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Type 2 diabetes mellitus and Alzheimer’s disease, are two closely related pathological situations

that are connected at the molecular level. In recent years, amylin, which is co-secreted with insulin,
has been proposed for being a main actor in this context due to its capacity to form aggregates in

a B-sheet-like structure. In a diabetic milieu, there is an increase in the production and secretion

of insulin and amylin. We have analysed the role of resveratrol on aggregate formation and in the
production of extracellular vesicles with amylin in its interior and in pancreatic B cells overexpressing
human amylin (INS1E-hIAPP). Furthermore, we have explored the consequences of the exposition of
the conditioned medium derived from INS1E-hIAPP in the hippocampal cell line HT-22 and the role of
resveratrol in this cell line. Hippocampal cells were exposed to conditioned media obtained from rat
insulinoma 1E overexpressing human amylin in the presence or in the absence of resveratrol. When
we exposed HT-22 cells to the conditioned media of INS1E-hIAPP we observed amylin-aggregates
inside HT-22 cells. Resveratrol was able to alleviate this effect not only in HT-22 but also in pancreatic
B cells. Furthermore, resveratrol decreased the average exosome size produced by the INS1E-hIAPP
stimulated with high glucose, diminishing the toxic effect of these exosomes in HT-22 cells. We

have uncovered that resveratrol inhibits the aggregation capacity of amylin and it can diminish the
deleterious spreading of the toxic protein, to other cell types such as the hippocampal neuron cells,
HT-22.
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Abbreviations

ATP Adenosine triphosphate

BIP Binding protein

DMSO Dimethyl sulfoxide

Drpl Dynamin-related protein 1

ER Endoplasmic reticulum

FBS Foetal bovine serum

hIAPP Human islet amyloid polypeptide or amylin
MEF Mouse embryo fibroblast

MEFN1 Mitofusin 1

MEFN2 Mitofusin 2

mTOR Mechanistic target of rapamycin

mTORC1  Mechanistic target of rapamycin complex 1
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mTORC2  Mechanistic target of rapamycin complex 2
NaF Sodium fluoride

OPA1 Optic atrophy 1

L-OPA1 Large isoform optic atrophy 1

S-OPAl Short isoform optic atrophy 1

PBS Phosphate buffered saline

PMSF Phenylmethylsulfonyl fluoride

T2DM Type 2 diabetes mellitus

TSC2 Tuberous sclerosis complex 2

TTBS Tween-Tris-buffered saline

ULK1 Unc-51 like autophagy activating kinase 1

Type 2 diabetes mellitus (T2DM) is a progressive and multifactorial disease which is characterised by insulin
resistance and the appearance of hyperinsulinemia during the first stages of the disease. As a consequence,
pancreatic B cells are overwhelmed by its increased capacity to produce and secrete more insulin, which is
known as the pre-diabetic stage!. Under this compensatory situation that occurs in B cells during the progression
to T2DM, mTORC1 signalling pathway is one of the key regulators of pancreatic cell mass®. There are several
factors involved in pancreatic B cell failure and apoptosis with the appearance of a frank diabetes situation,
including oxidative stress, endoplasmic reticulum (ER) stress, mitochondrial dysfunction, and an alteration in
autophagy®. Oxidative stress is a very important event in these cells since pancreatic p cells are extremely sensitive
to this damage because of a very poor antioxidant capacity®. Apart from the factors previously mentioned that
affect pancreatic p cell viability, dedifferentiation is another mechanism that could be involved in the appearance
of a diabetic phenotype®.

Amylin is a protein that is co-stored in the same secretory granules, and it is co-secreted with insulin. Amylin
has a great variety of functions in the brain and in the periphery including the regulation of food intake and the
delay of gastric emptying among others®. Very importantly, depending on amylin’s primary structure, the protein
presents different aggregation capacity”®. There are different forms of amylin including, the soluble, which is
monomeric and non-toxic form, and the aggregated forms. But there are different aggregates intermediates,
including oligomers, protofibrils and fibrils, being the pathologic forms the oligomeric ones. In the other hand,
the fibrillar structures are considered non-pathogenic’®. The overproduction of human amylin (hIAPP) in
pancreatic B cells lead to different alterations including an increase in oxidative stress, with the appearance of
a boosted nitro tyrosine level associated with the appearance of polyubiquitinated aggregates, mitochondrial
dysfunction and an impaired mitophagy. In addition to all the changes indicated, a hyperactivation of mTORC1
signalling pathway has been also observed. This induction in mTORC1 is probably due to an increase in
the degradation of the negative regulator of mTORCI activation, which is the tuberous sclerosis complex 2
(TSC2)°. mTOR is a protein that can be taken part into two different complexes; mTORC1 and mTORC2. Both
complexes are involved in the control of metabolic functions and its dysfunction facilitates the appearance of
different diseases such as T2DM, obesity and neurodegeneration'?. Very importantly, mTOR is also related
with endoplasmic reticulum (ER) stress (ER-stress) which, if it is chronically activated, could be involved in
the apoptosis of the cells>!!. ER-stress is an adaptive mechanism which is involved in the sensing of a correct
loading and folding of proteins in the ER. When there is an increased production of proteins and the ER is
overwhelmed, several sensors (PERK, IRE1-a and ATF6), located in the ER membrane activates for avoiding a
chronic ER-stress, which is deleterious for the cells. These three sensors are coupled, under normal conditions,
with a luminal resident chaperone known as Bip. When there is an accumulation of protein synthesis demand,
Bip dissociates from the sensors and become activated!.

