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A B S T R A C T

Introduction: During the early stage of pregnancy trophoblast cells adapt to adverse uterine environments
characterized by oxygen and nutrient deprivation. Autophagy is an intracellular degradation process that aims to
promote cell survival in response to stressful conditions. Autophagy activation passes through the mechanistic
target of rapamycin (mTOR), also known as a placental nutrient sensor. Here, we tested the hypothesis that ovine
trophoblast cells may adapt to a suboptimal environment through an mTOR dependent regulation of cell survival
with relevant implications for key placental functionality.
Methods: Primary ovine trophoblast cells subjected to mTOR inhibitor and low-nutrient conditions were used to
explore how autophagy affects cellular functionality and expression of solute carriers’ genes (SLCs).
Results: Autophagy activation was confirmed both in rapamycin-treated and low-nutrient conditions, through the
detection of specific autophagic markers. However, p-mTOR activation seems to be severely modified only
following rapamycin treatment whereas 24h of starvation allowed p-mTOR reactivation. Starvation promoted
migration compared to normal culture conditions whereas all trophoblast functional activities were decreased in
rapamycin treatment. Interestingly in both conditions, the autophagy-activated environment did not affect the
progesterone release. mRNA expression of amino acid transporters remains largely undisturbed except for
SLC43A2 and SLC38A4 which are downregulated in starved and rapamycin-treated cells, respectively.
Discussion: The study demonstrates that sheep trophoblast cells can adapt to adverse conditions in the early stage
of placentation by balancing, in an mTOR dependent manner, nutrient recycling and transport with relevant
effects for in vitro functional properties, which could potentially impact conceptus development and survival.

1. Introduction

Normal placenta development is essential to guarantee embryo sur-
vival both in the peri-implantation period and later fetus organogenesis.
From 16 to 23 days of pregnancy in sheep, trophoblast cells continuously
adapt to uterine environment changes characterized by low nutrient and
oxygen supply due to inadequate placental blood flow [1]. Therefore,
the early placenta physiologically develops in an adverse environment
indeed trophoblast cells need to activate several intracellular mecha-
nisms to overcome suboptimal conditions [2]. A major cellular meta-
bolic requirement is the ability to adapt to the external environment to
obtain sufficient amounts of energy to sustain cell growth and prolifer-
ation. Solute carrier (SLC) transporters control fluxes of nutrients across

membranes, representing a critical interface between the microenvi-
ronment and cellular metabolism [3]. Moreover, when nutrients
decrease below a certain threshold, cellular rescue strategies are trig-
gered to limit anabolic and boost catabolic processes through auto-
phagy. This degradation mechanism transforms intracellular
components into simple molecules used as a new nutrient source [4]. In
this context, the mammalian target of rapamycin (mTOR) represents a
central cellular hub that integrates multiple signals to connect the
extracellular environment and cellular needs with an adaptative
response.

In human and animal reproduction, mTOR is considered a master
regulator of trophoblast cell growth and functionality from embryo
implantation to complete placentation [5–8]. In particular, the mTOR
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complex1 (mTORC1) plays a pivotal role in the placental
nutrient-sensing network throughout the downstream regulation of
nutrient synthesis and transport [9]. mTORC1 modulates SLCs activity,
especially amino acids and glucose carriers suggesting that it constitutes
an essential gateway for the long-term health of the conceptus [10–12].
As supported by results from IUGR placenta mTOR downregulation is
associated with a reduction of system A and L amino acid transporter
activity [13–15]. Moreover, investigations conducted on human and rat
placenta have demonstrated, both in vivo [15,16] and in vitro [17,18],
that mTOR signalling is a positive regulator of system A (SLC38s family)
and L amino acid transporters (SLC7s and SLC43s families), mediating
uptake of essential and non-essential amino acids. This role in nutrient
homeostasis has also been suggested in sheep based on a temporal and
cell-specific profile of SLCs gene expression in peri-implantation
conceptus [19].

Under nutrient-rich conditions, mTORC1 activation promotes
trophoblast growth and differentiation, whereas in response to nutrient
deprivation, trophoblast cells may activate autophagy process through
mTOR inhibition [20–22]. Thus, depending on nutrient availability, we
sustain that silencing/activating placental mTOR dynamically regulates
the equilibrium between cytoplasmic content recycling (autophagy) and
extracellular nutrient uptake (SLCs).

