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Methyl donor deficiency (MDD) during pregnancy in-
fluences intrauterine development. Ghrelin is ex-
pressed in the stomach of fetuses and influences fetal
growth, but MDD influence on gastric ghrelin is un-
known. We examined the gastric ghrelin system in
MDD-induced intrauterine growth retardation. By us-
ing specific markers and approaches (such as peri-
odic acid-Schiff, bromodeoxyuridine, homocysteine,
terminal deoxynucleotidyl transferase biotin-dUTP
nick end labeling, immunostaining, reverse tran-
scription-polymerase chain reaction), we studied the
gastric oxyntic mucosa cellular organization and gh-
relin gene expression in the mucosa in 20-day-old
fetuses and weanling pups, and plasma ghrelin con-
centration in weanling rat pups of dams either nor-
mally fed or deprived of choline, folate, vitamin B6,
and vitamin B12 during gestation and suckling peri-
ods. MDD fetuses weighed less than controls; the
weight deficit reached 57% at weaning (P < 0.001).
Both at the end of gestation and at weaning, they
presented with an aberrant gastric oxyntic mucosa
formation with loss of cell polarity, anarchic cell mi-
gration, abnormal progenitor differentiation, apo-
ptosis, and signs of surface layer erosion. Ghrelin
cells were abnormally located in the pit region of
oxyntic glands. At weaning, plasma ghrelin levels
were decreased (—28%; P < 0.001) despite unchanged
mRNA expression in the stomach. This decrease was
associated with lower body weight. Taken together,
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these data indicate that one mechanism through
which MDD influences fetal programming is the re-
modeling of gastric cellular organization, leading to
dysfunction of the ghrelin system and dramatic ef-
fects on growth. (4Am J Pathol 2010, 176:270-277; DOI:
10.2353/ajpath.2010.090153)

Deficiency in folate and vitamin B12 has been well doc-
umented worldwide. It is present among the elderly as well
as in some vegetarians and in men and women from devel-
oping countries as a result of poverty and inadequate in-
take."® This deficiency leads to an increase in plasma
homocysteine (Hey),* which is considered to be a risk factor
for cardiovascular and neurodegenerative diseases.® Vita-
min B deficiency has a particularly severe impact during
pregnancy as it is associated with early abortion, pre-
eclampsia, neural tube defects, brain apoptosis, and intra-
uterine growth retardation.®>~” We have recently shown that
methyl donor (folate, B12, and choline) deficiency (MDD)
during gestation induces, in rat offspring, durable behav-
ioral changes in adulthood despite a restored nutritional
and metabolic status. Locomotor coordination is impaired in
weaning deficient rats and deficits in exploratory behavior,
spatial learning and memory persist.” This is comparable
with the cognitive impairments observed in aged subjects
with diminished vitamin B12 and folate levels.®

Besides the brain, the stomach is also sensitive to this
deficiency. Vitamin B12 deficiency is associated with
different types of gastritis and atrophy.®~'? Pernicious
anemia gastritis due to malabsorption of vitamin B12 is
characterized by hypochlorhydria, dramatic changes in
gastric oxyntic cells, and hormonal changes such as high
basal gastrinemia.''®
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The stomach is also the main site for ghrelin synthe-
sis.’®17 This hormone plays a significant role in growth
through its dual role as a growth hormone-releasing fac-
tor and as an appetite stimulating peptide.'® Ghrelin
mRNA is expressed in the rat fetus and placenta at early
embryonic stages'® and ghrelin immunoreactive cells are
detected in the rat stomach at embryonic day 18.'° An
increased birth weight of pups or decreased fetal body
weight observed, respectively, after ghrelin injection or
immunization of dams against ghrelin support a role of
ghrelin in late fetal development.’®2° More specifically,
ghrelin is able to stimulate cell proliferation in the brain
and skin as indicated by a dose-dependent increase of
bromodeoxyuridine (BrdU) incorporation in cultured neu-
rons and fetal skin cells.?°~2? Both forms of circulating
ghrelin (octanoylated and non-octanoylated) are impor-
tant in this process.?° It may also have a specific role in
neural tube closure.?® All together, these findings sug-
gest that ghrelin might be associated with the clinical
features of early vitamin B deficiency.

