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Introduction

Melatonin is a hormone synthesized and secreted in the pi-
neal gland and in a number of peripheral organs and tissues.1,2 
Melatonin has a variety of physiological functions including 
clearing free radicals, regulating circadian rhythms, improving 
immune responses, modulating autophagy, and regulating in-
sulin signal pathway in the central nervous system (CNS).3-10 
By virtue of its amphiphilicity, melatonin can easily cross the 
blood-brain barrier11,12 and can enter the CNS and the cerebro-
spinal fluid (CSF) via the choroid plexus.13 In Alzheimer’s dis-
ease (AD) patients, decreased melatonin in CSF and the loss of 
melatonin diurnal rhythm are observed.14-19 Several studies 
suggest that a reduced CSF melatonin level serves as an early 
marker for the very first stages of AD.14,15,19 The action of mela-
tonin is transmitted through the activation of two specific 
transmembrane receptors, namely melatonin receptor 1 (MT1) 
and melatonin receptor 2 (MT2).20-24 These melatonin recep-
tors are strongly involved in insulin pathway.25-27 Previous stud-
ies demonstrated that cognitive decline in AD relates with am-
yloid beta (Aβ) aggregation and insulin signal dysfunction.25,28-34 
Melatonin decreases in patients with AD and melatonin treat-

ment enhances the various pathologies in patients with AD.14,15,35 
Specifically, melatonin reduces Aβ-induced learning and 
memory impairment in rats and human by inhibiting aggrega-
tion of Aβ.36-39 In addition, melatonin is involved in insulin sig-
nal pathway and improves insulin resistance in AD.27,28,40 In 
conclusion, melatonin contributes to improvement of cognitive 
impairment in AD.41,42 Thus, melatonin is a potential target to 
cure learning and memory dysfunction in AD.

The Importance of Melatonin 
Receptor in Alzheimer’s Disease

Melatonin controls various physiological functions by bind-
ing to the specific G protein-coupled receptors, MT1 and MT2 
which are widely distributed in the CNS.25 In addition, MT1 
and MT2 express in the islet of Langerhans of rats20 and hu-
mans21 and involve in glucose regulation in other organs such 
as mouse hepatocytes.22-24 In AD patients, Savaskan et al. dem-
onstrates that MT2 expression decreases and MT1 expression 
increases in the hippocampus and also suggests that two mela-
tonin receptor subtypes appear to be differentially affected by 
the course of AD.43-45 Mitochondrial dysfunction is commonly 
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observed in postmortem brains of AD patients and contributes 
to cognitive dysfunction in AD patients.46 The MT2 signaling 
contributes to the restoration of Aβ-mediated mitochondrial 
dysfunction. Treatment that stimulate MT2 signaling is benefi-
cial for restoring mitochondrial function in AD and for delay-
ing progression of cognitive dysfunction in AD.47 Hence, mela-
tonin receptors are strongly relevant for cognitive dysfunction 
in AD.

The Relationship between Melatonin 
and Aß Pathology

Aβ, composing 39-43 amino acid residues derived from am-
yloid precursor protein (APP), plays a crucial role in the patho-
genesis of AD.48,49 Aβ also regulates insulin signaling in the 
brain. Soluble Aβ binds to the insulin receptor and disrupts its 
signaling capacity and induces neuronal insulin resistance in 
AD.50 Insulin like growth factor 1 administration results in de-
creased Aβ levels in brains of AD mouse models accompanied 
by elevated Aβ levels in the CSF.51 Administration of melatonin 
efficiently attenuates Aβ generation and deposition both in 
vivo52,53 and in vitro.38,39,54,55 Melatonin inhibits Aβ generation in 
mouse neuroblastoma N2a cells harboring APP695.39,56 Mela-
tonin interacts with Aβ40 and Aβ42 and interrupts the pro-
gressive formation of β-sheet and amyloid fibrils.37,57,58 In addi-
tion, PKC activity increases soluble APP secretion and involve 
the activation of the secretases that mediated APP cleavage. 
Several studies indicate the inhibitory regulation by GSK-3 in-
hibition on Aβ generation.59-61 The inhibition of GSK-3 and up 
regulation of c-Jun N-terminal kinase resulted in elevated ma-
trix metalloprotease activity and increased degradation of Aβ.62 
Assuming that melatonin treatment arrests AD by targeting 
the activated GSK-3β,63 melatonin regulates APP processing 
through the PKC and GSK-3 pathways known as the signal 
pathway increasing Aβ generation. Thus, melatonin has the 
ability to regulate APP metabolism and prevent Aβ pathology 
in AD.