Dysfunctions of placenta development lead to many gestational
diseases, including early pregnancy loss in ruminants, intrauterine
growth restriction, and preeclampsia in humans [23,24]. However,
placental growth adapts to safeguard fetal survival, but how
trophoblast-impaired activity may be compensated to allow conceptus
development is still incompletely described [25,26]. Previous research
demonstrated that trophoblast may activate autophagy both in physio-
logical situations for maintaining cellular balance during periods of
short-term nutrient and oxygen deprivation, and in compromised
pregnancy as a response to different stressors [27–29].

However, although the well-recognized role of mTOR as a placental
nutrient sensor and master regulator of autophagy, how it drives
trophoblast cellular fate during early placenta development remains
largely unexplored. Thus, our work aims to explore how ovine tropho-
blast cells adapt to a stress-inducing environment in terms of the main
cellular functional activities and nutrient recycling and transport
through mTOR-dependent mechanisms.

2. Methods

Materials. All chemicals, unless otherwise indicated, were obtained
from Sigma Chemical Co. The following chemicals were used: Dulbecco
Modified Eagle Medium (DMEM; D6546); DMEM/F12 (Gibco,
21331020), penicillin–streptomycin (Gibco, 15140122); fetal bovine
serum (FBS; Gibco, 10270106); l-glutamine (G7513); sodium pyruvate
(S8636); non-essential amino acids (Gibco,11140035); insulin (I9278);
rapamycin (RAPA, Santa Cruz, sc-3504A); chloroquine (C6628);
dimethyl sulfoxide (DMSO; D2650); mouse anti-STAT3 (STAT3,
1:10,000, Cell Signalling, 9131S); mouse anti-alpha-tubulin (aTUB,
1:10,000, T5168); rabbit anti-mTOR (mTOR, 1:1000, Cell Signalling,
2983); rabbit anti-phospho-mTOR (pmTOR, 1:1000, Cell Signalling,
5536); mouse anti-BCLN1 (BCLN1, 1:1000, Santa Cruz, sc-48341);
rabbit anti-microtubule-associated protein light chain 3B (LC3B, 1:100
or 1:1000, Invitrogen, 46286); 4,6-diamidino-2-phenylindole (DAPI;
Thermo Scientific); Alexa-fluor-594 goat-anti-mouse (1:500, Invitrogen,
A11032); horseradish peroxidase (HRP)-conjugated secondary anti-
bodies (1:15,000, Immunopure Goat anti-rabbit and anti-mouse IgG,
Thermo Fisher Scientific); growth factor-reduced Matrigel Matrix (BD
Biosciences, 354230).

Cell culture treatments. The experiments were conducted using
ovine primary trophoblast cells (oTCs) previously isolated and charac-
terized in our works [8,30]. oTCs were cultured with a supplemented
trophoblast growth medium using as a control (CTR), composed of
DMEM/F12 supplemented with 100 UI/L penicillin and 100 μg/mL

streptomycin, 10 % FBS, 2 mM l-glutamine, 1 mM sodium pyruvate, 0.1
mM non-essential amino acids and 4 μg/mL insulin. Cells were incu-
bated at 37 ◦C in an atmosphere of 5 % CO2, and the culture medium
was replaced every 48h until 80 % confluence. Then oTCs were sub-
jected to low-nutrient conditions using a DMEM (STARV), and 100 nM
rapamycin (rapa-CTR, rapa-STARV) for 24h. oTCs were used between 2
and 8 passages. All the tests were performed at least three times starting
from different cell batches. The experimental design is described in
Fig. 1.

Immunochemistry. oTCs were cultured on four-well chamber slides
(Nunc Lab-Tek II Chamber Slide system) under CTR, STARV, and RAPA
conditions. Cells were fixed with 4 % paraformaldehyde at RT for 10
min, washed twice with Tris-buffered saline (TBS) for 3 min each, and
then non-specific antigen sites were blocked with 10 % goat serum at RT
for 2h. oTCs were incubated at 4 ◦C overnight with LC3B antibody. After
washing twice with TBS, the secondary antibody Alexa-fluor-594 goat-
anti-rabbit was incubated at RT for 1h in the dark and nuclei stained
with DAPI for 10 min. The no-primary antibody control was meanwhile
processed similarly (Supplemental Fig. 1). Leica SP8 confocal fluores-
cent microscope (Leica Microsystems) was used to capture pictures at
20X.

