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A B S T R A C T   

Alzheimer Associated Diabetes Mellitus, commonly known as Type 3 Diabetes Mellitus (T3DM) is a distinct 
subtype of diabetes with a pronounced association with Alzheimer’s disease (AD). Insulin resistance serves as a 
pivotal link between these two conditions, leading to diminished insulin sensitivity, hyperglycemia, and 
impaired glucose uptake. The brain, a vital organ in AD context, is also significantly impacted by insulin 
resistance, resulting in energy deficits and neuronal damage, which are hallmark features of the neurodegen
erative disorder. 

To pave the way for potential therapeutic interventions targeting the insulin resistance pathway, it is crucial to 
comprehend the intricate pathophysiology of T3DM and identify the overlapped features between diabetes and 
AD. This comprehensive review article aims to explore various pathway such as AMPK, PPARγ, cAMP and P13K/ 
Akt pathway as potential target for management of T3DM. Through the analysis of these complex mechanisms, 
our goal is to reveal their interdependencies and support the discovery of innovative therapeutic strategies. 

The review extensively discusses several promising pharmaceutical candidates that have demonstrated dual 
drug action mechanisms, addressing both peripheral and cerebral insulin resistance observed in T3DM. These 
candidates hold significant promise for restoring insulin function and mitigating the detrimental effects of insulin 
resistance on the brain. The exploration of these therapeutic options contributes to the development of inno
vative interventions that alleviate the burden of T3DM and enhance patient care.   

1. Background 

Alzheimer’s disease (AD) and diabetes are prevalent disorders that 
are increasingly common worldwide, especially among elderly in
dividuals. Recent research has suggested a possible link between the two 

conditions. Some researchers use the term Type 3 Diabetes Mellitus 
(T3DM) to describe the theory that insulin resistance and insulin-like 
growth dysfunction in the brain may lead to Alzheimer’s disease. 
T3DM is also known as ‘diabetes of the brain’ or ‘brain diabetes’ and is 
characterized by insulin resistance in the brain, leading to reduced 
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glucose uptake and utilization1,2. Studies indicate that T3DM is closely 
associated with aging and cognitive decline, with an increased risk of 
developing Alzheimer’s disease and other form of dementia.3,4 

In contrast, Type 2 Diabetes Mellitus (T2DM) is a well-established 
risk factor for AD, with patients are nearly twice as likely to suffer 
from dementia, particularly vascular dementia, occurring at a frequency 
of 2 to 2.5 times, while is 1.5 times more likely to occur.5,6 The 
connection between T2DM and dementia is multifactorial and relatively 
complex. The main difference between T2DM and T3DM regarding AD is 
due to their underlying mechanism and extent of association. T3DM is 
believed to involved not only insulin resistance but also the impairment 
of brain insulin. It affects glucose metabolism and energy production, 
which contribute to AD pathology.7,8 It is important to note that T3DM is 
not an officially recognised health condition and is not associated with 
any type of diabetes within its classification. Some researchers proposed 
the concept of T3DM as a subtype of diabetes that involves a neuroen
docrine disorder contributing to the progression of T2DM to AD. The 
potential link between the two disease highlights the importance of 
further research as their increasing prevalence is a public health 
concern. 

With this theory in mind, anti-diabetic drugs are presumed to miti
gate AD-like pathology. Several modern pharmaceuticals medications, 
namely biguanides, insulin secretagogues, incretin-related drugs, and 
molecular receptor agonist are in the forefront for T3DM prevention and 
treatment due to their therapeutic roles.9 The proposed etiologies 
include alterations in glucose metabolism, insulin signaling pathway, 
insulin resistance, inflammation, and oxidative stress. In this review, we 
will be examining the various potential therapeutic treatments along 
with their corresponding T3DM treatment. 