The Relationship between Melatonin 
and Insulin Resistance

In AD, brain insulin resistance was demonstrated and was 
associated with clinical symptoms of cognitive decline.32 Pa-
tients with AD show lower insulin levels in CSF, higher plasma 
insulin levels, and reduced CSF to plasma insulin ratios com-
pared to healthy controls.40 Insulin degrading enzyme knock-
out mice also have reduced insulin in brain as well as muted 
degradation of Aβ and insulin in brain.29,64,65 Several studies 
demonstrate that melatonin influences insulin secretion in ani-
mals.66-68 Robeva et al. confirmed a significant relationship be-
tween melatonin and insulin levels in patients with multiple 
sclerosis.69 Previous studies also demonstrates that melatonin 

receptor deficiency influences on insulin signal pathway in 
knock-out mouse models with targeted deletions of MT1, 
MT2 and MT1/MT2 (double-knockout) receptors.70,71 In addi-
tion, altered regulation of insulin secretion and glucose ho-
moeostasis has been detected in melatonin receptor knockout 
mice.23 Hence, melatonin is associated with insulin resistance 
in AD brain.

The Therapeutic Effect of Melatonin 
for Cognitive Impairment in AD

Recent studies show the evidences that melatonin plays an 
important role in modulating learning and memory process-
ing.72-75 Several studies indicate that melatonin treatment pro-
tected against cognitive impairment in a transgenic mouse 
model of AD.41,76 In both rat models and human studies, acute 
insulin administration reliably improves learning and memory 
function.28,30,31 Insulin also regulates the expression of the neu-
rotransmitters such as acetylcholine and norepinephrine influ-
encing cognition.77,78 Further, insulin acts to increase cortical 
cerebral glucose metabolism in brain regions important for 
learning and memory.79 As mentioned relationship between 
melatonin and insulin, melatonin modulates insulin signal 
mechanism and finally contributes to learning and memory 
dysfunction in AD. Melatonin administration is also reported 
to attenuate Aβ-induced learning and memory impairment in 
rats, along with a significant decrease in positive glial cells ex-
pressing NF-κB-induced IL-1β in addition to complement 1q 
in hippocampus.36 Melatonin supplementation slows down the 
progression of cognitive impairment in AD patients.42,80 Melato-
nin is involved in memory formation in the hippocampus5 and 
structural remodeling of synaptic connections during memory 
and learning processes.81 In conclusion, melatonin attenuates 
learning and memory dysfunction in AD. 

Conclusions

Melatonin has a variety of physiological functions in the 
CNS. In AD, melatonin has the ability to regulate APP metab-
olism and prevent Aβ pathology. In addition, melatonin is in-
volved in insulin signal pathway and improves insulin resis-
tance in AD brain. By virtue of these effects, finally, melatonin 
protects against cognitive impairment in AD. Hence, melato-
nin is a potential therapeutic target to improve cognitive im-
pairment in AD. 

Acknowledgments
This research was supported by the Brain Research Program through 

the National Research Foundation of Korea (NRF) funded by the Ministry 
of Science, ICT & Future Planning (2009-0080364). This work was sup-
ported by the Brain Korea 21 Plus Project for Medical Science, Yonsei Uni-
versity.



J Song, et al.

9

REFERENCES
1.	Zeman M, Józsa R, Cornélissen G, Stebelova K, Bubenik GA, Olah A, 

et al. Chronomics: circadian lead of extrapineal vs. pineal melatonin 
rhythms with an infradian hypothalamic exploration. Biomed phar-
macother 2005;59 Suppl 1:S213-S219.

2.	Pang SF, Brown GM. Regional concentrations of melatonin in the rat 
brain in the light and dark period. Life Sci 1983;33:1199-1204.

