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Glucagon-like peptide 1 (GLP-1) and glucose-dependent insulinotrophic polypeptide (GIP) are incretin 

hormones secreted from intestinal cells in response to incoming nutrients. The release of these incretins triggers 

the production and secretion of insulin from pancreatic β cells, which upregulates the transport of glucose from 

the blood stream into the muscles, liver and adipose tissue for storage; therefore, insulin and incretins are vital 

to maintaining energy homeostasis within the body. Recently, it has been recognized that the activity of these 

hormones is not limited to the periphery, but extends to the central nervous system (CNS) as well. Within the 

CNS, insulin and incretins function as components of the anti-apoptotic and growth-regulating signaling 

cascades. Moreover, anti-inflammatory and neuroprotective roles for these hormones in the CNS have also been 

demonstrated. Specific discoveries have been made suggesting that insulin, GLP-1 and GIP may inhibit 

pathological processes in several CNS diseases, such as Alzheimer’s disease, Parkinson’s disease, and 

schizophrenia.  
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Introduction 

Following feeding, the incretin hormones, glucagon-like 

peptide 1 (GLP-1) and glucose-dependent insulinotropic 

polypeptide (GIP) are secreted into the blood stream. These 

hormones travel to the pancreas, where they trigger the 

production and secretion of insulin. Insulin normalizes rising 

blood glucose levels by signaling to the liver, muscle and 

adipose cells to take up glucose and store it as glycogen, 

making insulin and incretins vital to the maintenance of 

energy homeostasis within the body 
[1-3]

. In addition to their 

metabolic roles, insulin, GLP-1 and GIP have all shown to 

behave as inflammatory signaling molecules in the peripheral 

tissues 
[4-6]

. Insulin negatively regulates nuclear factor kappa 

B (NFκB) in monocytes, thereby exhibiting its 

anti-inflammatory actions 
[7]

. NFκB is a pro-inflammatory 

transcription factor, that initiates production of 

pro-inflammatory cytokines and upregulates enzymes that 

generate reactive oxygen species (ROS) 
[7,8]

. Other reports 

state a more complex role for insulin in inflammatory 

processes, showing that insulin exhibits short-term 

anti-inflammatory (decreased NFκB transcriptional activity) 

effects and long-term pro-inflammatory (enhanced NFκB 

transcriptional activity) effects in hepatocytes 
[4]

. 

Incretins also have demonstrated roles in the peripheral 

inflammation. GIP acts as a pro-inflammatory mediator by 

inducing the secretion of interleukin (IL)-6 and IL-1β from 

adipose tissue 
[5]

, while GLP-1 reduces macrophage 

infiltration into adipose tissue in obese mice and directly 
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inhibits production of IL-6, tumor necrosis factor (TNF)-α 

and monocyte chemoattractant protein 1 from adipocytes 
[6]

.  

Insulin and incretins are capable of crossing the blood 

brain barrier (BBB), and exerting their actions not only on 

neurons, but also on the non-neuronal glial cells, which 

include microglia, astrocytes and oligodendrocytes. 

Microglia are the resident macrophages of the central 

nervous system (CNS), which specialize in phagocytosis and 

antigen presentation 
[9]

. Astrocytes are involved in brain 

repair and support of neurons 
[10]

. Oligodendrocytes insulate 

neuronal processes and also support the neurons 
[11]

. In 

response to an infection or injury, brain glia become 

activated and release inflammatory mediators to protect 

against the harmful stimuli. 

Insulin crosses the BBB via an active transport mechanism 

and plays important metabolic and homeostatic roles in the 

CNS, including promotion of cellular growth and 

differentiation, enhancement of memory formation and 

activation of glycogen synthesis 
[12,13]

. Our data indicate that, 

within the CNS, insulin may play a pro-inflammatory role at 

low concentrations and possess anti-inflammatory activity at 

higher concentrations (Spielman and Klegeris, unpublished 

observations).  

It has been demonstrated that incretin molecules cross the 

BBB by simple diffusion. In the brain, GLP-1 promotes 

neuronal growth and proliferation; induces neurite 

outgrowth; and inhibits neuronal apoptosis 
[14]

. Whereas GIP 

derivatives have been shown to decrease microglia activation 

in mice
[15]

. This evidence makes it clear that insulin and 

incretin molecules are likely important inflammatory 

signaling molecules in the CNS, which demonstrate specific 

actions both on neurons and glial cells. This research 

highlight will focus on recent evidence of the 

neuroimmunoregulatory and CNS pathology-modifying 

potential of insulin and two of the incretins, GLP-1 and GIP. 

Regulation of Neuroinflammation by Insulin 

In the CNS, insulin activates the phosphatidylinositol 

3-kinase (PI3K)-dependent pathway and mitogen-activated 

protein kinase (MAPK) pathways 
[16, 17]

. In addition to 

promoting cell survival and increasing synaptic signaling 
[18, 

19]
, activation of the PI3K pathway leads to phosphorylation 

of IkappaB kinase  (IKK), which activates the NFκB 

pathway and leads to the transcription of apoptosis 

regulators, cytokines, chemokines and growth factors 
[20, 21]

. 