Gene analysis. oTCs were seeded in six-well plates (3 × 105 cells/
well). Total RNA was extracted with Maxwell RSC simplyRNA tissue kit
(Promega). RNA quality and concentration were checked using Nano-
drop (Thermo Fisher), and 1 μg was reverse transcribed together with
non-reverse transcribed control (no-RT) using iScriptTM cDNA Synthe-
sis Kit (Bio-Rad Laboratories) by Bio-Rad Thermocycler (iCycler Ther-
mal Cycler). cDNA was amplified with a CFX Connect real-time PCR
detection system (Bio-Rad Laboratories) using the SsoAdvanced Uni-
versal SYBR Green Supermix (Bio-Rad Laboratories). cDNA and no-RT
samples were used for gene expression analysis using specific 5′–3′
primer pairs designed to anneal at 58◦/62 ◦C with already proven
amplification efficiency (E) previously published in our papers [8,31] or
obtained from others [32]. Each run was performed in duplicate under
conditions of 40 cycles of 94 ◦C for 45 s, 58/62 ◦C for 45 s, and 72 ◦C for
1 min. The relative expression of each gene was calculated using the
comparative threshold cycle method with ribosomal proteins S9 and L32
(RPS9, RPL32) as housekeeping genes. To avoid false-positive signals,
dissociation curve analyses and negative controls (no-sample) were
performed in each run.

Protein analysis. 90 % confluent oTCs seeded in six-well plates were
washed twice with ice-cold PBS and lysed for 10 min on ice in 150 μL
fresh buffer solution (Tris pH 7.4, 150 mM NaCl, 5 mM EDTA, 10 %
glycerol, and 1 % Triton X-100) by adding Protease Inhibitor Cocktail
(1:100), 1 mM sodium orthovanadate and 1mM phenylmethylsulphonyl
fluoride. Samples were collected and centrifuged at 4 ◦C for 15 min at
15,000g. Supernatants were quantified with DC Protein Assays (Bio-Rad
Laboratories). 10 μg of total protein was separated on 7.5 % or 15 %
polyacrylamide gels and transferred to 0.2-μm nitrocellulose (mTOR,
pmTOR, BCLN1, STAT3) or polyvinylidene difluoride (LC3B, aTUB)
blotting membranes (Amersham Protran Premium). Membranes were
blocked at RT for 1h in 10 % BSA TBS (TBS-Tween, 10 mM Tris, and 150
mM NaCl, pH 7.4, 0.1 % Tween 20), then incubated overnight at 4 ◦C
with the primary antibodies. After washing 30 min in TBS–Tween,
membranes were incubated at RT for 1h with HRP-conjugated second-
ary antibodies. Then, membranes were washed in TBS–Tween and
incubated for 5 min at RT with Clarity Western ECL Substrate (Bio-Rad
Laboratories). Proteins were visualized by exposing the membranes to
an autoradiographic CL-XPosure Film (Thermo Fisher Scientific); the
bands were acquired with an EPSON Perfection V39 scanner.

Functionality tests. oTCs were subjected to different functional tests
as previously described in our paper [8]. Briefly, migration and invasion
assays were conducted by seeding 50,000 cells in 100 μL of serum- and
insulin-free DMEM into the upper chamber of an 8-μm Transwell
chamber (Costar, 3422, Corning), whereas 600 μL of selected culture
conditions were added into the lower chamber. Invasion activity was
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assessed in the same manner but using Transwell coated with Matrigel.
After 12h, the non-migrated cells were removed by washing twice with
PBS. The inserts were fixed in 4% formaldehyde for 15min, stained with

DAPI for 10 min at RT, and washed with PBS. Cells were counted in 25
random non-overlapping fields acquired at a magnification of 10X by
using a Leica AF6000 LX (Leica Microsystems) fluorescent microscope.

Fig. 1. Experimental design. The figure summarizes the main steps of the study. Cell culturing (step 1): 21-day-old ovine primary trophoblast cells (oTCs) pre-
viously isolated and characterized from early sheep placenta were cultured in a trophoblast growth medium at 37 ◦C in an atmosphere of 5 % CO2 until 80 %
confluence. Treatments (step 2): oTCs were subjected to 24 h treatment with 100 nM rapamycin (RAPA) and low-nutrient medium (STARV) to study trophoblast cell
adaptation under chemical and natural autophagy induction, respectively. Autophagy detection (step 3): Western blot analysis, qPCR, and immunofluorescence cell
staining were performed to explore autophagy-related markers regulation through several stages of the autophagy process, including mTOR modulation, autophagy-
related genes expression (ATGs) and autophagosome protein detection (LC3B). Functional tests (step 4): the effect of previous treatments on oTCs behavior was
explored through the Transwell method (with or without Matrigel-coated) for cell migration and invasion assessment; wound-healing and ELISA assays were used to
study motility and progesterone release, respectively; moreover, the expression of nutrient carrier transporters genes (SLCs) was inspected thanks qPCR analysis.

