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Abstract
Alzheimer’s disease (AD) is the most common reason for progressive dementia in the elderly. It has been shown that disorders of the mammalian/mechanistic target of rapamycin (mTOR) signaling pathways are related to the AD. On the other hand, diabetes mellitus (DM) is a risk factor for the cognitive dysfunction. The pathogenesis of the neuronal impairment caused by diabetic hyperglycemia is intricate, which contains neuro-inflammation and/or neurodegeneration and dementia. Glucagon-like peptide-1 (GLP1) is interesting as a possible link between metabolism and brain impairment. Modulation of GLP1 activity can influence amyloid-beta peptide aggregation via the phosphoinositide-3 kinase/AKT/mTOR signaling pathway in AD. The GLP1 receptor agonists have been shown to have favorable actions on the brain such as the improvement of neurological deficit. They might also exert a beneficial effect with refining learning and memory on the cognitive impairment induced by diabetes. Recent experimental and clinical evidence indicates that dipeptidyl-peptidase-4 (DPP4) inhibitors, being currently used for DM therapy, may also be effective for AD treatment. The DPP-4 inhibitors have demonstrated neuroprotection and cognitive improvements in animal models. Although further studies for mTOR, GLP1, and DPP4 signaling pathways in humans would be intensively required, they seem to be a promising approach for innovative AD-treatments. We would like to review the characteristics of AD pathogenesis, the key roles of mTOR in AD and the preventive and/or therapeutic suggestions of directing the mTOR signaling pathway.
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Core Tip: Disorders of mammalian/mechanistic target of rapamycin (mTOR) signaling pathways are related to Alzheimer’s disease (AD). Although further studies for mTOR, glucagon-like peptide-1, and dipeptidyl-peptidase-4 signaling are needed, they seem to be a promising approach for innovative AD-treatments.


INTRODUCTION
Alzheimer’s disease (AD) is a chronic neuro-degenerative disease of the central nervous system (CNS), which is described by a slow and unremitting pathology[1]. The chief clinical appearance of AD is progressive continuing dementia, which is categorized by intellectual symptoms such as diminished cognition, memorial dysfunction, and behavioral complaints[2]. The prevention of AD is a public health concern because of a lack of effective treatments. The onset of AD is associated with an increase in age and to a reduction in mitochondrial ATP synthesis in the hippocampus of the brain[3]. Estrogen has a neuro-protective effect on various nerve cells, however, estrogen also has a carcinogenic effect to non-nerve proliferating cells[4]. Pre-diabetic risk factors, obesity, and metabolic syndrome could promote cognitive dysfunction[5]. Neuro-pathological features of AD are neurofibrillary tangles, molded by hyper-phosphorylated tau protein, which may accumulate into oligomers and/or amyloid plaques[6]. There might be an association between metabolism and brain function. Insulin works as a pro-survival neurotrophic factor with its receptors at cognitive areas in the brain[7]. The commonalities have been found between AD and type 2 diabetes mellitus, which is believed as a high-risk factor for AD[8]. In addition, the animal studies have shown that GLP1 may benefit on the neuro-degeneration[9]. The GLP1 receptor agonists have also been shown as possessing neuro-protective effects in AD, which seem to improve nearly all neuro-pathological features as well as cognitive functions of AD[10]. For example, neurofibrillary tangles, amyloid plaques, and neuro-inflammations in the hippocampus have been reduced in AD model mice[11,12]. In the rat model, it has been shown that a GLP1 receptor agonist also prevents synaptic damage induced by amyloid-beta accumulation, which supports the spatial memory by affecting the phosphoinositide-3 kinase (PI3K)-AKT pathway[11]. Targeting dipeptidyl-peptidase-4 (DPP4) inhibitors that is involved in the GLP1 signaling has been considered as promising therapeutic models to AD[13]. Furthermore, mammalian/mechanistic target of rapamycin (mTOR) has been considered as a center that integrates multiple signaling cascades including the GLP1 receptor signaling, which may also be involved in the progression of AD[14]. We will review the several studies linking potential protective factors to pathogenesis of AD, focusing on the roles of GLP1 and DPP4 inhibitors in the PI3K/AKT/mTOR pathway. In addition, we will summarize the recent researches of the AD-associated biology, by which several diet factors could relate to the pathway. To overview the potential physical activities through the PI3K/AKT/mTOR signaling may contribute to the preventive and/or therapeutic strategy for AD.

