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Abstract
Background: Prion diseases are a group of prevalent and rapidly progressive neurodegenerative disorders
that lead to chronic in�ammation and neuronal cell death. Calcineurin and autophagy mediate prion-
induced neurodegeneration, suggesting that inhibition of calcineurin and autophagy could be a target for
therapy. Melatonin has been reported to exert neuroprotective effects against calcium-dependent
neuronal cell death.

Methods: Real-time quantitative PCR was used to detect mRNA levels of proin�ammatory cytokines.
Western blot was used to analysis p-nfkb, p-bcl10, calcineurin, prpc and autophagy �ux pathway.
Immunocytochemistry was used to analysis p-nfkb and calcineurin. Ca2+ levels were measured by �uo-4
using confocal microscope. Calcineurin activity was used to detect with calcineurin cellular activity assay
kit. Transmission electron microscopy (TEM) was used to detect autophagy �ux.

Results: In the present study, we investigated whether melatonin attenuates prion peptide-mediated
neuroin�ammation and reduces calcineurin. We found that melatonin treatment inhibits prion protein-
induced apoptosis. Melatonin inhibited calcium up-regulation and protected the cells against prion
peptide‐induced neuron cell death by calcineurin inactivation. Furthermore, melatonin increased p62
protein levels and decrease LC3-II protein levels indicating autophagic �ux inhibition and melatonin
inhibited prion protein-induced neurotoxicity through autophagy �ux inhibition.

Conclusions: Taken together, our results illuminate that melatonin attenuated prion protein-induced
neurin�ammation through calcineurin inactivation and autophagic �ux reduction, and also suggest that
melatonin may provide effective strategy for therapy against neurodegenerative diseases, including prion
diseases.

Background
Prion diseases are a group of fatal and unusual neurodegenerative disorders of the nervous system
caused by the presence of a misfolded of the cellular prion protein; these diseases affect humans and
animals including Creutzfeldt-Jakob disease in human and scrapie in sheep [1-3]. They induced
in�ammatory enzyme COX-2 and pro-in�ammatory cytokines such as TNF-α [4, 5]. Neurotoxic prion
protein (PrP) fragment 106–126 (PrP106–126) is commonly used as a model for the investigation of
PrPSc neurotoxicity, as it possesses similar physicochemical and pathological properties to PrPSc. It
forms amyloid �brils with high β-sheet content, shows partial proteinase K resistance, and is neurotoxic in
vitro [6].

Because PrP106–126 has similar physiochemical and pathological properties to PrPSc, the PrP106–126
is often used as toxicity model of PrPSc in prion disease studies. PrP106–126 with a high β-sheet
enriched structure is resistant to protease K and neurotoxic [7, 8].
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Melatonin (N‐acetyl‐5‐methoxytryptamine) is a key endogenous indole amine secreted and released by
pineal gland of mammals, including humans, melatonin plays a critical role in the regulation of circadian
rhythms and numerous other functions [9]. Melatonin is amphiphilic in nature and acts as a potent free
radical scavenger and possesses antioxidant, anti‐in�ammatory and anti‐apoptotic properties [10, 11].
Melatonin has been shown to inhibit microglial activation and reduce proin�ammatory cytokine levels in
many experimental models, including Alzheimer's disease (AD) [12]. However, the effect of melatonin on
neuroin�ammation from prion is unknown.

The serine/threonine phosphatase calcineurin plays an important role in many cellular
process [13]. Overactivation of calcineurin in neurotoxicity effects induced by prion peptide and amyloid-
beta [14]. Calcineurin occurs cytokines and proin�ammatory factors in the neurons throughout brain [15,
16]. Calcineurin mediates activation and translocation of NFκB not through direct dephosphorylation of
the transcription factor but through activation of a kinase that causes the removal of inhibitory
subunits [17].

Autophagy is a cellular process of regulated self-eating through the degradation of cellular
components. Autophagy is an evolutionarily conserved intracellular degradation process of cytosolic
constituents through formation of autophagosomes followed by their fusion with lysosomes, which
results in autolysosome formation [18, 19]. Autophagy plays an important role in protein misfolding
diseases and in�ammatory diseases [20]. However, the role of autophagy in melatonin-mediated
neuroprotective effects is not fully understood.