Activation of the MAPK pathways, on the other hand, leads 

to cellular growth and survival 
[22, 23]

, as well as transcription 

of pro-inflammatory cytokines 
[24]

, and production of 

superoxide radicals by nicotinamide adenine dinucleotide 

phosphate (NADPH)-dependent oxidase 
[25]

. Insulin in the 

CNS appears to have somewhat paradoxical effects by 

exhibiting both neuroprotective and pro-inflammatory 

properties. However, the precise role of insulin in modulation 

of CNS inflammation is only emerging, and cannot be 

proclaimed yet as strictly detrimental or protective. For 

example, insulin inhibited expression of inducible nitric 

oxide synthase (iNOS), as well as hydrogen 

peroxide-induced damage in rat astrocytes, which had been 

stimulated with lipopolysaccharide (LPS) 
[26, 27]

. Moreover, 

rodent astrocyte cell culture studies with streptozotocin 

(STZ)-induced insulin resistance exhibited increased 

activation, as indicated by increased expression of glial 

fibrillary acidic protein (GFAP); upregulated markers of 

inflammation, as indicated by the increased translocation of 

NFκB into the nucleus; and elevated secretion of the 

pro-inflammatory cytokines TNF-α and IL-1β 
[28]

. However, 

pretreatment of astrocytes with insulin prior to administration 

of STZ reduced or obliterated all of the above abnormalities.  

Downstream activation of protein kinase B (Akt) and 

NFκB by insulin induces a negative feedback loop involving 

toll-like receptor signaling, thereby reducing inflammation in 

the CNS 
[29]

. Insulin also has anti-inflammatory properties 

during CNS sepsis by inhibiting the production of the 

pro-inflammatory cytokines IL-1, IL-6 and TNF-α, and by 

alleviating oxidative stress, as evident by decreased levels of 

malondialdehyde and hydrogen peroxide in the brains of 

septic rats 
[30]

. Furthermore, diabetic rats showed significant 

increases in gliosis (expression of GFAP and major 

histocompatibility complex (MHC) II markers), compared to 

non-diabetic rats and diabetic rats, which had received 

insulin treatment, thereby indicating that the lack of 

circulating insulin impacts the CNS in a pro-inflammatory 

manner 
[31]

. Similar to many other hormones 
[32-34]

, insulin 

may provide beneficial effects within a particular 

physiological concentration range, however lack of insulin 
[30, 31]

 as well as excess insulin seem to exhibit detrimental 

pro-inflammatory effects in the CNS 
[35]

.  

The Role of Insulin in Neurodegenerative Diseases 

Insulin has long been recognized as a hormone, which 

serves specific neuroprotective functions in the CNS. Insulin 

promotes cell survival by inhibiting apoptosis-inducing 

peptides and by enhancing neurite outgrowth and synapse 

formation, which facilitates neuronal growth and 

differentiation. Insulin also facilitates learning and memory 

through its positive effects on synaptic function 
[12, 13, 36, 37]

. 

Studies have shown that insulin promotes normal functioning 

of CNS mitochondria, and that absence of insulin causes 

depolarization of mitochondria, leading to the generation of 

excess ROS, thus demonstrating possible neuroprotective 

roles for insulin in the CNS 
[38]

.  

Insulin resistance and related insulin dysfunction has been 

pin-pointed in the pathogenesis of several neurodegenerative  
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Table 1. Insulin dysfunction in select CNS pathologies 

Disease Insulin Related Pathology 

Alzheimer’s disease - Decreased CNS insulin concentrations [86] 
- Decreased insulin signaling cascade activation [87] 

- Decreased insulin leads to an increase in neurofibrillary tangles and amyloid beta plaques 
[88], the hallmarks of AD.  

Parkinson’s disease - Decreased CNS insulin concentrations [86] may contribute to increased deposition of 
α-synuclein [89], which make up PD Lewy bodies. 

Huntington’s disease - Reduced level of Akt, the molecule central to the insulin signaling pathway[86]. 

Major depressive disorder - Decreased CNS insulin concentration [90]. 

- Insulin positively regulates dopamine neurotransmission [47, 91] and synaptic clearance of 
dopamine [92], which is the major neurotransmitter associated with feelings of happiness.  

Schizophrenia - Higher circulating insulin levels compared to healthy controls, which correlates with 

insulin resistance [86,  93]. 

  

pathologies including Alzheimer’s disease (AD), Parkinson’s 

disease (PD), Huntington’s disease, major depressive 

disorder (MDD) and schizophrenia (see Table 1 and a review 

by Spielman et al., 2014 
[39]

). 

Insulin therapies are being tested as a potential treatment 

in several neurodegenerative disorders based on the 

following observations: (1) insulin dysfunction in several 

CNS diseases (Table 1); (2) the observed potential of insulin 

to alleviate cytotoxic insult to neuronal cells in culture 
[40]

; 

(3) its ability to enhance learning and memory in rodents 
[41, 

42]
. For example, the administration of intranasal insulin has 

already shown promising effects in humans by halting further 

memory loss in mild cognitive impairment and Alzheimer’s 

disease 
[43, 44]

. These studies found that intranasal insulin 

acutely improved memory in AD patients, even after a single 

administration of insulin 
[45]

. Insulin treatment also increased 

levels of plasma Aβ; it has been shown that AD patients 

typically have lower plasma Aβ compared to healthy 

controls, although mixed results have been reported 
[45,46]

.  

Rodent studies have demonstrated that insulin is required 

for normal release and clearance of dopamine, and absence 

of insulin nearly obliterates dopamine release all together 

(approximately 75% reduction) 
[47]

. The insulin sensitizers, 

pioglitazone and rosiglitazone, have been used in clinical 

trials for treatment of MDD, and have shown to decrease the 

severity of symptoms of depression by up to 39% according 

to the Hamilton Depression Rating Scale 
[48,49]

. 

