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Background: Recent studies have been revealed that oxidative damage is the main cause of aging and age-
related neurodegenerative diseases like Alzheimer’s disease (AD). Melatonin is secreted from the pineal
gland and its secretion has been found to be altered in AD. In the last decade the role of exosomes in
spreading toxic proteins and inducing the propagation of diseases like AD has been discussed.
However, it is not known how melatonin affects the amount of exosomes released from the cells and
the content of the exosomes.
Objective: Herein, we investigated the possible role of melatonin treatment in the releasing of exosomes
and exosomal tau content in an in vitro Ab toxicity model.
Method: SH-SY5Y cell line was used. The optimum concentration of Ab was determined by cell viability
and cell proliferation tests. Melatonin (100 mM) was applied before and after Ab application. Total exo-
somes isolated from cell culture media were immunoprecipitated. The amount of released exosomes
and their tau content were analyzed by Western blots.
Results: Our data demonstrated for the first time that melatonin treatment clearly affected the amount of
released exosomes. It would decrease the amyloid beta load and toxicity by inhibiting exosome release.
We also demonstated that melatonin also affected the level of tau carried by exosomes depending on
whether melatonin was applied before or after Ab application.
Conclusion: It is considered that the effect of melatonin in the release of exosomes and exosomal tau con-
tent would contribute the development of therapeutic strategies in AD and related disorders.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Melatonin and its metabolites have been shown to enforce the
antioxidant system by scavenging free radicals [1–6]. Melatonin
stimulates synthesis of antioxidant enzymes and protects antiox-
idative enzymes from oxidative damage [7–9]. Furthermore, mela-
tonin regulates cellular signaling pathways through receptor-
dependent and independent mechanisms [10–16].

Alzheimer’s Disease (AD) is the most common, progressive neu-
rodegenerative disorder affecting people over 65. Neuropathologi-
cally, AD is characterized by the presence of intracytoplasmic
protein inclusions, called neurofibrillary tangles (NFTs) and exta-
cellular senile plaques composed mainly of amyloid beta (Ab) pro-
tein [17–19]. NFTs primarily contain a hyperphosphorylated form
of microtubule-associated protein tau in the form of paired helical
filaments (PHFs) [17,19,20]. The PHFs progressively accumulate in
the soma of diseased neurons, dystrophic neurites, and neuropil
threads. Postmortem analyses of AD brain samples show that
this progressive spread of tau deposits usually starts from
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transentorhinal cortex to the hippocampus and eventually to
nearly all cortical regions. NFT deposition leads to loss of synaptic
function and neuronal death, and this process amplifies itself due
to the release of tau fibrils into the extracellular environment
[20,21].

Ab found mainly in senile plaques is generated by the sequen-
tial cleavage of amyloid precursor protein (APP) through the action
of secretases, and resulting Ab fragments (39–42 amino acids in
length) are secreted. Normally this APP processing is kept in a
steady state, but disruption of the metabolic balance of Ab causes
the formation of toxic aggregates which are linked to AD pathogen-
esis. Studies also show that Ab aggregates trigger the deposition of
tau and contribute to the formation of NFTs [17,19–21].

Exosomes are spherical membranous vesicles, 30–100 nm in
diameter, and they are generated by the invagination of the limit-
ing membrane of the late endosome [22–24]. Through this inward
budding, exosomes encapsulate proteins, miRNAs and mRNAs from
the cytoplasm in a non-random way [25–28]. Different cell types
release exosomes with various functions including platelet activa-
tion, regulation of immune response and intercellular communica-
tion. It was previously reported that exosomes were associated
with APP, Ab and tau. It has also been found that exosomes carry
cytoplasmic and hyperphosphorylated form of tau and through
this function, they may be contributed to the spread of pathogen-
esis in AD [29–35]. The effects of melatonin as a powerful free rad-
ical scavenger is already known from several studies and it has also
been found that melatonin has anti-amyloidogenic functions [36–
38]. The one of the pathological hallmarks of AD is tau hyperphos-
phorylation seen in neurons and melatonin inhibits tau hyperphos-
phorylation both in vitro and in vivo [37]. The effects of melatonin
on amyloid beta toxicity are different. Although melatonin seems
to have no or limited effect to inhibit amyloid plaque formation
in transgenic mice, it has an anti-amyloidogenic effect on wild-
type mice. It seems that the key point lies on the timing of mela-
tonin application; if melatonin application starts before amyloid
plaque formation, it exhibits its anti-amyloidogenic effect. If it is
applied after the induction of amyloid plaque formation, it has lit-
tle or no effect [37].

