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Objective: To evaluate whether maternal malnutrition during lactation programs ovarian folliculogenesis and the
expression of vascular endothelial growth factor (VEGF) and basic fibroblast growth factor (bFGF) and its receptors
KDR, Flt-1, and FGFR.

Design: Experimental study.

Setting: University-based research laboratory.

Animal(s): Adult female rats from a urogenital research laboratory.

Intervention(s): Six rat dams randomly assigned to the following groups: control group (C), with free access to
a standard laboratory diet containing 23% protein; and a protein-energy-restricted group (PER), with free access
to an isoenergy and protein-restricted diet containing 8% protein. After weaning, the female pups had free access
to the standard laboratory diet until 90 days of age, when they were sacrificed at the proestrum stage.

Main Outcome Measure(s): Quantification of ovarian follicles, vessels, and expression of growth factors and their
receptors.

Result(s): Maternal malnutrition during lactation caused a significant reduction in the number of primordial
(C =6.60 + 0.24, PER = 5.20 + 0.20), primary (C = 5.80 %+ 0.66, PER = 4.00 & 0.31), and Graafian follicles/
section (C = 2.18 £ 0.29, PER = 1.08 & 0.37), in KDR (C = 0.22 &£ 0.04, PER = 0.09 +£ 0.01), Flt-1 (C = 0.28
4+ 0.05, PER = 0.12 £ 0.02), and FGFR mRNA expression (C = 0.34 & 0.05, PER = 0.13 4 0.05) and in the vessel
density of follicles (C = 17.26 £ 2.30, PER = 9.96 £ 0.97).

Conclusion(s): Maternal malnutrition during lactation programs the follicular development by a reduction of
VEGF and FGF mRNA receptors expression, probably from a direct action on the follicular development or a re-
duction in vasculature resulting in a decreased delivery of folliculotrophic substances in PER animals. (Fertil
Steril® 2009; H : - . ©2009 by American Society for Reproductive Medicine.)
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The organs of the female reproductive system undergo cyclic changes
that are associated with intense growth of new blood vessels (1),
which is very important for follicular development, corpus luteum
formation, and uterine endometrial proliferation during the menstrual
cycle (2, 3). Among the many endothelial regulators, vascular endo-
thelial growth factor (VEGF) and fibroblast growth factor (FGF)
have been characterized as potent promoters of angiogenesis (3-5).
The human VEGF gene is organized into eight exons, and differ-
ential alternative splicing results in the synthesis of multiple VEGF
isoforms of 121, 145, 165, 189, and 206 amino acids (VEGF121,
VEGF145, VEGF165, VEGF189, and VEGF206, respectively)
(6); the corresponding murine forms are shorter by one amino
acid (7). VEGF120 and VEGF164 are expressed in the mammalian
ovary (8, 9) and are associated with follicular angiogenesis during
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follicular development (10, 11). VEGF immunoreactivity in granu-
losa cells is weak or absent from the primordial to multilayered
stages of primary follicles but increases gradually when follicles dif-
ferentiate into secondary and then into antral follicles (12, 13).
VEGEF expression in granulosa cells is associated with thecal vascu-
lature growth during ovarian follicular development (14-16).

The FGF makes up a large family of 23 related polypeptides (17,
18). Basic FGF, also called FGF-2, is a 146—amino acid polypeptide
that is restricted to the oocytes of primordial and primary follicles of
many species, including rats (19), and also restricted to the granulosa
cells of preantral and antral follicles (20, 21). Basic FGF is important
in regulating a wide range of ovarian functions including granulosa
cell mitosis (22-25), differentiation (26), steroidogenesis (27), apo-
ptosis (28), and initialization of follicular development (29).

Both FGFs and VEGFs act through their specific cell surface
tyrosine kinase receptors. The best-characterized VEGF receptors
are VEGFRI or Flt-1 (Fms-like tyrosine kinase-1) and VEGFR2 or
Flk-1 (fetal liver kinase)/kinase-insert domain receptor (KDR) (6).
Both receptors are located in the endothelial cells of the theca of late
secondary follicles and increase in the theca of tertiary follicles and
decrease in atretic follicles (30). FGFs interact with a family of four
distinct receptors, designated FGFR-1 to -4 (31). FGFR1 is highly
expressed in small microvessels at all stages and in large microvessels,
especially in the late luteal stage of follicular development (32).
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The VEGF synthesis is stimulated by FSH and LH in the granulosa
cells (33-35). The expression of the VEGF164 gene and its receptor
Flk-1 is stimulated by E, and FSH in bovine granulosa cells, while
VEGF expression is inhibited by P in a dose-dependent way, suggest-
ing a hormone-dependent expression pattern of VEGF isoforms
during follicular development (36, 37). In humans, VEGF and its
receptors are also under gonadotropin control (38). FSH also stimu-
lates the expression of FGF-2 receptors in granulosa cells (19).

Adverse metabolic conditions, such as malnutrition, obesity, an-
orexia nervosa, or intense exercise, are known to be associated with
reduced or abolished reproductive function (39, 40). The concept of
metabolic programming is a permanent change related to a particular
function as a result of some event that occurs during the perinatal
period (41). An early food restriction can change the original pro-
gram of organs, especially those in developmental phases, which
can result in long-term changes in metabolism (42, 43). Malnutrition
in early life is associated with alterations in adulthood, such as type 2
diabetes, hypertension, and cardiovascular disease (41, 44-48),
follicular growth and ovulation rate (49-51), uterus morphology
(52), and fertility (53).