However, despite the high frequency of vitamin B de-
ficiency during pregnancy,®* the influence of nutritional
methyl donors during the gestational and pre-weaning
periods of life has not been fully investigated. To the best
of our knowledge, the gastric ghrelin system in MDD-
induced intrauterine growth retardation has not been de-
scribed. To address this, we performed an histochemical
and biochemical analysis of the gastric mucosa organiza-
tion and function using specific cellular markers in a MDD
rat model” of dams deprived of folate, vitamin B12, and
choline from one month before mating until the weaning of
their pups. Our results at the end of the gestation and at
weaning demonstrate that the stomach is particularly sen-
sitive to MDD already during the prenatal period and that
ghrelin system in the offspring is particularly affected. They
support the existence of a fetal programming of gastric cell
organization and function, which affects growth in early life.

Materials and Methods

The study was conducted in accordance with the Na-
tional Institute of Health Guide for the Care and Use of
Laboratory Animals.

Protocol
Animal Treatments

Adult female Wistar rats (Charles River, I'Arbresle,
France; n = 37) were maintained under standard labora-
tory conditions, on a 12 hours/12 hours light/dark cycle,
with food and water available ad libitum. One month
before mating, they were fed either standard chow diet
(n = 18) (A03 diet, Scientific Animal Food and Engineer-
ing, Villemoisson-sur-Orge, France) or a diet lacking
methyl donors, ie, vitamins B12, B2, folate, and choline
(n = 19) (Special Diet Service, Saint-Gratien, France),
according to Blaise et al.?® Choline was eliminated from
the diet because the alternative pathway for the methyl-
ation of Hcy to form methionine is catalyzed by betaine-
homocysteine methyltransferase that uses betaine, a me-
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tabolite of choline, as the methyl group donor.?® The
assigned diets were provided to the dams ad libitum until
weaning of the offspring (ie, postnatal day 21).

Sample Collection

At the end of the gestation, 20-day-old embryos (E20)
were obtained from two MDD and two control dams. E20
fetuses were weighed and their stomachs were rapidly
harvested and measured.

At weaning, rat pups randomly chosen in the different
litters were sacrificed by excess halothane and weighed.
Intracardiac blood samples were drawn from weanling
control (n = 47) and MDD (n = 41) pups for the mea-
surement of plasma concentrations of vitamin B12, B9,
Hcy, total and active ghrelin and growth hormone. Their
stomachs were then rapidly harvested and measured.

Gastric Tissue Examination in E20 Fetuses and
Weanling Pups

Light Microscopic and Immunohistochemical Analysis

Pieces of stomach cut along their longitudinal axis
were immediately frozen in methylbutane previously
chilled to —30°C and stored at —80°C. Analyses were
performed on control (n = 9) and MDD (n = 9) pups and
fetuses (n = 6 for each group). Cryostat-generated sec-
tions, 20 wm, were stained with periodic acid-Schiff
(PAS; Sigma-Aldrich, St. Quentin Fallavier, France) and
counterstained with hematoxylin for general histology.
Other sections were used for immunohistochemistry, and
terminal deoxynucleotidyl transferase biotin-dUTP nick
end labeling (TUNEL) assay.

Specific mouse anti-ghrelin antibody was used to lo-
calize ghrelin secreting cells. This monoclonal antibody
recognizes both octanoylated and non-octanoylated
forms of ghrelin but displays a higher affinity for the
des-acyl form in competition studies.?” Mouse anti-intrin-
sic factor was used as a specific marker for zymogenic
secreting cells (Novus Biologicals, Littleton, CO). The
lineage-specific primary antibodies used were rabbit anti-
H*-K* « (Calbiochem, VWR International S.A.S, Fontenay
sous Bois, France) specific for the a subunit of the H™-K*-
ATPase of parietal cells. Parietal cells were counted in 10
samples and expressed as cells per gland. Tetramethylrho-
damine B isothiocyanate-labeled Ulex europaeus type 1 ag-
glutinin (UEA-1; Sigma-Aldrich) and fluorescein isothiocya-
nate-labeled Grifforia simplifolica I (GSII; Sigma-Aldrich)
lectins were used as markers for mucus-secreting pit and
neck cells, respectively.