It is not known how melatonin affects the amount of exosomes
and the content of the exosomes. This study was designed to inves-
tigate the effect of melatonin in the releasing of exosomes and exo-
somal tau content in an in vitro Ab toxicity model.

2. Materials and methods

2.1. Establishing in vitro Ab1-42 toxicity model, cell viability and
proliferation assays

SH-SY5Y human neuroblastoma cell line was purchased (ATCC,
USA) and they were propagated and subcultured with Dulbecco’s
Modified Eagles Medium (DMEM) containing 10% (v/v) heat-
inactivated foetal bovine serum (Gibco, USA) and 100U penicilin-
streptomycin (Gibco, USA).

Cells were seeded in a 96-well plate at a density of 10,000 cells/
well and after 24 h four different Ab1-42 (Abcam, Cat No:120301,
UK) concentrations (1.25 mM, 2.5 mM, 5 mM and 10 mM) were
applied in order to find the effective toxic dose. Ab1-42 has been dis-
solved in 1% (v/v) NH4OH [39]. Lactate dehydrogenase (LDH) assay
(Roche, Cat No:11644793001, Germany) was performed for cell
viability measurements. Briefly, the working solution of the LDH
assay was prepared according to manufacturer’s instructions, and
was incubated in complete darkness for 15 min at room tempera-
ture. The medium in which our cells were cultured was taken into
a new 96-well plate in exactly the same order of the original plate.
100 ml of LDH working solution was added to each well containing
the cell culture medium to a final volume of 200 ll. At 492 nm,
absorbance values in each well were measured in a microplate
reader (Chromate Manager 4300, Palm City/USA). To investigate
the effect of melatonin and Ab1-42 in cell proliferation WST-1 assay
(Roche, Cat No: 05015944001, Germany) was applied. Briefly, 10 ll
of WST-1 reagent was added to each well of the 96-well plate in
which SH-SY5Y cells were cultured and Ab1-42 and melatonin were
applied. After adding the WST-1 reagent, cells were incubated at
37 �C for 4 h. Absorbances were detected at 450 nm by a micro-
plate reader (Chromate Manager 4300, Palm City/USA).

2.2. Immunocytochemistry

SH-SY5Y cells were seeded into petri dishes at a density of
50,000. After 24 h, Ab1-42 (10 mM) was applied and cells were incu-
bated for 48 h. Using primary Ab1-42 antibody (Santa Cruz, Cat No:
sc-28365, USA), amyloid beta aggreates were visualized fluores-
cently by using laser confocal microscopy. Cell nuclei were visual-
ized with DAPI. Petri dishes in which SH-SY5Y cells were cultured
without Ab1-42 were used as negative controls. All microscopy
experiments have been conducted at least twice with different
Ab preparations.