To better understand the follicular development in malnourished
animals, it would be valuable to investigate the mRNA expression
of both VEGF and FGF, their receptors, and their relationship with
E, serum levels. Furthermore, the effect of malnutrition during lacta-
tion and the possible metabolic programming on these genes has not
yet been studied. We hypothesized that malnutrition during lactation
would cause an ovarian metabolic programming, leading to a perma-
nent reduction in the mRNA expression of both angiogenic factors and
their receptors that are important to a normal follicular development.

MATERIALS AND METHODS

Animals

The handling of animals was approved by the Animal Care and Use Commit-
tee of the Biology Institute of the State University of Rio de Janeiro, which
based their analysis on the Guide for the Care and Use of Laboratory Animals
(54). The study design was approved by the local Ethics Committee for the
care and use of laboratory animals.

We used Wistar rats that were kept in a room with controlled temperature
(25 £ 1C) and an artificial dark-light cycle (lights on from 7:00 to 19:00
hours). Virgin female rats aged 3 months were caged with one male rat at
a proportion of 2:1. After mating, determined by the presence of a vaginal
plug, each female was placed in an individual cage with free access to water
and food until delivery.

Experimental Design

After delivery, six pregnant Wistar rats were separated into two groups: the
control group (C), with free access to a standard laboratory diet containing
(in grams per 100 g) 23 protein, 66 carbohydrate, 11 fat, 17,038.7 total energy
(kJ/kg); and a protein-energy-restricted group (PER), with free access to an
isoenergy and protein-restricted diet containing 8% protein. The PER group,
in spite of having free access to diet, consumed about 60% of that consumed
by the control group (55). The protein-restricted diet was prepared at our lab-
oratory by using the control diet (Nuvilab-Nuvital Ltd., Parana, Brazil), with
the replacement of part of its protein content with cornstarch. The amount of
the latter was calculated to replace the same energy content of the control
diet. Vitamins and mineral mixtures were formulated to meet the American
Institute of Nutrition AIN-93G recommendation for rodent diets (56). Within
24 hours of birth, excess pups were removed so that only six pups were kept
per dam because it has been shown that this procedure maximizes lactation
performance (57). Malnutrition of the studied rats started at birth, which
was defined as day O of lactation (d0), and was ended at weaning (d21). After
weaning, female pups of the same treatment group were housed in groups of
three animals per cage and given unlimited access to food and water until 90
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days of age. Then only the animals at the proestrum stage were sacrificed
with a lethal dose of pentobarbital.

To evaluate the nutritional state, food consumption of the offspring was mon-
itored each day from weaning onward, while body weight and linear growth
(nose-tail) were monitored each 5 days from birth until the experiment end.
The blood was collected by cardiac puncture, and the serum was kept at
—20C for subsequent hormonal assessment. Ovaries were excised, dissected,
and weighted. One ovary was kept at —80C for subsequent measurements of
basic fibroblast growth factor (bFGF), VEGF, FGFR, Flt-1, and KDR tran-
scripts by reverse transcriptase—polymerase chain reaction (RT-PCR). The
other ovary was paraffinembedded, sectioned at 5-um thickness, and processed
by routine histological analyses. Some samples were stained with
hematoxylin-eosin to confirm tissue integrity.

Morphologic Classification of Follicles

Paraffin sections of 5 um from the left ovary of five animals from each group
were taken at intervals of 50 wm, and mounted on slides. The total number of
sections analyzed was 15-20 per ovary. Routine hematoxylin-eosin staining
was performed for histological examination under a light microscope. Sections
from each ovary were digitized using a video camera coupled to a light micro-
scope with a final magnification of x400 for primordial and primary follicles
and of x100 for preantral, antral, and Graafian follicles as well as corpus
luteum. Photographs of ovarian follicles were analyzed using Image Pro
Plus for Windows (version 1.3.2; Media Cybernetics, Bethesda, MD) (51). Fol-
licle types in ovarian cross sections were defined as follows: primary follicles
consisted of an oocyte surrounded by a single layer of cuboidal granulosa cells,
preantral follicles comprised an oocyte surrounded by two or more layers of
granulosa cells with no antrum, and antral follicles were distinguished by the
presence of an antrum within the granulosa cell layers enclosing the oocyte
(58). To avoid double counting, in the growing class, only those follicles that
showed the nucleus of the oocyte were counted, and in the antral class, the fol-
licles were compared with previous sections. The corpora lutea, which are in
fact postantral follicles, were counted in the same way as the follicles in the an-
tral class. In addition, the vascular density of follicles was assessed. All vessels
in the sections of the whole follicular theca interna were counted under x400
magnification.

RNA Extractions

Total RNA from ovary tissue was extracted using TRIZOL reagent (Invitro-
gen, Carlsbad, CA) according to the manufacturer’s protocol. Briefly, ovaries
were homogenized in 1 mL of TRIZOL reagent per 50-100 mg of tissue.
Then RNA was extracted by a phenol/chloroform solution and precipitated
by isopropyl alcohol. After washing with 75% ethanol, the RNA was dried
and dissolved with diethyl pyrocarbonate—treated water. The quality of
RNA samples was verified by determination of the ratio 260 nm/280 nm
and by electrophoresis on a 1% agarose gel. The samples were stored at
—80C until use.