Use of insulin in neurological diseases is not completely 

novel. In the early 1900s, insulin-induced comas were 

utilized as an effective treatment option for schizophrenia
[50]

. 

This particular method of schizophrenia treatment decreased 

in popularity, only after the discovery of new superior drug 

treatments. It was phased out of the clinical practice 

primarily due to the intensive physician and nursing staff 

supervision required during this procedure 
[51]

.  

Recent studies have also highlighted the role that 

insulin-enhancing incretin hormones may play in 

neuroinflammation and neuronal health. These data indicate 

the potential for a combined administration of insulin and 

incretins in the treatment of neurological disorders.  

Regulation of Neuroinflammation by Incretins  

The two main incretin hormones, GIP and GLP-1 are 

secreted from K cells 
[52]

 and L cells 
[53]

 of the small intestine 

respectively, and primarily function to stimulate insulin 

secretion from the pancreas. In addition to stimulation of 

insulin release and inhibiting apoptosis of pancreatic β cells, 

incretins stimulate fat accumulation in adipose tissue, and 

promote memory formation in the CNS 
[54, 55]

. Research 

shows that GIP and GLP-1 also play inflammatory roles in 

both the periphery and the CNS. 

Passage of GLP-1 and GIP across the BBB occurs by 

simple diffusion 
[56, 57]

. The GIP receptor (GIPR) has been 

detected on neuronal cells, but is yet to be detected on 

microglia or astrocytes 
[58, 59]

. GLP-1 receptors (GLP-1R), on 

the other hand, are located on neurons 
[60]

, astrocytes 
[61]

 and 

microglia 
[61]

 in mice, but in humans have only been 

confirmed in neurons 
[62]

. These findings indicate that both 

GLP-1 and GIP may exhibit immunomodulatory functions in 

the CNS, however the investigation of such function of 

incretins in the CNS is very novel and only a few specific 

discoveries have been made to date. 

Within the CNS, GLP-1 has been shown to reduce the 

secretion of IL-1β from activated rat microglia and astrocytes 
[61]

. Additional rodent studies have shown that the 

longer-lasting GLP-1 analogue exendin-4 decreases 

oxidative stress and glial cell activation following events of 

cerebral ischemia 
[63]

. A second GLP-1 mimetic, liraglutide, 

displays anti-inflammatory properties in mice with 

intracerebral hemorrhage by reducing the number of CNS 

infiltrating neutrophils 
[64]

. Liraglutide also reduces microglia 

activation in the brains of AD mouse models; thereby 

indicating possible anti-inflammatory actions of GLP-1 

within the CNS during pathological conditions 
[65]

.  

The inflammatory effects of GIP in the CNS are less 

studied. However in the periphery, GIP acts as a 
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pro-inflammatory mediator and induces the secretion of IL-6 

and IL-1β from adipose tissue 
[5]

. Infusions of GIPR agonists 

in apolipoprotein E deficient (apoE
-/-

) mice inhibited 

monocyte/macrophage infiltration into aortic walls 
[66]

; thus, 

GIP may inhibit monocyte/macrophage infiltration into the 

CNS in a similar fashion. Studies have also demonstrated 

that the acetylated GIP analogue, D-Ala
2
GIP, reduces 

activation of microglia 
[15]

 and astrocytes 
[67]

 in AβPP/PS1 

AD mice (transgenic mouse model of AD with rapid Aβ 

deposition), thereby decreasing subsequent neuroinflamma- 

tion. 

Incretins in the Treatment of Neurodegenerative Diseases 

In addition to their inflammatory roles, much like insulin, 

GIP and GLP-1 are neuroprotective. GLP-1 promotes 

neuronal growth and proliferation; induces neurite 

outgrowth; facilitates synaptic transmission; and inhibits 

neuronal apoptosis 
[14, 68-70]

. The recently discovered 

anti-inflammatory and neuroprotective properties of these 

hormones have sparked novel research into their potential 

roles as modulators of neuroinflammatory and neurodegene- 

rative diseases.  

Since GLP-1 and GIP enhance insulin signaling, the 

synthetic incretins (such as liraglutide and lixisenatide) and 

also incretin-degrading enzyme dipeptidyl peptidase-IV 

(DPP-IV) inhibitors (such as sitagliptin) have been used as 

treatment options for type 2 diabetes patients 
[71-73]

. More 

recently these drugs have been investigated and implemented 

in clinical studies for treatment of certain neurodegenerative 

disorders exhibiting central insulin resistance, such as AD 

and PD 
[69, 74]

.  

GLP-1 has been shown to enhance the long-term 

potentiation (LTP) in rats, and reverse the LTP impairments 

associated with Aβ deposition in AD 
[70]

. A recent study 

showed that intraperitoneal injections of the synthetic GLP-1 

drug liraglutide in AβPP/PS1 mice reduced Aβ plaque load 

approximately two fold in this AD rodent model 
[75]

. This 

study showed that in addition to improving the AD pathology 

on a cellular level, the AD symptoms of memory loss and 

learning deficits also improved with the administration of 

liraglutide 
[65, 75]

. Liraglutide is currently being tested in 

clinical trials involving AD patients 
[76]

. 

Exendin-4, a degradation-resistant GLP-1 analogue, has 

been shown to protect primary cortical and dopaminergic 

neurons exposed to the PD inducing toxins 

1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and 

6-hydroxydopamine (6-OHDA) both in rodent and human 

cell cultures 
[77]

. Clinical trials investigating the efficacy of 

exendin-4 (exenatide) in the treatment of PD have shown 

promising results 
[78]

. Phase two clinical trials demonstrate 

improvement in motor skills and cognition of PD patients 

given subcutaneous exenatide injections 
[79]

. 