2.3. Exosome isolation

This experiment consisted of six groups: (1) only Cell; (2) only
Ab; (3) only melatonin; (4) melatonin + Ab; (5) Ab + melatonin;
(6) melatonin + Ab + melatonin. Herein, we examined the effect
of melatonin on exosome quantity and exosomes’ molecular con-
tents. For exosome isolation SH-SY5Y cells were seeded in T-25 cell
culture flasks (Corning, USA). After 24 h incubation the cell culture
mediumwas replaced with a culture medium containing exosome-
depleted FBS (Gibco, Cat No: A2720801, USA). Melatonin (Sigma,
Cat No: M5250, USA) was dissolved in ethanol as recommended
by the manufacturer and because it is already known that up to
20 mM of ethanol has no toxic effect on SH-SY5Y cells, it is reason-
able to consider that the amount of ethanol used here as a solvent
has no toxic effect [40]. Melatonin (Sigma, Cat No: M5250, USA)
was applied in 100 mM before and after Ab1-42 addition for
8-hour periods repeatedly in order to find out pre- and post-
treatment effect of melatonin on Ab1-42 toxicity. After 48 h of incu-
bation, cell culture medium was obtained and exosome isolation
was performed by using Total Exosome Isolation Kit (Invitrogen,
Cat No: 4478359, USA). Briefly, cell culture medium was cen-
trifuged at 2000�g for 30 min at 4 �C and supernatant was taken.
Total exosome isolation reagent was added and the supernatant
was incubated at 4 �C overnight. Then, another centrifugation step
was applied at 10,000�g for 1 h at 4 �C in order to pellet the exo-
somes and the pellet was resuspended by using 1X phosphate-
buffered saline (1XPBS) (Gibco, USA) for further use.

2.4. Exosome immunoprecipitation

For immunoprecipitating the exosomes, PureProteome Protein
G Magnetic Beads (Millipore, Cat No: LSKMAGG02, USA) was used.
Magnetic beads were washed initially with 1XPBS containing 0.1%
Tween-20 and resuspended in the same buffer. Anti-Alix antibody
(Cell Signaling, Cat No: 2171S, USA) was used as a capture anti-
body. Capture antibody and resuspended exosomes were added
to the beads and the sample was incubated overnight at 4 �C while
rotating.

2.5. Western Blotting

Immunoprecipitated exosome samples were denatured and the
protein concentrations were measured spectrophotometrically
(Implen, Germany). 40 mg of each protein sample from exosomes
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were separated by 4–12% NuPAGE electrophoresis system and
samples were transferred to polyvinylidene fluoride membranes
(PVDF) using iBlot Dry Blotting System (Invitrogen, USA). Mem-
branes were blocked in 5% non-fat milk in 50 mM Tris-buffered sal-
ine containing 0.1% Tween for 1 h at room temperature, washed in
Tris-buffered saline containing 0.1% Tween and incubated over-
night with membranes were anti-Tsg101 antibody (SantaCruz,
Cat No: sc-7964, USA), anti-phospho tau antibody (Cell Signaling,
Cat No: 12885S, USA), anti-total tau primary antibody (Cell Signal-
ing, Cat No: 4019S, USA), diluted 1:1000 in Tris-buffered saline
containing 0.1% Tween. On the second day, the membranes were
washed and further incubated in blocking solution with
peroxidase-conjugated –secondary antibody (Cell Signaling, Cat
No: 7074S, USA) for 1 h at room temperature.

All blots were performed at least three times and revealed using
a ECL-Advanced Western Blotting Detection Kit according to the
manufacturer’s protocol. (Amersham, Cat No: RPN2232, UK). Pro-
teins were visualized by Bio-Rad ChemiDoc XRS System (Bio-Rad
Laboratories Inc., USA) and analyzed densitometrically with ImageJ
software.

2.6. Statistical analysis

Data were statistically evaluated with one-way ANOVA. A p
value of less than 0.05 was regarded as being statistically signifi-
cant. For statistical data comparisons, a standard software package
(SPSS 18 for Windows; SPSS Inc., Chicago, IL) was used. Data were
statistically analyzed by using repeated-measures analysis of vari-
ance (ANOVA), followed by the post-hoc least significant difference
(LSD) test. Values are given as mean standard error of the mean
(SEM).
3. Results

3.1. Cell viability and proliferation assays

In order to establish the Ab toxicity model on SH-SY5Y cells,
four different Ab1-42 concentrations (1.25 mM, 2.5 mM, 5 mM and10
mM) were tested. The cell viability (LDH) and cell proliferation
(WST-1) assays were performed. WST-1 analysis showed no signif-
icant difference among the Ab1-42 concentrations, whereas LDH
data exhibited that 10 mM Ab1-42 concentration was the most effec-
tive dose for cell toxicity (Fig. 1a and b).