Semiquantitative RT-PCR

All RNA samples were rid of contaminating DNA by using DNAse-free
reagents (Invitrogen) according to the manufacturer’s protocol. Then 1 ug
of RNA sample was used in a 20-uL ¢cDNA reaction using oligo-dT and
the superscript IIl cDNA synthesis system (Invitrogen) according to the man-
ufacturer’s protocol. PCRs were prepared using the equivalent of 2 uL cDNA
per 50 uL reaction (triplicate) for each respective primer set using PCR
reagents and platinum Taq polymerase (Invitrogen). To quantify VEGF,
bFGF, FGFR, Flt-1, and KDR transcripts, we determined the optimal number
of amplification cycles for each gene (Fig. 1).

The applied PCR primers used are the following: bFGF (sense: 5'-gaaccgg-
tacctggctatga-3’; antisense: 5'-ccgttttggatccgagttta-3'), VEGF (sense: 5'-
gcecatgaagtggtgaagtt-3'; antisense: 5'-actccagggcttcatcatt-3'), FGFR (sense:
5'-ctetgtggtgecttctgaaca-3';  antisense:  5'-ttcacctegatgtettcag-3'), KDR
(sense: 5'-ccaagctcagcacacaaaaa-3’; antisense: 5'-ccaaccactctgggaactgt-3'),
and Flt-1(sense: 5'-tttatcagegtgaagceatcg-3'; antisense: 5'-ccgaatagcgagea-
gatttc-3'). Thermocycling conditions were the same for all genes (2 minutes
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FIGURE 1

Optimization of RT-PCR conditions for semiquantitative determination of target mMRNAs. For amplification in the exponential phase of PCR,
different numbers of cycles were tested for each message. Quantitative analysis of the cycle dependency for the generated PCR signals
revealed a strong linear relationship among cycles 28-40 in the case of FGF (correlation coefficient = 0.9774), FGFR (correlation coefficient =
0.9763), VEGF (correlation coefficient = 0.7511), FIt-1 (correlation coefficient = 0.9902), and KDR (correlation coefficient = 0.9720). The arrow
indicates that the cycle number was chosen for each gene.
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of initial denaturation at 94C, 1 minutes of additional denaturation at 94C, 1 cacccetgttgetgta-3') at the thermocycling conditions of 3 minutes of denatur-
minute of annealing at 55C, 1 minute of extension at 72C). The number of ation at 94C, 30 seconds of additional denaturation at 94C, 2 minutes of
cycles for each gene is shown in Figure 1. All amplified cDNA fragments annealing at 58C, and 2 minutes of extension at 72C.

were run on a 1.5% agarose gel stained with ethidium bromide visualized
under UV transillumination and analyzed with the Image J software. In . .
addition, to provide an appropriate internal control, coamplification of Steroid Determinations

a 450-bp fragment of the GAPDH mRNA was carried out in each sample The E, and T serum concentrations were determined by a specific radioim-
using the primer pair (sense: 5'-accacagtccatgcecatcac-3'; antisense: 5'-tccac- munoassay for each hormone (ICN Pharmaceuticals, Inc., Costa Mesa,
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FLA 5.0 DTD m SEC CODE: RB W {ns24773 m 4 July 2009 ® 3:41 am M ce 11
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Food consumption (panel A), body weight (panel B), and linear growth (panel C) in the control (C) and protein-energy restricted (PER) groups.
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CA). The intra- and interassay variation coefficients were 4.6% and 7.5% for
T and 6.4% and 5.9% for E,. The sensitivity of the radioimmunoassay was
0.04 ng/mL for T and 0.8 pg/mL for E, (59).

Statistical Analysis

All results are mean += SEM. Statistical analysis was performed by Student’s
t-test. P<.05 was considered statistically significant.

RESULTS

Figure 2 shows the food consumption, body weight, and linear
growth of the C and PER. Compared with the C, the PER had a sig-
nificant decrease in food consumption (P<.001) from weaning to
day 60, with an additional reduction after day 80 to the end of the
experiment (Fig. 2A). There was a significant decrease in the PER
body weight from day 4 to day 60 (P<.005; Fig. 2B). The PER
group had also a significant decrease in linear growth from day 4
to day 60 (P<.0001; Fig. 2C).

The offspring whose dams were submitted to protein-energy-re-
stricted diets during lactation presented a reduction in the number
of all ovarian follicles per section: primordial (C = 6.60 £ 0.24,
PER = 5.20 £ 0.20; P<.01), primary (C = 5.80 £ 0.66, PER
= 4.00 £ 0.31; P<.04), preantral (C = 3.00 &+ 0.44, PER = 2.08
4+ 0.48), antral (C = 4.74 4+ 0.72, PER = 3.40 £ 0.77), Graafian
(C=2.18 £ 0.29, PER = 1.08 £ 0.37; P<.05), and corpus luteum
(C =3.98 £ 0.65, PER = 3.36 + 0.27).
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The offspring whose dams were submitted to protein-energy-re-
stricted diets during lactation presented a reduction in the vessel
density of follicles (C = 17.26 £ 2.30, PER = 9.96 + 0.97; P<.01).

Ovarian sections of offspring are shown in Figures 3 and 4. The
primordial follicle consists of an oocyte surrounded by a single layer
of relatively undifferentiated granulosa cells (Fig. 3A). Primary fol-
licles consist of an oocyte surrounded by a single layer of cuboidal
granulosa cells (Fig. 3A). The preantral follicles present a central
oocyte surrounded by several layers of granulosa cells and bounded
by thecal cells, which form a fibrous theca externa and an inner theca
interna with no antrum. In antral follicles, fluid appeared between
the granulosa cells, and the drops coalesced to form follicular fluid
within the follicular antrum (Fig. 3B). In Graafian follicles, the fol-
licular antrum is clearly developed, leaving the oocyte surrounded
by a distinct and denser layer of granulosa cells, the cuamulus oopho-
rus. The corpus luteum is formed by luteal cells and abundant capil-
laries (Fig. 3C).