2. Insulin resistance linking T3DM and AD 

Peripheral insulin is an anabolic peptide hormone, crucial for 
glucose homeostasis and is routinely synthesized in the beta cells 
(β-cells) of islets of Langerhans in the pancreas in response to increased 
glucose level. In peripheral tissue, insulin is involved in glucose utili
zation, suppression of hepatic glucose production and transportation of 
glucose into cells. Glucose is a large hydrophilic molecule which re
quires a specific carrier to cross cell membranes, usually via sodium 
dependent-mechanism or carriers. It is also involved in cell growth, 
differentiation, and protein synthesis. Insulin resistance is defined as a 
state where target tissues are not able to respond to glucose concen
tration. It manifests at multiple levels of the insulin signaling pathway 
and its pathophysiology is complex and involves different mechanisms. 
Generally, insulin resistance for diabetes is due to genetic factors, in
flammatory responses, mitochondrial dysfunction, and lipid meta
bolism. Due to the impaired glucose uptake and utilization in peripheral 
tissue, insulin resistance manifests in the form of hyperglycemia. In 
response, pancreas will overcompensate and release insulin, this how
ever creates a harmful cycle as insulin hypersecretion stimulates insulin 
resistance and leads to progressive decline of β-cell mass and function.10 

In addition to its peripheral effects, insulin plays a vital role in the CNS. 
In the normal brain, insulin signaling plays a crucial role in glucose 

uptake regulations and metabolism as a primary source of energy. Pe
ripheral insulin uptake in the brain is via GLUT1 located on endothelial 
cells and astrocytes at blood brain barrier (BBB) while neurons and glial 
cells at brain parenchyma synthesize insulin de novo.11 Both insulins 
however share similar molecular mechanisms and at least 25 % of 
glucose are used for maintenance of basal brain activities. In AD pa
tients, hippocampus glucose metabolic rate is markedly reduced.12 The 
brain is an insulin-sensitive organ due to high expression of insulin re
ceptors (IR) and insulin-like growth factor receptors 1 and 2 (IGF1-R/ 
IGF2-R) in various regions including cerebral cortex, hippocampus, ol
factory bulb, and hypothalamus. Attachment of insulin to the receptors, 
triggers the molecular cascade which leads to activation of downstream 
signaling pathways such as P13K/AKT/mTOR which are important in 

glucose uptake, glycogen, and protein synthesis. However, in T3DM, 
insulin resistance disrupts this pathway, impairing its uptake and utili
zation. Epidemiological studies have shown association between glucose 
intolerance and insulin secretion impairment with higher risk of 
developing dementia or AD.13 

Studying the pathway (Fig. 1), there is a convergence of the effects of 
insulin resistance in both diabetes and AD as both conditions disrupt the 
normal function of the insulin signaling pathway. In healthy cells, in
sulin binds to the insulin receptor substrate (IRS) and initiates the P13K/ 
AKT pathway. This pathway inhibits GSK3β and FoxO1 while promoting 
mTOR activities. Inhibition of GSK3β causes an increase of glycogen 
synthesis and glucose uptake. However, in insulin resistance cells, in
sulin binding decreases, leading to reduced GSK3β inhibition. This in 
turn, inhibits glycogen synthase and reduces glucose transporter 4 
(GLUT4) expression (facilitates uptake of glucose into cells) which 
resulted in hyperglycemia and inflammation in DM patients. In AD pa
tients, this gives rise to increased hyperphosphorylated tau protein and 
eventual formation of NFT, greatly reducing Aβ clearance. 

Inhibition of FoxO1 is a regulatory mechanism for maintenance of 
blood glucose level by promoting glucose utilization and storage. It also 
regulates other cellular processes such as apoptosis, cell differentiation 
and oxidative stress. However, in insulin resistance cells, increased level 
of FoxO1 disrupts normal pathways leading to increased glycogenesis 
process resulting in hyperglycemia in diabetes. In AD, it reduces Aβ 
clearance by inhibiting the Aβ phagocytosis process. Accumulation of Aβ 
leads to inflammation, oxidative stress, and neuronal cell death. Another 
pathway that relies on insulin signaling is mTOR activation, responsible 
for protein synthesis and increased glucose uptake in normal healthy 
cells. In insulin resistance cells, there is an upregulation of mTOR 
causing lipid accumulation. This is associated with increased inflam
mation and oxidative stress, worsening diabetes. Similarly, upregulation 
of mTOR reduces autophagy of Aβ, causing accumulation of Aβ depo
sition that contributes to inflammation, oxidative stress and eventual 
neuronal cell death associated with AD. 