To elucidate the effect of melatonin on the Ab toxicity model,
100 mM melatonin was applied before and after Ab1-42 addition
for 8-hour periods repeatedly and its effect was measured by using
LDH analysis (Fig. 1c). The cell viability data indicated that pre-,
post- and pre-/post- combined melatonin treatment significantly
reduced the Ab toxicity; the most dramatic decrease was observed
in combined (pre- and post-treatment) melatonin application
(85.63%, p < 0.05, Fig. 1c). It was also observed that the LDH anal-
ysis gave higher absorbance value for the control sample than that
of rest. The most probable reason is that because the cells of the
control sample was let to proliferate in the absence of Ab1-42, at
the end of the experiment they already started to dye due to the
contact inhibition.

3.2. Immunocytochemistry for Ab1-42

To visualize the internalization of applied Ab1-42, immunocyto-
chemical method was preferred. SH-S5Y5 cells were incubated
with Ab1-42 for 48 h, and fixed by 4% paraformaldeyde. After per-
meabilized, anti-Ab antibody was applied. Petri dishes in which
SH-SY5Y cells cultured without Ab1-42 were used as negative con-
trol for immunocytochemistry (Fig. 2b). Confocal microscopy
clearly exhibited that Ab1-42 was internalized by the cells and it
formed intracellular aggregates (Fig. 2d).
3.3. Immunoprecipitation and Western Blotting analyses

Here the immunoprecipitated exosomes by using anti-Alix anti-
body as a capture antibody, were investigated in their phospho-
and total-tau content. In western blot analyses we used a different
antibody against another exosome marker protein, Tsg-101. By
using two different antibodies against two different exosome mar-
ker proteins, the possibility of accidental inclusion of other extra-
cellular vesicles in these analyses was excluded. Our results
showed that Ab application alone and Melatonin application alone
(14.49%; 73.58% respectivelly p < 0.05, Fig. 3) led to a significant
decrease in exosome release as compared to the control group
(only cell; OC). Melatonin pre-treatment reduced the exosome
quantity by 36.23% (Fig. 3). Post-treatment of melatonin and com-
bined melatonin treatment (pre- and post-treatment together)
showed no statistically significant changes as compared to the OC.

In the present study, total and phosphorylated tau content of
immunoprecipitated exosomes were examined. Although cell
lysates contain phosphorylated tau, exosomes extracted from cell
culture media did not carry phoshorylated tau (Fig. 4a). Western
blot membranes, which were used to visualize phosphorylated
tau, were stripped and incubated with total tau antibody. The total
tau content seemed to be affected by whether melatonin was
applied before or after Ab1-42 addition (Fig. 4b). In the melatonin
pretreatment group, exosomal tau content remained unaltered,
whereas, melatonin post-treatment after Ab1-42 addition reduced
the exosomal total tau content significantly (94.14%) (Fig. 4b).
When melatonin was used pre- and post-treatment in a combined
fashion, tau content of exosomes showed no significant difference
as compared to control group (O.C.). In addition, the experimental
groups were compared with each other, and we found that the exo-
somal tau content of the group where only melatonin was applied,
decreased significantly. When melatonin post-treatment group
was compared with the other experimental groups, exosomal tau
content was also found to be reduced in a statistically significant
way (Fig. 4b).

Our results showed that the application of Ab and melatonin
separately affect the amount of exosomes released from the cells,
and exosomal tau content. Pre-treatment of melatonin reduced
the exosome quantity, whereas post-treatment of melatonin
reduced the exosomal total tau content significantly.
4. Discussion

Alzheimer’s disease (AD) is characterized with severe neuronal
loss in the brain, and it is identified by a variety of molecular
pathologies leading cortical dementia with a prominent memory
deficit [41–44]. Distribution of pathologies is highly correlated
with the clinical symptoms. Accumulating evidence for AD and
also other neurodegenerative diseases has begun to show that
spreading of neuropathology in the central nervous system is
mediated by exosomes containing different forms of tau. The phos-
phorylated form of tau protein carried by exosomes is one of the
likely candidates for spreading neurodegeneration in different dis-
ease settings [45–51].