Itisknown that T2DM is clearly associated with different neurodegenerative processes such as Alzheimer’s and
Parkinson’s disease. This strong correlation between these two pathologies, is described as type 3 diabetes, and is
related with the appearance of brain insulin resistance!'>!“. Very recently, it has been proposed that amylin and its
amyloidogenic capacity could be a key regulator connecting T2DM and neurodegeneration'>~!8. Importantly, for
reducing these toxic oligomers in T2DM, neurodegenerative diseases, including Alzheimer’s disease, Parkinson’s
disease and others, several strategies have been proposed. Despite the fact that the mechanism of toxicity could
vary by the distinct oligomers in the different diseases, all of them share structural features that can be used for
a common therapeutic strategy. One of these strategies is using small compounds, including resveratrol'®.
This protective effect has been determined using in vitro approaches in either the neural crest-derived cell line
N2a and human embryo kidney cells (HEK) stably transfected with mutant forms found in Alzheimer’s disease
patients?!. Moreover, the protection of resveratrol has been proven using animal models of Alzheimer’s disease,
including an improvement in memory loss and cognitive decline, a decrease in oxidative stress and a reduction
of amyloid deposits?2.

In the last years, mitochondrial dynamics have arisen as a potential target of regulation controlling
energetic status of the cell, which is known to be drastically altered in pathological situations such as T2DM
and Alzheimer’s disease?. Mitochondria are not static organelles and can modify their interaction with other
surrounding mitochondria by fusion or can be divided into smaller units, which is called fission, depending on
the energetic requirements of the cell?*?. Mitochondrial fusion permits an enhancement in the production of
ATP and mitochondrial fission is associated on many occasions with mitochondrial degradation®*2>.

We have uncovered that conditioned media obtained from pancreatic  cells with an overexpression of hIAPP
and exposed to mouse hippocampal cells, generated similar changes to that which we observed in pancreatic
B cells with the overproduction of hIAPP, including an induction of ER-stress, mTORCI hyperactivity and an
impaired autophagy®®. There are different strategies for treating metabolic and neurodegenerative diseases but
they all present different side effects that could have detrimental consequences in patients. Then, natural products
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and, more specifically polyphenols such as resveratrol, possess multiple beneficial effects, protecting against the
oxidative stress, alleviating ER stress, and facilitating autophagy, being promising treatments to combat all these
diseases?.

Here, we report the effect of resveratrol in the modulation of mitochondrial dysfunction and hIAPP production
through the modulation of mTORCI and ER-stress signalling pathways and, how these alterations can modify

hippocampal cells’ fate connecting T2DM and neurodegeneration through amylin-induced oxidative stress.

Materials and methods

Celllines

Rat insulinoma cell line INS1E were kindly provided by P. Maechler (Université de Genéve, Geneva, Switzerland);
INSI1E overexpressing human amylin (INS1E-hIAPP) were generously supplied by Anna Novials (IDIBAPS,
Barcelona, Spain). INS1E cell lines were cultured in 10% FBS RPMI 1640 medium supplemented with 1 mM
sodium pyruvate, 10 mM HEPES and 50 pM 2-mercaptoethanol. Mouse hippocampal cell line HT-22 was
donated by Rafael Sim¢ (Vall D’Hebron Research Institute, Barcelona, Spain) and cultured in 10% FBS DMEM
High Glucose medium supplemented with 20 mM HEPES. The cell lines were maintained at 30,000 cells/cm?
changing the medium every 2 days. For performing the experiments with the conditioned media (CM), we
previously seeded the INS1E-hIAPP and obtained the 48 h-CM. The day before the obtention of the CM from
INS1E-hIAPP, we seeded HT-22 cells at 20,000 cells/cm?. Then, after collecting the CM, we changed the medium
of HT-22 cells and we added the new medium for the corresponding period of time.