PI3K/AKT/MTOR SIGNALING IS INVOLVED IN NEUROPROTECTION OF AD
The mTOR plays a significant role in diverse cellular processes including cell survival, cell proliferation, and cell death[15], which is a particular molecule bound to rapamycin. The rapamycin is an immune-suppressant used for the anti-rejection of tissue-transplantation[16]. Rapamycin also exhibits remarkable potential in the fields of neuro-protection, anti-aging, etc.[17]. It can inhibit the activity of the mTOR[18]. The mTOR is also a nutrient-sensor that mediates the signaling responses to energy status in a cell[19]. Besides, the mTOR activity could be inhibited by nutritional signaling such as caloric restriction[20]. Inhibition of the mTOR could alter cellular responses from cell proliferation to cell quiescence with decreased protein synthesis[21]. Basically, mTOR-inhibition has been shown to increase resistance to stresses resulting in the regulation of age-related diseases, which may contribute to the extension of total life-time[22]. Modulation of the mTOR-function to inhibit cellular apoptosis is deeply involved in the protective effects of pharmacologic agents aiming against diabetes and neurodegenerative diseases[23]. The mTOR activation inhibits autophagy, which is often disrupted in age-related diseases[24]. In the mouse brain neurons, amyloid-beta oligomers have been thought to activate the JNK signaling, leading to insulin resistance[25]. Instead, activation of the PI3K/AKT signaling pathway could bring the inhibition of apoptosis cascade including caspase-signaling[26], leading to the inhibition of the induction of inflammatory cytokines[27]. Following the activation of growth-factor receptors with their ligand, PI3K/AKT gets activated directing to promotion of mitogen-associated protein kinase/extracellular signal-regulated kinases and mTOR[28]. On the other hand, adenosine monophosphate-activated protein kinase (AMPK) is an important signaling mediator of GLP1 receptor, which inhibits mTOR[29]. In fact, the AMPK-loss has resulted in hyper-proliferation and hyperactive mTOR signaling[30]. 
Therefore, the mTOR signaling could interact with several upstream components including PI3K/AKT and AMPK[31] (Figure 1). Increasing studies have established the involvement of the mTOR signaling in various neuro-degenerative diseases including AD[32]. In particular, activated mTOR signaling is a contributor to the progression of AD[33]. Furthermore, there is a close relationship between mTOR signaling and the presence of amyloid-beta plaques and cognitive impairment[34]. So, the development of mTOR-inhibitors may be useful for the prevention and treatment of AD and/or the other neuro-degenerative diseases. In the CNS, inhibition of the mTOR has been revealed to protect vascular functions in aging[35]. Appropriate dose of rapamycin may diminish neurofibrillary tangles and amyloid-beta plaques improving cognitive functions in AD model mice[36]. Similarly, mTOR inhibition without malnutrition is able to improve the pathology of AD[37]. Moreover, mTOR inhibition protects mitochondrial function, reduces oxidative stress, and maintains glucose homeostasis in aging[20,38]. Conversely, activation of the mTOR may shift metabolisms toward ketone-body consumption[39]. Elevated ketone-body metabolisms and/or the administration of the ketogenic diet have been shown neuro-protective against aging, neurodegeneration, and AD[40].