Both liraglutide and exenatide have also shown potential 

for the treatment of psychiatric and mood disorders. A study 

using a mouse model of apomorphine-induced psychosis 

showed that liraglutide reduced psychosis-related behavior in 

mice more than two fold when compared to the control group 
[74]

. Intraperitoneal injections of exenatide reduced 

anxiety-like behavior in mice by approximately 50% and 

reduced depressive behavior by approximately 10% 
[80]

. The 

success of GLP-1R agonists in alleviating symptoms of 

psychosis and depression in mice models has led to a clinical 

trial 
[81]

, which is currently testing the efficacy and safety of 

exenatide in the treatment of weight gain and in the clinical 

improvements of emotional and mental symptoms in patients 

with mania, MDD and schizophrenia 
[82]

. 

In addition to the study of GLP-1 in the treatment of 

neurodegenerative disorders, GIP has also been highlighted 

in a recent study aimed at alleviating pathologies and 

symptoms associated with AD. GIP derivatives have been 

shown to decrease microglia activation in a mouse model of 

AD 
[15]

, and also reverse Aβ-induced impairment in LTP of 

synaptic transmission in mice 
[83]

. Two recent studies by 

Faivre and Holscher highlighted the potential of D-Ala
2
GIP 

in the treatment of AD pathologies and symptoms. Chronic 

intraperitoneal administration of D-Ala
2
GIP in AβPP/PS1 

mice showed a reduction in plaque load by approximately 

30%, and a decrease in Aβ-associated inflammation and 

microglia activation by approximately 20% 
[15, 84]

 making 

this GIP analogue a potential candidate for the treatment of 

AD in humans.  

Conclusion 

Research driven by the observations that insulin, GLP-1 

and GIP can cross the BBB and bind their respective 

receptors in the CNS has led to the fascinating discovery of 

the anti-inflammatory and neuroprotective properties of these 

hormones. This discovery has prompted investigations into 

the neurodegenerative disease-combating potential of insulin 

and incretins. Since insulin/GLP-1 combinations have shown 

improved effectiveness in the treatment of peripheral 

endothelial dysfunction 
[85]

, perhaps combinations of these 

and similar hormones in a drug treatment cocktail could be 

optimized as the treatment strategies for diseases like AD, 

PD, MDD and schizophrenia. Future studies on the 

pathology-reducing potential of these hormones are essential. 

In-depth studies of the anti-inflammatory and 

neuroprotective properties of insulin, GLP-1 and GIP will 

provide fundamental knowledge on the role of these 

hormones in the CNS, which could potentially be translated 

into effective CNS drugs and disease-modifying therapeutic 

strategies. 



IMMUNOENDOCRINOLOGY 2014; 1: e391. doi: 10.14800/Immunoendocrinology.391; ©  2014 by Lindsay Joy Spielman, et al. 

http://www.smartscitech.com/index.php/Immunoendocrinology 
 

Page 5 of 8 
 

Acknowledgements 

This work was supported by grants from the Jack Brown 

and Family Alzheimer’s Disease Research Foundation and 

the Natural Science and Engineering Research Council of 

Canada. 

Conflict of Interest 

The authors declare that they have no conflicting interests. 

References 

1. Hallschmid M, Schultes B. Central nervous insulin resistance: A 

promising target in the treatment of metabolic and cognitive 

disorders? Diabetologia 2009; 52:2264-2269. 

2. Fawcett DW. Histological observations on the relation of insulin 

to the deposition of glycogen in adipose tissue. Endocrinology 

1948; 42:454-467. 

3. Leonards JR, Landau BR, Craig JW, Martin FI, Miller M, Barry 

FM. Regulation of blood glucose concentration: Hepatic action of 

insulin. Am J Physiol 1961; 201:47-54. 

4. Iwasaki Y, Nishiyama M, Taguchi T, Asai M, Yoshida M, 

Kambayashi M, et al. Insulin exhibits short-term 

anti-inflammatory but long-term proinflammatory effects in vitro. 

Mol Cell Endocrinol 2009; 298:25-32. 

5. Timper K, Grisouard J, Sauter NS, Herzog-Radimerski T, 

Dembinski K, Peterli R, et al. Glucose-dependent insulinotropic 

polypeptide induces cytokine expression, lipolysis, and insulin 

resistance in human adipocytes. Am J Physiol Endocrinol Metab 

2013; 304:E1-E13. 

6. Lee YS, Park MS, Choung JS, Kim SS, Oh HH, Choi CS, et al. 

Glucagon-like peptide-1 inhibits adipose tissue macrophage 

infiltration and inflammation in an obese mouse model of 

diabetes. Diabetologia 2012; 55:2456-2468. 

7. Dandona P, Aljada A, Mohanty P, Ghanim H, Hamouda W, 

Assian E, et al. Insulin inhibits intranuclear nuclear factor kappaB 

and stimulates IkappaB in mononuclear cells in obese subjects: 

Evidence for an anti-inflammatory effect? J Clin Endocrinol 

Metab 2001; 86:3257-3265. 

8. Barnes PJ, Karin M. Nuclear factor-kappaB: A pivotal 

transcription factor in chronic inflammatory diseases. N Engl J 

Med 1997; 336:1066-1071. 