Antibodies and reagents

Anti-TSC2 (#4308S), anti-p70S6K (#9202S), anti-phospho p70S6K (#9205S), anti-ULK1 (#8054S), anti-phospho
ULK1 (#14202S), anti-PERK(#3192S), anti-phospho PERK (#3179S), anti-BIP (#3177S), anti-eIF2a (#9722S),
anti-phospho eIF2a (Ser 51) (#9721S), anti-Drp1 (#8570S) and anti-phospho Drp1 (S616) (#3455S) were obtained
from Cell Signalling Technology (Beverly, MA). Anti-mfn1 (ab104274) and anti-mfn2 (ab56889) were obtained
from Abcam (Cambridge, UK). Anti-OPA1 (#612606) was obtained from BD Biosciences (San Jose, CA). Anti-
amylin (NBP1-07579) for western blot analysis was obtained from Novus Biologicals. Secondary antibodies
HRP-conjugated used: anti-Rabbit (NA934) and anti-Mouse (NA931) were obtained from GE Lifesciences. All
the antibodies were prepared at 1:1000 dilution in TTBS+5% BSA. For IF secondary antibody Donkey anti-
Rabbit IgG (#A-21207) Alexa Fluor 594 obtained from Invitrogen was used and the dilution of these antibodies
were 1:100 prepared in the blocking buffer (3% BSA +0.1% Tween 20 in PBS (PBT)). The primary antibodies
for the immunofluorescence were prepared in the blocking buffer at 1:50 dilution. Resveratrol (R5010) and
dynasore (D7693) were obtained from Sigma-Aldrich (St. Louis, MO). Exo-FBS™ (EXO-FBS-250 A-1) and Exo-
Quick reagent. TC™ (EXOTC50A-1) were obtained from SBI Bionova®. Poly-L-ornithine hydrobromide (P3655)
was obtained from Sigma-Aldrich. In collaboration with the organic chemistry department of our faculty, we
have used an organic fluorescent compound (known as MG5), which is capable to detect -sheet aggregates, as
it was originally described?’.

Treatments and conditioned culture media

INS1E-hIAPP cells were grown on the plate to 80% confluency. At that point their medium was changed to
INS1E-hIAPP cells RPMI medium enriched in glucose (17 mM). After 24 h, the medium (conditioned medium)
was collected and added to the HT-22 cells for 24 h. Resveratrol was diluted in pure ethanol and administered
to cells at a final concentration of 30 uM. Dynasore was diluted in DMSO at a final concentration of 80 uM. In
the experiment with the INSIE and HT-22 cell lines, resveratrol was administered during the last 4 h of the
corresponding experiment. In the experiment with HT-22 cell lines, dynasore pre-treatment was administered
90 min before the addition of CM. A refill of dynasore was added after the CM administration.

Exosome purification

To carry out the isolation and purification of exosomes from medium of cell culture, INSIE-hIAPP cells were
grown until reaching a confluence of the 70-80%, and subsequently, were maintained in complete RPMI 1640
culture medium supplemented with exosome-deprived serum Exo-FBS™ (SBI Bionova®) enriched in glucose
(17 mM) for 24 h. After this time, media were collected and centrifuged at 3000xg for 15 min to discard cell
debris. Subsequently, these media were filtered using a 0.22 pm filter pore size to rule out extracellular vesicles
larger than that size in the solution. Media were then mixed with the Exo-Quick reagent. TC™ (SBI Bionova®) in a
ratio of 5 mL of medium for every 1 mL of reagent, and incubated gentle shaking overnight at 4 °C. Next day, the
mixture was centrifuged at 1500xg for 30 min, obtaining a precipitate corresponding to the isolated exosomes.
Exosomes were resuspended in 1X PBS and were stored at 4 degrees until use.

Western blotting

After the different treatments, cells were washed twice with PBS 1x and lysed with a lysis buffer [Nonidet-P40
1% (v/v), Tris-HCl 50 mM, EDTA 5 mM, EGTA 5 mM, NaCl 150 mM, NaF 20 mM, pH 7.5, PMSF 1 mM,
aprotinin 10 pg/ml, leupeptin 2 pg/ml and sodium orthovanadate 1 mM). The cell lysate was allowed to stand
for 10 min on ice. Subsequently, each sample was sonicated and centrifuged at 13,000 rpm for 15 min, collecting
the supernatant fraction. Protein concentration determination was achieved by the Bradford dye method, using
de Bio-Rad® (Hercules, CA) reagent and BSA as standard. Equal amounts of protein (10 pg) were submitted
to electrophoresis and after SDS-PAGE gels were transferred to Immobilon P PVDF membranes (Merck
Millipore, Burlington, MA) following the Western Blot wet transfer protocol. Then, membranes were blocked
with TTBS [Tris-HCl 10 mM, NaCl 150 mM, pH 7.5 and Tween-20 0.05% (v/v)]+BSA 5% 1-hour gentle
shaking and incubated overnight with primary antibodies at 4 °C at 1:1000 dilution in TTBS+5% BSA. The

Scientific Reports |

(2024) 14:27523 | https://doi.org/10.1038/s41598-024-78967-2 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

next day, the membranes were washed 3 times for 10 min with TTBS and incubated at room temperature with
the corresponding secondary antibody diluted in TTBS at 1:1000 dilution. After 1 h, the secondary antibody was
removed from the membranes and three 10-min washes were performed with TTBS. The corresponding bands
were visualised using the ECL Western blotting protocol (GE Healthcare, Little Chalfont, UK).