3.	Blask DE, Brainard GC, Dauchy RT, Hanifin JP, Davidson LK, Krause 
JA, et al. Melatonin-depleted blood from premenopausal women ex-
posed to light at night stimulates growth of human breast cancer xe-
nografts in nude rats. Cancer Res 2005;65:11174-11184.

4.	Coto-Montes A, Boga JA, Rosales-Corral S, Fuentes-Broto L, Tan DX, 
et al. Role of melatonin in the regulation of autophagy and mitophagy: 
a review. Mol Cell Endocrinol 2012;361:12-23. 

5.	El-Sherif Y, Tesoriero J, Hogan MV, Wieraszko A. Melatonin regulates 
neuronal plasticity in the hippocampus. J Neurosci Res 2003;72:454-
460.

6.	Ghosh G, De K, Maity S, Bandyopadhyay D, Bhattacharya S, Reiter RJ, 
et al. Melatonin protects against oxidative damage and restores expres-
sion of GLUT4 gene in the hyperthyroid rat heart. J Pineal Res 2007;42: 
71-82.

7.	Huang SH, Cao XJ, Wei W. Melatonin decreases TLR3-mediated in-
flammatory factor expression via inhibition of NF-kappa B activation 
in respiratory syncytial virus-infected RAW264.7 macrophages. J Pi-
neal Res 2008;45:93-100. 

8.	Hardeland R, Tan DX, Reiter RJ. Kynuramines, metabolites of melato-
nin and other indoles: the resurrection of an almost forgotten class of 
biogenic amines. J Pineal Res 2009;47:109-126. 

9.	Hardeland R. Melatonin, hormone of darkness and more: occurrence, 
control mechanisms, actions and bioactive metabolites. Cell Mol Life 
Sci 2008;65:2001-2018. 

10.	Tan DX, Manchester LC, Hardeland R, Lopez-Burillo S, Mayo JC, 
Sainz RM, et al. Melatonin: a hormone, a tissue factor, an autocoid, a 
paracoid, and an antioxidant vitamin. J Pineal Res 2003;34:75-78.

11.	Reiter RJ, Tan DX, Manchester LC, Pilar Terron M, Flores LJ, Kop-
pisepi S, et al. Medical implications of melatonin: receptor-mediated 
and receptor-independent actions. Adv Med Sci 2007;52:11-28.

12.	Reiter RJ, Tan DX, Qi W, Manchester LC, Karbownik M, Calvo JR. 
Pharmacology and physiology of melatonin in the reduction of oxida-
tive stress in vivo. Biol Signals Recept 2000;9:160-171.

13.	Leston J, Harthé C, Brun J, Mottolese C, Mertens P, Sindou M, et al. 
Melatonin is released in the third ventricle in humans. A study in 
movement disorders. Neurosci Lett 2010;469:294-297.

14.	Wu YH, Swaab DF. The human pineal gland and melatonin in aging 
and Alzheimer’s disease. J Pineal Res 2005;38:145-152.

15.	Wu YH, Feenstra MG, Zhou JN, Liu RY, Toranõ JS, Van Kan HJ, et al. 
Molecular changes underlying reduced pineal melatonin levels in Al-
zheimer disease: alterations in preclinical and clinical stages. J Clin 
Endocrinol Metab 2003;88:5898-5906.

16.	Ohashi Y, Okamoto N, Uchida K, Iyo M, Mori N, Morita Y. Daily 
rhythm of serum melatonin levels and effect of light exposure in pa-
tients with dementia of the Alzheimer’s type. Biol Psychiatry 1999;45: 
1646-1652.

17.	Ferrari E, Arcaini A, Gornati R, Pelanconi L, Cravello L, Fioravanti M, 
et al. Pineal and pituitary-adrenocortical function in physiological ag-
ing and in senile dementia. Exp Gerontol 2000;35:1239-1250.

18.	Liu RY, Zhou JN, van Heerikhuize J, Hofman MA, Swaab DF. De-
creased melatonin levels in postmortem cerebrospinal fluid in relation 
to aging, Alzheimer’s disease, and apolipoprotein E-epsilon4/4 geno-
type. J Clin Endocrinol Metab 1999;84:323-327.

