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Abstract

Mechanistic target of rapamycin (MTOR) is essential for embryo development by acting as a nutrient sensor to regulate cell growth,
proliferation and metabolism. Folate is required for normal embryonic development and it was recently reported that MTOR
functions as a folate sensor. In this work, we tested the hypothesis that MTOR functions as a folate sensor in the embryo and its
inhibition result in embryonic developmental delay affecting neural tube closure and that these effects can be rescued by folate
supplementation. Administration of rapamycin (0.5 mg/kg) to rats during early organogenesis inhibited embryonic ribosomal protein
$6, a downstream target of MTOR Complex1, markedly reduced embryonic folate incorporation (—84%, P < 0.01) and induced
embryo developmental impairments, as shown by an increased resorption rate, reduced embryo somite number and delayed neural
tube closure. These alterations were prevented by folic acid administered to the dams. Differently, although an increased rate of
embryonic rotation defects was observed in the rapamycin-treated dams, this alteration was not prevented by maternal folic acid
supplementation. In conclusion, MTOR inhibition during organogenesis in the rat resulted in decreased folate levels in the embryo,
increased embryo resorption rate and impaired embryo development. These data suggest that MTOR signaling influences embryo
folate availability, possibly by regulating the transfer of folate across the maternal-embryonic interface.

Reproduction (2021) 161 365-373

Introduction

Birth defects are a major cause of infant mortality.
Periconceptional folate deficiency is a risk factor for
fetal structural malformations such as neural tube
defects (NTD) (Smithells et al. 1976, Czeizel & Dudas
1992), however, the molecular mechanisms linking
folate availability to birth defects remain to be fully
established. Furthermore, low maternal folate intake
and red cell folate levels are linked to restricted fetal
growth (Tamura & Picciano 2006, Fekete et al. 2012,
van Uitert & Steegers-Theunissen 2013). We recently
reported that mechanistic target of rapamycin (MTOR)
signaling functions as a folate sensor in mammalian
cells including placental trophoblast (Rosario et al.
2016, 2017b), providing a novel pathway by which
folate modulates cell growth and function. However,
if inhibition of MTOR signaling is involved in linking
folate deficiencies to NTDs is unknown.

MTOR is a conserved serine/threonine protein kinase
that functions as a nutrient sensor and regulates cell
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growth, proliferation and metabolism in accordance
with nutrients availability. MTOR forms the catalytic
subunit of two different protein complexes known
as mMTOR complex 1 (MTORCT) which is associated
with the protein raptor (regulatory associated protein
of MTOR) and mTOR complex 2 (mTORC2) which
is associated with the protein rictor (rapamycin-
insensitive companion of mTOR) (Laplante & Sabatini
2009). mTORCT1 plays a central role in control cell
growth and proliferation by regulating the balance
between cellular anabolism and catabolism in response
to environmental conditions (Hay & Sonenberg 2004).
The eukaryotic translation initiation factor 4E binding
protein 1 (EIF4EBP1) and the 70-kDa ribosomal protein
S6 kinase polypeptide 1 (RPS6KB1) that phosphorylates
the ribosomal protein S6 RPS6) are mTORCI
downstream targets (Saxton & Sabatini 2017) that
regulate protein translation. mTORC2 plays key roles in
cell survival, metabolism, proliferation and cytoskeleton
organization and its main downstream targets are
protein kinase B (AKT), protein kinase C (PKC), and
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serum- and glucocorticoid-regulated protein kinase 1
(SGK1) (Alessi et al. 2009). Rapamycin, which forms
a ternary complex with the FK506-binding protein Ta
(FKBPTA) and the FKBP12-Rapamycin-Binding domain
of MTOR, is an allosteric inhibitor of mTORCT (Yang
et al. 2013), although it does not bind to mTORC2
(Jacinto et al. 2004).

MTOR is essential for embryonic development as a
homozygous inactivation of the kinase activity of MTOR
mutation results in embryonic lethality (Murakami et al.
2004). During the first stages of embryonic cleavage,
MTOR is critical by balancing energy metabolism
and nutrient availability and is involved in the
highly specialized programs of tissue growth during
organogenesis (Land et al. 2014).

Folate, also known as vitamin B9, is an essential
B vitamin. The synthetic oxidized monoglutamate
form of folate is folic acid which is used as a dietary
supplement. Once absorbed, folic acid requires
reduction to tetrahydrofolate (THF). THF is converted
to 5-methyltetrahydrofolate (5-MTHF), which transfers
a methyl group onto homocysteine to synthesize
methionine (Lu 2000). Methionine is a substrate for
S-adenosylmethionine synthesis, which is an important
co-factor in methylation reactions (key mechanism of
epigenetic regulation), including histone methylations,
methylation of cytosine residues in DNA, as well as
other methylation reactions (Lu 2000, Caudill 2010).
Folates are also required for de novo purine and
thymidylate synthesis (Fox & Stover 2008). Thus, folates
are critically important in widespread cellular events,
including sustained cell division occurring during
embryo development. Indeed, it is well established
that folic acid supplementation prevents neural tube
defects. Both folic acid deficiency and impaired
folic acid metabolism have long been recognized as
important contributors to developmental anomalies
and to increase the risk of intrauterine growth restriction
(Rondo & Tomkins 2000, Scholl & Johnson 2000,
Imbard et al. 2013, Christensen et al. 2015, Rosario
etal. 2017a).

