Dietary Treatments

By limiting the supply of elemental cobalt and sulfur in the
MD diet, the ability of rumen microorganisms to synthesize
vitamin B12 and methionine [15] was diminished. Consequent-
ly, the MD diet was able to perturb methyl cycle metabolism,

both systemically (as evidenced by the increase in plasma
concentrations of homocysteine [Table 3] and profile of plasma
amino acids, such as glycine, serine, and taurine [Supplemental
Table S1]) and locally (as evidenced by the increase in
homocysteine concentrations in follicular fluid and granulosa
cells, the reduced incorporation of 35S-methionine into S-
adenosyl methionine pools by granulosa cells [13], and
intracellular concentrations of amino acids, such as sarcosine,
glycine and taurine [Supplemental Table S2]). The feeding of
such diets to embryo donor ewes during the same timeframe and
under almost identical conditions to that of the current study led
to widespread epigenetic alterations to DNA methylation
determined by restriction landmark genome scanning [13].
Consequently, altered transcript expression in the current study
(i.e., for GDF9 and BMP15 in oocytes from batches 1 and 2,
and for FSHR in cultured granulosa cells) may have arisen as a
result of epigenetic modifications to DNA methylation,
although this was not determined. The timing and duration of
dietary intervention was designed to embrace the latter stages of
preantral follicle development together with the period of antral
follicle development, which in the sheep is thought to last
around 50 days [32]. Major epigenetic modifications, including
global DNA methylation, occur in growing oocytes of between
90 and 100 lm in diameter during the preantral to antral follicle
transition in sheep [33], so that this may be a period that is
particularly sensitive to nutritional interventions.

Nature and Timing of Dietary Effects

The duration of dietary treatments meant that the observed
effects could have been induced at any point during the 7 wk of
experimentation, although transcript expression was only
determined in oocytes and granulosa cells during the latter
stages of antral follicle development in FSH-stimulated ovaries.

FIG. 3. Effect of homocysteine (Hcy) dose on granulosa cell number (A)
and the relative abundance of transcripts (B) for FSHR in granulosa cells
following 96 h of culture in the presence of homocysteine. Cells were
initially plated at density of 3.5 3 105 cells/well.

FIG. 4. Regression of granulosa cell number on homocysteine dose and
the relative abundance of transcripts for AMH following 96 h of culture in
the presence of homocysteine. Terms fitted to the model were
homocysteine dose (0 lM: solid triangles, dotted line; 10 lM: open
circles, fine dashed line; 50 lM: gray circles, dashed line; and 100 lM:
black circles, bold dashed line), transcript expression, and interactions
between these terms.
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Given that homocysteine added to cultured granulosa cells was
able to increase FSHR mRNA expression (Fig. 3B), it is
conceivable that the increased number of growing antral
follicles, in response to exogenous FSH in MD ewes (Fig. 1),
arose as a consequence of increased FSHR transcript expression
in the follicles of responding animals. FSHR mRNA expression
in granulosa cells and cAMP responsiveness to FSH have both
previously been linked to changes in prolificacy in sheep [34].
There was certainly a significant positive relationship between
FSHR transcript expression and follicle number in batch 3 (Fig.
2a), although in this particular batch, there was no significant
effect of diet on mean follicle number. In sheep, FSHR mRNA
is detectable in granulosa cells from the primary follicle stage
onward [35], and there is evidence from studies with ovarian
cortical autografts that preantral follicle development is
dependent on FSH in this species [36].

In the current study, follicular fluid estradiol concentrations
were greater in MD than in control ewes and in spent media
from granulosa cells cultured in the presence of 50 lM
homocysteine. Once again, this may have arisen, at least in part,
from the increased response of granulosa cells to FSH. In vivo
and in vitro studies have previously demonstrated that estradiol
production by granulosa cells is FSH responsive in this species
[37, 38]. Estradiol is known to exert some of its actions in a
paracrine manner via one of two receptors (i.e., ESR1 and
ESR2), and both isoforms are expressed in sheep granulosa cells
during the late preantral and antral stages of follicle develop-
ment [39], coincident with the period of exposure to dietary
treatments in the current study. Although there is an emerging
consensus that ESR2 has the more prominent role of the two
receptors in mediating the actions of estradiol within the mouse
ovary [40], ovarian response to exogenous gonadotropins was
significantly reduced in the Esr1 knockout mouse [41],
indicating an intraovarian role for this receptor as well. The
relative importance of these two isoforms in the sheep ovary is
not known; however, in the current study, ESR1 mRNA
expression was significantly related to follicle number (Fig. 2b),
although a causal relationship remains to be established.