Fig. 2. Autophagy process modulation in oTCs under rapamycin and low-nutrient culture conditions. oTCs were cultured in trophoblast growth medium until
80 % confluence, then starved for 12h and subjected to different treatments (trophoblast growth medium, CTR; 100 nM rapamycin, RAPA; low-nutrient, STARV).
After fixing with 4 % paraformaldehyde, non-specific antigen sites were blocked with 10 % goat serum and incubated at 4 ◦C overnight with LC3B antibody at 1:100
dilution; nuclei were counterstained with DAPI. Pictures were taken using the same confocal microscope parameters at 20X magnification (A, B, C, scale bar: 100
μm). Immunocytochemistry showed a basal level of LC3B in a normal culture trophoblast growth medium compared to rapamycin and nutrient deprivation con-
ditions in which a higher expression was observed. For both ATG genes, mTOR and LC3B expression analysis, RNA and protein were extracted from 24 h oTCs
subjected to different culture conditions. The picture shows an immunoblot of mTOR, pmTOR, and STAT3 (loading control) (D); LC3B (I and II), and aTUB (loading
control) (F). ATGs expression in oTCs was evaluated through qPCR analysis (E). The Kruskal-Wallis was used, and data were reported as mean ± s.e.m. (*P < 0.05;
**P < 0.01). The experiments were repeated three different times, and each qPCR analysis was duplicated.
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oTCs motility was studied through a wound-healing assay. 50,000 oTCs
were cultured till 80 % confluence and starved for 12h. A straight line
was drawn with a sterile p-200 pipette tip in the center of the dish,
removing detached cells by washing twice with PBS. The medium was
added following the experimental conditions. Images were captured
every 6h with a Leica AF6000 LX and analyzed with ImageJ Fiji 1.53s
(National Institutes of Health, USA; https://imagej.nih.gov/ij/) [33].
Finally, progesterone extraction was performed thanks to modifications
of the DetectX® Steroid Liquid Sample Extraction protocol (Arbor As-
says) as we previously described [8]. Then, hormone concentration was
detected using Progesterone ELISA kit (DRG Diagnostics GmbH) and
expressed as pg/100,000 cells.

Statistical analysis. For each assay, data were obtained from at least
three different replicates. The Kruskal-Wallis one-way analysis of vari-
ance by ranks test was performed for cell migration, invasion, motility,
progesterone release, and gene and protein expression data. When these
multiple comparisons were significant, pairwise comparisons using the
nonparametric Mann-Whitney U test were conducted. Data are reported
as the mean ± s.d. (standard deviation) or mean ± s.e.m. (standard
error) (for motility assay, gene, and protein expression). Statistical dif-
ferences were considered significant when P was <0.05.

3. Results

Autophagy process modulation in starved and rapamycin-treated
oTCs. Since autophagy is a multi-step process, we investigated the
autophagy regulation on oTCs through multiple approaches, including
protein and gene expression profiles of well-known autophagic markers
(Fig. 2). Western blot revealed the activation of the autophagy mecha-
nism through the inhibition of mTOR in rapamycin-treated cells,
whereas mTOR phosphorylation was detected in starved cells (Fig. 2D;
Supplemental Fig. 2). Immunochemistry displayed the presence of LC3B
in every condition, with a higher expression under low-nutrient and
mTOR-inhibited conditions compared to the control (Fig. 2A, B, C). The
induction of autophagy was also explored by quantifying the LC3II/LC3I
protein ratio. In a normal environment, oTCs did not show an increase of
LC3II as well as in rapamycin-treatment cells; on the contrary, the LC3II
protein expression was more evident in starved-oTCs (Fig. 2F; Supple-
mental Fig. 2). Autophagy activation was also confirmed by BLCN1
protein which is highly expressed in rapamycin and starved oTCs
(Supplemental Fig. 2). Finally, autophagy-related genes modulation
(BCLN1, ATG5, ATG9) was studied through qPCR (Fig. 2E), and ATG5
expression results increased in rapamycin-treated cells compared to
control (P < 0.01); while no difference was observed in nutrient-
deprived oTCs.