Immunofluorescence

Cells were grown on glass coverslips and fixed using paraformaldehyde 4% solution during 20 min, permeabilized
in PBS with 0.5% Triton X-100 for 15 min, and then blocked with blockage solution (3% BSA, 0.1% Tween 20
in PBS) for 1 h. Cells were incubated overnight at 4 °C with primary antibody (1:50 in blocking solution).
After the incubation, coverslips were incubated with the corresponding secondary antibody at a dilution of
1:100 for 1 h 30 min. For MG5 imaging, the organic compound was diluted in DMSO to 10 uM, and cells were
incubated with the solution for 20 min before DAPI staining. For exosome immunofluorescence, coverslips
were pre-treated with Poly-L-Ornithine 20 pg/ml for 2 h at 37 °C, rinsed twice with sterile water, to provide
surface charge. Purified exosomes were deposited on the surface of the coverslip overnight so that they would
stick to the surface. The following day they were fixed using paraformaldehyde 4% and the same protocol as the
cells was carried out. All the images were captured by Laser Scanning Confocal Microscopy using an Olympus
FV1200 with the software Olympus FLUOVIEW Ver 4.2. For immunofluorescence quantification of both amylin
(red channel) and MGS5 (green channel), we have used the mean fluorescence intensity of several images. We
quantified at least 300 cells of 2-3 different experiments. The threshold was obtained automatically using the
Coste’s automatic threshold. For the immunofluorescence analysis, multiple planes were examined for each data
point. In each plane, the fluorescence intensity was recorded and divided by the number of cells located in that
plane, yielding the fluorescence intensity per cell for that specific plane. This process was repeated until at least
300 cells were counted at each data point.

Dynamic light scattering (DLS)

The size of the extracted exosomes was measured using a Zetasizer Nano ZS system (Malvern Instruments,
Malvern, U.K.). For DLS measurements, 10 puL exosome aliquots were diluted in 990 pL of PBS (1:100) and then
gently mixed to provide a homogeneous solution, and then 1 mL was transferred to a disposable cuvette for size
measurements. Several independent aliquots were analysed and five measurements were taken for each aliquot.
The data were acquired and analysed using Dispersion Technology Software (DTS) (V7.01) supplied by the
Malvern Zetasizer Nano-ZS.

Statistical analysis

Statistically significant differences between mean values were determined using either the unpaired Student’s
t-test or ANOVA test using as post hoc the Tukey’s multiple comparison test. All the statistical analysis was
performed with the Graphpad statistical analysis software package. Differences were considered statistically
significant at p <0.05 (*p <0.05; **p < 0.01; ***p <0.005, ***p < 0.0005).

Results

Resveratrol increases the appearance of soluble amylin in pancreatic B cells

In order to analyse the soluble amylin protein, we will use an antibody which detects amylin of human, mouse
and rat origin in a soluble or monomeric state. It is important to indicate that this antibody does not reacts
against the aggregate forms of amylin. First of all, we observed an increase in the basal levels of amylin in
INS1E-hIAPP cells compared with INSIE-WT cells. In INSIE-WT cells there was an increase in soluble amylin
using either western blot analysis or immunofluorescence under basal glucose or high glucose with or without
resveratrol (Fig. 1). When we analysed INS1E-hIAPP cells by western blot, there was a significant reduction in
amylin protein levels in response to resveratrol (Fig. 1A). However, under high glucose conditions the protective
role of resveratrol in reducing amylin in these cells was impaired, and we could detect a similar amount of
soluble amylin under both situations, under basal or high glucose conditions, in the absence or in the presence of
resveratrol (Fig. 1A). When we analysed INS1E-hIAPP by immunofluorescence, there was a significant increase
in amylin in response to resveratrol. Very importantly, after exposition to high glucose, there was a dramatic
reduction in amylin that was partially recovered when we added resveratrol (Fig. 1B).

Resveratrol protects INS1E-hIAPP cells from an altered energetic homeostasis through
changes in mitochondrial dynamics, mTORC1 and ER-stress signalling pathways

In order to analyse the consequences of an altered mitochondrial dynamics in the energetic homeostasis into
more detail, we decided to measure several important proteins involved in either mitochondrial fusion (Mfn2
and OPA1) and mitochondrial fission (Drpl and its phosphorylated form)?. Comparing INSIE-WT with
INS1E-hIAPP we observed that, at basal state, INS1E overexpressing hTAPP presented a statistically significant
increase in Mfn2 protein levels. Mfnl protein showed a tendency to increase with a concomitant reduction
in the phosphorylation status of Drpl (Fig. 2A). These data indicates that mitochondria from INS1E-hIAPP
tend to be preferentially in a pro-fusion state. OPA1 is a protein that can be found in two different isoforms; a
longer version, which is involved in fusion and a shorter version, involved in fission?*?>. However, we observed a
reduction in the L-OPA-1/S-OPAL1 ratio in these cells, suggesting that, accordingly to this parameter, there is an
increased in the fission state. All these data indicates that mitochondrial network is under a balanced situation
between fusion and fission parameters. Importantly, under high glucose conditions, there was an expected
decrease in fusion, by a reduction in the L-OPA1/S-OPA1 ratio in INSIE-WT cells with no modifications in
any of the other parameters of either fusion (Mfnl and Mfn2) or fission (phospho-Drpl). These data suggest
that, under high glucose, there is a switch towards a mitochondrial fission scenario. Paradoxically, in INS1E-
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Fig. 1. Resveratrol increases the appearance of soluble amylin in pancreatic  cells. (A) Immunoblot analysis
of amylin, using P actin as loading control, in the cell extracts of both INS1IE-WT and INS1E-hIAPP pancreatic
B cell lines exposed to either low or high glucose levels with and without Resveratrol 30 uM 4 h (n=5). The
plot indicates the quantification data of Amylin/-actin ratio under the different conditions. Data represent

the mean + standard error of the mean (SEM) (n=5). *p <0.05; **p < 0.01 by unpaired Student’s ¢-test. (B)
Immunofluorescence staining using an antibody against amylin in the different pancreatic p cells under either
low or high glucose levels with and without Resveratrol 30 uM 4 h. DAPI staining was used to detect nuclei.
The plot indicates the quantification data of Amylin fluorescence intensity under the different conditions.