In the present study, we made use of an in vitro amyloid beta
toxicity model in a human SH-S5Y5 cell line to investigate the role
of melatonin [52–56]. It is well known that melatonin has a neuro-
protective effect. Thus, we herein used a single melatonin concen-
tration (100 mM), which corresponds to the most effective dose
(4 mg/kg) established in vivo mice models by Kilic et al.
[12,13,57]. Data clearly showed that 10 mM amyloid beta is the



Fig. 1. Lactate Dehydrogenase (LDH) and WST-1 analyses. (A) shows cell viability data indicating the most effective toxic dose of Ab, which was 10 mM among the four
different concentrations, (B) cell proliferation data from the WST-1 analysis showed that the chosen concentrations of Ab did not have any significant effect on cell
proliferation, (C) effect of melatonin (100 mM) on cell viability in the context of Ab toxicity (10 mM). The LDH data exhibited that the use of melatonin alone or in three
different combinations (pre-, post- and pre-/post-treatment of Ab) had a significant reducing effect on cytotoxicity. (*) symbol indicates the statistical significance where
p < 0.05.
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most effective dose in our toxicity model, and none of the concen-
trations used in our in vitro setting seemed to alter the cell prolif-
eration rate (Fig. 1b). In agreement with in vivo studies found in
the relevant literature, application of melatonin ameliorates the
toxic effects of amyloid beta in all experimental groups signifi-
cantly (Fig. 1c). We found that melatonin alone led to cells
(Fig. 3). When Ab1-42 was applied alone, exosomal release was still
found to be reduced. It could be deduced from these findings that
presence of amyloid beta triggers the exosome release from the
SH-SY5Y cells. Melatonin pre-treatment before Ab1-42 also
decreased releasing exosomes significantly. On the other hand, nei-
ther post-treatment of melatonin nor combined melatonin treat-
ment (pre- and post-) altered the exosomal release (Fig. 3). These
data demonstrated that both amyloid beta and melatonin applica-
tions have direct effects on the exosomal release in our experimen-
tal model separately, and melatonin pre-treatment also reduced
the exosomal release with respect to both control and Ab groups
(Fig. 3). This may imply that the effect of melatonin would be based
on the cellular mechanisms regulating the release of exosomes in
this model. In fact Dinkins et al. [58] demonstrated in 5XFAD mice
that amyloid beta plaque formation and its load have been reduced
when exosome release was inhibited. In our in vitro model, mela-
tonin alone inhibited the exosome release from SH-SY5Y cells and
in addition to that in the presence of amyloid beta melatonin still
reduced the exosome release. Our findings which are consistent
with the literature would provide support for studies to inhibit
amyloid beta load by decreasing the exosome release.

The effect of melatonin on the total and phospho-tau levels in
exosomes seems to be different. Our data indicate that exosomes
did not contain the phosphorylated form of tau in our experimen-
tal setting (Fig. 4a). Although this could be considered to be specific
to our in vitro model, recent studies present the similar findings.



Fig. 2. Immunocytochemistry. (A) shows the cell nuclei of the control sample without Ab; (B) exhibits the control sample without Ab incubated with anti-Ab antibody; our
antibody for Ab did not give any background florescence as expected (C) shows the cell nuclei of the sample where 10 mM Ab has been applied; (D) the sample where 10 mM
Ab has been applied and incubated with anti-Ab antibody. The green fluorescence shows the amyloid beta aggregates inside the cells as expected.