Cell proliferation was evaluated by the labeling index
using the incorporation of bromodeoxyuridine (BrdU).
Pups were injected intraperitoneally with BrdU (50 mg/kg
body weight; Sigma-Aldrich) from day 9 to day 20. This
method evaluates both cell proliferation and cell migra-
tion. Proliferating cells were labeled using a mouse anti-
BrdU antibody (Calbiochem, VWR International S.A.S).
For quantification of specifically labeled cells, nuclei of
total cells were stained with the fluorescent dye 4,6-
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diamidino-2-phenylindole (0.5 pg/ml in phosphate-buff-
ered saline; Sigma-Aldrich).

Apoptosis was investigated using the TUNEL method.
TUNEL-positive cells were counted microscopically in
control (n = 8) and MDD (n = 10) rats. Quantification of
apoptotic cells was done using the Tdt-FragEL DNA frag-
mentation detection kit (Calbiochem, VWR International
S.A.S) according to the manufacturer’s instructions.

Real-Time Quantitative Reverse Transcription-Polymerase
Chain Reaction of Ghrelin Expression

Total RNA was purified from nitrogen frozen stomach
body section from control and MDD (n = 5 for each
group) pups with the RNeasy lipid tissue kit following the
recommendation of Qiagen (Courtaboeuf, France), which
includes treatment with DNase. To check for possible
DNA contamination of the RNA samples, reactions were
also performed in the absence of Omniscript RT enzyme
(Qiagen). Specific amplifications were performed using
the following primers, forward: 5'-CCAAGAAGCCAC-
CAGCTAAA-3’, and reverse: 5'-CTGATTTCCAGCTC-
CTCCTC-3'. Expected product size was 103 bp. Quan-
titation was performed using ribosomal protein S29
(RPS29) as an internal standard with the following prim-
ers: forward, 5'-ATGGGTCACCAGCAGCTCTA-3' and
reverse: 5'-CATGTTCAGCCCGTATTTGC-3'. Expected
product size was 114 bp. Real-time polymerase chain
reaction was performed using the DNA binding dye
SYBR Green | for the detection of polymerase chain
reaction products. Temperature cycling for the ghrelin
run was 15 minutes at 95°C to activate the enzyme,
followed by 50 cycles of 94°C for 10 seconds, 59°C for 15
seconds, and 72°C for 15 seconds. Temperature cycling
for RPS29 run was 15 minutes at 95°C to activate the
enzyme, followed by 50 cycles consisting of 94°C for 10
seconds, 55°C for 20 seconds, and 72°C for 15 seconds.
Then melting curves analyses were performed by in-
creasing temperature from 65 to 95°C. Calculation of the
results was done with the RelQuant software (Roche Di-
agnostics, Manheim, Germany). Results were expressed
as arbitrary units by calculating the ratio of crossing
points of amplification curves of ghrelin mMRNA and inter-
nal standard.

Plasma Assays

Total ghrelin and acyl ghrelin were measured in duplicate
by specific radioimmunoassays using commercial kits
(RK-031-31; Phoenix Europe GmbH, Karlsruhe, Ger-
many, for total ghrelin and GHRA-88HK, Labodia, Paris,
France, for acyl ghrelin). Plasma samples from weanling
pups were diluted threefold for total ghrelin assay and all
samples were measured in the same assay. Plasma
growth hormone levels were measured in duplicate with a
radioimmunoassay kit (RGH-45HK; Linco Research, Inc.,
St. Charles, MO).

Plasma concentrations of vitamin B12 and folate were
determined by radio-dilution isotope assay (simulTRAC-
SNB, ICN, Costa Mesa, CA). Hcy concentrations were
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Figure 1.Photographs of stomach (upper panel) and body weight,
plasma vitamin B12, B9, and Hcy variations (mean = SEM; lower panel)
in control (C) and MDD pups at weaning. ***P < 0.001 between control
and deficient rats.

measured by high performance liquid chromatography
(Waters, St. Quentin, France) coupled to mass spectrom-
etry (Api 4000 Qtrap Applied Biosystems, Courtaboeuf,
France).?®

Statistics

Results are given as means = SEM. They were compared
through Student’s t-test or Wilcoxon test with Statview
software (SAS Institute Inc., Cary, NC). A probability of
less than 0.05 was considered statistically significant.