Our previous study showed that melatonin inhibits prion peptide-induced neuronal apoptosis by inducing
autophagy activation [21]. However, the effect of melatonin on prion protein-induced neuroin�ammation
via calcineurin and autophagy has yet to be reported. In this study, we observed the neuroprotective
effects of melatonin against PrP (106-126)-mediated neuroin�ammation, calcineurin and autophagy
activation.

Methods
Cell culture

SK-N-SH cell lines were obtained from the ATCC (Rockville, MD, USA) and cell culture method has been
previously described [22]. The mouse neuronal cell lines ZW 13-2 and Zpl 3-4, which were established
from the hippocampus of ICR (Prnp+/+) and Zürich I Prnp−/− mice, respectively, were kindly provided by
Professor Yong-Sun Kim (Hallym University, Chuncheon, Kangwon-do, South Korea). The cells were grown
in DMEM containing 10% FBS and gentamycin (0.1 mg/ml) in a humidi�ed incubator maintained at 37°C
with 5% CO2.

PrP (106-126) treatment



Page 4/18

Synthetic PrP (106-126) was synthesized as previously described [23]. Sequences of PrP (106-126) used
in this study were Lys-Thr-Asn-Met-Lys-His-Met-Ala-Gly-Ala-Ala-Ala-Ala-Gly-Ala-Val-Val-Gly-Gly-Leu-Gly. PrP
(106-126) were synthesized by Peptron (Seoul, Korea).

Measurement of [Ca2+]i

Measurement of Ca2+ contents was implemented as previously reported [24]. Brie�y, cells were plated on
collagen-coated confocal dish. The SK-N-SH cells were loaded with 5 μM Fluo-4 AM (Invitrogen) for 40
min at 37°C. The image was processed using a confocal microscope (Zeiss). Fluorescence intensity was
measured using Image J program (NIH).

Calcineurin activity assay

SK-N-SH cells were used to determine calcineurin phosphatase activity. Calcineurin activity was
measured with calcineurin cellular activity assay kit (#BML-AK816-0001; Enzo Life Sciences, Inc.,
Farmingdale, NY, USA) and assay was performed following manufacturer's instructions. Calcineurin
activity was measured as previously reported [25].

Immunocytochemistry

Immunocytochemical analyses were performed on neuroblastoma cells with p-nfkb (MAB3026; Milipore,
Burlington, MA, USA) and anti-calcineurin (ab137335; Abcam). Cells were cultured on glass slides (Nalge
Nunc International, Naperville, IL, USA), then washed in sterilized TBST for 10 min, blocked for 15 min
with 5% FBS in TBST, and incubated overnight at 4 °C with the primary antibodies diluted with 5% FBS in
TBST. Alexa Fluor 488-labeled donkey anti-rabbit IgG antibody, diluted 1:1000 (A21206; Molecular Probes,
Eugene, OR, USA), was used to visualize expression using �uorescence microscopy.

Quantitative real-time PCR

Total RNA was extracted from SK cells using Easy-spin Total RNA Extraction Kit (iNtRON Biotechnology,
Seoul, Korea). cDNA synthesis was carried out using TaKaRa Prime Script 1st Strand cDNA synthesis kit
(TaKaRa Bio, Tokyo, Japan). For quantitative real-time PCR, 1 μl of gene-speci�c primers and SYBR Green
Supermix (Bio-Rad Laboratories, Hercules, CA) were used in 20 μl of reaction volume. The primers were as
follows: TNF-α, forward = 5′TCT CCT TCC TGA TCG TGG C′ and reverse = 5′ GGT TCA GCC ACT GGA GCT
3′; COX-2, forward = 5′ AAA TTC GGT ACA TCC TCG AC 3′ and reverse = 5′ CAG GAA CTG GAT CAG GAC
TT 3′; glyceraldehyde-3-phosphate dehydrogenase (as an internal control): forward = 5′ TGC CTC CTG
CAC CAA CT3′ and reverse = 5′CGC CTG CTT CAC CTT C 3′. All quantitative PCR reactions were
performed on a CFX96 real-time PCR detection system (Bio-Rad).