***p < 0.005; **p < 0.0005 by unpaired Student’s ¢-test.
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Fig. 2. Resveratrol protects INS1E-hIAPP cells from an altered energetic homeostasis through changes in
mitochondrial dynamics, mMTORC1 and ER-stress signalling pathways. (A) Immunoblot analysis of Mfn1,
Mfn2, p-Drpl, Drpl, OPA1, HADHA, using B actin as loading control, in the cell extracts of both INS1E-
WT and INS1E-hIAPP pancreatic  cell lines exposed to either low or high glucose levels with and without
Resveratrol 30 uM 4 h (n=5). The plot indicates the quantification data of Mfn1, Mfn2, p-Drp1/Drpl,
L-OPA1/S-OPA1 HADHA/-actin ratio under the different conditions. Data represent the mean + standard
error of the mean (SEM). *p <0.05; **p <0.01 using ANOVA test using as post hoc the Tukey’s multiple
comparison test. (B) Immunoblot analysis of p-p70, p70, p-ULK1 757, ULK1 using B actin as loading control,
in the cell extracts of both INSIE-WT and INS1E-hIAPP pancreatic { cell lines exposed to either low or

high glucose levels with and without Resveratrol 30 uM 4 h (n=5). The plot indicates the quantification

data of Mfn1, Mfn2, p-p70/p70, p-ULK1 757/ULKI1 ratio under the different conditions. Data represent the
mean =+ standard error of the mean (SEM). *p <0.05 by unpaired Student’s t-test (C) Immunoblot analysis

of BIP, p-eIF2a, eIF2a, p-PERK, PERK, using P actin as loading control, in the cell extracts of both INS1E-
WT and INS1E-hIAPP pancreatic B cell lines exposed to either low or high glucose levels with and without
Resveratrol 30 uM 4 h (n=5). The plot indicates the quantification data of BIP, p-eIF2a/elF2a, p-PERK/PERK
ratio under the different conditions. Data represent the mean + standard error of the mean (SEM). *p < 0.05;
**p <0.01 by unpaired Student’s ¢-test.

hIAPP under a high glucose situation the switch in mitochondrial dynamics observed in INS1E-WT did not
occur, with a maintenance of high Mfnl and Mfn2 protein levels compared with INSIE-WT cells (Fig. 2A).
Previous results indicated that in INS1E-hIAPP cells there was a basal induction of mTORCI1 signalling pathway
and an increased susceptibility to ER-stress’. Then, we explored the possibility that resveratrol could exert its
action through the modulation of mTORCI and ER-stress signalling pathways. Firstly, we corroborated the
basal hyperactivation of the mTORCI signalling pathway in INSIE-hIAPP compared with INSIE-WT cells
(Fig. 2B). There was an activation of mTORCI signalling in response to all of the treatments in INSIE-WT
cells. However, in INS1E-hIAPP, the hyperphosphorylation state of ULK1 was significantly reduced in response
to resveratrol (Fig. 2B). When we performed the analysis of ER-stress we did not find any relevant change in
INSI1E-WT cells. Interestingly, when we treated INS1E-hIAPP with resveratrol, there was an increase in the
ER-stress. Very importantly, when INS1E-hIAPP cells were stimulated with high glucose, although there was
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Figure 2. (continued)

a maintained signal of BIP, there was a significant reduction in the activation of the unfolded protein response
(UPR) signalling pathway, of both phospho-eIF2a/ eIF2a and phospho-PERK/PERK ratios (Fig. 2C).

Conditioned medium from INS1E-hIAPP permits an accumulation of aggregates in the
hippocampal cells HT-22 in an endocytosis-dependent manner

To understand the link between pancreatic B cells and the hippocampus, we exposed HT-22 to the conditioned
media (CM) obtained from INS1E-hIAPP at different times. We observed a progressive accumulation of
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aggregates, stained by the MG5 compound (that detects aggregates when forming a -sheet structure) in HT-22
cells?®, being statistically significant at 24 h (Fig. 3A). This accumulation of aggregates in HT-22 cells in response
to the CM derived from INS1E-hIAPP was also corroborated using Thioflavin T staining (Supplementary Fig. 1)
and not when the CM derived from INS1E-WT cells (Supplementary Fig. 2). When we pre-treated the cells with
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Fig. 3. Conditioned medium from INS1E-hIAPP permits an accumulation of aggregates in the hippocampal
HT22 cells in an endocytosis-dependent manner. (A) Immunofluorescence staining using an antibody against
amylin and MG5 compound, which detects amylin aggregates in the HT-22 cells exposed to conditioned
media for 0, 4, 8 and 24 h. DAPI staining was used to detect nuclei. The plot indicates the quantification