Results

All control dams (n = 18) had a successful gestation and
kept their litter until the end of the suckling period. Among
the MDD females (n = 19), three of them did not deliver
and one of them killed all its pups on postnatal day 12.
There was no difference in litter size between control and
MDD dams with a median of 11 pups per litter for both
groups.

MDD Effects on Body Weight, Plasma Vitamins
B, Homocysteine, and Growth Hormone
Concentrations

At the end of the gestation (E20), MDD fetuses (n = 23)
weighed significantly less than control (n = 23) fetuses
(3.47 £ 0.06 g versus 3.64 = 0.06 g; P < 0.04). At
weaning (Figure 1), MDD pups (n = 49) weighed 57%
less than control (n = 47) pups (P < 0.001). Vitamin B9
and vitamin B12 were sixfold and approximately twofold
lower, respectively, in deficient pups as compared with



control pups (P < 0.001 for both vitamins). Homocysteine
concentration was significantly higher in MDD pups than
in control pups (+174%; P < 0.001). Plasma growth
hormone levels were not significantly altered in MDD
pups (4.08 + 0.64 ng/ml versus 5.21 = 0.88 ng/ml (con-
trol); P = 0.33).

MDD Effects on Gastric Structure and Function

MDD Modifies Stomach Size, Apoptosis, and
Proliferation

At the end of the gestation (E20), the stomach was
smaller in MDD fetuses than in control fetuses (0.83 =+
0.02 cm versus 1.11 = 0.02 cm; P < 0.001). Ratio of
stomach size to body weight was 22% lower in MDD
fetuses than in control fetuses (P < 0.001). Thickness of
the gastric mucosa was also smaller in MDD fetuses than
in control fetuses (209.9 = 2.4 um versus 261.0 = 8.4
pwm; P < 0.0001). Thickness of mucus layer was signifi-
cantly augmented in MDD fetuses (41.9 = 0.8 um versus
36.3 £ 1.6 wm (control); P = 0.015).

At weaning, the stomach size of MDD pups remained
much smaller than that of control pups (1.76 = 0.09 cm
versus 3.02 = 0.05 cm; P < 0.001; Figure 1, top panel).
Ratio of stomach size to body weight was 16% lower in
MDD pups than in control pups (P < 0.01).

Eosin-hematoxylin and PAS staining (Figure 2, A and
B) showed by light microscopy irregular arrangement,
reduction of the gastric gland layer, and increased
thickness of the mucin surface layer in weanling MDD
rats (Figure 2G). Gastric glands were enlarged and
their density (number/mm) was significantly reduced
by 20% (P < 0.01).

TUNEL-positive apoptotic cells are shown in Figure 2,
C and D, for control and MDD rats respectively (n = 6 in
each group). In control rats, the uppermost pit cells at the
luminal surface, some neck cells (black arrowheads) and
cells more frequently localized in the base region were
TUNEL-positive. In MDD rats, TUNEL-positive apoptotic
cells increased dramatically (sixfold; Figure 2H, P < 0.01)
and were scattered throughout the oxyntic mucosa.

Evaluation of global cell proliferation, cell migration,
and final localization after BrdU injection are shown in
Figure 2, E and F, for control and MDD weanling rats,
respectively. In control rats, BrdU-positive cells mostly
migrated in the lower third of the gastric mucosa. Some
newly proliferating cells (white arrows) were located in
the isthmus region, which contains stem cells and pro-
genitors responsible for the production of the different
cell types. In MDD pups, BrdU-positive cells were mainly
located from the neck to the pit region. The number of
BrdU-positive cells was significantly higher (about two-
fold) in MDD pups, indicating a higher proliferation rate of
the gastric oxyntic mucosa (P < 0.01; Figure 2H).

MDD Modifies Cell Lineage in the Gastric Mucosa

Labeling with UEA1 lectin specific for pit cell lineage
showed distribution of pit cells along the luminal side of

Ghrelin and Methyl Donor Deficiency 273
AJP January 2010, Vol. 176, No. 1

Gastric Lumen

Gastric
Glands
Baso

acl z
Isthmus. ~

Isthmus s

!