Western blot analysis

Western blot analysis was measured as described previously [26]. The antibodies used for
immunoblotting were anti-calcineurin (ab137335; Abcam), p-nf kb p65(Ser536) (#3033; Cell Signaling
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Technology, Danvers, MA, USA), p-bcl10, anti-P62 (#5114; Cell Signaling Technology), LC3 (Novus
Biologicals, Littleton, CO, USA), and anti-β-actin (A5441; Sigma-Aldrich, St. Louis, MO, USA).

Transmission electron microscopy (TEM) 

TEM was performed as described previously [27]. Brie�y, SK-N-SH cells were �xed with 2%
paraformaldehyde and 2% glutaraldehyde in 0.05 M sodium cacodylate, pH 7.2. Cells were post-�xed with
1% osmium tetroxide for further �xation. Specimens were dehydrated in graded ethanol and changed to
propylene oxide, and then embedded in Epoxy resin. Images were recorded on a Hitachi H7650 electron
microscope (Hitachi, Ltd., Tokyo, Japan; magni�cation, x10,000) installed at the Center for
University‐Wide Research Facilities (CURF) at Jeonbuk National University.

Statistical analysis

All statistical analysis was carried out using GraphPad Prism software (version 5.03; GraphPad
Software, Inc., La Jolla, CA, USA). All experiments were expressed as mean ± standard error.  And all
experiments were compared using the one-way ANOVA followed by the Tukey test. Results were
considered signi�cant at * p < 0.05, ** p < 0.01 or *** p < 0.001, as appropriate.

Results
Melatonin is protective against prion peptide-mediated in�ammatory responses.

We investigated the role of melatonin against prion peptide-mediated proin�ammatory response in SK-N-
SH cells. Real-time quantitative PCR analysis was then used to measure the mRNA levels of
proin�ammatory cytokines, TNF-α, and COX-2. We found that PrP (106-126) treatment led to the induction
of TNF-α and COX-2 mRNA and that this induction was decreased by melatonin treatment (Figures 1A
and B). Further, treatment with melatonin reduced the levels of p-NF-κB (Figure 2C). In agreement with
these data, immunocytochemistry experiments showed that p-NF-κB protein levels were markedly lower
in PrP (106-126) treatment upon melatonin compared with PrP (106-126) treatment (Figure 1D). We
con�rmed the effects of melatonin on prion peptide-induced p-NF-κB in neuronal cells. Prion peptide-
induced p-NF-κB was decreased by melatonin, as shown by western blot analysis (Figure 2A and 2C).
Prion peptide-induced p-bcl10 was decreased by melatonin, as shown by western blot analysis (Figure 2B
and 2D).

Melatonin inhibits PrP (106‐126)-induced neuroin�ammation by calcineurin inactivation

To determine the effect of melatonin on prion peptide expression in neuronal cells, we investigated the
role of prion peptide in altering Ca2+ levels in neuronal cells. Ca2+ content was directly evaluated by prion
peptide, and melatonin reduced PrP-induced Ca2+ (Figures 3A and B). Fluorescence imaging also
indicated that baicalein inhibited calcium increase (Figure 3C). Based on the known connection between
ER stress and perturbation of calcium homeostasis, we next explored the relative ER calcium content in

https://www.sciencedirect.com/topics/medicine-and-dentistry/tumor-necrosis-factor
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SK-N-SH cells. We monitored the passive release of calcium from the ER by inhibiting the SERCA pump
with thapsigargin by using the calcium dye Fluo-4. PrP (106-126) treatment diminished ER calcium
release after thapsigargin treatment than PrP (106-126) treatment upon melatonin (Figures 3D and
E). Fluorescence imaging also indicated that baicalein inhibited calcium increase (Figure 3F). The results
showed that prion protein elevated calcineurin activity and melatonin reduced prion peptide-induced
calcineurin activity (Figure 4A). In agreement with these data, immunocytochemistry experiments showed
that calcineurin protein levels were markedly lower in PrP (106-126) treatment upon melatonin compared
with PrP (106-126) treatment (Figure 4B). To determine calcineurin activation, p-bcl10 were subjected to
western blot. The data showed that prion peptide treatment dose-dependently reduced p-bcl10 (Figure
4C). Prion peptide-induced p-bcl10 was decreased by melatonin, as shown by western blot analysis
(Figure 4D).