In this work, we tested the hypothesis that MTOR
functions as a folate sensor in the embryo and its
inhibition result in embryonic developmental delay
affecting neural tube closure and that these effects can
be rescued by folate supplementation.

Materials and methods
Animals

Albino Wistar rats were purchased at the certified Animal
Facilities of the Faculty of Exact and Natural Sciences,
University of Buenos Aires, Argentina (UBA). The animal
protocol was approved by the Institutional Committee
for the Care and Use of Experimental Animals (CICUAL,
Resolution CD N° 1497/2013), School of Medicine, UBA,
and conducted according to the Guide for the Care and Use
of Laboratory Animals, US National Institutes of Health (NIH
Publication, 8th Edition, 2011, http://www.ncbi.nlm.nih.gov/
books/NBK54050/¢report=reader). Animals were fed with
commercial rat chow (Asociaciéon Cooperativa Argentina,
Buenos Aires, Argentina) and water ad libitum, in a 12 h
light:12 h darkness cycle.

Experimental design and tissue collection

Three-month-old Wistar female rats were mated with
adult males. Mating was confirmed by the presence of
sperm in vaginal smears and this day was designated day
0.5 of pregnancy. To study MTOR inhibition during early
organogenesis without affecting the implantation process,
pregnant rats received daily subcutaneous injections during
three consecutive days beginning on day 8.5 of pregnancy
(Fig. 1). Four experimental groups were constituted receiving
either: (i) vehicle (control), (i) rapamycin (MTOR inhibitor, 0.5
mg/kg, LC Laboratories, Massachusetts, USA), (iii) folic acid
(15 mg/kg, Sigma), (iv) rapamycin (0.5 mg/kg) and folic acid
(15 mg/kg). Each group comprised of 7 litters (n= 7). Doses of
rapamycin and folic acid used were chosen based on previous
reports (Anderl et al. 2011, Higa et al. 2012, Way et al. 2012,
Roberti et al. 2018) and preliminary experiments.

Animals were euthanized in a CO, chamber 3 h after the
last rapamycin injection on day 10.5 of pregnancy. The uterus
was collected and transferred to Petri dishes with Krebs Ringer
Bicarbonate (KRB) solution: 5 mM glucose, 145 mM Na*,5.9
mM K*, 2.2 mM Ca*™, 1.2 mM Mg, 127 mM CI-, 25 mM
HCO;~, 1.2 mM SO,2~ and 1.2 mM PO43~. The decidual
tissue masses were collected from each uterus and gently
opened to free the conceptuses using a stereomicroscope
and microsurgical dissecting instruments. The embryos were
dissected out of the yolk sacs and evaluated morphologically
under a stereomicroscope. Viability was established by the
presence of a beating heart. Embryos in resorption stages
received no further analyses. Somite number was recorded
and a score of the progression of the neural folds apposition
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Figure 1 Experimental design: pregnant rats
received daily subcutaneous injections during
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(1=neural plate stage to 7=neural folds completely closed)
was performed for each embryo by two observers blinded to
the source of the embryos (Higa et al. 2014).

Embryos at 10.5 days of gestation were categorized as having
neural tube closure defects and as having rotation defects when
the physiological process of embryo turning did not initiate on
embryos that had more than 12 somites (Matsuda 1991, Higa
et al. 2012). Viable embryos were preserved immediately at
—80°C for further analyses described subsequently.

Western blot analysis

Proteins from four pooled embryos from the same rat (n=7 rats
in each experimental group) were separated by SDS-PAGE and
transferred to PVDF membranes (35 V constant, overnight at
4°C), as previously described (Capobianco et al. 2016). The
membranes were stained with Amido Black staining solution
for total proteins (Sigma-Aldrich) to confirm equal loading and
transfer. Blocking was carried out for 1 h at room temperature
in 5% BSA in Tris-buffered saline-Tween (TBS-T), and
membranes were incubated with the primary antibody (diluted
in 1% BSA in TBS-Tween) overnight at 4°C. The expression
of the following proteins was determined using antibodies
from Cell Signaling Technology: total and phosphorylated
RPS6 (Ser-235/236), EIF4EBP1 (T-70) and AKT (Ser-473). After
washing, the membranes were incubated with the appropriate
peroxidase-conjugated secondary antibody, visualized using
ECL detection solution (Thermo Scientific) and captured in a
G:BOX gel imaging system (Syngene). Densitometry analysis
was performed with Image) software. The expression of the
target protein in each individual lane was normalized for total
protein staining to adjust for unequal loading.

Folate measurement in embryos

One embryo from each rat (n=7) was sonicated in distilled
water, on ice, an aliquot was used for protein measurement
and ascorbic acid (0.5%) was added followed by freeze-
thaw. Embryonic folate content was measured by using a
commercially available kit (ALPCO Diagnostic Products,
Windham, NH, USA), according to the manufacturer’s
instructions.

Statistical analysis

Data are presented as the mean + s.t. Groups were compared
by two-way ANOVA. In all cases, differences were considered
statistically significant at P < 0.05.