Special mention is reserved for IGF2R and BMPR2, because
transcript expression in granulosa cells for these two genes
interacted with diet to predict follicle number in the current
study (Fig. 2, c and e). Although mean transcript expression for
these two genes was unaltered by diet in batch 3, their
relationship to follicle number was clearly influenced by diet,
and so both are additional putative candidates for the treatment
effects on follicle number observed in batches 1 and 2.
Furthermore, mean transcript expression for GDF9 and BMP15
was increased in oocytes from MD ewes in batches 1 and 2
(Table 4). In sheep, both GDF9 and BMP15 have known
physiological effects in granulosa cells from antral follicles.
For example, oGDF9 and oBMP15 acted synergistically to
increase 3H-thymidine incorporation, but oGDF9 acted alone to
suppress FSH-stimulated progesterone production, in cultured
granulosa cells from this species [42]. BMPR2 is the common
receptor shared by GDF9 and BMP15 with other BMPs [43], is
expressed in ovine granulosa cells at all stages of follicle
development [44], and is responsible for mediating the
cooperative effects of oGDF9 and oBMP15 on 3H-thymidine
incorporation in granulosa cells [45]. However, although
follicle number was increased in MD ewes in batches 1 and
2, transcript expression for GDF9 and BMP15 was not related
to follicle number once the effects of diet had been accounted
for. The reasons for this are not clear. Perhaps the increase in
transcript expression for GDF9 and BMP15 (1.6- to 2.5-fold),
although statistically significant, was too small and did not
translate into a biological effect. Alternatively, as stated earlier,

the timing of transcript expression determination (late antral)
may not have coincided with the period of effect, which
probably preceded FSH treatment.

A degree of uncertainty also surrounds the relationship
between diet, IGF2R transcript expression, and follicle number.
IGF2R is a multiligand-binding protein that can bind and
activate mannose-6-phosphate (M-6-P)-tagged proteins, in-
cluding TGFB1 [46], to inhibit growth [47]. TGFB1 at levels
as low as 0.1 ng/ml was found to reduce cell proliferation (or
survival) and progesterone production in cultured ovine
granulosa cells [48]. This observation is consistent with an
antiproliferative/antidifferentiative role for this TGFB super-
family member, and it supports the negative association found
with follicle number (Fig. 2f) and FSHR mRNA expression in
the current study. However, the positive interaction between
IGF2R mRNA expression and diet, as well as the lack of an
association between IGF2R and TGFB1 mRNA expression,
casts doubt of a significant biological effect of IGF2R in the
current study.

Transcript expression for AMH in the current study was not
affected by diet but was positively associated with follicle
number (Fig. 2d). This observation is very much in keeping
with that of van Rooij et al. [49], who related serum levels of
AMH to follicle number, determined by transvaginal ultraso-
nography, and oocyte retrieval in women undergoing stimu-
lated in vitro fertilization cycles. The emerging consensus is
that AMH may be indicative of the size of the ovarian reserve,
and hence follicle number at the time of FSH treatment [50].
AMH mRNA expression was also negatively associated with
granulosa cell number following 144 h of culture in the current
study (Fig. 4). This is significant, because it suggests an
inhibitory effect of AMH on proliferation of granulosa cells
from antral follicles, at least from FSH-stimulated ovaries in
sheep. Previously, AMH was found to decrease FSH- and
cAMP-stimulated aromatase activity of postnatal rat and
porcine immature granulosa cells, as well as luteinizing
hormone receptors in the latter [51]. AMH also is known to
inhibit the FSH-stimulated growth of preantral follicles in the
mouse [52].

In conclusion, ovarian responsiveness to FSH was enhanced
in ewes offered a methyl-deficient (i.e., a vitamin B

12
- and

methionine-deficient) diet, associated with elevated homocys-
teine concentrations, in the current study. The mechanisms
underlying this response are not clear, but they may involve
increased expression of FHSR in responsive animals, and
possibly enhanced BMP signaling through BMPR2. Transcript
expression of this receptor was influenced by diet and linked to
follicle number. In keeping with previous studies, the
variability in response to FSH was high in the current
experiment, so that inconsistencies in response across batches
limit interpretation; nevertheless, the data extend the observa-
tions of Sinclair et al. [13] by further demonstrating the
intraovarian impact of methyl-deficient diets in the period
leading up to conception.
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