Melatonin treatment inhibits PrP (106‐126)-induced neuroin�ammation via autophagy

We investigated whether melatonin affects prion peptide-induced autophagy. We detected a dose-
dependent decrease in the late autophagosome markers LC3-II and SQSTM1/p62 in the PrP-treated group
compared with the control group in human neuroblastoma cells (Figure 5A and 5B). We found that
melatonin increased SQSTM1/p62 and LC3-II (Figure 5C and 5D). We also conducted TEM to establish
the effect of lysosomal inhibition of autophagy by melatonin. As shown in Figure 5E, multiple vesicles
including double-membraned autophagosomes (arrows) were reduced by treatment of baicalein, which
indicated inhibition of autophagic �ux and lysosomal degradation (Figure 5E). 

Calcineurin and autophagy inhibition by PrPc de�ciency protected against PrP (106-126)-induced
neuroin�ammation.

One study showed that depleting PrPC blocks inhibits autophagic �ux signals [28]. However, the
relationship between autophagy and calcineurin signals in prion-mediated neuroin�ammation is
unknown. Thus, we investigated whether PrPC expression in�uences calcineurin-mediated autophagic
�ux signaling in PrP(106-126)-treated neuronal cells. We cultured the mouse hippocampal neuron cell
lines ZW 13-2 and Zpl 3-4, which were established from the hippocampus of ICR (Prnp+/+) and Zürich I
Prnp−/− mice, respectively. Real-time quantitative PCR analysis was then used to measure the mRNA
levels of proin�ammatory cytokines, TNF-α, and COX-2. We showed that prion peptide-induced TNF-α and
COX-2 mRNA under normal conditions, but PrPc de�ciency attenuated prion peptide-induced TNF-α and
COX-2 mRNA in PrPc knockout Zpl 3–4 cells (Figure. 6A, B). Western blot assays showed that PrP(106-
126) treatment increase calcineurin and p-NF-κB levels in ZW 13-2 cells (Figure. 5C). Zpl 3-4 cells
decreased the calcineurin and p-NF-κB protein levels compared to ZW-13-2 cells (Figure. 5D). Western blot
assays showed that PrP (106-126) treatment inhibited autophagy �ux in Zpl 3–4 cells (Figure 6E, F), and
that PrPc expression was displayed in ZW 13–2 cells (Figure 6E). In contrast, no detectable PrPc was
evident in Zpl 3–4 cells (Figure. 6F). These data indicate that PrPC expression plays a main role in
calcineurin-mediated autophagic �ux in PrP(106-126)-induced in�ammation.

https://www.sciencedirect.com/topics/medicine-and-dentistry/tumor-necrosis-factor
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Discussion
The study was to investigate the role of melatonin in calcineurin inactivation and autophagy, and the
regulation of prion protein-induced in�ammation by melatonin in neuronal cells. The results suggest that
the decrease in calcineurin and autophagy by melatonin and the consequent reduction in prion protein-
induced neuroin�ammation may be the key mechanisms underlying the neuroprotective effects of
melatonin.

It has been reported that melatonin suppresses ER stress-mediated proapoptotic effects in bone
mesenchymal stem cells [29]. Suwanjang W et al suggested that the protective effect of melatonin is
mediated via cytosolic calcium in DEX-induced neurotoxicity [30]. Melatonin prevents hydrogen peroxide
in human neuroblastoma cells by attenuating calcineurin signaling pathways [31]. Consistent with these
�ndings, our results also demonstrated that melatonin attenuates calcineurin activity. Together, these
�ndings suggest that melatonin effectively inhibits prion protein-induced calcium and calcineurin activity.

Because melatonin has neuroprotective and antioxidant properties [32], It has been reported to exert a
neuroprotective effect against ß-amyloid peptide [33], aging-related neurodegenerative disease [34], and
human prion protein fragment 106–126 [35]. Because of its anti-in�ammatory, antioxidant, and anti-
apoptotic properties, melatonin exerts neuroprotective actions against different neurological
diseases. This study explored the neuroprotective role of melatonin against prion protein-induced
neuroin�ammation.