Figure 4 represents the vessels, considering arterial, capillary, or
venous counted inside the theca layer of preantral, antral, and Graa-
fian follicles.

The T (ng/mL) serum concentration was not detected in either
group. E, (pg/mL) serum concentration did not show statistical differ-
ence between the Cand PER (C=125.4+20.4,PER =116.6 + 16.2).

A protein-energy maternal restricted diet did not change the
mRNA bFGF (C = 0.34 £+ 0.03, PER = 0.36 + 0.04) and VEGF

Vol. H, No. I, H 2009

FLA 5.0 DTD m SEC CODE: RB W {ns24773 m 4 July 2009 ® 3:41 am M ce 11



web 4C/FPO

ARTICLE IN PRESS
 FicuRE 3 |

Photomicrographs showing ovaries from female rats in the control (C) and protein-energy restricted (PER) groups. (A) Primordial follicles [1];
primary follicles [2]. (B) Preantral follicles [3]; antral follicles [4]. (C) Graafian follicles [5]; corpus luteum [6]. Magnification, A = x400; B = x100;
C = x40.
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inset magnification is x200.
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FIGURE 4

Photomicrographs showing ovaries from female rats in the control (C) and protein-energy restricted (PER) groups. (A) Preantral follicles. (B)
Antral follicles. (C) Graafian follicles. The arrow indicates vessels counted in the theca layer of follicles. The image magnification is x400. The

(C=0.81 £0.04, PER = 0.79 £ 0.11) expression in ovaries. How-
ever, there was a significant decrease in the mRNA FGFR (C = 0.34
+ 0.05, PER = 0.13 £ 0.05; P<.03), Flt-1 (C = 0.28 £ 0.05, PER
=0.12 £ 0.02; P<.05), and KDR (C = 0.22 £ 0.04, PER = 0.09 &+
0.01; P<.04) expression in ovaries (Fig. 5).

DISCUSSION

Epidemiological data and studies in animals have focused on the
concept of metabolic programming, which specifies that the quantity
and quality of nutrition in the perinatal period generate consequences
in adulthood (45, 51, 53, 55, 60). Restricting food during the perina-
tal period is associated with a reduction in growth rate. The present
results of low body weight and linear growth are in agreement with
the literature (49-53, 61-63). It seems that changes in body weight

Ferreira et al. Maternal diet and ovary programming

and linear growth are associated with food intake, since the reduction
in food intake was accompanied by a reduction in body weight and
linear growth up to 60 days of age. After this period, there was a nor-
malization of consumption, body weight, and growth. However, at
about 80 days, there was an additional reduction in food consump-
tion, which was not accompanied by changes in body weight or lin-
ear growth. The evaluation of these parameters for a longer period is
needed to confirm whether this last change in food consumption
would be accompanied by changes in body weight and linear growth.
It was recently demonstrated that male rats, whose mothers were
submitted to the same experimental protocol, showed a reduction
in body weight up to 180 days of age, despite the fact that food con-
sumption had normalized around day 50 (60).

Follicular development with adequate maturation of primordial fol-
licles to the mature stage of the Graafian follicle is essential for
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FIGURE 5
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Expression of VEGF (A), bFGF (B), Flt-1 (C), FGFR (D), and KDR (E) genes in ovaries of the control (C) and protein-energy restricted (PER)
groups. After RT-PCR reactions, the amplified fragments were run on a 1.5% agarose gel and visualized by UV transillumination. Panel F
shows a representative ethidium bromide-stained gel depicting products for expression of VEGF, bFGF, FGFR, Flt-1, KDR, and GAPDH
genes in ovaries. The ratios between the signal intensities (arbitrary units) of VEGF, bFGF, FGFR, Flt-1, and KDR are represented as means +
SEM of five animals per group. Different letters mean statistical significance.
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releasing the oocyte and maintenance of female fertility. Inrodents, the
primordial follicles are formed by day 3 of age, and the first wave of
follicles develops into antral follicles over the next 3 weeks (64—66).
Inagreement with the literature (55, 67, 68), our study showed that dur-
ing this period, the PER group presents significant alterations in body
weight. In addition, thyroid function and milk composition are altered
at this time (55, 67, 68). Thus, it is possible that the decrease observed
in primordial follicles number could result from a direct action of mal-
nutrition in the ovaries of the pups in the first days of life when primor-
dial follicles are being formed. A reduction in the developing follicles
number is also shown after maternal malnutrition during lactation,
suggesting that a developmental effect exists.

Angiogenesis plays an important role in follicular development.
The capillary network in dominant follicles is both more extensive
and more permeable than that in other follicles (69), and such folli-
cles are able to acquire an increased uptake of serum gonadotropins,
a variety of hormones, and growth factors (70). The capillary net-
work limited to the thecal cell layer during follicular development
is stimulated by angiogenic factors (71). VEGF and FGF have
been characterized as potent promoters of angiogenesis (3-5).

Fertility and Sterility®

VEGF may also have direct mitogenic effects on granulosa cells
in vitro and could directly stimulate follicle growth in the rat ovary
(72). Evidence has been reported that bFGF is able to induce primor-
dial follicles to initiate development (29). Therefore, we could
hypothesize that any alteration of the angiogenic factors receptors
expression could lead to a reduction in the follicular growth and/
or maturation process.