Results
Embryonic folate levels

We first determined if MTOR inhibition by maternal
administration of rapamycin influenced folate levels in
the embryo. Folate levels were markedly decreased in
embryos from rapamycin-treated compared to embryos
from control dams (-84%, P< 0.01, Fig. 2). Maternal
treatments with folic acid increased folate content in
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Figure 2 Effect of maternal administration of folic acid in control and
rapamycin-treated dams from day 8.5 to 10.5 of gestation on embryo
folate content. Values are means + s.e.m. n=7 litters per group.
Two-way ANOVA in conjunction with Bonferroni’s post-test was
performed. Different letters denote significant differences between
groups, P < 0.05.

embryos from both control group (P< 0.05, Fig. 1) and
rapamycin-treated dams (P< 0.001, Fig. 2).

mTORCT pathway signaling

To determine if maternal administration of rapamycin
(MTOR inhibitor, from days 8.5 to 10.5 of pregnancy)
caused a robust inhibition of the mTORCT pathway in
the embryos, we measured the phosphorylation of two
mTORC1 downstream targets, RPS6 and EIF4EBPT.
Phosphorylation at Ser-235/236 of RPS6 was found to
be decreased in embryos from rapamycin-treated dams
compared to the control group (—=81% P<0.01, Fig. 3A).
The decreased phosphorylation of RPS6 was similar in
the rapamycin +folic acid-treated group (Fig. 3A). Total
RPS6 expression in embryos was not different between
the different groups (Fig. 3B). The ratio between P-RPS6
to total RPS6 showed a similar pattern than P-rpS6
(Fig. 3C). On the other hand, phosphorylation at T-70
of EIF4EBP1 or total EIF4EBP1 showed no differences
between embryos from different treatments (Fig. 4).

We next measured AKT, a substrate downstream of
mTORC2 pathway. Phosphorylation at Ser-473 of AKT
was found increased in embryos from rapamycin-treated
dams compared to embryos from control group (+65%,
P<0.05, Fig. 5A). No changes were observed in the
rapamycin +folic acid-treated dams compared either
with the control or the rapamycin-treated dams (Fig. 5A).
Total AKT showed no differences between embryos from
different treatment groups (Fig. 5B). The ratio between
P-AKT to total AKT showed similar pattern than P-AKT
(Fig. 5C).

Embryo morphology

We also evaluated embryonic resorptions and found
that they were increased by more than two-fold in the
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Figure 4 Effect of maternal administration of folic acid in control and
rapamycin-treated dams from day 8.5 to 10.5 of gestation on: (A)
embryonic protein levels of active EIFAEBP1 (phosphorylated at
Threonine-70), (B) embryonic protein levels of total EIF4EBP1. Values
are means =+ s.e.m. n=7 litters per group. Two-way ANOVA in
conjunction with Bonferroni’s post-test was performed. Different
letters denote significant differences between groups, P < 0.05.
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Figure 5 Effect of maternal administration of folic acid in control and
rapamycin-treated dams from day 8.5 to 10.5 of gestation on: (A)
embryonic protein levels of active AKT (phosphorylated at
Serine-473), (B) embryonic protein levels of total AKT. Values are
means + s.e.m. n=7 litters per group. Two-way ANOVA in
conjunction with Bonferroni’s post-test was performed. Different
letters denote significant differences between groups, P < 0.05.

https://rep.bioscientifica.com

mTOR affects rat embryo folate availability ~ 369

embryos from the rapamycin-treated group compared
with the embryos from control group (+212%,
P< 0.05, Fig. 6A). Treatment with folic acid prevented
the increased number of resorptions observed in
the embryos from rapamycin-treated dams (P< 0.05,
Fig. 6A).

We also determined the number of somites for each
embryo, an index of embryo development, and observed

A 20-
S b
2 157
s< I
T
L3 104
5 5 a
) a
o8 a
8 =
§E 5 T
T T
Rapamycin - - + +
Folic acid - + - +
B 15+
3
2 a a a
g — —
2 10- b
b -
£
=]
]
S 5
S
2
g
w
Rapamycin - ' - + ' +
Folic acid - + - +
C 89 a
a a
k=4
e 6 —— b
=@
g ] -
2 9
2o
o & 4
25
8
=0
2° 2
w
0 T T
Rapamycin - - + +
Folic acid - + - +

Figure 6 Effect of maternal administration of folic acid in control and
rapamycin-treated dams from day 8.5 to 10.5 of gestation on: (A)
resorption rate, (B) embryonic somite number, (C) Embryonic neural
fold closure score. Values are means + s.e.m. n=7 litters per group.
Two-way ANOVA in conjunction with Bonferroni’s post-test was
performed. Different letters denote significant differences between
groups, P < 0.05.
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a decreased number of somites in embryos from the
rapamycin-treated dams compared to embryos from
control group (=18% P< 0.01, Fig. 6B). Supplementing
with folic acid prevented the decreased somite number
observed in the embryos from the rapamycin-treated
dams (P< 0.05, Fig. 6B).

When we assessed the score of the progression
of neural fold closure, we found that this score was
lower in the embryos from the rapamycin-treated
dams compared to embryos from control dams (—19%,
P< 0.05, Fig. 6C). Treatment with folic acid prevented
the decreased score of neural fold closure observed in
the embryos from rapamycin-treated dams (P< 0.01,
Fig. 6C).

