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Abstract

Background and aims Malnutrition in the early stages of life may lead to changes in the glycemic metabolism during adult-
hood, such as pancreatic beta cells dysfunction and failure. Therefore, this study aimed to evaluate the effects of an in vitro
amino acid restriction model on the function and viability of pancreatic beta cells.

Methods Insulin-producing cells (INS-1E) were maintained in control or amino acid restricted culture medium containing
1 xor 0.25 x of amino acids, respectively, for 48 h.

Results Amino acid restricted group showed lower insulin secretion and insulin gene expression, reduced mitochondrial
oxygen consumption rate and reactive oxygen species production. Besides, amino acid restricted group also showed higher
levels of endoplasmic reticulum stress and apoptosis markers and enhanced Akt phosphorylation. However, even with
higher levels of apoptosis markers, amino acid restricted group did not show higher levels of cell death unless the PI3K/Akt

pathway was inhibited.

Conclusion Amino acid restricted beta cell viability seems to be dependent on the PI3K/Akt pathway.

Keywords Insulin secretion - Redox balance - Heat shock protein - Apoptosis - Cell viability

Introduction

Adequate nutrition is crucial for healthy growth and devel-
opment during childhood. Malnutrition remains one of the
most important causes of morbidity and mortality among
children in the world, being responsible for around 45% of
deaths among children under 5 years old [1, 2]. Malnutrition,
whether intrauterine or postnatal, is considered a risk factor
for the development of metabolic pathologies in adult life,
such as obesity, type 2 Diabetes Mellitus, hypertension, cor-
onary artery disease, dyslipidemia, among others [3—6], and
it is a world health issue affecting mainly children. Besides,
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this situation can be aggravated by increasing global poverty
risk due to the COVID-19 pandemic [7, §].

Experimental studies showed that protein restriction dur-
ing pregnancy, lactation, or after weaning impacts the devel-
opment of the endocrine pancreas, reducing insulin synthesis
and secretion when stimulated by glucose, amino acids, and
other enhancers [9-12]. The reduction in pancreatic beta cell
responsiveness to secretagogues, in case of protein restric-
tion, is probably associated with lower expression of key
proteins of the stimulus-coupling mechanisms [10, 13, 14],
establishing a direct relationship among the restriction of
nutrients in the initial phase of life and its consequences to
the endocrine pancreas function.

Besides the dysfunction in amino acid restricted beta
cells, amino acid restriction-induced alterations have also
been shown in an in vitro model of malnutrition. Our group
reported that these cells were more susceptible to death
when exposed to a nutrient challenge [15]. However, the
intracellular mechanisms involved with this outcome are still
unknown.

Previous studies reported changes in antioxidant enzymes
activity and reactive oxygen species concentration in islets
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from protein malnourished rodents [16, 17]. However, stud-
ies investigating the effects of amino acid restriction on beta
cell viability are still scarce. Here, we hypothesized that beta
cells submitted to an amino acid restriction could be more
susceptible to death due to higher oxidative damage. We
aimed to analyze the effects of in vitro amino acid restriction
on mitochondrial metabolism, redox status, and apoptosis
markers in an insulin-producing cell line (INS-1E), as well
as the molecular mechanisms involved in these responses.

Materials and methods
Cell culture

INS-1E cells (RRID: CVCL_0351) were cultured in RPMI
1640 medium (10-040CV, Corning) containing sodium
bicarbonate and glutamine, supplemented with 5% fetal
bovine serum (FBS), 10-mM HEPES, 1-mM sodium pyru-
vate, 50-uM f-mercaptoethanol, 100-U/ml penicillin, 100-
mg/ml streptomycin and kept in an incubator (CO-24, New
Brunswick Scientific Co., Inc., New Jersey, USA) at 37 °C,
in a humidified atmosphere at 5% CO,. Cells were passaged
once a week and each passage were considered as a differ-
ent n. Biological replicates are not considered as different
n. For amino acid restriction protocol, cells were cultured
for 48 h in an amino acid-free medium (D1824, Vitrocell)
and supplemented with 1 X (Control—C) or 0.25 X (Amino
acid Restriction—R) of an amino acid solution (RPMI 1640
Amino Acids Solution—50X, R7131, Sigma-Aldrich), as
previously established by Gongalves et al. (2019). INS1-E
were kindly provided by Dr. Decio Eizirik, ULB, Brussels,
Belgium.