Trophoblast functional activities in starved and rapamycin treat-
ments. Under starved conditions, migration activity severely increased
both compared to control and rapamycin-starved treatment (P <

0.0001) (Fig. 3A). The motility graph displayed how the two-
dimensional cell movement followed a different pathway under the
experimental conditions among 36h of culture (Fig. 3C and D). From 0 to
12 h, oTCs closed the scratch gap in the same manner. Only after, cell
motility was decreased by rapamycin treatment (18h, P < 0.001). In
contrast, nutrient-deprived oTCs showed a slightly low activity
compared to normal culture conditions (18h, 24h, P < 0.01). No dif-
ference was observed between the two rapamycin-treated conditions.
Then, the ability of oTCs to degrade the extracellular matrix was
explored through invasion activity (Fig. 3B, Supplemental Fig. 3). Cells
seemed to similarly invade both in the presence of trophoblast growth
medium and starved environment. On the contrary, rapamycin treat-
ment decreased trophoblast invasiveness (P < 0.0001; P < 0.05),
without any difference between the rapamycin-control and rapamycin-
starved treatment. Moreover, starved and rapamycin conditions did
not influence the progesterone release (Fig. 3E).

A panel of SLC genes was identified by selecting target genes
involved in system L (Leucine preferring; SLC7A8; SLC43A2) and A

(Alanine preferring; SLC38A4) neutral amino acid transporter as well as
in ASC (alanine, serine, cysteine preferring; SLC1A4) and N (glutamine
preferring; SLC38A7) systems [34,35] (Fig. 4). qPCR analysis showed
that mTOR-inhibited environment increased SLC1A4, SLC7A8, SLC38A7
(P < 0.05) and SLC43A2 (P < 0.01) expression compared to
starved-oTCs. SLC38A4 was downregulated in rapamycin-treated cells
both compared to control (P < 0.05) and starved cells (P < 0.01).
Generally, gene expression of all selected SLCs remained unchanged
between normal growth medium and low-nutrient conditions, except
SLC43A2 expressing a decrease in a starved environment (P < 0.01).

4. Discussion

When facing adverse conditions such as low nutrient or oxygen
availability cells could adopt different adaptation strategies to survive in
the suboptimal environment. These include modulation of typical
cellular properties including migration, invasion, and hormone release
as well as activation of rescue mechanisms such as autophagy.

In the placenta, mTOR acts as a nutrient sensor network regulating
trophoblast cell growth and metabolism [10]. It integrates different
upstream extracellular signals, including nutrients, oxygen, and growth
factors with downstream effects ranging from modulation of activity of
key nutrients transport to activation of the autophagic process. Here, we
explored the mTOR-dependent adaptation strategies used by tropho-
blast cells to survive the adverse uterine environment that inevitably
occurs during early pregnancy.

A previously characterized oTCs model was used to study what oc-
curs following mTOR inhibition (Rapamycin) or in the case of nutrient
and growth factors deprivation (Starvation). The effects of these stressed
conditions were evaluated in terms of changes in cell functional pro-
prieties, autophagy activation, and modulation of nutrient carrier
expression.

First, to assess autophagy activation we focused on the main auto-
phagy marker LC3B [4]. Immunoblotting evaluation of the LC3II/LC3I
revealed that the amount of LC3II increased in starvation conditions
compared to controls while rapamycin-treated cells did not exhibit the
expected LC3II/LC3I ratio described in other cellular systems subjected
to the same treatment. To exclude a defect in the autophagic mecha-
nism, as suggested by specific guidelines [36], rapamycin-treated cells
were exposed to chloroquine which allows autophagy flux visualization
by blocking autophagosome degradation (Supplemental Fig. 4). In this
way, an increase in LC3II has been detected in rapamycin-treated cells
confirming autophagy activation following mTOR inhibition. To further
corroborate our data, we decided to repeat the analysis using the oTr cell
line (kindly provided by Prof. FW Bazer), a widely validated cellular
model used in a large number of sheep placental studies [37]. We have
applied to oTr the same stressful condition used for oTCs and we have
obtained similar results suggesting that this unusual LC3II/LC3I ratio is
a common feature of sheep trophoblast cells (Supplemental Fig. 4).
Accordingly, autophagy studies [38,39] conducted on human tropho-
blast cells reported conflicting results in terms of autophagic response
following treatment with canonical activator or inhibitor used in many
others in vitro cellular systems, leading the authors to conclude that this
is a prerogative of trophoblast derived cells [39].

Immunocytochemistry analysis confirmed that trophoblast cells
subjected to normal culture conditions exhibited a basal level of LC3B
detection, whereas fluorescence intensity increased in rapamycin-
treated and starved cells. We observed a diffuse cytoplasmic distribu-
tion of LC3B; however, a predominant accumulation of LC3B in peri-
nuclear and nuclear areas has been noticed. Despite the autophagic
process occurring in the cytoplasm, the presence of LC3B in the nucleus
has been recently reported in a growing number of studies [40,41] and
various hypotheses about its role have been proposed. According to
some authors, in starvation conditions, it may be used as a reserve for
LC3 cytoplasmic pool [42]. For others, it may be involved in the
degradation of nuclear lamina [43] or in managing nucleolar activity in
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response to cellular stress [44,45]. Thus, providing a clear interpretation
of LC3B nuclear detection is still not possible due to the lack of knowl-
edge about this controversial aspect.