GL

100 pm

800 u Control g 500 - o control .
=3
o0 o MDD g 400 omoo
= ~ 300
E.m g 200
€ -
5 200 é 100 -
0 - 5 0 m— -
Oxyntic mucosa  Surface Mucins BrdU TUNEL

Figure 2. Immunohistological examination of the gastric oxyntic mucosa in
control (A, C, E) and MDD rats (B, D, F) at weaning. Mucous cells labeling
by PAS staining (A, B). Apoptosis detection by TUNEL assay: in control, pit
cells, some neck cells (black arrowheads) and cells from the base region
were TUNEL-positive (C), whereas in MDD apoptotic cells were found
throughout the mucosa (D). BrdU labeling of proliferative cells: In control
rats, newly proliferating cells were located in the isthmus region (E, white
arrowheads) and migrated to the base, whereas in MDD pups, BrdU-
positive cells were mainly located from the neck to the pit region (F, white
arrows); thickness of the total gastric oxyntic mucosa and of the surface
mucin staining (G); quantification of proliferative (BrdU positive) and apo-
ptotic (TUNEL) cells in the gastric oxyntic mucosa (H). MM, muscularis
mucosa; LP, lamina propria; GL, gastric lumen. **P < 0.01.

the epithelial unit of the oxyntic mucosa in control rats
(Figure 3, A and C, red). In E20 MDD fetuses (Figure 3B),
there was an expansion in the pit cell population occu-
pying the upper middle of the mucosa. This situation was
more pronounced at weaning (Figure 3D).

In the control fetuses and weanling rats, mucous neck
cells labeled with GSlI lectin were located in the neck and
base regions of the oxyntic glands; none were found in
the isthmus and pit region (Figure 3, A and B, green). In
E20 fetuses (Figure 3B, green), these cells colonized the
pit region. At 21 days of life, they disappeared from the
base and were scattered from the neck to pit region
(Figure 3D, green).

Parietal cells labeled with the antibody to the « subunit
of the proton pump occupied the base of the gastric
mucosa in control fetuses (Figure 3E) and were mainly
scattered from base to low pit region at 21 days of life
(Figure 3G). In MDD fetuses (Figure 3F), parietal cells
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Figure 3. Immunohistological localization of specific cell type among the gastric glands in control and MDD E20 fetuses (four left panels) and rats at weaning
(four right panels). A—D: Mucus-secreting pit cells labeled with UEA1 lectin are colored in red, whereas mucus-secreting neck cells labeled with GSII lectin are
colored in green. E-H: Parietal cells are colored in green. LP, lamina propria; GL, gastric lumen.

colonized the upper part of the mucosa. At 21 days of life,
parietal cells were reduced in number, completely disap-
peared from the base and neck, and were mainly local-
ized in the isthmus and pit region in MDD rats (Figure
3H). At weaning, control rats had 12 parietal cells per
gland whereas in MDD rats this number decreased to 7
(P < 0.01).

MDD Alters the Secretory Cells and Function of the
Stomach

Ghrelin immunoreactive enteroendocrine cells were
detected at the embryonic day 20 (Figure 4A, white ar-
rowheads). In control E20 fetuses and 21-day-old pups,
cells were distributed from the neck to the base region,
but they were more abundant in the base of the gastric
glands (Figure 4, A and C (white arrowheads), and 4E). In
E20 MDD fetuses, the number of ghrelin-secreting cells
were reduced in the base of the oxyntic glands (Figure
4B, white arrowheads) and increased in the pit region. At
21 days of life, this phenomenon was dramatically in-
creased identifying a large part of surface pit cells as
ghrelin-secreting cells with an aberrant localization (Fig-
ure 4, D and F).

Ghrelin mRNA expression in the stomach of weanlings
and plasma ghrelin concentration are shown in Figure 5.
Ghrelin mRNA expression in the stomach was not signif-

icantly different between control and deficient pups.
Plasma total ghrelin concentration was significantly lower
in deficient pups than in control pups (—28%, P < 0.001).
Acyl ghrelin contributed to 8 to 10% of total ghrelin,
and this contribution was not significantly different be-
tween control and MDD rats (P = 0.41). Plasma total
ghrelin was positively correlated with body weight (r =
0.35; P < 0.001).