9. Shaked I, Porat Z, Gersner R, Kipnis J, Schwartz M. Early 

activation of microglia as antigen-presenting cells correlates with 

T cell-mediated protection and repair of the injured central 

nervous system. J Neuroimmunol 2004; 146:84-93. 

10. Chen Y, Swanson RA. Astrocytes and brain injury. J Cereb Blood 

Flow Metab 2003; 23:137-149. 

11. Jessen KR. Glial cells. Int J Biochem Cell Biol 2004; 

36:1861-1867. 

12. Banks WA. The source of cerebral insulin. Eur J Pharmacol 2004; 

490:5-12. 

13. 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. 

14. Sharma MK, Jalewa J, Holscher C. Neuroprotective and 

anti-apoptotic effects of liraglutide on SH-SY5Y cells exposed to 

methylglyoxal stress. J Neurochem 2014; 128:459-471. 

15. Faivre E, Holscher C. Neuroprotective effects of D-Ala(2)GIP on 

Alzheimer's disease biomarkers in an APP/PS1 mouse model. 

Alzheimers Res Ther 2013; 5:20. 

16. Moloney AM, Griffin RJ, Timmons S, O'Connor R, Ravid R, 

O'Neill C. Defects in IGF-1 receptor, insulin receptor and IRS-1/2 

in Alzheimer's disease indicate possible resistance to IGF-1 and 

insulin signalling. Neurobiol Aging 2010; 31:224-243. 

17. Yu D, Watanabe H, Shibuya H, Miura M. Redundancy of 

radioresistant signaling pathways originating from insulin-like 

growth factor I receptor. J Biol Chem 2003; 278:6702-6709. 

18. Wan Q, Xiong ZG, Man HY, Ackerley CA, Braunton J, Lu WY, 

et al. Recruitment of functional GABA(A) receptors to 

postsynaptic domains by insulin. Nature 1997; 388:686-690. 

19. Ma XH, Zhong P, Gu Z, Feng J, Yan Z. Muscarinic potentiation of 

GABA(A) receptor currents is gated by insulin signaling in the 

prefrontal cortex. J Neurosci 2003; 23:1159-1168. 

20. Ghosh S, May MJ, Kopp EB. NF-kappa B and Rel proteins: 

Evolutionarily conserved mediators of immune responses. Annu 

Rev Immunol 1998; 16:225-260. 

21. Nomura F, Kawai T, Nakanishi K, Akira S. NF-kappaB activation 

through IKK-i-dependent I-TRAF/TANK phosphorylation. Genes 

Cells 2000; 5:191-202. 

22. Delafontaine P, Song YH, Li Y. Expression, regulation, and 

function of IGF-1, IGF-1R, and IGF-1 binding proteins in blood 

vessels. Arterioscler Thromb Vasc Biol 2004; 24:435-444. 

23. Yoon S, Seger R. The extracellular signal-regulated kinase: 

Multiple substrates regulate diverse cellular functions. Growth 

Factors 2006; 24:21-44. 

24. Iida KT, Shimano H, Kawakami Y, Sone H, Toyoshima H, Suzuki 

S, et al. Insulin up-regulates tumor necrosis factor-alpha 

production in macrophages through an extracellular-regulated 

kinase-dependent pathway. J Biol Chem 2001; 276:32531-32537. 

25. San Jose G, Bidegain J, Robador PA, Diez J, Fortuno A, Zalba G. 

Insulin-induced NADPH oxidase activation promotes proliferation 

and matrix metalloproteinase activation in 

monocytes/macrophages. Free Radic Biol Med 2009; 

46:1058-1067. 

26. Ramalingam M, Kim SJ. Insulin on hydrogen peroxide-induced 

oxidative stress involves ROS/Ca2+ and Akt/Bcl-2 signaling 

pathways. Free Radic Res 2014; 48:347-356. 

27. Li H, Liu B, Huang J, Chen H, Guo X, Yuan Z. Insulin inhibits 

lipopolysaccharide-induced nitric oxide synthase expression in rat 

primary astrocytes. Brain Res 2013; 1506:1-11. 

28. Rajasekar N, Dwivedi S, Nath C, Hanif K, Shukla R. Protection of 

streptozotocin induced insulin receptor dysfunction, 

neuroinflammation and amyloidogenesis in astrocytes by insulin. 

Neuropharmacology 2014; 86:337-352. 

29. Hemmati F, Ghasemi R, Mohamed Ibrahim N, Dargahi L, 

Mohamed Z, Raymond AA, et al. Crosstalk between insulin and 

toll-like receptor signaling pathways in the central nervous system. 

Mol Neurobiol 2014; 

30. Chen Q, Yu W, Shi J, Shen J, Gao T, Zhang J, et al. Insulin 

alleviates the inflammatory response and oxidative stress injury in 



IMMUNOENDOCRINOLOGY 2014; 1: e391. doi: 10.14800/Immunoendocrinology.391; ©  2014 by Lindsay Joy Spielman, et al. 

http://www.smartscitech.com/index.php/Immunoendocrinology 
 

Page 6 of 8 
 

cerebral tissues in septic rats. J Inflamm (Lond) 2014; 11:18. 

31. Masser DR, VanGuilder Starkey HD, Bixler GV, Dunton W, 

Bronson SK, Freeman WM. Insulin treatment normalizes retinal 

neuroinflammation but not markers of synapse loss in diabetic 

rats. Exp Eye Res 2014; 125:95-106. 