19.	Zhou JN, Liu RY, Kamphorst W, Hofman MA, Swaab DF. Early neu-
ropathological Alzheimer’s changes in aged individuals are accompa-
nied by decreased cerebrospinal fluid melatonin levels. J Pineal Res 
2003;35:125-130.

20.	Mühlbauer E, Bazwinsky I, Wolgast S, Klemenz A, Peschke E. Circa-
dian changes of ether-a-go-go-related-gene (Erg) potassium channel 
transcripts in the rat pancreas and beta-cell. Cell Mol Life Sci 2007; 
64:768-780.

21.	Peschke E, Stumpf I, Bazwinsky I, Litvak L, Dralle H, Mühlbauer E. 
Melatonin and type 2 diabetes - a possible link? J Pineal Res 2007;42: 
350-358.

22.	Poon AM, Choy EH, Pang SF. Modulation of blood glucose by mela-
tonin: a direct action on melatonin receptors in mouse hepatocytes. 
Biol Signals Recept 2001;10:367-379.

23.	Mühlbauer E, Gross E, Labucay K, Wolgast S, Peschke E. Loss of mela-
tonin signalling and its impact on circadian rhythms in mouse organs 
regulating blood glucose. Eur J Pharmacol 2009;606:61-71.

24.	Venegas C, García JA, Doerrier C, Volt H, Escames G, López LC, et al. 
Analysis of the daily changes of melatonin receptors in the rat liver. J 
Pineal Res 2013;54:313-321. 

25.	Dubocovich ML, Markowska M. Functional MT1 and MT2 melato-
nin receptors in mammals. Endocrine 2005;27:101-110.

26.	Mühlbauer E, Peschke E. Evidence for the expression of both the 
MT1- and in addition, the MT2-melatonin receptor, in the rat pancre-
as, islet and beta-cell. J Pineal Res 2007;42:105-106.

27.	Peschke E, Bähr I, Mühlbauer E. Melatonin and Pancreatic Islets: In-
terrelationships between Melatonin, Insulin and Glucagon. Int J Mol 
Sci 2013;14:6981-7015.

28.	Craft S, Asthana S, Cook DG, Baker LD, Cherrier M, Purganan K, et 
al. Insulin dose-response effects on memory and plasma amyloid pre-
cursor protein in Alzheimer’s disease: interactions with apolipoprotein 
E genotype. Psychoneuroendocrinology 2003;28:809-822.

29.	Farris W, Mansourian S, Chang Y, Lindsley L, Eckman EA, Frosch MP, 
et al. Insulin-degrading enzyme regulates the levels of insulin, amyloid 
beta-protein, and the beta-amyloid precursor protein intracellular 
domain in vivo. Proc Natl Acad Sci U S A 2003;100:4162-4167.

30.	Kern W, Peters A, Fruehwald-Schultes B, Deininger E, Born J, Fehm 
HL. Improving influence of insulin on cognitive functions in humans. 
Neuroendocrinology 2001;74:270-280.

31.	Unger JW, Livingston JN, Moss AM. Insulin receptors in the central 
nervous system: localization, signalling mechanisms and functional 
aspects. Prog Neurobiol 1991;36:343-362.

32.	Talbot K, Wang HY, Kazi H, Han LY, Bakshi KP, Stucky A, et al. Dem-
onstrated brain insulin resistance in Alzheimer’s disease patients is as-
sociated with IGF-1 resistance, IRS-1 dysregulation, and cognitive de-
cline. J Clin Invest 2012;122:1316-1338. 

33.	Van Hoesen GW, Augustinack JC, Dierking J, Redman SJ, Thangavel 
R. The parahippocampal gyrus in Alzheimer’s disease. Clinical and 
preclinical neuroanatomical correlates. Ann N Y Acad Sci 2000;911: 
254-274.

34.	Hyman BT, Damasio H, Damasio AR, Van Hoesen GW. Alzheimer’s 
disease. Annu Rev Public Health 1989;10:115-140.

35.	Rosales-Corral SA, Acuña-Castroviejo D, Coto-Montes A, Boga JA, 
Manchester LC, Fuentes-Broto L, et al. Alzheimer’s disease: pathologi-
cal mechanisms and the beneficial role of melatonin. J Pineal Res 2012; 
52:167-202. 