Static insulin secretion

INS-1E cells were grown in 24-well plates and after amino
acids restriction, they were pre-incubated with Krebs buffer
(115-mM NaCl, 5-mM KCl, 2.56-mM CaCl,, 1-mM MgCl,,
10 mM NaHCO;, 15-mM HEPES, and 0.3% glucose-free
bovine serum albumin (BSA) and balanced with a mixture
of 95% 0,/5% CO, to a pH of 7.4), at 37 °C, for 1 h. Sub-
sequently, the solution was gently removed and replaced
with 500 pL of the same solution (Krebs) containing dif-
ferent concentrations of glucose (2.8 and 22.2 mM) for 1 h.
The supernatant was removed, transferred to test tubes, and
stored at —20 °C for subsequent analysis of insulin by radio-
immunoassay [18]. The cells were collected using urea/thio-
urea buffer for later protein measurement [19] and normali-
zation of the results by dividing the insulin concentration
by protein content.
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Western blot analyses

After treatment, INS-1E cells were washed in PBS (Phos-
phate Buffered Saline) 1X and then collected in lysis buffer
containing protease inhibitors. A small sample was used for
protein quantification by Bradford (BioRad), using a stand-
ard curve of known concentrations as a reference. 20% of the
volume of Laemmli 5X buffer (0.1% bromophenol blue, 1-M
sodium phosphate, 50% glycerol, 10% SDS) was added and
then they were incubated at 100 °C for 5 min. The proteins
were separated by sodium dodecyl sulfate—polyacrylamide
gel electrophoresis and blotted to a nitrocellulose mem-
brane with a 0.22-um pore (BioRad). The membranes were
blocked with 5% albumin in TBS-T solution (50-mM Tris
pH 7.5, 150-mM NacCl, and 0.1% Tween 20) for 90 min at
room temperature, and the proteins related to the study were
detected on the membrane by overnight incubation with spe-
cific antibody for the proteins of interest (Supplementary
Table 1). Then, the membrane was washed with TBS-T and
incubated with peroxidase-conjugated polyclonal anti-IgG
antibody (dilution 1:10,000 in TBS-T with 3% albumin) for
90 min. Right after, the membranes were washed again and,
finally, were imaged by chemiluminescence (SuperSignal
West Femto, Pierce Biotechnology Inc., Rockford, IL, USA)
through Amersham Imager 600 (GE Healthcare, Little Chal-
font, UK). Optical density was quantified using ImageQuant
TL v8.1 software (GE Healthcare Life Sciences).

Real-time PCR analyses

After treatment, INS-1E cells were lysed in 500 ul of Tri-
zol solution (Ambion by Life Technologies, USA), and
total RNA was extracted according to the manufacturer’s
protocol. RNA concentrations were determined by spec-
trophotometry (ratio 260/280 nm). The cDNA was synthe-
sized with 1 ug of RNA, using reverse transcriptase reaction
(High-Capacity cDNA Reverse Transcription kit, Applied
Biosystems, USA). Real-time PCR was performed using
Fast SYBR® Green PCR Master Mix (Applied Biosystems,
USA) in a 7500 Fast Real-Time PCR System (Applied Bio-
systems) thermocycler with specific primers for the PCR
reactions (Supplementary Table 2). Gene expression was
quantified according to the AACT method [20] using HPRT
gene as the constitutive gene.