data of MG5 fluorescence intensity under the different conditions. ****p < 0.0005 using unpaired Student’s
t-test. (B) Immunofluorescence staining using an antibody against amylin and MG5 compound in the HT-22
cells exposed to conditioned media for 0, 4 and 6 h with dynasore at 80 uM for 90 min before adding the
conditioned medium. DAPI staining was used to detect nuclei. The plot indicates the quantification data of
MGS fluorescence intensity under the different conditions.
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dynasore, a blocker of the GTPase activity of dynamins, which are essential in the control of the endocytosis
and hence, of the endocytic particle formation®, we did not detect the presence of aggregates inside HT-22
cells, indicating that endocytosis is an essential step for inducing the aggregation capacity of CM obtained from
INS1E-hIAPP in HT-22 (Fig. 3B).

Resveratrol impairs the production of amylin-bearing extracellular vesicles in INS1E-hIAPP
pancreatic B cells

Previously, we established that CM from INS1E-hIAPP cells promotes aggregate formation in HT-22 cells,
a process impeded by hindering endocytic processes. Furthermore, we confirmed that these cells produce
extracellular vesicles (EVs) containing amylin?®. Subsequently, we investigated whether resveratrol could
influence the production of these amylin-bearing EVs. Upon purification, it became evident that, under high
glucose conditions, there was an increase in the size of EVs isolated from INS1E-hIAPP (Fig. 4A). The presence
of amylin within these EVs was confirmed through immunofluorescence, exclusively in the case of INSIE-
hIAPP cells (Fig. 4B).

Significantly, resveratrol treatment resulted in a reduction in the number of particles with the highest size
and a simultaneous emergence of smaller structures (Fig. 4A). This observation suggests that resveratrol has a
discernible effect on the capacity of cells to produce amylin-bearing EVs, particularly under conditions of high
glucose.

Hippocampal HT-22 cells are protected with resveratrol from the aggregate-prone capacity
of hIAPP
Taking the analysis in a step further, we explored whether resveratrol could exert a protective role against the
aggregation capacity of CM, similar to what was observed in INS1E-hIAPP. This investigation was conducted
over two distinct time periods in HT-22 cells. Under basal conditions, we detected the presence of amylin inside
the cells, signifying their ability to produce the protein. While there was a time-dependent increase in amylin
levels, exposure to CM from INS1E-hIAPP for 24 h resulted in a notable rise in amylin protein levels. This
increase was somewhat mitigated, albeit not reaching statistical significance, following the addition of resveratrol
during the last 4 h of the experiment (Fig. 5A).

To corroborate these findings, we conducted an immunofluorescence analysis at the 24-hour mark, using
both amylin and aggregates with the MG5 compound, in the presence or absence of resveratrol. We chose this
time point based on our previous observations (Fig. 3A), determining it to be the optimal period for aggregate
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Fig. 4. Resveratrol impairs the production of amylin-bearing extracellular vesicles in INS1E-hIAPP pancreatic
B cells. (A) Dynamic light scattering analysis of the exosomes purified from the different pancreatic p cells
(n=3). (B) Immunofluorescence staining using an antibody against amylin of the exosomes purified from
INS1E-hIAPP exposed to either low or high glucose levels.
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Fig. 5. Hippocampal cells HT-22 are protected from the aggregate-prone hIAPP medium with resveratrol. (A)
Immunoblot analysis of amylin, using { actin as loading control, in the HT-22 cell lines exposed to conditioned
media for 0, 8 and 24 h with and without Resveratrol 30 pM 4 h (n=5). The plot indicates the quantification
data of Amylin/(-actin ratio under the different conditions. Data represent the mean + standard error of the
mean (SEM) (n=5). (B) Immunofluorescence staining using an antibody against amylin and MG5 compound
in the HT-22 cells exposed to conditioned media for 24 h with and without Resveratrol 30 uM 4 h. DAPI
staining was used to detect nuclei. The plot indicates the quantification data of both, amylin fluorescence
intensity and MG5 fluorescence intensity under the different conditions. **p < 0.01; ****p < 0.0005 by unpaired
Student’s t-test.

analysis. The accumulation of amylin and, notably, aggregates, diminished in the presence of resveratrol, thereby

alleviating the stress in these cells at the 24-hour mark (Fig. 5B).
Its worth noting that, in contrast to what was observed in INSI1E-hIAPP, no discernible changes in

mitochondrial dynamics were detected in HT-22 cells (Supplementary Fig. 3).

Scientific Reports |  (2024) 14:27523 | https://doi.org/10.1038/s41598-024-78967-2

nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Resveratrol protects HT-22 cells from the CM-induced mTORC1 activation and ER-stress
Subsequently, we chose to investigate the effects of CM on the recipient cells, specifically HT-22 cells. Notably,
we observed a time-dependent reduction in the mTORCI signaling pathway in response to resveratrol (Fig. 6A).
Similarly, CM-induced endoplasmic reticulum (ER) stress exhibited a time-dependent increase, which
was partially reversed upon treatment with resveratrol (Fig. 6B). Taken together, these findings suggest that
resveratrol effectively mitigates the stress induced in HT-22 cells in response to conditioned media from INS1E-
hIAPP.