Fig. 3. Effect of melatonin on the amount of exosomes released by the SH-SY5Y cells. (O.C.: Only cells), Ab: 10 mM amyloid beta 1–42; Mel: 100 mM melatonin Mel&Ab:
100 mMmelatonin pre-treatment before 10 mM Ab application; Ab&Mel: 100 mMmelatonin post-treatment after 10 mM Ab application; Mel& Ab&Mel: 100 mMmelatonin pre-
and post-treatment with 10 mM Ab application. The amount of exosomes released was quantified by the amount of Tsg-101 (an exosome marker protein) and it was
significantly reduced in Ab, Mel and Mel&Ab groups. (*) shows the comparison with the O.C. group. p < 0.05 for all comparisons.
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Fig. 4. (A). Phosphorylated tau content of immunoprecipitated exosomes. O.C.: Only cells, Ab: 10 mM amyloid beta 1–42; Mel: 100 mMmelatonin Mel&Ab : 100 mMmelatonin
pre-treatment before 10 mM Ab application; Ab&Mel: 100 mM melatonin post-treatment after 10 mM Ab application; Mel& Ab&Mel: 100 mM melatonin pre- and post-
treatment with 10 mM Ab application; CL: Cell Lysate. The isolated exosomes did not contain phosphorylated tau as expected from the literature (B) Total tau content of
immunoprecipitated exosomes. O.C.: Only cells, Ab: 10 mM amyloid beta 1–42; Mel: 100 mM melatonin Mel&Ab : 100 mM melatonin pre-treatment before 10 mM Ab
application; Ab&Mel: 100 mMmelatonin post-treatment after 10 mM Ab application; Mel& Ab&Mel: 100 mM melatonin pre- and post-treatment with 10 mM Ab application. In
Ab, Mel and Ab&Mel groups exosomal total tau content was significantly reduced according to the O.C. The exosomal total tau was also found to be lowered in Mel and
Ab&Mel groups according to the Ab group. (*) shows the comparison with the O.C. Group, (&) shows the comparison with the Ab group. p < 0.05 for all comparisons.
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When the total tau content of exosomes was investigated, amyloid
beta application alone not only reduced the amount of exosome
release (Fig. 3), but it also decreased the exosomal total tau content
(Fig. 4b). The very similar trend would be observed in melatonin
application alone, namely, melatonin use reduces both exosome
release and total tau content of released exosomes (Fig. 4b).

On the other hand, melatonin pre-treatment before amyloid
beta application did not affect the exosomal total tau content while
reducing the amount of exosomes (Figs. 3 and 4b). Another impor-
tant point is that although melatonin post-treatment did not alter
the the amount of exosomes, exosomal tau content was signifi-
cantly decreased (Figs. 3 and 4b).

The effect of melatonin in the context of neurodegeneration is
usually two fold. First melatonin due to its anti-oxidant activity,
reduces the oxidative stres in the neurons and supports the neu-
ronal survival. The second aspect of the effect of melatonin is its
anti-amyloidogenic activity. Studies about this aspect emphasize
the timing of melatonin application; if melatonin is applied before
the generation of amyloid plaques, it shows its anti-amyloidogenic
activity. On the other hand, if melatonin is used after the formation
of amyloid plaques, its effect remain very limited. In addition to
these effects, melatonin also lowers the amount of hyperphospho-
rylated tau, an intracellular indicator for AD, both in in vitro and
in vivo studies. All these findings clearly exhibit the role of mela-
tonin in neurodegenerative processes [36–38].

Overall, our findings indicated that both amyloid beta applica-
tion and melatonin treatment directly affected the amount of exo-
some released from SH-SY5Y cells. Melatonin pre-treatment did
not change the amount of total tau in the exosomes, whereas
reducing the amount of exosomes.

From the clinical point of view, our preclinical findings are par-
ticularly interesting regarding rapidly increasing evidence showing
the role of exosomes in spreading of neurodegeneration and
degeneration related toxicities [58–63]. It is well established the
role of tau protein and its post-translational modifications in the
pathogenesis of AD and other neurodegenerative disorders [64–
69]. Additionally, several studies have shown that melatonin levels
are significantly decreased in both AD patients and healthy aged
individuals [61,62,70–81]. The important point of our study in
the context of translational neuroscience is that besides mela-
tonin’s anti-oxidant, anti-amyloidogenic and lowering effects of
hyperphosphorylated tau, it also has an effect on exosome release
and exosomal tau content. This can provide a new starting point for
developing novel strategies for treating AD knowing that one of the
spreading ways of neurodegeneration in AD is through exosomes
[82–85]. Taken together our study suggested the importance of
the effects of amyloid beta and melatonin in the mechanisms of
controlling the release of exosomes and the findings also imply
their effects on exosomal tau content with respect to the 8-hour
periodicity of application.
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