36.	Shen Y, Zhang G, Liu L, Xu S. Suppressive effects of melatonin on am-
yloid-beta-induced glial activation in rat hippocampus. Arch Med Res 
2007;38:284-290. 

37.	Pappolla M, Bozner P, Soto C, Shao H, Robakis NK, Zagorski M, et al. 
Inhibition of Alzheimer beta-fibrillogenesis by melatonin. J Biol Chem 
1998;273:7185-7188.

38.	Song W, Lahiri DK. Melatonin alters the metabolism of the beta-amy-
loid precursor protein in the neuroendocrine cell line PC12. J Mol Neu-
rosci 1997;9:75-92.

39.	Zhang YC, Wang ZF, Wang Q, Wang YP, Wang JZ. Melatonin attenu-
ates beta-amyloid-induced inhibition of neurofilament expression. 
Acta Pharmacol Sin 2004;25:447-451.



The Therapeutic Effects of Melatonin for Alzheimer’s Disease

10  Vascular Neurology 2013;5:7-11

40.	Craft S, Peskind E, Schwartz MW, Schellenberg GD, Raskind M, Porte 
D Jr. Cerebrospinal fluid and plasma insulin levels in Alzheimer’s dis-
ease: relationship to severity of dementia and apolipoprotein E geno-
type. Neurology 1998;50:164-168.

41.	Olcese JM, Cao C, Mori T, Mamcarz MB, Maxwell A, Runfeldt MJ, et 
al. Protection against cognitive deficits and markers of neurodegener-
ation by long-term oral administration of melatonin in a transgenic 
model of Alzheimer disease. J Pineal Res 2009;47:82-96. 

42.	Asayama K, Yamadera H, Ito T, Suzuki H, Kudo Y, Endo S. Double 
blind study of melatonin effects on the sleep-wake rhythm, cognitive 
and non-cognitive functions in Alzheimer type dementia. J Nippon 
Med Sch 2003;70:334-341.

43.	Savaskan E, Olivieri G, Meier F, Brydon L, Jockers R, Ravid R, et al. 
Increased melatonin 1a-receptor immunoreactivity in the hippocam-
pus of Alzheimer’s disease patients. J Pineal Res 2002;32:59-62.

44.	Savaskan E, Ayoub MA, Ravid R, Angeloni D, Fraschini F, Meier F, et 
al. Reduced hippocampal MT2 melatonin receptor expression in Al-
zheimer’s disease. J Pineal Res 2005;38:10-16.

45.	Savaskan E, Jockers R, Ayoub M, Angeloni D, Fraschini F, Flammer J, 
et al. The MT2 melatonin receptor subtype is present in human retina 
and decreases in Alzheimer’s disease. Curr Alzheimer Res 2007;4:47-
51.

46.	Bosetti F, Brizzi F, Barogi S, Mancuso M, Siciliano G, Tendi EA, et al. 
Cytochrome c oxidase and mitochondrial F1F0-ATPase (ATP syn-
thase) activities in platelets and brain from patients with Alzheimer’s 
disease. Neurobiol Aging 2002;23:371-376.

47.	Dragicevic N, Copes N, O’Neal-Moffitt G, Jin J, Buzzeo R, Mamcarz 
M, et al. Melatonin treatment restores mitochondrial function in Al-
zheimer’s mice: a mitochondrial protective role of melatonin mem-
brane receptor signaling. J Pineal Res 2011;51:75-86. 

48.	Selkoe DJ. Cell biology of protein misfolding: the examples of Al-
zheimer’s and Parkinson’s diseases. Nat Cell Biol 2004;6:1054-1061.

49.	Selkoe DJ. Alzheimer’s disease is a synaptic failure. Science 2002;298: 
789-791.

50.	Townsend M, Mehta T, Selkoe DJ. Soluble Abeta inhibits specific sig-
nal transduction cascades common to the insulin receptor pathway. J 
Biol Chem 2007;282:33305-33312.