Another pathway that is affected by insulin resistance is the RAS/ 
ERK pathway. Normally, binding of insulin triggers phosphorylation of 
RAS which in turn, activates ERK1 and ERK2. This protein is responsible 
for regulation of glucose uptake and other cellular processes. However, 
the normal pathway is disrupted in insulin resistance, causing a reduc
tion in GLUT4 which is important in glucose uptake, leading to 
inflammation and oxidative stress in DM. From the perspective of AD, 
this disruption increases tau hyperphosphorylation and NFT formation. 
In respect to inflammation, insulin modulates proinflammatory cyto
kines secretions.15 IR trigger inflammatory cytokines such as tumor 
necrosis factor-α (TNF-α), interleukin-1β, (IL-1β) and interleukin-6 (IL- 
6) which set off a chain reaction where the JNK pathway activates IKKb 
and NF-κb. Furthermore, the NF-κb pathway will trigger release of 
additional cytokines, further exacerbating the inflammatory response. 
These will cause decreased binding of insulin and IRS via JNK and 
STAT3 pathway. It is also important to note, in the context of insulin 
resistance, dysregulated GSK3β, FoxO1, mTORC1 and ERK1/2 leads to 
negative feedback mechanisms. These molecules will now inhibit the 
binding of insulin and IRS which further aggravates insulin resistance 
and contribute to the pathology. To conclude, insulin resistance disrupts 
several key pathways which are central to the development and pro
gression of DM and AD, which is why it is fitting to refer to them as 
T3DM. Understanding the complex relationship and overlapping in
teractions is crucial for development of targeted therapies that benefit 
T3DM. 

3. Potential therapeutic option 

The pathogenesis of both T2DM and AD presents various potential 
therapeutic options. However, T3DM necessitates a treatment that 
address both conditions effectively. To achieve this goal, a focus on the 
distinct pathways implicated in insulin resistance holds promise. 
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Currently, the dual drug approach has emerged as a viable option for 
targeted treatment of T3DM, with promising outcomes. In the subse
quent section, we will discuss the underlying mechanism and evidence 
supporting the effectiveness of this approach. 

3.1. AMPK pathway: a potential target for managing insulin resistance 

3.1.1. Metformin dual drug action for T3DM 
AMP-activated protein kinase (AMPK) is a central regulator of en

ergy homeostasis, widely known as ‘metabolic sensors’ and is vital in 
regulation of energy metabolism. AMPK is activated in response to 
various stimuli including cellular stress, exercise, and drugs such as 
metformin. AMPK activation leads to phosphorylation of GSK3β and the 
subsequent downregulation of glucogenic genes on the transcription 
level, resulting in decreased hepatic lipid accumulation and improved 
insulin sensitivity.16 This section will focus on Metformin, a class of 
drugs named as biguanides, well-known for their antidiabetic properties 
and are commonly used as treatment for DM. In DM, metformin achieves 
its effect primarily via inhibition of Complex I activity of the electron 
transport chain in the mitochondria, which reduces the energetic costs 
associated with gluconeogenesis and contributes to a decrease in hepatic 
glucose production. Additionally, Complex I inhibition activates 
signaling kinase AMPK. 

Metformin has also emerged as a potential therapeutic option for AD 

due to its ability to activate various signaling pathways and biological 
processes, specifically AMPK signaling. This makes it the ideal choice of 
treatment for T3DM. The AMPK pathway is heavily expressed in the 
brain and is involved in the regulation of neurodegenerative diseases.17 

Studies have shown it exert neuroprotective effects via reduced Aβ 
accumulation, decrease tau phosphorylation, improve spatial memory 
and increase neurogenesis in the brain.18 Two randomized controlled 
study have been conducted revealing that the use of metformin, either as 
a monotherapy or in combination therapy with sulfonylurea (different 
class of DM drugs), can significantly reduce the risk of dementia in 
T2DM patients.19,20 

Activation of the AMPK pathway by metformin reduces Aβ accu
mulation in the brain via combination of autophagy induction and 
reduction of β-site amyloid precursor protein cleaving enzyme-1 
(BACE1) expression. Autophagy induction remove toxic cellular com
ponents such as Aβ, thereby reducing its accumulation in the brain while 
increased enzyme BACE1, increases the cleavage of the amyloid protein 
and the initiation of Aβ formation.21 However, conflicting results have 
been reported for APOE ε4 carriers, where metformin may exacerbate 
negative effects on amyloid-beta metabolism and neurotoxicity and is 
associated with faster decline of cognitive function.22,23 This may be 
attributed to upregulation of BACE1 activity, leading to an increase in 
Aβ peptide production.24 In vivo studies have shown beneficial effect of 
metformin on Aβ reduction, which contrast to previous in vitro and ex 