32. Higo J, Umeyama H. A theoretical approach to the bell-shaped 

dependency of cell proliferation on the hormone concentration. J 

Theor Biol 1997; 186:477-490. 

33. De Meyts P, Urso B, Christoffersen CT, Shymko RM. Mechanism 

of insulin and IGF-I receptor activation and signal transduction 

specificity. Receptor dimer cross-linking, bell-shaped curves, and 

sustained versus transient signaling. Ann NY Acad Sci 1995; 

766:388-401. 

34. Lamothe B, Baudry A, Christoffersen CT, De Meyts P, Jami J, 

Bucchini D, et al. Insulin receptor-deficient cells as a new tool for 

dissecting complex interplay in insulin and insulin-like growth 

factors. FEBS Lett 1998; 426:381-385. 

35. Brundage SI, Kirilcuk NN, Lam JC, Spain DA, Zautke NA. 

Insulin increases the release of proinflammatory mediators. J 

Trauma 2008; 65:367-372. 

36. Benedict C, Hallschmid M, Schultes B, Born J, Kern W. Intranasal 

insulin to improve memory function in humans. 

Neuroendocrinology 2007; 86:136-142. 

37. Schulingkamp RJ, Pagano TC, Hung D, Raffa RB. Insulin 

receptors and insulin action in the brain: Review and clinical 

implications. Neurosci Biobehav Rev 2000; 24:855-872. 

38. Huang TJ, Price SA, Chilton L, Calcutt NA, Tomlinson DR, 

Verkhratsky A, et al. Insulin prevents depolarization of the 

mitochondrial inner membrane in sensory neurons of type 1 

diabetic rats in the presence of sustained hyperglycemia. Diabetes 

2003; 52:2129-2136. 

39. Spielman LJ, Little JP, Klegeris A. Inflammation and 

insulin/IGF-1 resistance as the possible link between obesity and 

neurodegeneration. J Neuroimmunol 2014; 273:8-21. 

40. Nampoothiri M, Reddy ND, John J, Kumar N, Kutty Nampurath 

G, Rao Chamallamudi M. Insulin blocks glutamate-induced 

neurotoxicity in differentiated SH-SY5Y neuronal cells. Behav 

Neurol 2014; 2014:674164. 

41. Haj-ali V, Mohaddes G, Babri SH. Intracerebroventricular insulin 

improves spatial learning and memory in male Wistar rats. Behav 

Neurosci 2009; 123:1309-1314. 

42. Han X, Ma Y, Liu X, Wang L, Qi S, Zhang Q, et al. Changes in 

insulin-signaling transduction pathway underlie learning/memory 

deficits in an Alzheimer's disease rat model. J Neural Transm 

2012; 119:1407-1416. 

43. Craft S, Baker LD, Montine TJ, Minoshima S, Watson GS, 

Claxton A, et al. Intranasal insulin therapy for Alzheimer disease 

and amnestic mild cognitive impairment: A pilot clinical trial. 

Arch Neurol 2012; 69:29-38. 

44. Freiherr J, Hallschmid M, Frey WH, 2nd, Brunner YF, Chapman 

CD, Holscher C, et al. Intranasal insulin as a treatment for 

Alzheimer's disease: A review of basic research and clinical 

evidence. CNS Drugs 2013; 27:505-514. 

45. Reger MA, Watson GS, Green PS, Baker LD, Cholerton B, Fishel 

MA, et al. Intranasal insulin administration dose-dependently 

modulates verbal memory and plasma amyloid-beta in 

memory-impaired older adults. J Alzheimers Dis 2008; 

13:323-331. 

46. Andreasen N, Minthon L, Davidsson P, Vanmechelen E, 

Vanderstichele H, Winblad B, et al. Evaluation of CSF-tau and 

CSF-Abeta42 as diagnostic markers for Alzheimer disease in 

clinical practice. Arch Neurol 2001; 58:373-379. 

47. Williams JM, Owens WA, Turner GH, Saunders C, Dipace C, 

Blakely RD, et al. Hypoinsulinemia regulates 

amphetamine-induced reverse transport of dopamine. PLoS Biol 

2007; 5:E274. 

48. Kemp DE, Ismail-Beigi F, Ganocy SJ, Conroy C, Gao K, Obral S, 

et al. Use of insulin sensitizers for the treatment of major 

depressive disorder: A pilot study of pioglitazone for major 

depression accompanied by abdominal obesity. J Affect Disord 

2012; 136:1164-1173. 

49. Rasgon NL, Kenna HA, Williams KE, Powers B, Wroolie T, 

Schatzberg AF. Rosiglitazone add-on in treatment of depressed 

patients with insulin resistance: A pilot study. 

ScientificWorldJournal 2010; 10:321-328. 

50. Doroshow DB. Performing a cure for schizophrenia: Insulin coma 

therapy on the wards. J Hist Med Allied Sci 2007; 62:213-243. 

51. Adams J. The nursing role in the use of insulin coma therapy for 

schizophrenia in Britain, 1936-1965. J Adv Nurs 2014; 

70:2086-2094. 

52. Buchan AM, Polak JM, Capella C, Solcia E, Pearse AG. 

Electronimmunocytochemical evidence for the K cell localization 

of gastric inhibitory polypeptide (GIP) in man. Histochemistry 

1978; 56:37-44. 

53. Kauth T, Metz J. Immunohistochemical localization of 

glucagon-like peptide 1. Use of poly- and monoclonal antibodies. 

Histochemistry 1987; 86:509-515. 