Discussion

Amylin is a toxic protein and its overexpression in pancreatic p cells affect insulin secretion and the integrity
of different membrane in different organelles, including cell membrane3*3!. In addition, we have observed that
hIAPP can alter mitochondrial dynamics, autophagy and ER stress in INS1E-hIAPP cells®. But amylin can be
transported to other regions and exert its deleterious effects in other cells. In this regard, we have published that
amylin can be incorporated into EVs, modulating cell survival in the recipient cells?®. Here, we have determined
that monomeric and soluble amylin expression can be modulated by treating the cells with resveratrol under
both normal and high glucose conditions. When we determined amylin levels in INS1E-hIAPP cells under basal
glucose conditions with resveratrol, we observed an important reduction in the total amount of amylin protein,
by western blot analysis. Taking into account that, under basal glucose, there are low levels of amylin secretion,
resveratrol could disrupt amylin aggregates®?, generating more soluble amylin. Globally, these data suggest that
resveratrol could facilitate amylin degradation, very likely by the induction of autophagy. In contrast, using
immunofluorescence, there was an increase in soluble amylin, probably as consequence of the disaggregating
capacity of resveratrol as it has previously mentioned. Under high glucose conditions, pancreatic B cells
increase its secretion, although in this cell line, which overexpresses hIAPP, has been described an impairment
in amylin and insulin secretion®’. In addition, under high glucose, there is an increased synthesis of soluble
amylin, which could contribute for the production of new aggregates, because of the special conditions that
occurs in INS1E-hIAPP cells, that contributes to the generation of misfolded hITAPP®. And, at the same time,
there is an increased secretion of amylin in the interior of EVs (Fig. 4), contributing to the decrease in soluble
amylin inside beta cells. Then, in western blot there is a net detection of the global amylin protein levels. In
contrast, in immunofluorescence, there is a marked reduction in the soluble form of amylin. This net reduction
in the soluble form of amylin, corresponds to different effects including, EVs-mediated amylin secretion, new
aggregates that can be formed from the soluble amylin and the soluble amylin which has not been eliminated by
the normal secretion. Then, it is plausible to suggest that, if in the western blot there is a global increase in amylin
detection and in the immunofluorescence, there is huge reduction in amylin (in its soluble form), this increased
in amylin detected in western blot is derived from the formation of new aggregates inside the cell. Importantly,
when we added resveratrol under high glucose conditions, there was a net increase in the soluble form by
immunofluorescence, which reflects the huge capacity of resveratrol in the disruption of aggregates in association
with the inhibition of the incorporation of soluble amylin into the EVs. This is important because, the use of
resveratrol can protect other cells from the deleterious effects of human amylin by different strategies including;
(1) direct disaggregation capacity of resveratrol; (2) elimination through autophagy; 3 reducing the transport to
other locations by EVs. These data indicate that resveratrol potentiates the solubility of the remaining amylin
aggregates in the cell. In this regard, it has been proposed that resveratrol can interfere with the aggregation
capacity of hIAPP*-%. We interpret these paradoxical findings using these two techniques because in western
blot we sonicated the samples and we probably disrupted amylin aggregates, favouring an increase in the total
amount of amylin, as it has been previously described®”. In contrast, using immunofluorescence, we detected
only soluble amylin and not the signal from the aggregates, demonstrating that both signals corresponding to
amylin and MG5 compound do not colocalize using immunofluorescence in INS1E-hIAPP cells®.

As it was described previously, mitochondrial dynamics represent mitochondria as a more dynamic
organelle. Both processes, mitochondrial fusion and fission, are regulated by different factors including energy
requirements®*?°. We have observed that in INS1E-WT cells in response to high glucose there is a switch
towards mitochondrial fission. These changes are coherent with a situation of an increase in energy supply,
which is counteracted with an increase in mitochondrial fragmentation for producing a decreased coupling of
mitochondria and producing less energy®*. In contrast, in INS1E-hIAPP in response to high glucose there was
maintenance in the mitochondrial fusion under normal glucose conditions. This situation of exaggerated fusion
or fission is known as mitochondrial dysfunction and it is associated with T2DM?®. The increase in mMTORC1
signalling pathway in INS1E-WT cells in response to resveratrol either under normal glucose or high glucose
could be related with the increased production of amylin observed in these cells using immunofluorescence. This
is coherent with previous data indicating that mTORCI activity is involved in the control of secretion in pancreatic
B cells*. The observation indicating that in INS1E-hIAPP there was an increase in ER-stress in response to
resveratrol, could be interpreted as a consequence of the stimulation of a canonical secretory capacity in these
cells. However, when we added HG, we observed a reduction in ER-stress, and not modulated by resveratrol
treatment. A possible explanation for these results is the induction of an alternative and non-canonical capacity
of the cells under this situation, that could alleviate ER-stress. In this regard, under HG conditions we have
determined a production of EVs, which includes amylin in the interior, representing an alternative pathway
to eliminate the toxic protein. Although we have observed an increased production of EVs under mTORCI1
overactivation in INS1E-hIAPP cells?, just the opposite result has been obtained using MEF TSC2-/- cells.
These results could be explained because the hyperactivation of mTORCI that occurs in both cell lines is not
the same and probably, it is necessary a certain threshold of mMTORCI1 hyperactivity to impair exosome release.
Although resveratrol is a stilbene belonging to the polyphenols family, there is multiple evidence indicating
its involvement in the mitochondrial quality control in different biological systems and the association with
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Fig. 6. Resveratrol protects HT-22 cells from the CM-induced mTORCI activation and ER-stress. (A)
Immunoblot analysis of p-p70, p70, p-ULK1 757, ULK1 using f actin as loading control, in the cell extracts