GLP1 AND DIPEPTIDYL PEPTIDASE-IV-INHIBITION EXHIBITS NEUROPROTECTIVE EFFECTS IN AD
GLP1 is an endogenous hormone secreted from intestinal L-cells in response to food-intake[41]. Proteolytic cleavage of the precursor GLP1 (1–37) produce two biological active forms[42]. GLP1 may stimulate insulin-secretion from beta-cells in pancreatic islets under hyperglycemic situations and may decrease glucagon secretion from alfa-cells in pancreatic islets[43]. Signal transduction of GLP1 is mediated by the GLP1 receptor, a G-protein coupled seven-pass-transmembrane domain receptor, heading to cyclic adenosine monophosphate dependent activation of protein kinase A and AMPK. In fact, it has been shown that GLP1 receptor agonists-treatment activates the AMPK signaling within myoblast C2C12 cells[44]. On the contrary, the GLP1 receptor may also operate the downstream signal transduction from the PI3K/AKT pathway so as to work against cellular apoptosis[45]. Accordingly, the GLP1 receptor could dually modulate the activity of mTOR, a key kinase regulating proliferation, survival, and protection in balance. Actually, GLP1 receptor antagonists also stimulate insulin activation by the PI3K/AKT signaling pathway, with the following activation of mTOR and inhibition of GSK3-beta, an essential kinase involved in the phosphorylation of tau protein in AD[46]. GLP1 may also be involved in the regulation of autophagy, the reduction of the oxidative stress, and in the protection of CNS with induction of anti-inflammatory signaling[47]. In addition, GLP1 plays a critical role preventing cardiovascular diseases, in which GLP1 and its analogs may contribute a great deal in the treatment of the diseases[48]. Likewise, it has been shown that GLP1 receptor agonists reduce the infarct size, inflammation, and apoptosis in a rat model of stroke[49]. 
GLP1 is rapidly degraded by DPP4, a serine aminopeptidase expressed in various organs including brain, pancreas, liver, and gut[50]. Therefore, inhibitors of DPP4 may prolong the bioactive half-life of GLP1 in the circulation, which is additionally effective in amending hyperglycemia[51]. The DPP4 inhibitor, linagliptin, has been shown to protect neurons against amyloid beta-induced cytotoxicity and tau hyper-phosphorylation by restoring insulin downstream signaling in AD[52]. Furthermore, the linagliptin alleviated amyloid-beta-induced mitochondrial dysfunction and intracellular ROS generation by a mechanism involving the activation of AMPK-Sirt1 signaling pathway[53]. Chronic administration of another DPP4 inhibitor, sitagliptin, in AD model mice is associated with increased levels of brain GLP1, reductions in the inflammation-biomarkers, and reduction of amyloid-beta deposition in a dose dependent manner[54,55]. Significant reduction in amyloid-beta-42 Level has been associated with the use of linagliptin implying potential application in AD[56]. Also, linagliptin improved vascular functions by increasing creation of nitric oxide and restraining concentration of apolipoprotein B[56]. DPP4 inhibitors can block the DDP4 to diminish GLP1-degradation, prolong GLP1 active life-time, and sensitize insulin-activity for the aim of lowering hyperglycemia[57], and for neuro-protection (Figure 2). 
GLP1 and various DPP4 inhibitors (linagliptin, sitagliptin, saxagliptin, etc.) seem to be related to their ability to rescue the insulin cascade. Brain insulin signaling has been reported to dwindle with age[58]. So, restoring insulin signaling might be advantageous to patients with AD. Amazingly, intranasal insulin administration, improves memory in healthy adults without affecting circulating levels of insulin and/or glucose[59-61]. In addition, intranasal insulin improves cognitive performance in patients with early AD[59]. It is possible that therapeutic options for AD arise from this mechanism improving for neural insulin-resistance by the DPP4 inhibitors.