A relation of calcineurin and NF‐κB has been previously reported [36, 37]. Calcineurin is an upstream
regulator of NF‐κB activation and calcineurin and NF-κB inhibition attenuated iso�urane‐induced
neuroin�ammation and subsequent cognitive impairment [38]. Calcineurin functions as a critical
signaling molecule during T helper cell activation, regulating Bcl-10 phosphorylation and thereby NF‐κB
activation [39]. And Our unpublished data demonstrated that calcineurin regulates PrP(106–126)-induced
neuroin�ammation by autophagy. The results of the present study suggest that melatonin inactivates
calcineurin activation and NF‐κB following autophagy.

We previously reported that melatonin-induced autophagy on PrP(106–126)-mediated neurotoxicity and
mitochondrial dysfunction [21]. However, effect of melatonin-reduced calcineurin activation and
autophagy activation in PrP(106–126)-induced neuroin�ammation has yet to be reported. Our present
study demonstrated that melatonin treatment protects against PrP(106–126)-induced neuroin�ammation
by regulation of calcineurin and autophagy inactivation..

Melatonin signi�cantly increased the level of autophagy in prion protein-induced apoptosis [21]. However,
other studies report that melatonin attenuated autophagy [40, 41]. In the present study, we showed that
melatonin inhibited autophagy in neuronal cells. Autophagic defects are well documented in
neurodegenerative diseases, and include accumulation of autophagosomes and undegraded autophagic
vacuoles in neuronal cells [27]. 
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Conclusion
In our future study, we will further explore the neuroprotective effects of melatonin, autophagy and the
calcineurin pathway in mouse models to examine melatonin’s potential therapeutic role in prion disease.

Abbreviations
Mel: melatonin; CNS: central nervous system; PrPc: cellular prion protein; PrPsc: scrapie-associated prion
protein; LC3-I/II: microtubule-associated protein 1A/1B-light chain 3-I/II; CQ: chloroquine
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Figure 1

Effect of melatonin against PrP (106-126)-induced in�ammation in neuronal cells. (A) SK-N-SH cells were
treated with melatonin for 1 h and then exposed to 100 μM of PrP (106-126) for 3 h. Total RNA was
extracted to quantify the mRNA expression of TNF alpha. (B) Total RNA was extracted to quantify the
mRNA expression of COX-2. (C) SK-N-SH cells were treated with melatonin for 1 h and then exposed to
100 μM of PrP (106-126) for 12 h. The treated cells were assessed for p-NF-κB by Western blot analysis.
(D) Immunocytochemistry for the p-NF-κB was analyzed from neuroblastoma cells. The bar graph shows
the mean ± standard error of the mean (n = 3). Magni�cation 200×, scale bar =50 µm. * p < 0.001,
signi�cant differences when comparing the control group with each treatment group. PrP, Prion peptide
(106-126)
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Figure 2

Melatonin attenuates PrP (106-126)-induced p-NF-κB-mediated in�ammation. (A) SK-N-SH cells were
treated with melatonin for 1 h and then exposed to 100 μM of PrP (106-126) for 12 h. The treated cells
were assessed for p-NF-κB by Western blot analysis. (B) The treated cells were assessed for p-bcl10 by
Western blot analysis. (C) Bar graph indicated that volume of p-NF-κB expression levels. (D) Bar graph
indicated that volume of p-bcl10 expression levels. The bar graph shows the mean ± standard error of the
mean (n = 3). Magni�cation 200×, scale bar =50 µm. *** p < 0.001, ## p < 0.01, ### p < 0.001; signi�cant
differences when comparing the control group with each treatment group. PrP, Prion peptide (106-126)
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Figure 3