51.	Zemva J, Schubert M. The Role of Neuronal Insulin/IGF-1 Signaling 
for the Pathogenesis of Alzheimer’s Disease: Possible Therapeutic Im-
plications. CNS Neurol Disord Drug Targets 2013. [Epub ahead of 
print]

52.	Matsubara E, Bryant-Thomas T, Pacheco Quinto J, Henry TL, Poeg-
geler B, Herbert D, et al. Melatonin increases survival and inhibits oxi-
dative and amyloid pathology in a transgenic model of Alzheimer’s 
disease. J Neurochem 2003;85:1101-1108.

53.	Lahiri DK, Chen D, Ge YW, Bondy SC, Sharman EH. Dietary supple-
mentation with melatonin reduces levels of amyloid beta-peptides in 
the murine cerebral cortex. J Pineal Res 2004;36:224-231.

54.	Lahiri DK. Melatonin affects the metabolism of the beta-amyloid pre-
cursor protein in different cell types. J Pineal Res 1999;26:137-146.

55.	Olivieri G, Hess C, Savaskan E, Ly C, Meier F, Baysang G, et al. Mela-
tonin protects SHSY5Y neuroblastoma cells from cobalt-induced oxi-
dative stress, neurotoxicity and increased beta-amyloid secretion. J Pi-
neal Res 2001;31:320-325.

56.	Wang XC, Zhang YC, Chatterjie N, Grundke-Iqbal I, Iqbal K, Wang 
JZ. Effect of melatonin and melatonylvalpromide on beta-amyloid and 
neurofilaments in N2a cells. Neurochem Res 2008;33:1138-1144.

57.	Poeggeler B, Miravalle L, Zagorski MG, Wisniewski T, Chyan YJ, 
Zhang Y, et al. Melatonin reverses the profibrillogenic activity of apo-
lipoprotein E4 on the Alzheimer amyloid Abeta peptide. Biochemistry 
2001;40:14995-15001.

58.	Skribanek Z, Baláspiri L, Mák M. Interaction between synthetic amy-
loid-beta-peptide (1-40) and its aggregation inhibitors studied by elec-
trospray ionization mass spectrometry. J Mass Spectrom 2001;36:1226-

1229.
59.	Su Y, Ryder J, Li B, Wu X, Fox N, Solenberg P, et al. Lithium, a com-

mon drug for bipolar disorder treatment, regulates amyloid-beta pre-
cursor protein processing. Biochemistry 2004;43:6899-6908.

60.	Ryder J, Su Y, Liu F, Li B, Zhou Y, Ni B. Divergent roles of GSK3 and 
CDK5 in APP processing. Biochem Biophys Res Commun 2003;312: 
922-929.

61.	Phiel CJ, Wilson CA, Lee VM, Klein PS. GSK-3alpha regulates pro-
duction of Alzheimer’s disease amyloid-beta peptides. Nature 2003; 
423:435-439.

62.	Donnelly PS, Caragounis A, Du T, Laughton KM, Volitakis I, Cherny 
RA, et al. Selective intracellular release of copper and zinc ions from 
bis(thiosemicarbazonato) complexes reduces levels of Alzheimer dis-
ease amyloid-beta peptide. J Biol Chem 2008;283:4568-4577.

63.	Peng CX, Hu J, Liu D, Hong XP, Wu YY, Zhu LQ, et al. Disease-mod-
ified glycogen synthase kinase-3β intervention by melatonin arrests 
the pathology and memory deficits in an Alzheimer’s animal model. 
Neurobiol Aging 2013;34:1555-1563. 

64.	Cook DG, Leverenz JB, McMillan PJ, Kulstad JJ, Ericksen S, Roth RA, 
et al. Reduced hippocampal insulin-degrading enzyme in late-onset 
Alzheimer’s disease is associated with the apolipoprotein E-epsilon4 
allele. Am J Pathol 2003;162:313-319.

65.	Pérez A, Morelli L, Cresto JC, Castaño EM. Degradation of soluble 
amyloid beta-peptides 1-40, 1-42, and the Dutch variant 1-40Q by in-
sulin degrading enzyme from Alzheimer disease and control brains. 
Neurochem Res 2000;25:247-255.