The same localization pattern as ghrelin was found for
the zymogenic cells producing the intrinsic factor (IF).
These cells were situated in the base of the glands in
control fetuses and rats (Figure 4, G and |) whereas they
were localized predominantly in the pit region in MDD
fetuses and rats (Figure 4, H and J).

Discussion

Our experiment was aimed at studying the effects of
methy! donor deficiency (MDD) in rat dams on the gastric
mucosa of their offspring at the end of the gestation and
suckling periods, with a special focus on the structural
and functional aspects of the pup’s gastric wall. For this
purpose, MDD began 1 month before mating and was
maintained until the end of the suckling period. We fo-
cused our attention on the cellular and tissue distribution
of gastric markers associated with mucosal differentiation
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Figure 4. Localization of enteroendocrine ghrelin-producing cells colored in red (A-F, white arrows and arrowheads) and of zymogenic IF secretory cells (G—J;
red) in control and MDD E20 fetuses (four left panels) and rats at weaning (six right panels). An enlarged view of the areas in squares (F and J) is shown in
a supplementary figure (see Supplemental Figure S1 at http.//ajp.amjpathol.org). LP, lamina propria; GL, gastric lumen.

and on the ghrelin system, an important endocrine sys-
tem present in the stomach.'®°

First, we detected the classical effects of MDD de-
scribed in the literature.*2° Plasma vitamins B12 and B9
were markedly decreased, whereas homocysteine levels
were clearly increased in MDD rats. These plasma vari-
ations were associated with a stunted pup growth until
weaning. Growth retardation was already present at the
end of the gestation and was further amplified during
suckling as MDD weanling pups weighed less than half of
the control pups. The stomach was markedly affected by

Gastric ghrelin expression
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Figure 5. Plasma concentration of ghrelin (mean * SEM in pg/ml and
gastric ghrelin expression in control and MDD pups at weaning. ***P < 0.001
between control and deficient rats.

MDD as illustrated by a very significant diminution in the
stomach size and mucosa thickness in MDD fetuses and
weanling pups. The lower ratio between stomach size
and body weight in MDD rats at the end of gestation and
weaning indicated that the decrease of stomach size
occurred independently of body weight and supports
that this organ was particularly sensitive to the deficiency.
The existence of these anatomical changes already at
E20 showed that the prenatal period is a critical period for
the deleterious effects of MDD.

The integrity of gastric mucosa is normally maintained
through the balance between apoptosis and cell prolifer-
ation. Excessive cell death over proliferation results in
gastric ulceration or erosion such as atrophic gastritis
and peptic ulcers.®' The whole extension of the glands
normally occurs at postnatal days 18 to 22,32 ie, at the
time where we made our observations in weanling pups.
In MDD rats, the proliferation rate as shown by BrdU
staining increased about twofold whereas the apoptotic
index (TUNEL) was increased about sixfold. This led to a
reduced number of enlarged gastric glands and corre-
sponded to a phenotype of atrophic gastritis.®® Twelve-
day-long BrdU incorporation showed positive cells
mainly scattered in the lower third of the gastric mucosa
in control pups and mostly located from the neck to the
pit region in MDD pups. These results indicate changes
in the location of progenitor cells that preferentially colo-
nized the upper part of the gastric glands in response to
increased tissue ulceration. Homocysteine levels were
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much higher in the gastric tissue of MDD rats than in
control rats, in agreement with their increased homocys-
teine plasma concentration (data not shown). The ad-
verse effects of either folic acid®*3° or choline®® defi-
ciency on the progenitor cell proliferation and apoptosis
have been already observed in the fetal mouse brain. A
similar phenomenon exists in the gastric mucosa of our
MDD for the secreting cells. Normally, enteroendocrine
cells, which rapidly renew themselves, move from the
base of the gland, enter a death mechanism, and the
dying cells are extruded into the lumen for their final
elimination.®” This was well illustrated by the ghrelin cells
in our experiment. In the control fetuses and rats, we
found the X-type ghrelin-secreting cells localized from
the neck to the base of the oxyntic glands with a few cells
scattered at the top as commonly observed.'®38 In the
MDD pups however, the increased apoptotic process
speed up migration toward the pit, and dying ghrelin-
positive cell accumulated near the lumen. When cell loss
occurs in the hippocampus, it induces cognitive impair-
ment,” whereas when the stomach is concerned, it could
contribute to organ and body growth retardation. The
aberrant migration of progenitors that normally colonize
the neck and base regions of the glands is supported by
cell lineage analysis because it was also observed for the
mucous neck cells and the IF cells. The IF cells are
normally present in the base of the gland,®*“° but in MDD
rats they were mainly localized in the pit region of the
oxyntic mucosa.