54. Seino Y, Fukushima M, Yabe D. GIP and GLP-1, the two incretin 

hormones: Similarities and differences. J Diabetes Investig 2010; 

1:8-23. 

55. Irwin N, Flatt PR. Evidence for beneficial effects of compromised 

gastric inhibitory polypeptide action in obesity-related diabetes 

and possible therapeutic implications. Diabetologia 2009; 

52:1724-1731. 

56. Kastin AJ, Akerstrom V, Pan W. Interactions of glucagon-like 

peptide-1 (GLP-1) with the blood-brain barrier. J Mol Neurosci 

2002; 18:7-14. 

57. Dogrukol-Ak D, Tore F, Tuncel N. Passage of 

VIP/PACAP/secretin family across the blood-brain barrier: 

Therapeutic effects. Curr Pharm Des 2004; 10:1325-1340. 

58. Nyberg J, Jacobsson C, Anderson MF, Eriksson PS. 

Immunohistochemical distribution of glucose-dependent 

insulinotropic polypeptide in the adult rat brain. J Neurosci Res 

2007; 85:2099-2119. 

59. Buhren BA, Gasis M, Thorens B, Muller HW, Bosse F. 

Glucose-dependent insulinotropic polypeptide (GIP) and its 

receptor (GIPR): Cellular localization, lesion-affected expression, 

and impaired regenerative axonal growth. J Neurosci Res 2009; 

87:1858-1870. 

60. Hamilton A, Holscher C. Receptors for the incretin glucagon-like 

peptide-1 are expressed on neurons in the central nervous system. 

Neuroreport 2009; 20:1161-1166. 



IMMUNOENDOCRINOLOGY 2014; 1: e391. doi: 10.14800/Immunoendocrinology.391; ©  2014 by Lindsay Joy Spielman, et al. 

http://www.smartscitech.com/index.php/Immunoendocrinology 
 

Page 7 of 8 
 

61. Iwai T, Ito S, Tanimitsu K, Udagawa S, Oka J. Glucagon-like 

peptide-1 inhibits LPS-induced IL-1beta production in cultured rat 

astrocytes. Neurosci Res 2006; 55:352-360. 

62. Li Y, Tweedie D, Mattson MP, Holloway HW, Greig NH. 

Enhancing the GLP-1 receptor signaling pathway leads to 

proliferation and neuroprotection in human neuroblastoma cells. J 

Neurochem 2010; 113:1621-1631. 

63. Teramoto S, Miyamoto N, Yatomi K, Tanaka Y, Oishi H, Arai H, 

et al. Exendin-4, a glucagon-like peptide-1 receptor agonist, 

provides neuroprotection in mice transient focal cerebral ischemia. 

J Cereb Blood Flow Metab 2011; 31:1696-1705. 

64. Hou J, Manaenko A, Hakon J, Hansen-Schwartz J, Tang J, Zhang 

JH. Liraglutide, a long-acting GLP-1 mimetic, and its metabolite 

attenuate inflammation after intracerebral hemorrhage. J Cereb 

Blood Flow Metab 2012; 32:2201-2210. 

65. McClean PL, Parthsarathy V, Faivre E, Holscher C. The diabetes 

drug liraglutide prevents degenerative processes in a mouse model 

of Alzheimer's disease. J Neurosci 2011; 31:6587-6594. 

66. Nagashima M, Watanabe T, Terasaki M, Tomoyasu M, Nohtomi 

K, Kim-Kaneyama J, et al. Native incretins prevent the 

development of atherosclerotic lesions in apolipoprotein E 

knockout mice. Diabetologia 2011; 54:2649-2659. 

67. Duffy AM, Holscher C. The incretin analogue D-Ala2GIP reduces 

plaque load, astrogliosis and oxidative stress in an APP/PS1 

mouse model of Alzheimer's disease. Neuroscience 2013; 

228:294-300. 

68. Perry T, Greig NH. The glucagon-like peptides: A new genre in 

therapeutic targets for intervention in Alzheimer's disease. J 

Alzheimers Dis 2002; 4:487-496. 

69. Hunter K, Holscher C. Drugs developed to treat diabetes, 

liraglutide and lixisenatide, cross the blood brain barrier and 

enhance neurogenesis. BMC Neurosci 2012; 13:33. 

70. Gault VA, Holscher C. GLP-1 agonists facilitate hippocampal 

LTP and reverse the impairment of LTP induced by beta-amyloid. 

Eur J Pharmacol 2008; 587:112-117. 

71. Riddle MC, Aronson R, Home P, Marre M, Niemoeller E, 

Miossec P, et al. Adding once-daily lixisenatide for type 2 

diabetes inadequately controlled by established basal insulin: a 

24-week, randomized, placebo-controlled comparison 

(GetGoal-L). Diabetes Care 2013; 36:2489-2496. 

72. Gallwitz B. Review of sitagliptin phosphate: A novel treatment for 

type 2 diabetes. Vasc Health Risk Manag 2007; 3:203-210. 

73. Shyangdan D, Cummins E, Royle P, Waugh N. Liraglutide for the 

treatment of type 2 diabetes. Health Technol Assess 2011; 

15(Suppl 1):77-86. 

74. Dixit TS, Sharma AN, Lucot JB, Elased KM. Antipsychotic-like 

effect of GLP-1 agonist liraglutide but not DPP-IV inhibitor 

sitagliptin in mouse model for psychosis. Physiol Behav 2013; 

114-115:38-41. 