66.	Nishida S, Sato R, Murai I, Nakagawa S. Effect of pinealectomy on 
plasma levels of insulin and leptin and on hepatic lipids in type 2 dia-
betic rats. J Pineal Res 2003;35:251-256.

67.	Zanquetta MM, Seraphim PM, Sumida DH, Cipolla-Neto J, Machado 
UF. Calorie restriction reduces pinealectomy-induced insulin resis-
tance by improving GLUT4 gene expression and its translocation to 
the plasma membrane. J Pineal Res 2003;35:141-148.

68.	Hoyos M, Guerrero JM, Perez-Cano R, Olivan J, Fabiani F, Garcia-
Pergañeda A, et al. Serum cholesterol and lipid peroxidation are de-
creased by melatonin in diet-induced hypercholesterolemic rats. J Pi-
neal Res 2000;28:150-155.

69.	Robeva R, Kirilov G, Tomova A, Kumanov P. Melatonin-insulin inter-
actions in patients with metabolic syndrome. J Pineal Res 2008;44:52-
56.

70.	Liu C, Weaver DR, Jin X, Shearman LP, Pieschl RL, Gribkoff VK, et al. 
Molecular dissection of two distinct actions of melatonin on the su-
prachiasmatic circadian clock. Neuron 1997;19:91-102.

71.	 Jin X, von Gall C, Pieschl RL, Gribkoff VK, Stehle JH, Reppert SM, et 
al. Targeted disruption of the mouse Mel(1b) melatonin receptor. Mol 
Cell Biol 2003;23:1054-1060.

72.	Rawashdeh O, Maronde E. The hormonal Zeitgeber melatonin: role as 
a circadian modulator in memory processing. Front Mol Neurosci 2012; 
5:27.

73.	Bertaina-Anglade V, Drieu-La-Rochelle C, Mocaër E, Seguin L. Mem-
ory facilitating effects of agomelatine in the novel object recognition 
memory paradigm in the rat. Pharmacol Biochem Behav 2011;98:511-
517.

74.	Gönenç S, Uysal N, Açikgöz O, Kayatekin BM, Sönmez A, Kiray M, 
et al. Effects of melatonin on oxidative stress and spatial memory im-
pairment induced by acute ethanol treatment in rats. Physiol Res 2005; 
54:341-348.

75.	Ramírez-Rodríguez G, Vega-Rivera NM, Benítez-King G, Castro-
García M, Ortíz-López L. Melatonin supplementation delays the de-
cline of adult hippocampal neurogenesis during normal aging of mice. 
Neurosci Lett 2012;530:53-58.

76.	Spuch C, Antequera D, Portero A, Orive G, Hernández RM, Molina 
JA, et al. The effect of encapsulated VEGF-secreting cells on brain am-
yloid load and behavioral impairment in a mouse model of Alzheim-



J Song, et al.

11

er’s disease. Biomaterials 2010;31:5608-5618.
77.	Figlewicz DP, Szot P, Israel PA, Payne C, Dorsa DM. Insulin reduces 

norepinephrine transporter mRNA in vivo in rat locus coeruleus. Brain 
Res 1993;602:161-164.

78.	Kopf SR, Baratti CM. Effects of posttraining administration of insulin 
on retention of a habituation response in mice: participation of a cen-
tral cholinergic mechanism. Neurobiol Learn Mem 1999;71:50-61.

79.	Bingham EM, Hopkins D, Smith D, Pernet A, Hallett W, Reed L, et al. 
The role of insulin in human brain glucose metabolism: an 18fluoro-

deoxyglucose positron emission tomography study. Diabetes 2002;51: 
3384-3390.

80.	Singer C, Tractenberg RE, Kaye J, Schafer K, Gamst A, Grundman M, 
et al. A multicenter, placebo-controlled trial of melatonin for sleep dis-
turbance in Alzheimer’s disease. Sleep 2003;26:893-901.

81.	Baydas G, Nedzvetsky VS, Nerush PA, Kirichenko SV, Demchenko 
HM, Reiter RJ. A novel role for melatonin: regulation of the expression 
of cell adhesion molecules in the rat hippocampus and cortex. Neuro-
sci Lett 2002;326:109-112.