Mitochondrial density and mitochondrial
membrane potential

After 48 h of treatment, the cells were incubated with a fluo-
rescent Mitotracker probe (M7514, Invitrogen) at 100 nM
(diluted in Krebs 11.1-mM glucose) for 15 min at 37 °C to
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assess mitochondrial density or with Tetramethylrhodamine
methyl ester perchlorate (TMRM—T5428, Sigma-Aldrich)
at 30 nM (diluted in Krebs 11.1-mM glucose) for 30 min
at 37 °C to evaluate the cell membrane potential. The cells
were then washed three times with PBS and the fluorescence
reading was performed in the Spectramax M3 fluorimeter
plate reader (Molecular Devices), at 490-nm (excitation)
and 516-nm (emission) wavelengths for Mitotracker and at
545-nm (excitation) and 575-nm (emission) wavelengths for
TMRM. For results normalization, cells were washed with
PBS, fixed with 4% formaldehyde for 10 min, washed again
with PBS, then stained with Hoechst 33,342 (ThermoFisher,
H3570; 10 mg/mL) at a final concentration of 1 ng/mL for
15 min, washed again with PBS and then read on this same
equipment at 350-nm (excitation) and 461-nm (emission)
wavelengths.

Mitochondrial respiration by high-resolution
respirometry

The oxygen consumption rates (OCR) were measured in
an Oxygraph-2 k (OROBOROS Instruments, Innsbruck,
Austria) using 1.5 million cells/group in culture media. To
evaluate the contribution of each respiratory complex to the
OCR, the following drugs were added: 1-pM oligomycin
to inhibit ATP synthase; sequential 0.5 pM additions of the
uncoupler carbonyl cyanide-4-trifluoromethoxy phenylhy-
drazone (FCCP) until maximum respiration consumption
was achieved; 2 pM of antimycin to inhibit complex III and
block mitochondrial respiration. ATP-linked OCR (ATP-
linked) was calculated by subtracting consumption after the
addition of oligomycin from baseline respiration. The spare
capacity was determined by subtracting the baseline con-
sumption from maximal respiration (induced by the FCCP).
The proton-leak was calculated by subtracting the non-mito-
chondrial consumption of OCR after oligomycin. Maximum
and baseline consumption were obtained by subtracting the
respiration after titration of FCCP and initial (baseline) res-
piration of non-mitochondrial OCR. The values of the bar
and line graph are composed of the absolute values obtained
in the experiment (n=3).

Production of reactive oxygen species (ROS)

After 48 h of treatment, cells were subjected to a proto-
col similar to that of insulin secretion, in which they were
incubated for 1 h in Krebs buffer without glucose and later
stimulated with that same solution with 22.2-mM glucose
for 1 h. During the last 30 min, probes were added to assess
the ROS levels. The generation of mitochondrial and cyto-
solic superoxide radicals was quantified using MitoSOX"™
Red Mitochondrial Superoxide Indicator (M36008, Ther-
moFisher) and Dihydroethidium (Hydroethidine) (D11347,

ThermoFisher), respectively. For total H,O, quantification,
the Amplex" UltraRed Reagent probe (A36006, Ther-
moFisher) was used. Fluorescence was measured using a
fluorescent plate reader (Spectramax M3 fluorimeter, Molec-
ular Devices) according to the manufacturer’s recommenda-
tions. The values obtained were normalized by the amount
of protein (Bradford) or the number of cells (stained with
Hoechst 33342).

PI3K/Akt pathway inhibition

The cells were treated or not with a pharmacological and
irreversible inhibitor of PI3K (Wortmannin, W1628, Sigma-
Aldrich) for 30 min before the 48 h of treatment with amino
acid restriction. Initially, different concentrations of this
compound (100 nM, 500 nM, 1 uM, 5 pM, and 10 pM)
were tested, and cells were collected for analysis of protein
content by western blot. With the lowest tested concentra-
tion chosen, experiments were then carried out to evalu-
ate cell death and the production of ROS (DHE) and H,0,
(Amplex).