Moreover, protein expression of another autophagy marker (BLCN1)
[46] was evaluated and its increase in both suboptimal environments
confirms that the placenta evokes this rescue mechanism as a part of its
adaptation strategies.

Once established that the applied treatments were able to differently
trigger the induction of autophagy we evaluated the consequences for
the main trophoblast functional proprieties. Migration, motility, and
invasion activities are considered of paramount importance for normal
placenta development [47]. After all, from 16 to 23 days of pregnancy,
ovine trophoblast cells migrate from trophectoderm tissue for taking
first contact with the uterus, and then move onto the maternal epithe-
lium to partially invade the caruncular areas [48,49]. To date, little is
known about the migrative and invasive behavior of ruminant tropho-
blast cells in the early stage of placentation, when an unfavourable event
is more likely to occur. This work is the first exploring how ovine
trophoblast cells adapt their functional activities to the surrounding
environments.

We observed that oTCs responded by inducing migration in low-
nutrient conditions, suggesting that starvation represents a “good”
stimulus for trophoblast cells’ adaptation. This may be because
trophoblast biologically lives in a nutrient-poor uterine environment
during this developmental period, so the placenta reacts to nutrient
deprivation by moving towards the maternal side. However, motility
indicateed that oTCs withstand low-nutrient conditions for a short time

since the bi-dimensional movement ability decreases at 24h. Neverthe-
less, our results also displayed that if rapamycin suppressed mTOR,
starvation did not stimulate either migration and motility, suggesting a
predominant effect of mTOR in trophoblast cells adaptation.

Conflicting findings regarding the role of autophagy in cellular in-
vasion have been described. In vivo experiments on food-deprived
pregnant mice reported autophagy activation through mTOR/p70 sig-
nalling in the early placenta [50]. They have supposed that under
starved conditions autophagy-mediated trophoblast activity is shifted to
cellular growth rather than invasion. Moreover, in both
suppressed-autophagy JEG3 and HTR8/SV cells the invasiveness was
increased [46]. Following rapamycin treatment, we observed a decrease
in trophoblast cell invasion, whereas nutrient deprivation seemed to not
influence it compared to the normal environment. In this view, our
findings point out that low-nutrient conditions have a greater impact on
migration than on invasive activity. It suggests that when trophoblast
cells first contact the endometrium, the nutrient lack is compensated by
syncytium formation with the endometrial cells. Regrettably, this
assumption cannot be confirmed because we solely focused on tropho-
blast cells’ ability to degrade an extracellular matrix, but without
endometrial stimuli.

This study also revealed that oTCs progesterone secretion was not
impacted by the stress-inducing treatments, underling that autophagy
activation was not involved in the downstream regulation of this hor-
mone production and release. This evidence highlights also that in
autophagy-activated status trophoblast preserves some key functional
features for survival, in agreement with previous data for hCG in human
primary trophoblast subjected to silencing of both mTOR complex [18].
Therefore, we can assert that autophagy activation has much more
impact on the initial migration and motility during which trophoblast
cells must continuously adapt to adverse environments.

Furthermore, due to the evidence that mTOR inhibition markedly
decreases the activity of key placental amino acid transporters [17] and
the occurrence of reduced protein expression of specific SLC isoforms in
response to a maternal low-protein diet [16], we decided to explore the
expression of selected SLC genes, involved in essential and non-essential
amino acids transport. Gene expression analysis revealed that SLCs
mRNA levels in rapamycin-treated cells resemble the expression profile
of the controls except for SLC38A4, which is significantly down-
regulated following mTOR inhibition. On the other hand, cells grown in
starvation displayed a markedly reduced expression of SLC43A2
compared to controls, while other genes remained unaltered. This agrees
with previous results showing that in human primary trophoblast cells,
followingmTORC1 inhibition, the decreased amino acid uptake does not
change global SLC protein or mRNA expression [18,51], supporting the
hypothesis that mTOR regulates amino acid transporter activity at the
post-translational level.