75. McClean PL, Holscher C. Liraglutide can reverse memory 

impairment, synaptic loss and reduce plaque load in aged 

APP/PS1 mice, a model of Alzheimer's disease. 

Neuropharmacology 2014; 76 Pt A:57-67. 

76. Edison P (2013). Evaluating the Effects of the Novel GLP-1 

Analogue, Liraglutide, in Patients with Mild Alzheimer's Disease 

(ELAD Study). Clinical Trials. 

http://clinicaltrials.gov/ct2/show/record/NCT01843075 

77. Li Y, Perry T, Kindy MS, Harvey BK, Tweedie D, Holloway HW, 

et al. GLP-1 receptor stimulation preserves primary cortical and 

dopaminergic neurons in cellular and rodent models of stroke and 

Parkinsonism. Proc Natl Acad Sci U S A 2009; 106:1285-1290. 

78. Foltynie T (2014). A randomised, double blind, placebo 

controlled, single centre, 60 week rrial of exenatide once weekly 

for the rreatment of moderate severity Parkinson's disease. Clinical 

Trials. http://clinicaltrials.gov/ct2/show/record/NCT01971242 

79. Aviles-Olmos I, Dickson J, Kefalopoulou Z, Djamshidian A, Ell 

P, Soderlund T, et al. Exenatide and the treatment of patients with 

Parkinson's disease. J Clin Invest 2013; 123:2730-2736. 

80. Komsuoglu Celikyurt I, Mutlu O, Ulak G, Uyar E, Bektas E, 

Yildiz Akar F, et al. Exenatide treatment exerts anxiolytic- and 

antidepressant-like effects and reverses neuropathy in a mouse 

model of type-2 diabetes. Med Sci Monit Basic Res 2014; 

20:112-117. 

81. DelBello M (2014). A double-blind placebo-controlled study of 

exenatide for the treatment of weight gain associated with 

olazapine in obese adults with bipolar disorder, major depressive 

disorder, schizophrenia or schizoaffective disorder. Clinical Trials. 

http://clinicaltrials.gov/ct2/show/record/NCT00845507 

82. McIntyre RS, Powell AM, Kaidanovich-Beilin O, Soczynska JK, 

Alsuwaidan M, Woldeyohannes HO, et al. The neuroprotective 

effects of GLP-1: Possible treatments for cognitive deficits in 

individuals with mood disorders. Behav Brain Res 2013; 

237:164-171. 

83. Gault VA, Holscher C. Protease-resistant glucose-dependent 

insulinotropic polypeptide agonists facilitate hippocampal LTP 

and reverse the impairment of LTP induced by beta-amyloid. J 

Neurophysiol 2008; 99:1590-1595. 

84. Faivre E, Holscher C. D-Ala2GIP facilitated synaptic plasticity 

and reduces plaque load in aged wild type mice and in an 

Alzheimer's disease mouse model. J Alzheimers Dis 2013; 

35:267-283. 

85. Ceriello A, Novials A, Canivell S, La Sala L, Pujadas G, Esposito 

K, et al. Simultaneous GLP-1 and insulin administration acutely 

enhances their vasodilatory, antiinflammatory, and antioxidant 

action in type 2 diabetes. Diabetes Care 2014; 37:1938-1943. 

86. Ghasemi R, Dargahi L, Haeri A, Moosavi M, Mohamed Z, 

Ahmadiani A. Brain insulin dysregulation: Implication for 

neurological and neuropsychiatric disorders. Mol Neurobiol 2013; 

47:1045-1065. 

87. Solas M, Aisa B, Tordera RM, Mugueta MC, Ramirez MJ. Stress 

contributes to the development of central insulin resistance during 

aging: Implications for Alzheimer's disease. Biochim Biophys 

Acta 2013; 1832:2332-2339. 

88. Goll Y, Bekenstein U, Barbash S, Greenberg DS, Zangen R, 

Shoham S, et al. Sustained Alzheimer's Amyloid Pathology in 

Myeloid Differentiation Protein-88-Deficient APPswe/PS1 Mice. 

Neurodegener Dis 2013; 

89. Frank-Cannon TC, Alto LT, McAlpine FE, Tansey MG. Does 

neuroinflammation fan the flame in neurodegenerative diseases? 

Mol Neurodegener 2009; 4:47. 

90. Lackovic Z, Salkovic M, Kuci Z, Relja M. Effect of long-lasting 

diabetes mellitus on rat and human brain monoamines. J 



IMMUNOENDOCRINOLOGY 2014; 1: e391. doi: 10.14800/Immunoendocrinology.391; ©  2014 by Lindsay Joy Spielman, et al. 

http://www.smartscitech.com/index.php/Immunoendocrinology 
 

Page 8 of 8 
 

Neurochem 1990; 54:143-147. 

91. Speed NK, Matthies HJ, Kennedy JP, Vaughan RA, Javitch JA, 

Russo SJ, et al. Akt-dependent and isoform-specific regulation of 

dopamine transporter cell surface expression. ACS Chem 

Neurosci 2010; 1:476-481. 

92. Morris JK, Bomhoff GL, Gorres BK, Davis VA, Kim J, Lee PP, et 

al. Insulin resistance impairs nigrostriatal dopamine function. Exp 

Neurol 2011; 231:171-180. 

93. Guest PC, Schwarz E, Krishnamurthy D, Harris LW, Leweke FM, 

Rothermundt M, et al. Altered levels of circulating insulin and 

other neuroendocrine hormones associated with the onset of 

schizophrenia. Psychoneuroendocrinology 2011; 36:1092-1096. 