Cell death

Cell viability was assessed from cells stained with DNA
intercalants, Hoechst 33,342 (ThermoFisher, H3570; 10 mg/
mL), and propidium iodide (ThermoFisher, P3566; 10 mg/
mL). For the experiment, cells were cultured in a 96-well
plate (pCLEAR®, Greiner) and after 48 h of treatment,
100 pL of the medium was removed from each well and 100
pL of RPMI 1640 medium containing both substances were
added (reagents mentioned above were in the final concen-
tration of 10 ug/mL). After 15 min of incubation at 37 °C,
100 pL of the medium was removed from each well and
100 pL of RPMI 1640 medium was added. The percent-
age of apoptotic cells was determined by the High Content
Imaging System (ImageXpress, Molecular Devices) using
the Live and Dead module of the MetaXpress software
(Molecular Devices). To identify viable and dead popula-
tions, masks were applied for DAPI wavelengths (excitation
at 350 nm and emission at 470 nm—Hoescht) and Texas red
(excitation at 496 nm and emission at 615 nm—propidium
iodide).

Statistical analysis

Statistical analyses were performed using the Graph-
Pad Prism 7.0 software (GraphPad Software, USA). The
results were expressed as mean + standard error of the
mean (SEM) and all were submitted to the Shapiro—Wilk
normality distribution test and then directed to parametric
(Student’s ¢ test) or nonparametric (Mann—Whitney U test).
For the experiments that used Wortmannin, the results
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«Fig. 1 Characterization of in vitro amino acid restriction model in
insulin-producing cells (INS-1E) after 48 h cultured with 1x (C) or
0.25% (R) of amino acids. a Insulin gene expression (n=7). b Static
insulin secretion stimulated by 2.8 and 22.2 mM of glucose (n=8). c—
g Protein content of SNAP-25, p-elF2a, PKC, PC and GCK. h Gene
expression of endoplasmic reticulum markers (n=5-8 for Western
Blot and PCR). c—g Normalized by GAPDH and expressed in % of
Control. *R is different from C. Data are mean+SEM and were sub-
mitted to Student t test for all analyses, p <0.05

were analyzed by Two-way ANOVA, followed by Bonfer-
roni. p <0.05 was adopted as a significance criterion.

Results

Characterization of the in vitro amino acid
restriction model

Initially, we reproduced the phenotype found in animal
malnutrition models in vitro, using INS-1E cells. We
treated cells with amino acids restricted (R) and control
(C) medium. Amino acid restriction reduced insulin gene
expression by 50% and insulin secretion stimulated by glu-
cose by 58% (Fig. 1a, b, respectively). Amino acid restric-
tion in vitro led to a reduction of 70% in SNAP-25 protein
content (Fig. 1¢) and 45% of protein kinase C (PKC, Fig.
d), and an increase of 30% in phospho-eukaryotic transla-
tion initiation factor 2a (p-eIF2a, Fig. le). The protein
content of pyruvate carboxylase (PC, Fig. 1f) and glu-
cokinase (GCK, Fig. 1g) did not change. It was reported
an increase in gene expression of activating transcription
factor 4 (ATF4) by 68%, X-box-binding protein 1 (XBP1)
by 77%, C/EBP homologous protein (CHOP) by 38% and
oxygen-regulated protein 150 (ORP) by 87% (Fig. 1h).

Mitochondrial metabolism

Despite no changes in the protein content of peroxisome
proliferator-activated receptor-gamma coactivator 1-alpha
(PGCla, Fig. 2a), amino acid restriction reduced the mito-
chondrial density by 37% (Fig. 2b) and mitochondrial
membrane potential by 29% (Fig. 2c¢). Accordingly, we
reported a reduction in the protein content of complex I
by 42% and in complex IV by 58% (Fig. 2d). As shown in
Fig. 2e, f, cells that have undergone amino acid restriction
already started with lower baseline O, consumption. Also,
the respiratory parameters proton-leak, maximal respira-
tion, and spare respiratory capacity were reduced in the
restricted group by 33%, 37%, and 45%, respectively.