In human primary trophoblast cells, silencing of mTORC1 or
mTORC2 decreased basal System A and L transport activity while their
simultaneous inhibition completely inhibited amino acid uptake,

Fig. 3. Trophoblast functional activities under low-nutrient and rapamycin culture conditions. The figure shows oTCs migration, motility, invasion activity,
and progesterone release under 24h experimental conditions (CTR, trophoblast growth medium; rapa-CTR, CTR + 100 nM rapamycin; STARV, DMEM; rapa-STARV,
STARV + 100 nM rapamycin). (A) Migration and (B) invasiveness were explored by the Transwell system, with and without Matrigel-coated. The migrative and
invasive activity of 50,000 trophoblast cells were explored thanks to an 8-μm Transwell chamber. Both tests were performed three different times. Results reported
(mean ± s.d.) the number of total cells counted after 12 h in 25 random non-overlapping fields. The Kruskal-Wallis was performed (*P < 0.05; **P < 0.01; ***P <

0.001). Starved conditions induced an increase in migration activity compared to both control and rapamycin treatment (A). On the contrary, no difference was
observed in invasion activity in starved oTCs compared to control, but a slow activity was again confirmed in the mTOR-inhibited system (B). (C–D) A wound healing
assay was carried out on oTCs subjected to the abovementioned culture conditions for 36 h to study cell bi-dimensional motility (C, scale bar: 100 μm). Pictures
showed oTCs movement at the starting point, 18, 24, and 36 h (C). The graph describes the extent of gap closure over time (D). The experiment was repeated in
triplicate twice. The starved condition seemed to not affect cell movement until 24h of culture compared to the control, while both rapamycin treatments negatively
affect oTCs motility, without any differences among them. Letters a, b, c, and d denote differences (P < 0.05) vs CTR, rapa-CTR, STARV, and rapa-STARV,
respectively. The Kruskal-Wallis was performed, and data are shown as mean ± s.e.m. (E) Progesterone release (P4) in the culture medium was detected after
24 h treatment. P4 was extracted using the diethyl ether method at − 80 ◦C, then concentration was determined by an enzyme-linked immunosorbent assay kit and
expressed as pg/100,000 cells. Analyses were repeated twice on three different endpoint analyses at least. Data expressed as mean ± s.d. suggested no differences
between treatments.

Fig. 4. SLCs expression in oTCs in starved and rapamycin culture envi-
ronments. SLCs gene expression was defined after 24h 100 nM rapamycin
supplementation as well as starved conditions in oTCs. All experiments were
performed at three different times at least, and each qPCR analysis was dupli-
cated. The Kruskal-Wallis was performed, and data were reported as mean ± s.
e.m.; significance is denoted with an asterisk when *P < 0.05 or **P < 0.01. All
SLC genes were upregulated in mTOR-inhibited oTCs, apart from SLC38A4
expressing a significant decrease both compared to control and low-nutrient
cells. No difference in solute carriers’ gene expression was observed between
oTCs cultured in a normal trophoblast growth medium and a nutrient-deprived
environment, except for SLC43A2 severely downregulated in starved oTCs.
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suggesting that they independently regulate amino acid transport [18].
This could explain why, although mTOR inhibition, in our
rapamycin-treated cells SLCs expression remains largely unaltered. As
supported by decreased p-mTOR expression, rapamycin targeting spe-
cifically mTORC1 while mTORC2 activity remains undisturbed (as
confirmed by our previous results about phospho-Ser-473-Akt expres-
sion [8]) and could partially sustain nutrients transporter activity,
without markedly altering the global expression of transporters genes.

The only gene significantly downregulated following rapamycin
treatment was the isoform of system A transporter, SLC38A4. In the
placenta, it is regulated as a paternally imprinted gene and is involved in
the epigenetic control of nutrient supply and demand during develop-
ment [52]. SLC38A4 knockout mice presented a lower placenta weight
causing a severe intrauterine growth restriction [53], while SLC38A4
protein was significantly downregulated in early preterm human preg-
nancies complicated with IUGR or preeclampsia, without relevant al-
terations on gene expression levels [54]. Differently, a lack of change in
both protein and mRNA expression was reported in human trophoblast
cells [51] subjected to the same rapamycin treatment applied in our
study. Indeed, the discrepancy between mRNA and protein levels ap-
pears to be a feature of this family of nutrient transporters [18,51],
making comparisons of different results particularly difficult.