Several investigators have demonstrated a primary role of VEGF in
corpus luteum angiogenesis by neutralizing VEGF activity (73-75).
Despite the production of other angiogenic factors, neutralization of
VEGF activity prevented normal development and function of the cor-
pus luteum. Neutralization of VEGF activity with neutralizing anti-
bodies (76) or a soluble form of the VEGF receptor (30) disrupts
follicle growth and granulosa cell proliferation in monkeys.

All evidence showing VEGF and FGF to be responsible for angio-
genesis and follicular growth suggests that the reduction of VEGF
and FGF mRNA receptors expression after maternal malnutrition
during lactation could be responsible, at least in part, for the reduction
in follicle growth. This effect may be the consequence of the direct
action of both factors in the follicular development. A reduction in
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the vascularity could also be responsible for the reduction observed in
the follicular development, probably by decreasing the delivery of
folliculotrophic substances. Despite the presence of VEGF and
FGF from primordial to antral follicles (12, 13, 19-21), their recep-
tors are expressed only in the theca cells of late secondary follicles
(30). Therefore, the reduction in the VEGF and FGF receptors ex-
pression after maternal malnutrition could be related to the growing
follicles and not to primordial follicles. The absence of theca cells in
the primordial follicles reinforces the hypothesis of a direct action of
malnutrition in the first days of life when the primordial follicles are
being formed.

It has been shown that both the growth factors VEGF and FGF
and their receptors are regulated by gonadotropins (33, 34) and E,
(35, 77, 78). Also, it seems that the expression of Flk-1/KDR
mRNA is significantly increased in the VEGF-injected ovaries
when compared with those of the saline groups (16). The unchanged
E, serum levels could explain the normal expression of both VEGF

and bFGF, but it is possible that it is not related to the reduction of
growth factors receptors expression. Thus, the normal expression of
both VEGF and bFGF factors, besides the reduction of the VEGF
and FGF receptors expression, raises the possibility that some regu-
latory step is missed in the ovary after maternal malnutrition during
lactation.

Our results suggest that maternal malnutrition during the lacta-
tion program affects follicular development, which is probably
related to a reduction of VEGF and FGF mRNA receptors expres-
sion. This effect could be the consequence of a direct action of
both factors in follicular development or it could be due to a vascu-
lature reduction, resulting in a decreased delivery of folliculotrophic
substances in the PER animals.

Acknowledgments: The authors thank Carla Gallo, B.Sc., for her expertise in
preparing the images for this manuscript and Richard Medeiros, Rouen
University Hospital medical editor, for editing the manuscript.

[ RerEREN CES |

1. Augustin HG. Vascular morphogenesis in the ovary. ~ 15. Mattioli M, Barboni B, Turriani M, Galeati G, 27. Vernon RK, Spicer LJ. Effects of basic fibroblast
Baillieres Best Pract Res Clin Obstet Gynaecol Zannoni A, Castellani G, et al. Follicle activation in- growth factor and heparin on follicle-stimulating hor-
2000;14:867-82. volves vascular endothelial growth factor production mone—induced steroidogenesis by bovine granulosa

2. Findlay JK. Angiogenesis in reproductive tissues. and increased blood vessel extension. Biol Reprod cells. J Anim Sci 1994;72:2696-702.

J Endocrinol 1986;111:357-66. 2001;65:1014-9. 28. Tilly JL, Billig H, Kowalski KI, Hsueh AJ. Epidermal

3. Reynolds LP, Killilea SD, Redmer DA. Angiogenesis ~ 16. Shimizu T, lijima K, Miyabayashi K, Ogawa Y, growth factor and basic fibroblast growth factor
in the female reproductive system. Faseb J 1992;6: Miyazaki H, Sasada H, et al. Effect of direct ovarian suppress the spontaneous onset of apoptosis in cul-
886-92. injection of vascular endothelial growth factor gene tured rat ovarian granulosa cells and follicles by a ty-

4. Reynolds LP, Grazul-Bilska AT, Killilea SD, fragments on follicular development in immature fe- rosine kinase-dependent mechanism. Mol Endocrinol
Redmer DA. Mitogenic factors of corpora lutea. male rats. Reproduction 2007;134:677-82. 1992;6:1942-50.

Prog Growth Factor Res 1994;5:159-75. 17. Ornitz DM, Itoh N. Fibroblast growth factors. 29. Nilsson E, Parrott JA, Skinner MK. Basic fibroblast

5. Redmer DA, Reynolds LP. Angiogenesis in the ovary. Genome Biol 2001;2:3005.1-3005.12. growth factor induces primordial follicle develop-
Rev Reprod 1996;1:182-92. 18. Yamashita T, Yoshioka M, Itoh N. Identification of ment and initiates folliculogenesis. Mol Cell Endocri-

6. Ferrara N, Davis-Smyth T. The biology of vascular a novel fibroblast growth factor, FGF-23, preferen- nol 2001;175:123-30.
endothelial growth factor. Endocr Rev 1997;18:4-25. tially expressed in the ventrolateral thalamic nucleus ~ 30. Wulff C, Wiegand SJ, Saunders PT, Scobie GA,

7. Ferrara N. Vascular endothelial growth factor: molec- of the brain. Biochem Biophys Res Commun Fraser HM. Angiogenesis during follicular develop-
ular and biological aspects. Curr Top Microbiol Im- 2000;277:494-8. ment in the primate and its inhibition by treatment
munol 1999;237:1-30. 19. Shikone T, Yamoto M, Nakano R. Follicle-stimulat- with truncated Flt-1-Fc (vascular endothelial growth