of HT-22 cell lines exposed to conditioned media for 0, 8 and 24 h with and without Resveratrol 30 uM 4 h
(n=5). The plot indicates the quantification data of Mfn1, Mfn2, p-p70/p70, p-ULK1 757/ULKI ratio under
the different conditions. Data represent the mean + standard error of the mean (SEM). *p <0.05; **p <0.01;
***p < 0.005 by the use of unpaired Student’s t-test. (B) Immunoblot analysis of BIP, p-eIF2a, eIF2a, p-PERK,
PERK, using { actin as loading control, in the cell extracts of HT-22 cell lines exposed to conditioned media for
0, 8 and 24 h with and without Resveratrol 30 uM 4 h (n=5) The plot indicates the quantification data of BIP,
p-elF2a/elF2q, p-PERK/PERK ratio under the different conditions. Data represent the mean + standard error
of the mean (SEM). *p <0.05; ***p < 0.005 by unpaired Student’s t-test.
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different diseases*! . The association between T2DM and neurodegeneration is evident as it is indicated in the
literature!>!445-47_ Specifically, amylin has been proposed as one of the possible molecular links between T2DM
and Alzheimer’s disease!>!7*%, Using the HT-22 cell line as an in vitro model of hippocampal cells, we uncovered
that at basal conditions we were able to detect amylin protein. This was an unexpected result but, it is described
that amylin can be produced in different brain areas, including the dentate gyrus of the hippocampus*. When
we exposed HT-22 to the CM obtained from INS1E-hIAPP we observed an accumulation of amylin as well as
an increase in aggregates in a time-dependent manner. The aggregation capacity of the CM was totally blunted
when we used an inhibitor of endocytosis, indicating that amylin is incorporated using this mechanism. This
is important since, these data suggest that the toxic effects of amylin observed in HT-22 hippocampal cells is
not mediated by soluble amylin using an amylin-receptor dependent mechanism, and probably by alternative
mechanisms such as extracellular vesicles or exosomes. In this regard, in the EVs isolated from INS1E-hIAPP we
were able to detect amylin in its interior, as we previously demonstrated®. Very interestingly, previous reports
indicate that using different concentrations of amylin, for the induction of oligomeric forms of amylin, could be
integrated in pancreatic P cells through an endocytosis-dependent mechanism. However, the authors indicate
that the use of endocytic inhibitors were effective in preventing the internalization of soluble amylin oligomers®.
The idea of the transport of toxic proteins and the spread of the disease to other locations using alternative
mechanisms, is not new and it has been described in both Alzheimer’s disease and Parkinson’s disease®*2. The
aggregates observed in HT-22 after the exposition to the CM obtained from INS1E-hIAPP was greatly reduced
after the addition of resveratrol. These effects have been examined before with these compounds and other
synthetic derivatives, being implicated in the inhibition of aggregation of amyloid proteins in both Alzheimer’s
and Parkinson’s disease®*°*. Resveratrol treatment in HT-22 cells decreased the mTORCI signalling pathway
induced by the CM obtained from INS1E-hIAPP. These data indicate that resveratrol could induce autophagy
for the elimination of aggregates and reducing the associated ER-stress. Similar results have been obtained in
other organisms in which resveratrol protects from Alzheimer’s disease, diminishing the Ap-induced toxicity in
a C. elegans model®. Very importantly, resveratrol treatment in INS1E-hIAPP cells decreased the EV size, with
the generation of two additional peaks of EVs with a smaller size in the DLS analysis. These data indicate that
resveratrol could impair the formation of bigger EV's, obtained under HG conditions, which suggest a direct link
between EVs size and the aggregation capacity of hIAPP. In fact, a similar effect has been described using the
neuroblastoma cell line SHSY5Y, proposing that resveratrol disrupts Ap1-42 aggregation by the induction of
AB1-42 fragmentation into smaller peptides, with a very low propensity to aggregate™.

Conclusion

In summary, we have uncovered that resveratrol is a potent inhibitor of the aggregation capacity of amylin
found in INS1E-hIAPP and it is able to diminish the deleterious effects, as a consequence of the spreading of
the toxic protein, to other cell types such as the hippocampal cells, HT-22. In Fig. 7, we depict the main findings
found in this manuscript about the role of resveratrol in the control of the amylin aggregating-prone capacity in
pancreatic { cells as well as in hippocampal cells.
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Fig. 7. Scheme depicting the most important findings related with the protective role of resveratrol in the
control of the human amylin aggregating-prone capacity in pancreatic p cells as well as in hippocampal cells.
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