There was no difference in the frequency of embryos
with neural tube defects in the four groups (Fig.
7A). However, we observed an increased number of
embryos with rotation defects in the rapamycin-treated
dams (P< 0.05, Fig. 7B) compared with embryos from
control group, that was not prevented with the folic acid
supplementation (Fig. 7B).
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Figure 7 Effect of maternal administration of folic acid in control and
rapamycin-treated dams from day 8.5 to 10.5 of gestation on: (A)
embryonic neural tube defects rate, (B) embryonic rotation defects
rate. Values are means + s.e.m. n=7 litter per group. Two-way
ANOVA in conjunction with Bonferroni’s post-test was performed.
Different letters denote significant differences between groups,

P <0.05.
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Discussion

We report that MTOR inhibition during organogenesis in
the rat resulted in decreased folate levels in the embryo,
increased embryo resorption rates and impaired embryo
development. These effects of MTOR inhibition on the
embryo are prevented by maternal folate administration
suggesting that MTOR signaling influences embryo
folate availability. These findings are consistent with the
possibility that MTOR inhibition leading to impaired
folate transfer to the embryo may underpin impaired
early embryo development even when maternal folate
levels are normal.

There are several pregnancy complications related
to MTOR inhibition that should benefit from folic acid
supplementation. For example, polymorphism in Mtor
gene associated with recurrent spontaneous abortion,
preeclampsia (which shows reduced MTOR pathways
in the placenta), intrauterine growth restriction (which
shows reduced MTOR signaling in both fetuses and
placentas) and pregnancies in which MTOR inhibitors
have been administered due to organ transplantation
(Framarino-dei-Malatesta et al. 2013, Xiang et al. 2015,
Gupta & Jansson 2019, Huang et al. 2020).

On the other hand, providing an excess of folates,
the recovery of most embryo developmental patterns is
likely not MTOR-dependent as this treatment allowed
embryonic folate uptake despite the unrecovered MTOR
signaling.

In this work, we used a dose of folic acid that had
been previously found to be effective to prevent
malformations in diabetic rats (Wentzel et al. 2005, Higa
et al. 2012), which is higher than that recommended
to be taken preconceptionally in woman, and thus
provides an excess of folates. As a limitation, we did not
use lower folic acid doses, and thus we were not able
to determine the minimum dose required to prevent the
reduced folate levels induced by MTOR inhibition in
embryos from diabetic rats.

In vitro studies showed that the excess of extracellular
folates induce its uptake by a mechanism that does not
involve folate receptors binding proteins and are likely to
be mediated by the process of passive diffusion (Antony
et al. 1989). In Hela cell line, a high dose of folates
induces a posttranscriptional regulation of the reduced
folate carrier that modified its stability inducing an
increase in its protein and transcripts levels (Hou et al.
2014). However, little is known and further research is
needed to elucidate the precise mechanisms that allow
embryo access to folates when MTOR is inhibited but
folates are simultaneously administered in excess.

Folates participate in nucleic acid and protein
methylation reactions and in de novo purine and
thymidylate synthesis and are essential for normal
embryo development (Lu 2000, Fox & Stover 2008,
Caudill 2010). Recently, we showed that MTOR
functions as a folate sensor both in cultured primary
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human trophoblast cells (Rosario et al. 2017b) and in
pregnant mice in vivo (Rosario et al. 2017a).

At early post-implantation stages and before the
establishment of the placenta, MTOR is a key regulator
of nutrient transport in the maternal decidua (Roberti
et al. 2018). Moreover, it was recently reported that
activation of mTORC1 and mTORC2 increased the
plasma membrane expression of the folate receptor-1
and the solute carrier family 19 (folate transporter),
member 1 (SLC19A1, also known as reduced folate
carrier) in primary human trophoblast cells (Rosario
et al. 2016, 2017b). During early organogenesis, folate
receptor 1, solute carrier family 46, member 1 (SLC46AT,
also known as proton-coupled folate transporter), and
SLCT19AT expression was found in the ectoplacental
cone and the chorionic membrane (Cherukad et al.
2012). In the current study, maternal administration
of rapamycin during the early organogenesis stage in
pregnant rat, lead to a marked reduction in embryo
folate content, suggesting that MTOR signaling regulates
folate transport at the maternal-embryonic interface
also at this early stage of pregnancy.

Homozygous MTOR knockout embryos die shortly
after implantation due to impaired cell proliferation in
both embryonic and extraembryonic compartments
(Murakami et al. 2004), demonstrating the critical
role that mMTOR signaling plays in early embryonic
development. Other studies have highlighted MTOR
role in neural tube development (Rennebeck et al. 1998,
Hentges et al. 2001) and in survival and proliferation
of cardiomyocytes in the developing heart (Zhu et al.
2013). To the best of our knowledge, this is the first
report that examines the effects of maternal rapamycin
administration on embryos at an early organogenesis
stage to evaluate the regulation of embryonic folic
acid availability. However, there are several previous
reports in the literature exploring the effects of maternal
administration of rapamycin in pregnancy. Studies
performed during late gestation showed that a single
dose of rapamycin (1 mg/kg) given to pregnant dams at
day 16 of pregnancy resulted in inhibition of S6 pathway
of mTORC1 in neonatal brain (Anderl et al. 2011).
Administration of rapamycin from day 15.5 of gestation
until delivery induced ITUGR and altered postnatal
cardiac growth, morphology and function (Hennig et al.
2017). Maternal rapamycin administration from day 12
of pregnancy inhibited ribosomal protein S6 signaling
in the rat embryo at day 14 of pregnancy (Ozmen et al.
2019). However, there are only few studies of rapamycin
administration in dams during early gestation. We
recently found that maternal rapamycin administration
during the immediate post-implantation stage (days 7-9
of gestation) lead to increased embryo resorptions at day
14 of pregnancy (Roberti et al. 2018). In the current work,
rapamycin administration to pregnant dams from 8.5
to 10.5 days of gestation did not alter phosphorylation
of EIF4EBP1 in the embryo, but resulted in a marked
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inhibition of the mTORC1-downstream target RPS6.
This inhibition was also observed in the embryos from
dams simultaneously treated with rapamycin and folate.
Rapamycin is known to specifically inhibit mTORCT
without decreasing the activity of mTORC2 (Jacinto
et al. 2004). In this work, we found increased AKT
phosphorylation at Ser-473, suggesting an activation of
mTORC2, in the embryos from rapamycin-treated dams,
an alteration that was not observed in the rapamycin
and folate-treated group compared to controls. This
likely reflects cross-talk between mTORC1 and 2 in the
embryo. For example, it is well established that inhibition
of mTORC1 may activate insulin/IGF1 signaling by a
feedback loop from S6K to IRS1 (Saxton & Sabatini 2017),
which in turn can lead to an activation of mTORC2.