8. Miyabayashi K, Shimizu T, Kawauchi C, Sasada H, ing hormone induces functional receptors for basic factor  Trap(A40)). Endocrinology 2001;142:
Sato E. Changes of mRNA expression of vascular fibroblast growth factor in rat granulosa cells. Endo- 3244-54.
endothelial growth factor, angiopoietins and their re- crinology 1992;131:1063-8. 31. Johnson DE, Williams LT. Structural and functional
ceptors during the periovulatory period in eCG/hCG-  20. van Wezel IL, Umapathysivam K, Tilley WD, diversity in the FGF receptor multigene family. Adv
treated immature female rats. J Exp Zoolog A Comp Rodgers RJ. Immunohistochemical localization of Cancer Res 1993;60:1-41.

Exp Biol 2005;303:590-7. basic fibroblast growth factor in bovine ovarian folli- ~ 32. Reynolds LP, Redmer DA. Expression of the angio-

9. Berisha B, Schams D, Kosmann M, Amselgruber W, cles. Mol Cell Endocrinol 1995;115:133-40. genic factors, basic fibroblast growth factor and vas-
Einspanier R. Expression and localisation of vascular ~ 21. Yamamoto S, Konishi I, Nanbu K, Komatsu T, cular endothelial growth factor, in the ovary. J Anim
endothelial growth factor and basic fibroblast growth Mandai M, Kuroda H, et al. Immunohistochemical Sci 1998;76:1671-81.
factor during the final growth of bovine ovarian folli- localization of basic fibroblast growth factor (bFGF)  33. Christenson LK, Stouffer RL. Follicle-stimulating
cles. J Endocrinol 2000;167:371-82. during folliculogenesis in the human ovary. Gynecol hormone and luteinizing hormone/chorionic gonado-

10. Shimizu T, Jiang JY, Sasada H, Sato E. Changes of Endocrinol 1997;11:223-30. tropin stimulation of vascular endothelial growth
messenger RNA expression of angiogenic factors  22. Gospodarowicz D, Plouet J, Fujii DK. Ovarian germi- factor production by macaque granulosa cells from
and related receptors during follicular development nal epithelial cells respond to basic fibroblast growth pre- and periovulatory follicles. J Clin Endocrinol
in gilts. Biol Reprod 2002;67:1846-52. factor and express its gene: implications for early fol- Metab 1997;82:2135-42.

11. Shimizu T, Kawahara M, Abe Y, Yokoo M, Sasada H, liculogenesis. Endocrinology 1989;125:1266-76. 34. Neulen J, Raczek S, Pogorzelski M, Grunwald K,
Sato E. Follicular microvasculature and angiogenic ~ 23. Lavranos TC, Rodgers HF, Bertoncello I, Rodgers RJ. Yeo TK, Dvorak HF, et al. Secretion of vascular endo-
factors in the ovaries of domestic animals. J Reprod Anchorage-independent culture of bovine granulosa thelial growth factor/vascular permeability factor
Dev 2003;49:181-92. cells: the effects of basic fibroblast growth factor from human luteinized granulosa cells is human cho-

12. Celik-Ozenci C, Akkoyunlu G, Kayisli UA, Arici A, and dibutyryl cAMP on cell division and differentia- rionic gonadotrophin dependent. Mol Hum Reprod
Demir R. Localization of vascular endothelial growth tion. Exp Cell Res 1994;211:245-51. 1998:4:203-6.
factor in the zona pellucida of developing ovarian fol- ~ 24. Rodgers RJ, Vella CA, Rodgers HF, Scott K, 35. Hazzard TM, Molskness TA, Chaffin CL,
licles in the rat: a possible role in destiny of follicles. Lavranos TC. Production of extracellular matrix, Stouffer RL. Vascular endothelial growth factor
Histochem Cell Biol 2003;120:383-90. fibronectin and steroidogenic enzymes, and growth (VEGF) and angiopoietin regulation by gonadotro-

13. Greenaway J, Gentry PA, Feige JJ, LaMarre J, of bovine granulosa cells in anchorage-independent phin and steroids in macaque granulosa cells during
Petrik JJ. Thrombospondin and vascular endothelial culture. Reprod Fertil Dev 1996;8:249-57. the peri-ovulatory interval. Mol Hum Reprod
growth factor are cyclically expressed in an inverse ~ 25. Roberts RD, Ellis RC. Mitogenic effects of fibroblast 1999;5:1115-21.
pattern during bovine ovarian follicle development. growth factors on chicken granulosa and theca cellsin ~ 36. Shimizu T, Miyamoto A. Progesterone induces the
Biol Reprod 2005;72:1071-8. vitro. Biol Reprod 1999;61:1387-92. expression of vascular endothelial growth factor

14. Barboni B, Turriani M, Galeati G, Spinaci M, 26. AndersonE, Lee GY. The participation of growth fac- (VEGF) 120 and FIk-1, its receptor, in bovine granu-

Bacci ML, Forni M, et al. Vascular endothelial growth
factor production in growing pig antral follicles. Biol
Reprod 2000;63:858-64.

Ferreira et al.

tors in simulating the quiescent, proliferative, and dif-
ferentiative stages of rat granulosa cells grown in
a serum-free medium. Tissue Cell 1993;25:49-72.