Cell viability and evaluation of parameters related
to oxidative stress and apoptosis

We evaluated the production of H,0O, (Fig. 3a) and the pro-
duction of total mitochondrial and cytosolic reactive oxygen
species, which are shown in Figs. 3b, c, respectively. Sur-
prisingly, we observed that H,0, and cytosolic reactive oxy-
gen species (ROS) content were reduced in the amino acid
restricted group by about 30% in both experiments, while
mitochondrial ROS showed no difference between groups.
We also reported an increase in superoxide dismutase 1
(SOD1, Fig. 3d) and superoxide dismutase 2 (SOD2, Fig. 3e)
protein content by 32 and 36%, respectively, in this group.
Considering the changes found in the restricted group, we
investigated whether cell viability would be altered. For that,
we assessed some proteins involved with the intrinsic path-
way of cell apoptosis and did not observe any difference in
the protein content of Sirtuin 1 (SIRT1, Fig. 3f) and heat
shock factor (HSF1, Fig. 3g) between groups. However, heat
shock protein 70 (HSP70) protein content was shown to be
decreased by 41% (Fig. 3h) and Bax/Bcl-xL ratio increased
by 40% (Fig. 3i). Nevertheless, no difference in the number
of apoptotic cells between groups (Fig. 3j) was reported.

While evaluating some of the major survival signaling
pathways, we found that the amino acid restricted group
displayed an eightfold increase in Akt phosphorylation
(Fig. 4a). To investigate whether this increase was related
to cell survival, we used Wortmannin to inhibit the PI3K/Akt
pathway (Fig. 4b). This inhibition evidenced significantly
higher rates of cell death (Fig. 4c—g; Fig. c—f is the repre-
sentative images of HOPI experiment) and ROS production
(Fig. 4h), despite no change in H,0O, content (Fig. 41).

Discussion

To start this study, we first reproduced the in vitro model of
amino acid restriction. As well as Gongalves et al. (2019),
we measured protein content of SNAP-25 and PKC, which
reduction corroborated the findings reported in islets of
rodents submitted to protein restriction [13, 21].
Moreover, p-elF2a protein content, ATF4 and XBP1
gene expression were increased after 48 h of treatment with
0.25 x of amino acids. Eukaryotic translation initiation fac-
tor 2o plays an important role in protein synthesis regula-
tion, especially when amino acid availability is limited. It
is an essential biomarker for amino acid restriction and an
upstream protein of the PERK/ATF4 branch of unfolded
protein response (UPR). UPR signaling is essential for beta
cell maintenance, activating mechanisms involved with cell
survival and death, according to cell stress situation [22].
We also observed increased CHOP and ORP150 gene
expression. CHOP is a pro-apoptotic transcription factor,
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stimulated by PERK/ATF4 pathway, while ORP150 is an
inducible ER chaperone that is up-regulated after cellular
insults [23, 24]. Although its exact mechanism of action still
remains unclear, ORP150 is proposed to have a cytoprotec-
tive role for the maintenance of cellular viability [25-27].
CHOP/ORP150 ratio was proposed to be an important
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ATP-linked

Proton Leak Spare Maximal ~ Non-mitochondrial

predictor for cell apoptosis triggering during ER stress in
diabetic peripheral neuropathy [28]. Our results evidence
that this ratio could also be a marker for beta cells, since ER
stress markers are increased, but there is no cell death yet.
Mitochondrial dysfunction also triggers ER stress activa-
tion. In agreement with previous studies, our results show
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that amino acid restriction also induces changes in mito-
chondrial function and biogenesis, reducing mitochondrial
density, oxygen consumption, and mitochondrial membrane
potential in INS-1E cells, despite overall lower ROS content.
In a previous study, Wistar rats treated with an isocaloric and
hypoproteic diet (6% proteins) had a higher content of H,0,
in the pancreatic islets [17]. On the other hand, we demon-
strated a lower production of total ROS, and H,0, specifi-
cally, while the production of mitochondrial ROS remained
unchanged. Cappelli and colleagues (2018) measured H,0O,
in islets, which may not reflect the outcomes found in beta
cells alone. The increase in antioxidant enzymes found
in our study could explain ROS content reported on the
restricted group, indicating that amino acid restriction may
have triggered compensatory mechanisms.