In this work, we found that rapamycin administration
to pregnant dams during 3 consecutive days of early
organogenesis increased resorption rate and reduced
somite number and the neural fold closure score,
demonstrating that mTORCT1 inhibition impairs normal
embryo development. Interestingly, with exception of
rotation defects, folate supplementation prevented the
adverse effect on mTORCT1 inhibition. However, because
folate supplementation failed to normalize embryo
RPS6, folate recovery of the adverse effect of rapamycin
on embryo development is likely independent of
embryonic mTORCT activation.

Despite the known fact that folic acid administration
prevents neural tube defects (Copp & Greene 2013,
Sarmah et al. 2016), the mechanisms involved are not
fully established. We were not able to observe any
changes in increased neural tube defects in the embryos
from rapamycin-treated group that had reduced levels
of folate. Other studies have also found a lack of neural
tube defects induction in folate-deficient embryos
without genetic predisposition (Heid et al. 1992, Burren
et al. 2008). Interestingly, an increase rate of embryos
with a rotation defect (fail to perform the physiological
process of rotation around the body axis) was found
in the rapamycin-treated group. This defect was
previously described in MTOR mutant mice (Hentges
et al. 1999). However, folate treatment was not able to
prevent the rotation defects in the rapamycin-treated
group, suggesting that this process is dependent on
mTORCT signaling pathway and not related to the folate
metabolism.

In conclusion, our results identified a link between
mTORC1 and folates relevant for proper embryo
development during organogenesis. Indeed, maternal
administration of rapamycin during early organogenesis
leads to reduced mTORC1 activity, developmental
impairments and reduced folate content in the
embryo. Of relevance, we found that maternal folate
supplementation limited to early organogenesis is
an effective treatment for embryo developmental
impairments in a context in which MTOR activity is
reduced.

Reproduction (2021) 161 365-373


https://rep.bioscientifica.com

372 R Higa and others

Declaration of interest

The authors declare that there is no conflict of interest that
could be perceived as prejudicing the impartiality of the
research reported.

Funding

This work was supported by the Agencia Nacional de
Promocion Cientifica y Tecnoldgica de Argentina (PICT 2014
411 and PICT 2017 126), and by International Cooperation
Grants CONICET-NIH 2017 (AJ-T)).

Author contribution statement

The authors’ contributions to the manuscript were as follows: A
J, T): designed research; R H, F J R: conducted the research; R
H: performed statistical analysis; R H, A ], T J: wrote manuscript;
T L P FJR: interpretation of data and critical reading of the
manuscript; R H, A J, T J: had primary responsibility for the
final content of the manuscript; all authors: read and approved
the final manuscript. T J and A ] contributed equally to this
work.

Acknowledgement

The authors thank Tech. Enzo Cuba for their important
assistance with animal handling.

References

Alessi DR, Pearce LR & Garcia-Martinez JM 2009 New insights into mTOR
signaling: mTORC2 and beyond. Science Signaling 2 pe27. (https://doi.
org/10.1126/scisignal.267pe27)

Anderl S, Freeland M, Kwiatkowski D] & Goto J 2011 Therapeutic value
of prenatal rapamycin treatment in a mouse brain model of tuberous
sclerosis complex. Human Molecular Genetics 20 4597-4604. (https://
doi.org/10.1093/hmg/ddr393)

Antony AC, Kane MA, Krishnan SR, Kincade RS & Verma RS 1989
Folate (pteroylglutamate) uptake in human red blood cells, erythroid
precursors and KB cells at high extracellular folate concentrations.
Evidence against a role for specific folate-binding and transport
proteins. Biochemical Journal 260 401-411. (https://doi.org/10.1042/
bj2600401).

Burren KA, Savery D, Massa V, Kok RM, Scott JM, Blom HJ, Copp AJ &
Greene ND 2008 Gene-environment interactions in the causation of
neural tube defects: folate deficiency increases susceptibility conferred
by loss of Pax3 function. Human Molecular Genetics 17 3675-3685.
(https://doi.org/10.1093/hmg/ddn262)

Capobianco E, Fornes D, Linenberg I, Powell TL, Jansson T & Jawerbaum A
2016 A novel rat model of gestational diabetes induced by intrauterine
programming is associated with alterations in placental signaling and
fetal overgrowth. Molecular & Cellular Endocrinology 422 221-232.
(https://doi.org/10.1016/j.mce.2015.12.020)

Caudill MA 2010 Folate bioavailability: implications for establishing dietary
recommendations and optimizing status. American Journal of Clinical
Nutrition 91 14555-1460S. (https://doi.org/10.3945/ajcn.2010.28674E)