Maternal diet and ovary programming

37.

losa cells. Anim Reprod Sci 2007;102:228-37.
Shimizu T, Jayawardana BC, Tetsuka M,
Miyamoto A. Differential effect of follicle-stimulat-

Vol. H, No. I, H 2009

FLA 5.0 DTD m SEC CODE: RB W {ns24773 m 4 July 2009 ® 3:41 am M ce 11



38.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

ing hormone and estradiol on expressions of vascular
endothelial growth factor (VEGF) 120, VEGF164
and their receptors in bovine granulosa cells. J Reprod
Dev 2007;53:105-12.

Gutman G, Barak V, Maslovitz S, Amit A,
Lessing JB, Geva E. Regulation of vascular endothe-
lial growth factor-A and its soluble receptor sFlt-1 by
luteinizing hormone in vivo: implication for ovarian
follicle angiogenesis. Fertil Steril 2008;89:922-6.

. Stewart DE. Reproductive functions in eating disor-

ders. Ann Med 1992;24:287-91.

Norman RJ, Clark AM. Obesity and reproductive dis-
orders: a review. Reprod Fertil Dev 1998;10:55-63.

Waterland RA, Garza C. Potential mechanisms of
metabolic imprinting that lead to chronic disease.
Am J Clin Nutr 1999;69:179-97.

Barker DJ. In utero programming of cardiovascular
disease. Theriogenology 2000;53:555-74.

Lucas A. Role of nutritional programming in determin-
ing adult morbidity. Arch Dis Child 1994;71:288-90.
Waterland RA, Jirtle RL. Early nutrition, epigenetic
changes at transposons and imprinted genes, and en-
hanced susceptibility to adult chronic diseases. Nutri-
tion 2004;20:63-8.

Heywood WE, Mian N, Milla PJ, Lindley KJ. Pro-
gramming of defective rat pancreatic beta-cell func-
tion in offspring from mothers fed a low-protein
diet during gestation and the suckling periods. Clin
Sci (Lond) 2004;107:37-45.

Gluckman PD, Hanson MA. The developmental ori-
gins of the metabolic syndrome. Trends Endocrinol
Metab 2004;15:183-7.

Hales CN, Barker DJ. The thrifty phenotype hypoth-
esis. Br Med Bull 2001;60:5-20.

Armitage JA, Taylor PD, Poston L. Experimental
models of developmental programming:
quences of exposure to an energy rich diet during de-
velopment. J Physiol 2005;565:3-8.

Keisler DH, Daniel JA, Morrison CD. The role of lep-
tin in nutritional status and reproductive function.
J Reprod Fertil Suppl 1999;54:425-35.

Prunier A, Quesnel H. Influence of the nutritional sta-
tus on ovarian development in female pigs. Anim Re-
prod Sci 2000;60-61:185-97.

Faria TS, Brasil FB, Sampaio FJ, Ramos CF. Mater-
nal malnutrition during lactation alters the folliculo-
genesis and gonadotropins and estrogen isoforms
ovarian receptors in the offspring at puberty. J Endo-
crinol 2008;198:625-34.

Brasil FB, Faria TS, Costa WS, Sampaio FJ,
Ramos CF. The pups’ endometrium morphology is af-
fected by maternal malnutrition during suckling. Ma-
turitas 2005;51:405-12.

conse-

. Guzman C, Cabrera R, Cardenas M, Larrea F,

Nathanielsz PW, Zambrano E. Protein restriction dur-
ing fetal and neonatal development in the rat alters re-

Fertility and Sterility®

54.

55.

56.

57.

58.

59.

60.

61

62.

63.

64.

65.

productive function and accelerates reproductive
ageing in female progeny. J Physiol 2006;572:97-108.
Bayne K. Revised Guide for the Care and Use of Lab-
oratory Animals available. American Physiological
Society. Physiologist 1996;39(199):208-11.

Passos MC, Ramos CF, Bernardo-Filho M, de
Mattos DM, Moura EG. The effect of protein or en-
ergy restriction on the biodistribution of Na99TcmO4
in Wistar rats. Nucl Med Commun 2000;21:1059-62.
Reeves PG, Nielsen FH, Fahey GC Jr. AIN-93 puri-
fied diets for laboratory rodents: final report of the
American Institute of Nutrition ad hoc writing com-
mittee on the reformulation of the AIN-76A rodent
diet. J Nutr 1993;123:1939-51.

Fischbeck KL, Rasmussen KM. Effect of repeated re-
productive cycles on maternal nutritional status,
lactational performance and litter growth in ad libi-
tum—fed and chronically food-restricted rats. J Nutr
1987;117:1967-75.

Cheng G, Weihua Z, Makinen S, Makela S, Saji S,
Warner M, et al. A role for the androgen receptor in
follicular atresia of estrogen receptor beta knockout
mouse ovary. Biol Reprod 2002;66:77-84.

Teixeira CV, Silandre D, de Souza Santos AM,
Delalande C, Sampaio FJ, Carreau S, et al. Effects
of maternal undernutrition during lactation on aroma-
tase, estrogen, and androgen receptors expression in
rat testis at weaning. J Endocrinol 2007;192:301-11.
Teixeira C, Passos M, Ramos C, Dutra S, Moura E.
Leptin serum concentration, food intake and body
weight in rats whose mothers were exposed to malnu-
trition during lactation. J Nutr Biochem 2002;13:493.

. Faria TS, Ramos CF, Sampaio FJ. Puberty onset in the

female offspring of rats submitted to protein or energy
restricted diet during lactation. J Nutr Biochem
2004;15:123-7.