DIET WITH CERTAIN KINDS OF NATURAL PRODUCTS MAY IMPROVE AD
Potential preventive factors against AD including lifestyle factors have been suggested to be neuro-protective by epidemiological research[62]. In particular, diet could play a key role in the neuro-protection of AD[63]. However, the epidemiological analysis of the relations between nutrient and neuroprotection is very intricate. In addition, we think it unlikely that a single component plays a major role in the neuro-protection. The complexity of the human diet and synergistic and/or antagonistic effects among the various nutrients and food ingredients make it more difficult to examine their distinct effects. However, natural products from several plants and animal sources have been used as good preventive factors against AD through different mechanisms and analytical techniques. Here, we partially summarize them in a view point of mTOR inhibition, GLP1 receptor agonists, GLP1 secretion, and DPP4 inhibition. (Figure 3).
First of all, dietary restriction elicits cell protective responses in nearly all cells and tissues including nerve-cells and brain, which could conduct to activation of SIRT1 and inhibition of mTOR and S6K in C57BL/6 mice[64]. Carnosic acid, a polyphenolic diterpene isolated from the herb rosemary (Rosmarinus officinalis) can inhibit the activity of mTOR[65].
Next, GLP1 receptor agonists could protect neurons. Currently, diabetes mellitus treatment based on GLP1 work is being developed. Geniposide, an iridoid glycoside extract from the gardenia fruit, is used in traditional Chinese medicine to alleviate symptoms of liver and inflammatory diseases[23,66]. Geniposide modulates GLP1 receptors signaling[66]. Loureirin B is a natural product derived from Sanguis draconis, which promotes insulin secretion of Ins-1 cells through GLP1 receptor[67]. Lamiophlomis rotata is an orally available Tibetan herb, which specifically reduces pain hypersensitivity states through the activation of GLP1 receptors[68]. Boschnaloside is the major iridoid glycoside in Boschniakia rossica, a well-known traditional Chinese medicine, which can interact with the extracellular domain of the GLP1 receptor[69].
As for compounds stimulating the GLP1 secretion, the ingredient of Hibiscus sabdariffa Linn can increase GLP1 secretion in the ileum[70] Polygonatum cyrtonema polysaccharide stimulates GLP1 secretion from enteroendocrine cells[71]. Polysaccharides from the stems of Dendrobium officinale can decrease fasting blood sugar levels by stimulating GLP1 secretion[72]. Spergularia marina can induce GLP1 secretion, which is a halophyte that grows in mud flats[73]. Costus pictus D. Don, commonly known as insulin plant, is a traditional Indian antidiabetic herbal medicine, which acutely stimulates GLP1 secretion from intestinal L-cells[74]. Angelica dahurica extracts can improve glucose tolerance through the GLP1 secretion[75].
Finally, the intensive search for DPP-4 inhibitors in plant materials has resulted in the identification of macrocarpal A-C from Eucalyptus globulus as a potent inhibitor of DPP4[76]. Furthermore, a variety of other plant derived compounds have been reported to be DPP4 inhibitors. For example, emodin, a natural compound from Rheum palmatum Linn, inhibits DPP4 activity in a dose-dependent manner[77]. Clerodane diterpene can potentiate hypoglycemia via the inhibition of DPP4[78]. Short-term berberine administration can decrease plasma glucose levels through local inhibition of intestinal DPP4[79]. Long-term supplementation with the egg protein hydrolysate exhibits mild in vivo DPP4-inhibitory activities[80]. Furthermore, DPP4 is significantly inhibited by cyanidin 3,5-diglucoside present in aronia berries juice[81].