Cherukad J, Wainwright V & Watson ED 2012 Spatial and temporal
expression of folate-related transporters and metabolic enzymes during
mouse placental development. Placenta 33 440-448. (https:/doi.
org/10.1016/j.placenta.2012.02.005)

Christensen KE, Deng L, Bahous RH, Jerome-Majewska LA & Rozen R
2015 MTHFD1 formyltetrahydrofolate synthetase deficiency, a model
for the MTHFD1 R653Q variant, leads to congenital heart defects in

Reproduction (2021) 161 364-373

mice. Birth Defects Research. A, Clinical & Molecular Teratology 103
1031-1038. (https://doi.org/10.1002/bdra.23451)

Copp AJ & Greene ND 2013 Neural tube defects--disorders of neurulation
and related embryonic processes. Wiley Interdisciplinary Reviews.
Developmental Biology 2 213-227. (https:/doi.org/10.1002/wdev.71)

Czeizel AE & Dudas 1 1992 Prevention of the first occurrence of neural-
tube defects by periconceptional vitamin supplementation. New
England Journal of Medicine 327 1832-1835. (https://doi.org/10.1056/
NE/M199212243272602)

Fekete K, Berti C, Trovato M, Lohner S, Dullemeijer C, Souverein OW,
Cetin | & Decsi T 2012 Effect of folate intake on health outcomes in
pregnancy: a systematic review and meta-analysis on birth weight,
placental weight and length of gestation. Nutrition Journal 11 75. (https://
doi.org/10.1186/1475-2891-11-75)

Fox JT & Stover PJ 2008 Folate-mediated one-carbon metabolism. Vitamins
& Hormones 79 1-44. (https://doi.org/10.1016/S0083-6729(08)00401-
9)

Framarino-dei-Malatesta M, Derme M, Manzia TM, laria G, De Luca L,
Fazzolari L, Napoli A, Berloco P, Patel T, Orlando G, et al. 2013 Impact
of mTOR-I on fertility and pregnancy: state of the art and review of the
literature. Expert Review of Clinical Inmunology 9 781-789. (https://doi.
org/10.1586/1744666X.2013.824243)

Gupta MB & Jansson T 2019 Novel roles of mechanistic target of rapamycin
signaling in regulating fetal growthdagger. Biology of Reproduction 100
872-884. (https://doi.org/10.1093/biolre/ioy249)

Hay N & Sonenberg N 2004 Upstream and downstream of mTOR. Genes
& Development 18 1926-1945. (https://doi.org/10.1101/gad.1212704)
Heid MK, Bills ND, Hinrichs SH & Clifford A) 1992 Folate deficiency alone
does not produce neural tube defects in mice. Journal of Nutrition 122

888-894. (https://doi.org/10.1093/jn/122.4.888)

Hennig M, Fiedler S, Jux C, Thierfelder L & Drenckhahn JD 2017 Prenatal
mechanistic target of rapamycin complex 1 (m TORC1) inhibition by
rapamycin treatment of pregnant mice causes intrauterine growth
restriction and alters postnatal cardiac growth, morphology, and
function. Journal of the American Heart Association 6 1-19. (https://doi.
org/10.1161/JAHA.117.005506)

Hentges K, Thompson K & Peterson A 1999 The flat-top gene is required
for the expansion and regionalization of the telencephalic primordium.
Development 126 1601-1609.

Hentges KE, Sirry B, Gingeras AC, Sarbassov D, Sonenberg N, Sabatini D
& Peterson AS 2001 FRAP/mTOR is required for proliferation and
patterning during embryonic development in the mouse. Proceedings
of the National Academy of Sciences of the United States of America 98
13796-13801. (https://doi.org/10.1073/pnas.241184198)

Higa R, Kurtz M, Mazzucco MB, Musikant D, White V & Jawerbaum A
2012 Folic acid and safflower oil supplementation interacts and protects
embryos from maternal diabetes-induced damage. Molecular Human
Reproduction 18 253-264. (https://doi.org/10.1093/molehr/gar080)

Higa R, Roberti SL, Musikant D, Mazzucco MB, White V & Jawerbaum A
2014 Effects of maternal dietary olive oil on pathways involved in
diabetic embryopathy. Reproductive Toxicology 49 185-195. (https:/
doi.org/10.1016/j.reprotox.2014.09.004)

Hou Z, Orr S & Matherly LH 2014 Post-transcriptional regulation of the
human reduced folate carrier as a novel adaptive mechanism in response
to folate excess or deficiency. Bioscience Reports 34 457-. (https:/doi.
org/10.1042/BSR20140065)

Huang J, Zheng L, Wang F, Su Y, Kong H & Xin H 2020 Mangiferin
ameliorates placental oxidative stress and activates PI3K/Akt/mTOR
pathway in mouse model of preeclampsia. Archives of Pharmacal
Research 43 233-241. (https://doi.org/10.1007/512272-020-01220-7)

Imbard A, Benoist JF & Blom HJ 2013 Neural tube defects, folic acid and
methylation. International Journal of Environmental Research & Public
Health 10 4352-4389. (https://doi.org/10.3390/ijerph10094352)

Jacinto E, Loewith R, Schmidt A, Lin S, Ruegg MA, Hall A & Hall MN
2004 Mammalian TOR complex 2 controls the actin cytoskeleton and
is rapamycin insensitive. Nature Cell Biology 6 1122-1128. (https://doi.
org/10.1038/ncb1183)