Heat shock proteins (HSPs) are a class of chaperones with
a fundamental role in maintaining cell survival and viability
under stress conditions, preventing denatured proteins from
forming cytoplasmic aggregates [29]. Considering malnu-
trition as a type of stress, we evaluated the expression of
Hsp70 after 48 h of amino acid restriction and observed that
its protein content was reduced. It is known that to increase
HSPs transcription, HSF1, after deacetylation, must bind the
heat shock element (HSE) in the nucleus and SIRT1 is the
protein responsible for this process [30]. Analyzing HSF1
and SIRTI1 protein content, we observed that our restriction
model did not lead to changes in the content of these pro-
teins, despite the reduction in Hsp70 content. However, this
reduction could be explained by the loss of HSF1-binding
affinity during amino acid restriction, as shown by Hensen
and colleagues (2012) [31].

According to the direct relationship between Hsp70 and
elements of the apoptotic pathway [29], our next step was
to investigate whether this decrease would result in changes
in proteins involved with apoptosis. We observed a higher
Bax/Bcl-xL ratio, which could indicate that the decrease
in Hsp70 would be associated with the increase in Bax by
allowing its translocation into the mitochondria and increas-
ing apoptosis. Despite greater activation of the intrinsic
pathway of apoptosis, there was no increase in the cell death
rate. Then, we hypothesized that another survival pathway
activation could counterbalance cell apoptosis.

Our results showed an increase in Akt phosphorylation
in the restricted group suggesting that this mechanism could
contribute to cell survival. To test this hypothesis, cells were
treated with PI3K inhibitor (Wortmannin) and cell death rate
and ROS production were evaluated. It was observed that at
least part of this protective effect was exerted by Akt activa-
tion, since inhibiting PI3K/Akt pathway led to higher rates
of cell death in the amino acid restricted group, in addition to
an increased content of total ROS. Akt is considered a strong
regulator of apoptosis, because it can inhibit pro-apoptotic
proteins such as caspase-9 and Bad. Phosphorylation of

Bad, which is also a component of the Bcl-xL/Bad com-
plex, leads to the dissociation of the complex, inhibiting
apoptosis [32]. In addition, Akt is also able to phosphorylate
and activate IxB kinase a that is involved with the activation
of nuclear factor kappa B, which regulates transcription of
genes related to cell survival [33], and also maintains the
phosphorylation of transcription factors of the forkhead box
protein O family, by downregulating TNF-related apoptosis-
inducing ligand, a pro-apoptotic protein [34].

It is worth noting that although we have not used an
in vivo model to confirm all events found in this work,
some of the changes characterized in vitro, like reduction in
insulin secretion, reduction in insulin gene expression and
protein content of SNAP-25 and PKC, have already been
seen in previous work in the islets of animals fed a low pro-
tein diet [10, 13, 21, 35], as well as some proteins that did
not have its content modified, like GCK, PC, and PGCla
[12]. Therefore, changes outlined in this study are likely to
occur in animal models of protein malnutrition. Besides, a
well-established in vitro model contributes to the study of
molecular mechanisms.

Conclusion

Insulin-producing cells (INS-1E) subjected to an amino acid
restriction exhibited an increase in endoplasmic reticulum
stress markers, impaired mitochondrial metabolism, despite
reduced content of ROS, and an imbalance in the molecular
mechanisms related to cell viability. Despite that, the viabil-
ity is not altered, possibly, through the greater activation of
PI3K/Akt pathway, since its inhibition increased cell death
(Fig. 5). In summary, our findings contribute to a better
understanding of molecular mechanisms involved with beta
cell programming by amino acid restriction, which could
be helpful for the development of therapeutic targets for the
treatment or prevention of harmful malnutrition outcomes.
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Fig.5 INS-1E cells subjected to amino acid restriction exhibited
reduction in mitochondrial metabolism and increased reticulum
stress markers. The amino acid restriction led to an increase in the
molecular markers of the intrinsic apoptosis pathway in INS-1E cells.
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