Leonhardt M, Lesage J, Croix D, Dutriez-Casteloot I,
Beauvillain JC, Dupouy JP. Effects of perinatal mater-
nal food restriction on pituitary-gonadal axis and
plasma leptin level in rat pup at birth and weaning and
on timing of puberty. Biol Reprod 2003;68:390—400.
Zambrano E, Bautista CJ, Deas M, Martinez-
Samayoa PM, Gonzalez-Zamorano M, Ledesma H,
et al. A low maternal protein diet during pregnancy
and lactation has sex- and window of exposure-
specific effects on offspring growth and food intake,
glucose metabolism and serum leptin in the rat.
J Physiol 2006;571:221-30.

Gelety TJ, Magoffin DA. Ontogeny of steroidogenic
enzyme gene expression in ovarian theca-interstitial
cells in the rat: regulation by a paracrine theca-differ-
entiating factor prior to achieving luteinizing hor-
mone responsiveness. Biol Reprod 1997;56:938-45.
Rajah R, Glaser EM, Hirshfield AN. The changing ar-
chitecture of the neonatal rat ovary during histogene-
sis. Dev Dyn 1992;194:177-92.

66.

67.

68.

69.

70.

71.

73.

74.

75.

76.

71.

78.

McGee EA, Perlas E, LaPolt PS, Tsafriri A,
Hsueh AJ. Follicle-stimulating hormone enhances
the development of preantral follicles in juvenile
rats. Biol Reprod 1997;57:990-8.

Ramos CF, Teixeira CV, Passos MC, Pazos-
Moura CC, Lisboa PC, Curty FH, et al. Low-protein
diet changes thyroid function in lactating rats. Proc
Soc Exp Biol Med 2000;224:256-63.

Passos MC, Ramos CF, Potente Dutra SC, Gaspar de
Moura E. Transfer of iodine through the milk in pro-
tein-restricted lactating rats. J Nutr Biochem 2001;12:
300-3.

Reynolds S. Blood and vascular systems of the ovary.
In: Greep RO, Astwood EB, eds. Female reproductive
system. Washington, DC. 1973:261-16.

McNatty KP, Gibb M, Dobson C, Thurley DC. Evi-
dence that changes in luteinizing hormone secretion
regulate the growth of the preovulatory follicle in
the ewe. J Endocrinol 1981;90:375-89.

Koos R. Ovarian angiogenesis. New York: Raven
Press, 1993.

. Otani N, Minami S, Yamoto M, Shikone T, Otani H,

Nishiyama R, et al. The vascular endothelial growth
factor/fms-like tyrosine kinase system in human
ovary during the menstrual cycle and early pregnancy.
J Clin Endocrinol Metab 1999;84:3845-51.

Waulff C, Wilson H, Rudge JS, Wiegand SJ, Lunn SF,
Fraser HM. Luteal angiogenesis: prevention and in-
tervention by treatment with vascular endothelial
growth factor trap(A40). J Clin Endocrinol Metab
2001;86:3377-86.

Fraser HM, Dickson SE, Lunn SF, Wulff C,
Morris KD, Carroll VA, et al. Suppression of luteal
angiogenesis in the primate after neutralization of
vascular endothelial growth factor. Endocrinology
2000;141:995-1000.

Ferrara N, Chen H, Davis-Smyth T, Gerber HP,
Nguyen TN, Peers D, et al. Vascular endothelial
growth factor is essential for corpus luteum angiogen-
esis. Nat Med 1998;4:336-40.

Zimmerman RC, Xiao E, Husami N, Sauer MV,
Lobo R, Kitajewski J, Ferin M. Short-term adminis-
tration of vascular endothelial growth factor antibody
in the late follicular phase delays follicular develop-
ment in the rhesus monkey. J Clin Endocrinol Metab
2001;86:768-72.

Herve MA, Meduri G, Petit FG, Domet TS,
Lazennec G, Mourah S, et al. Regulation of the vascu-
lar endothelial growth factor (VEGF) receptor Flk-1/
KDR by estradiol through VEGF in uterus. J Endocri-
nol 2006;188:91-9.

Mueller MD, Vigne JL, Minchenko A, Lebovic DI,
Leitman DC, Taylor RN. Regulation of vascular en-
dothelial growth factor (VEGF) gene transcription
by estrogen receptors alpha and beta. Proc Natl
Acad Sci U S A 2000;97:10972-7.

FLA 5.0 DTD m SEC CODE: RB W {ns24773 m 4 July 2009 ® 3:41 am M ce 11



1 Metabolic programming of ovarian angiogenesis
and folliculogenesis by maternal malnutrition
during lactation
R. V. Ferreira, F. M. Gombar, T. S. Faria, W. S. Costa,
F. J. B. Sampaio, and C. F. Ramos
Rio de Janeiro, Brazil
Maternal malnutrition during lactation programs
follicular development by a reduction in vasculature
consequent to reduced mRNA expression of vascular
endothelial growth factor and fibroblast growth factor
mRNA receptors.

Ferreira et al. Maternal diet and ovary programming Vol. W, No. I, H 2009

FLA 5.0 DTD m SEC CODE: RB W {ns24773 m 4 July 2009 ® 3:41 am M ce 11



	Metabolic programming of ovarian angiogenesis and folliculogenesis by maternal malnutrition during lactation
	Materials and Methods
	Animals
	Experimental Design
	Morphologic Classification of Follicles
	RNA Extractions
	Semiquantitative RT-PCR
	Steroid Determinations
	Statistical Analysis

	Results
	Discussion
	Acknowledgments
	References