Land SC, Scott CL & Walker D 2014 mTOR signalling, embryogenesis
and the control of lung development. Seminars in Cell & Developmental
Biology 36 68-78. (https://doi.org/10.1016/j.semcdb.2014.09.023)

Laplante M & Sabatini DM 2009 MTOR signaling at a glance. Journal of
Cell Science 122 3589-3594. (https://doi.org/10.1242/jcs.051011)

https://rep.bioscientifica.com


https://rep.bioscientifica.com
https://doi.org/10.1126/scisignal.267pe27
https://doi.org/10.1126/scisignal.267pe27
https://doi.org/10.1093/hmg/ddr393
https://doi.org/10.1093/hmg/ddr393
https://doi.org/10.1042/bj2600401
https://doi.org/10.1042/bj2600401
https://doi.org/10.1093/hmg/ddn262
https://doi.org/10.1016/j.mce.2015.12.020
https://doi.org/10.3945/ajcn.2010.28674E
https://doi.org/10.1016/j.placenta.2012.02.005
https://doi.org/10.1016/j.placenta.2012.02.005
https://doi.org/10.1002/bdra.23451
https://doi.org/10.1002/wdev.71
https://doi.org/10.1056/NEJM199212243272602
https://doi.org/10.1056/NEJM199212243272602
https://doi.org/10.1186/1475-2891-11-75
https://doi.org/10.1186/1475-2891-11-75
https://doi.org/10.1016/S0083-6729(08)00401-9
https://doi.org/10.1016/S0083-6729(08)00401-9
https://doi.org/10.1586/1744666X.2013.824243
https://doi.org/10.1586/1744666X.2013.824243
https://doi.org/10.1093/biolre/ioy249
https://doi.org/10.1101/gad.1212704
https://doi.org/10.1093/jn/122.4.888
https://doi.org/10.1161/JAHA.117.005506
https://doi.org/10.1161/JAHA.117.005506
https://doi.org/10.1073/pnas.241184198
https://doi.org/10.1093/molehr/gar080
https://doi.org/10.1016/j.reprotox.2014.09.004
https://doi.org/10.1016/j.reprotox.2014.09.004
https://doi.org/10.1042/BSR20140065
https://doi.org/10.1042/BSR20140065
https://doi.org/10.1007/s12272-020-01220-7
https://doi.org/10.3390/ijerph10094352
https://doi.org/10.1038/ncb1183
https://doi.org/10.1038/ncb1183
https://doi.org/10.1016/j.semcdb.2014.09.023
https://doi.org/10.1242/jcs.051011

Lu SC 2000 S-adenosylmethionine. International Journal of Biochemistry
& Cell Biology 32 391-395. (https:/doi.org/10.1016/s1357-
2725(99)00139-9)

Matsuda M 1991 Change of rat embryos from a ventrally concave U-shape
to a ventrally convex C-shape. Development, Growth & Differentiation
33 5.

Murakami M, Ichisaka T, Maeda M, Oshiro N, Hara K, Edenhofer F,
Kiyama H, Yonezawa K & Yamanaka S 2004 mTOR is essential for growth
and proliferation in early mouse embryos and embryonic stem cells.
Molecular & Cellular Biology 24 6710-6718. (https://doi.org/10.1128/
MCB.24.15.6710-6718.2004)

Ozmen A, Kipmen-Korgun D & Korgun ET 2019 Rapamycin
administration during normal and diabetic pregnancy effects the
mTOR and angiogenesis signaling in the rat placenta. Journal of
Gynecology Obstetrics & Human Reproduction 48 193-199. (https:/
doi.org/10.1016/j.jogoh.2018.12.003)

Rennebeck G, Kleymenova EV, Anderson R, Yeung RS, Artzt K & Walker CL
1998 Loss of function of the tuberous sclerosis 2 tumor suppressor gene
results in embryonic lethality characterized by disrupted neuroepithelial
growth and development. Proceedings of the National Academy of
Sciences of the United States of America 95 15629-15634. (https:/doi.
org/10.1073/pnas.95.26.15629)

Roberti SL, Higa R, White V, Powell TL, Jansson T & Jawerbaum A
2018 Critical role of mTOR, PPARgamma and PPARdelta signaling in
regulating early pregnancy decidual function, embryo viability and feto-
placental growth. Molecular Human Reproduction 24 327-340. (https:/
doi.org/10.1093/molehr/gay013)

Rondo PH & Tomkins AM 2000 Folate and intrauterine growth retardation.
Annals of Tropical Paediatrics 20 253-258. (https://doi.org/10.1080/027
24936.2000.11748144)

Rosario FJ, Powell TL & Jansson T 2016 Mechanistic target of rapamycin
(mTOR) regulates trophoblast folate uptake by modulating the cell
surface expression of FR-alpha and the RFC. Scientific Reports 6 31705.
(https://doi.org/10.1038/srep31705)

Rosario FJ, Nathanielsz PW, Powell TL & Jansson T 2017a Maternal
folate deficiency causes inhibition of mTOR signaling, down-regulation
of placental amino acid transporters and fetal growth restriction in
mice. Scientific Reports 7 3982. (https:/doi.org/10.1038/s41598-017-
03888-2)

Rosario FJ, Powell TL & Jansson T 2017b mTOR folate sensing links folate
availability to trophoblast cell function. Journal of Physiology 595
4189-4206. (https://doi.org/10.1113/JP272424)