Melatonin inhibits PrP (106-126)-induced neuroin�ammation through calcium. (A) SK-N-SH cells were
loaded with �uo-4 AM and the changes in Ca2+ levels were measured using confocal microscope. SK-N-
SH cells were treated with melatonin and calcineurin inhibitor for 1 h and then exposed to 100 μM of PrP
(106-126) for 12 h. The time point of 1 µM of thapsigargin addition is indicated by the  arrow. Data are
mean ± SEM of [Ca2+]i at 60 s from three independent experiments. (B) Bar graph indicating the average
peak value of intracellular calcium levels. (C) The green �uorescence image indicates peak value of
calcium measurement using confocal microscopy. (D) SK-N-SH cells were loaded with �uo-4 AM and the
changes in Ca2+ levels were measured using confocal microscope. The time point of 40 µM of melatonin
addition is indicated by the  arrow and 100 μM of PrP (106-126) addition is indicated by the  arrow.
Data are mean ± SEM of [Ca2+]i at 60 s from three independent experiments. (E) Bar graph indicating the
average peak value of intracellular calcium levels. (F) The green �uorescence image indicates peak value
of calcium measurement using confocal microscopy.The bar graph shows the mean ± standard error of
the mean from three independent experiments. Magni�cation 200×, scale bar =50 µm. *** p < 0.001, # p <
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0.05; signi�cant differences when compared with the control group and each treatment group. PrP, Prion
peptide (106-126)

Figure 4

Melatonin inhibits PrP (106-126)-induced neuroin�ammation via calcineurin inhibition. (A) SK-N-SH cells
were treated with melatonin for 1 h and then exposed to 100 μM of PrP (106-126) for 12 h. The treated
cells were assessed for calcineurin activity. (B) Immunocytochemistry for the calcineurin was analyzed
from neuroblastoma cells. (C) SK-N-SH cells were treated with 25, 50, and 100 μM of PrP (106-126) and
100 μM Sc-PrP (106-126) for 12 h. The treated cells were assessed for p-bcl10 by Western blot analysis.
(D) SK-N-SH cells were treated with melatonin for 1 h and then exposed to 100 μM of PrP (106-126) for
12 h. The treated cells were assessed for p-bcl10 by Western blot analysis. The bar graph shows the
mean ± standard error of the mean (n = 3). Magni�cation 200×, scale bar =50 µm. *** p < 0.001, ## p <
0.01, ### p < 0.001; signi�cant differences when comparing the control group with each treatment group.
PrP, Prion peptide (106-126)
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Figure 5

Melatonin inhibits PrP (106-126)-induced autophagy. (A) SK-N-SH cells were treated with 25, 50, and 100
μM of PrP (106-126) and 100 μM Sc-PrP (106-126) for 12 h. The treated cells were assessed for P62 by
Western blot analysis. (B) The treated cells were assessed for LC3 by Western blot analysis. (C) SK-N-SH
cells were treated with 0.25, 0.5 and 1 mM of melatonin for 1 h and then exposed to 100 μM of PrP (106-
126) for 12 h The treated cells were assessed for P62 by Western blot analysis. (D) The treated cells were
assessed for LC3 by Western blot analysis. (E) SK-N-SH cells were treated with melatonin for 1 h and then
exposed to 100 μM of PrP (106-126) for 12h and analyzed by TEM. Arrows indicate autophagosomes
and arrowheads indicate lysosomes and mitochondria. Magni�cation 200×, scale bar =50 µm.
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Figure 6

Melatonin inhibited PrP(106-126)-induced neuroin�ammation in Zw cell. (A) Zw and Zpl cells were
treated with melatonin for 1 h and then exposed to 100 μM of PrP (106-126) for 3 h. Total RNA was
extracted to quantify the mRNA expression of TNF alpha. (B) Total RNA was extracted to quantify the
mRNA expression of COX-2. (C) SK-N-SH cells were treated with melatonin for 1 h and then exposed to
100 μM of PrP (106-126) for 12 h. The treated cells were assessed for PrPc, calcineurin and p-NF-κB by
Western blot analysis in ZW cells. (D) The treated cells were assessed for PrPc, calcineurin and p-NF-κB
by Western blot analysis in Zpl cells. (E) SK-N-SH cells were treated with melatonin for 1 h and then
exposed to 100 μM of PrP (106-126) for 12 h. The treated cells were assessed for P62 and LC3 by
Western blot analysis in ZW cells. (F) The treated cells were assessed for P62 and LC3 by Western blot
analysis in Zpl cells. The bar graph shows the mean ± standard error of the mean (n = 3). * p < 0.001,
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signi�cant differences when comparing the control group with each treatment group. PrP, Prion peptide
(106-126)