Ghrelin cells and IF cells have opposite secretory pat-
terns. Ghrelin is secreted in the blood. In MDD rats, the
aberrant ghrelin cell localization in the pit region probably
led to the one third reduction of the ghrelin plasma level.
The active form of ghrelin (acyl ghrelin) was affected in
the same manner as total ghrelin as indicated by similar
proportion of this form in control and MDD pups. The
ghrelin diminution was not associated with any change in
total ghrelin mRNA level in the gastric mucosa. As
plasma ghrelin normally augments in parallel with stom-
ach ghrelin expression and content during the first three
postnatal weeks,*"*? we assume that due to the accu-
mulation of ghrelin cells at the pit of the gland, ghrelin in
MDD rats might be falsely released and destroyed at the
luminal side of the gastric mucosa and not secreted in the
blood. Decreased ghrelin concentration could have a
direct effect on the apoptotic phenomenon described
earlier because when ghrelin is injected either intraperi-
toneally or directly in brain ventricles, it suppresses in-
testinal apoptosis.*® Ghrelin is also involved in rat growth
through its stimulatory effect on growth hormone.*® There
was a trend for lower circulating plasma growth hor-
mones levels in MDD pups likely partly related to the
lower ghrelin levels present in these pups. This might also
contribute to their growth retardation.

Our results partly agree with those measured in men
with chronic atrophic gastritis, which showed that the
plasma ghrelin levels decrease with increasing extent of
gastric mucosal atrophy.**~€ Yet, they differ on the ori-
gin of this decrease, as in chronic gastritis, ghrelin pro-
duction by the stomach (mRNA expression and cell num-
ber) is decreased.”® In MDD rats, hypoghrelinemia is

directly linked to a preferential secretion of the hormone
in the gastric lumen in relation with the aberrant position
of the ghrelin cells in the gastric mucosa. This improper
positioning is likely related to MDD-induced errors during
ontogenesis. Contrary to ghrelin, IF is secreted in the
lumen of the stomach, and the abnormal localization of
some IF-secreting cells in the pit region should not have
any real deleterious consequences in MDD rats.

In summary, the stomach is an organ particularly sen-
sitive to MDD during the early periods of life. MDD during
gestation and lactation induced an increase of plasma
and tissue homocysteine leading to aberrant gastric
oxyntic mucosa formation at weaning. This phenomenon
is due to atypical gland formation with loss of cell polarity,
anarchic migration, and abnormal progenitor differentia-
tion during the pups’ development. The gastric ghrelin
system (cellular organization and secretion) was particu-
larly altered. This suggests that the in utero development
period is of critical importance in terms of the availability
of B vitamins and other methyl donors. Fetal program-
ming of different regulatory systems of metabolic ho-
meostasis is sensitive to macronutrient composition.*” 48
Gross effects of vitamin B12/folate status during preg-
nancy on offspring insulin resistance, growth, or blood
pressure have also been documented.*® Our results ex-
tend these observations on the critical role of micronutri-
ents and indicate that MDD can profoundly affect fetal
programming by remodeling gastric cellular organization
leading to ghrelin dysfunction with dramatic effects on
growth. Further epidemiological studies are needed to
investigate whether methyl donors influence ghrelin re-
lease during human pregnancy and have subsequent
effects on cognition, metabolic syndrome, and cardio-
vascular disease in adulthood.
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