Sarmah S, Muralidharan P & Marrs JA 2016 Common congenital
anomalies: environmental causes and prevention with folic acid
containing multivitamins. Birth Defects Research. C, Embryo Today:
Reviews 108 274-286. (https://doi.org/10.1002/bdrc.21138)

https://rep.bioscientifica.com

mTOR affects rat embryo folate availability ~ 373

Saxton RA & Sabatini DM 2017 MTOR signaling in growth, metabolism, and
disease. Cell 168 960-976. (https://doi.org/10.1016/j.cell.2017.02.004)

Scholl TO & Johnson WG 2000 Folic acid: influence on the outcome
of pregnancy. American Journal of Clinical Nutrition 71(Supplement)
12955-303S. (https://doi.org/10.1093/ajcn/71.5.1295s)

Smithells RW, Sheppard S & Schorah CJ 1976 Vitamin deficiencies and
neural tube defects. Archives of Disease in Childhood 51 944-950.
(https://doi.org/10.1136/adc.51.12.944)

Tamura T & Picciano MF 2006 Folate and human reproduction. American
Journal of Clinical Nutrition 83 993-1016. (https://doi.org/10.1093/
ajcn/83.5.993)

van Uitert EM & Steegers-Theunissen RP 2013 Influence of maternal folate
status on human fetal growth parameters. Molecular Nutrition & Food
Research 57 582-595. (https://doi.org/10.1002/mnfr.201200084)

Way SW, Rozas NS, Wu HC, McKenna ) 3rd, Reith RM, Hashmi SS, Dash PK
& Gambello M) 2012 The differential effects of prenatal and/or postnatal
rapamycin on neurodevelopmental defects and cognition in a neuroglial
mouse model of tuberous sclerosis complex. Human Molecular Genetics
21 3226-3236. (https://doi.org/10.1093/hmg/dds156)

Wentzel P, Gareskog M & Eriksson UJ 2005 Folic acid supplementation
diminishes diabetes- and glucose-induced ~dysmorphogenesis in
rat embryos in vivo and in vitro. Diabetes 54 546-553. (https://doi.
org/10.2337/diabetes.54.2.546)

Xiang H, Liu S, Zong C, Li Z, Liu Y, Ma X & Cao Y 2015 A single
nucleotide polymorphism in the MTOR gene is associated with recurrent
spontaneous abortion in the Chinese female population. Systems Biology
in Reproductive Medicine 61 205-210. (https:/doi.org/10.3109/193963
68.2014.977499)

Yang H, Rudge DG, Koos )JD, Vaidialingam B, Yang HJ] & Pavletich NP
2013 mTOR kinase structure, mechanism and regulation. Nature 497
217-223. (https://doi.org/10.1038/nature12122)

Zhu Y, Pires KM, Whitehead KJ, Olsen CD, Wayment B, Zhang YC,
Bugger H, llkun O, Litwin SE, Thomas G et al. 2013 Mechanistic target
of rapamycin (Mtor) is essential for murine embryonic heart development
and growth. PLOS ONE 8 54221. (https://doi.org/10.1371/journal.
pone.0054221)

Received 11 November 2020

First decision 7 January 2021

Revised Manuscript received 19 January 2021
Accepted 28 January 2021

Reproduction (2021) 161 365-373


https://rep.bioscientifica.com
https://doi.org/10.1016/s1357-2725(99)00139-9
https://doi.org/10.1016/s1357-2725(99)00139-9
https://doi.org/10.1128/MCB.24.15.6710-6718.2004
https://doi.org/10.1128/MCB.24.15.6710-6718.2004
https://doi.org/10.1016/j.jogoh.2018.12.003
https://doi.org/10.1016/j.jogoh.2018.12.003
https://doi.org/10.1073/pnas.95.26.15629
https://doi.org/10.1073/pnas.95.26.15629
https://doi.org/10.1093/molehr/gay013
https://doi.org/10.1093/molehr/gay013
https://doi.org/10.1080/02724936.2000.11748144
https://doi.org/10.1080/02724936.2000.11748144
https://doi.org/10.1038/srep31705
https://doi.org/10.1038/s41598-017-03888-2
https://doi.org/10.1038/s41598-017-03888-2
https://doi.org/10.1113/JP272424
https://doi.org/10.1002/bdrc.21138
https://doi.org/10.1016/j.cell.2017.02.004
https://doi.org/10.1093/ajcn/71.5.1295s
https://doi.org/10.1136/adc.51.12.944
https://doi.org/10.1093/ajcn/83.5.993
https://doi.org/10.1093/ajcn/83.5.993
https://doi.org/10.1002/mnfr.201200084
https://doi.org/10.1093/hmg/dds156
https://doi.org/10.2337/diabetes.54.2.546
https://doi.org/10.2337/diabetes.54.2.546
https://doi.org/10.3109/19396368.2014.977499
https://doi.org/10.3109/19396368.2014.977499
https://doi.org/10.1038/nature12122
https://doi.org/10.1371/journal.pone.0054221
https://doi.org/10.1371/journal.pone.0054221

	Abstract
	Introduction
	Materials and methods
	Animals
	Experimental design and tissue collection
	Western blot analysis
	Folate measurement in embryos
	Statistical analysis

	Results
	Embryonic folate levels
	mTORC1 pathway signaling
	Embryo morphology

	Discussion
	Declaration of interest
	Funding
	Author contribution statement
	Acknowledgement
	References