Previous studies in ruminants reported temporal changes in SLC
expression during the early stage of placentation. However, placenta
obtained from nutrient-restricted ewes showed that the impact of
reduced maternal nutrition on SLC expression is subtler, as detectable
only in pregnancy which later develops IUGR [55]. In our in vitro ex-
periments, we found that SLC expression levels did not change in oTCs
exposed to starved conditions, with SLC43A2 being the only exception.
In cattle, it has been reported that the expression of SLC43A2 increased
as conceptus development progresses [32] while in humans it is
described as a unique transporter that may mediate the net efflux of
amino acid from the placenta to the fetus [56]. The evidence that its
mRNA expression positively correlates with fetal growth [32] and our

data on SLC43A2 downregulation following starvation suggest that it
could represent a particularly sensitive hotspot for nutrient availability
among genes regulating the placental system L of amino acid
transporters.

Contrary to what is generally claimed regarding mTOR suppression
and LC3B activation, it is interesting to note that the expression of
phospho-Ser-2448-mTOR in starved cells was not reduced compared to
control, notwithstanding the depletion of serum and glutamine which is
a well-known activator of mTOR [57]. In light of this, we speculate the
existence of a compensation mechanism thanks to which the nutrients
obtained through autophagic recycling lead to the reactivation of mTOR
to limit extreme degradation by autophagy (Fig. 5). The existence of a
feedback mechanism involving the general amino acid control (GAAC)
pathway, mTOR and autophagy has been reported in previous works
using rat kidney cells subjected to prolonged serum/glutamine starva-
tion [58,59]. According to our findings, prolonged starvation restores
mTOR activity in an autophagy-dependent manner, while rapamycin
abolishes this rescue mechanism [58]. Moreover, Chen and colleagues
[59] proposed that increasing the activity of amino acid transporters
leads to an increase in intracellular amino acid uptake, which in turn
causes the reactivation of mTOR and suppression of autophagy. How-
ever, further research is needed to better explore SLC activity looking at
protein instead of mRNA expression, which has proved to be of little use
in this type of investigation.

The present study provides evidence of multi-level trophoblast cell
adaptation during the early stage of placentation in sheep. Nutrient
deprivation appears to have a positive impact on placenta functionality
thanks to a balanced regulation between mTOR and autophagy. This
mechanism aims to ensure cell survival under prolonged starvation by
redistributing nutrients recycled through autophagy, thus leading to
mTOR reactivation, whereas in rapamycin-treated cells mTOR restora-
tion is not allowed. Accordingly, we can assume that when mTOR ac-
tivity was inhibited by rapamycin treatment trophoblast cells lost their
capacity to mitigate autophagy proceeding and thus abolished their

Fig. 5. Autophagy modulation in ovine trophoblast cells. Autophagy process modulation is controlled according to the different environments where the
placenta is developing. In the presence of adequate nutrients availability, mTOR is activated and a baseline level of autophagy for normal recycling of nutrients is
expected (=LC3B: basal autophagy). When trophoblast cells live in a rapamycin treatment system, mTOR is suppressed and an increase in autophagosome accu-
mulation leads to a higher nutrient release in the cytoplasm. Despite the recycled nutrients, mTOR reactivation is not feasible due to the rapamycin-mediated
complete inhibition. In that stressful environment, since mTOR does not fulfil its regulatory function, trophoblast cells may survive for a short time before dying
(↑LC3B: chemical autophagy). On the other hand, a nutrient-deprived environment should potentially have an inhibitory effect on mTOR, leading to a much higher
autophagosome synthesis. However, the greater release of new compounds seems to restore mTOR ability to provide new nutrient sources to support trophoblast cells
functionality (↑↑LC3B: functional autophagy). In a low-nutrient context, mTOR acts as a balance between the nutrient sensor and autophagy regulator gate.
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functional proprieties to preserve energy consumption (Fig. 5).
Concluding, trophoblast may respond to a suboptimal in vitro environ-
ment by modulating nutrient recycling/transport and cellular functional
activities, with potential implications for conceptus development and
survival.

From a comparative perspective, sheep and human placentas are
anatomically quite divergent based on the classification of Grosser [60].
In humans, the placenta truly invades the endometrium, whereas in
sheep there is no massive erosion of the endometrium but a slight
apposition of uterine and chorion layers [61]. However, trophoblast
cells follow identical developmental steps during early pregnancy,
including proliferation, differentiation, migration, and invasion [62].
Therefore, the sheep represents an appropriate model for human preg-
nancy due to similar physiological traits, such as body weight, litter size,
and metabolic processes [63,64]. In particular, an increasing amount of
research indicates that both species exhibit a similar mechanism for
exchanging, transporting, and distributing nutrients and oxygen
through placental tissue [63,65]. In this light, the compensatory
response (Fig. 5) here proposed might be further investigated even in
human gestational diseases sharing a common origin in defective
placental development, such as intrauterine growth restriction [66,67]
and preeclampsia [68,69].
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