PERSPECTIVES
It is clear that AD may be a multifactorial and incurable disease. Current treatment strategies against AD are mainly directed at reducing amyloid-beta development and inhibiting amyloid-beta aggregation via the mechanisms including secretase-inhibition and/or impeding tau hyper-phosphorylation[82]. However, medical trials seem to have failed to demonstrate their significant efficacy without any severe side-effects in clinical situations. Since diet with natural products involved in GLP1 signaling, introduced here, are considered safe for long-term use, they could be an encouraging therapeutic approach against AD. In particular, they could exhibit a lower hypoglycemia risk in comparison to other anti-diabetic medications. On the other hand, GLP1 analogues have been found to decrease appetite. It was noticed that pyramidal neurons of the hippocampus and Purkinje cells of the cerebellum have expressed with GLP1 receptor[83]. In addition, several research reports support extra-pancreatic actions of GLP1 and its analogs by crossing the blood brain barrier (BBB), which are independent of its actions on glucose regulation[84]. AD could be considered as a brain disorder that appears to have fused features of insulin deficiency and insulin resistance. Consequently, DPP4 inhibition, GLP1 secretion, GLP1 receptor agonists, and/or mTOR inhibition may all be effective towards the treatment of AD as well as the other neurodegenerative diseases. This approach might accept new targets with simultaneously multiple molecular mechanisms with minimal side effects. Evaluation for intensive experiments should be provided to obtain further insights. Also, long-term studies are mandatory to clarify its efficacy and safety for the treatment of AD as a brain disorder.

CONCLUSION
Current treatment strategies against AD are directed mainly at reducing amyloid-beta development and inhibiting amyloid-beta aggregation via the mechanisms including secretase-inhibition and/or impeding tau hyper-phosphorylation. However, medical trials seem to have failed to demonstrate their significant efficacy without any severe side-effects in clinical situations. Since diet with natural products involved in GLP1 signaling, introduced here, are considered safe for long-term use, they could be an encouraging therapeutic approach against AD. In particular, they could exhibit a lower hypoglycemia risk in comparison to other anti-diabetic medications.
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Figure Legends
[image: ]
Figure 1 Several modulator molecules linked to the phosphoinositide-3 kinase/AKT/mammalian/mechanistic target of rapamycin signaling in an extracellular growth-factor response are demonstrated. Example molecules known to act on the glucagon-like peptide-1 (GLP1)-receptor/adenosine monophosphate-activated protein kinase (AMPK)/mammalian/mechanistic target of rapamycin (mTOR) signaling pathway are also shown. Note that some critical events such as immune activation and/or cytokine-induction have been omitted for clarity. Arrowhead means stimulation whereas hammerhead represents inhibition. PI3K: Phosphoinositide-3 kinase; PKA: Protein kinase A; PTEN: Phosphatase and tensin homologue deleted on chromosome 10; DPP4: Dipeptidyl-peptidase-4; GSK3: Glycogen synthase kinase 3; MAPK: Mitogen-activated protein kinase; S6K: S6 kinase; AC: Adenylate cyclase; Gs: Stimulatory G-protein; elF-4E: Eukaryotic translation initiation factor 4E; TSP1: Thrombospondin-1; VEGF: Vascular endothelial growth factor; NOS: Nitric oxide synthase; IKK: I kappa B kinase; NF-kB: Nuclear factor-kappa B; HDM2: Human double minute 2; HIF-1a: Hypoxia inducible factor 1-alpha.
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Figure 2 Implication of decreased dipeptidyl-peptidase-4 activity, increased Glucagon-like peptide-1, increased Glucagon-like peptide-1-receptor agonists, and decreased mammalian/mechanistic target of rapamycin activity for the neuroprotection. Arrowhead means stimulation whereas hammerhead represents inhibition. Note that some critical pathways have been omitted for clarity. GLP1: Glucagon-like peptide-1; mTOR: Mammalian/mechanistic target of rapamycin; DPP4: Dipeptidyl-peptidase-4.
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Figure 3 Simplified diagrams indicating the biochemical properties of several natural products are shown. Several herbs and/or their ingredients may contribute to the neuroprotection against the progression of Alzheimer’s disease. Hammerhead represents inhibition. DPP4: Dipeptidyl-peptidase-4; GLP1: Glucagon-like peptide-1; mTOR: Mammalian/mechanistic target of rapamycin.
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