Fig. 1. Insulin signaling pathway overview in T3DM. Under normal conditions, binding of insulin to IRS triggers the P13K/PDK1/AKT activation which inhibits GSK- 
3B, FoxO1 and its downstream signaling but increases mTOR. However, in insulin resistance pathway, disruption of Insulin/IRS binding reduces the P13K/PDK1/ 
AKT pathway which in turns cause an increase of GSK3B and FoxO1. This leads to manifestation of symptoms of hyperglycaemia and inflammation in diabetes patient 
and increased NFT and reduced AB clearance in AD. Disruption of the pathway also reduces glucose uptake due to the reduced level of AS160. Atypical level of 
proteins and increased inflammatory cytokines from disruption of the AKT pathway will further inhibit insulin/IRS mechanism. The figure was created by author 
based on14 with additional information added. 
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vivo studies. 
Metformin impact on tau phosphorylation in AD has shown mixed 

results. In vitro and in vivo studies indicate a dose-dependent increase in 
autophagy and reduction in cognitive impairment and hyper
phosphorylated tau proteins.25,26 However conflicting results is 
observed in ApoE in vivo models,27,28 likely due to involvement of other 
pathways such as mTOR/protein phosphatase 2A (PP2A) signaling 
pathway, presence of ApoE gene and also AKT phosphorylation and 
GSK-3β.29 Further research is required to understand the complex 
interplay between these mechanisms and its impact on tau phosphory
lation. Persistent neuroinflammation is a hallmark of AD, associated 

with the activation of Nuclear Factor kappa B (NF-κb) signaling pathway 
which is regulated by AMPK. NF-κb plays a vital role in regulating 
expression of pro-inflammatory cytokines and chemokines (Fig. 2). 
Metformin, an AMPK activator, reduces neuroinflammation by inhibit
ing NF-κb through three pathways: 1) suppression of inhibitory kappa B 
kinase (IKK), which regulates NF-κb 2) blocking AKT/NF-κb signaling 
pathway via activation of phosphatase and tensin homolog (PTEN), and 
3) suppression of Poly [ADP ribose] polymerase 1 (PARP-1), down
regulating activation of pro-inflammatory pathways.30 Animal studies 
show that suppression of NF-κb reduces expression of pro-inflammatory 
cytokines, including TNF-α, IL-1β and IL-6.31,32 The discrepancy in 

Fig. 2. Schematic diagram of metformin-activated AMPK pathway. Activation of AMPK triggers PTEN pathway which inhibits the activation of AKT that in turn 
inhibits NF-κB. AMPK activation also suppresses other pathways such as PARP1, P13, MTORC1 and ERK1/2 pathways which would activate NF-κB. Activation of NF- 
κB leads to the production of cytokines, TNF-α, IL-1β and IL-6 cytokines responsible for neuron apoptosis, increased Aβ deposition and tau hyperphosphorylation. The 
original figure is credited for the initial concept,33 and the modifications made by the author included new information. 
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findings may be due to the complexity of the disease and different 
experimental systems used. Further research is needed to fully under
stand the mechanism of metformin’s actions and its potential thera
peutic effects, including optimal dosing and treatment duration. 
Nevertheless, it remains a potential treatment option for T3DM due to its 
ability to address insulin resistance. 

3.1.2. Fundamental role of adiponectin and AdipoRon agonist triggers 
AMPK pathway 

Adiponectin, also known as AdipoQ, Acrp30 or apM1, is an adipocyte- 
secreted protein that possesses innate anti-inflammatory, anti-athero
genic, anti-adipogenic and anti-diabetic properties.34–36 Adiponectin 
functions through their receptors, AdipoR1 and AdipoR2,37 found 
throughout the body including skeletal muscle, osteoblasts, car
diomyocytes, pituitary gland, hepatocytes, adrenal gland, plasma, and 
cerebrospinal fluid.38–44 Various studies have shown an inverse rela
tionship between adiponectin levels and inflammation and insulin 
resistance.45,46 Recently, adiponectin has also found to elicit antioxidant 
activity, which may improve cognitive deficit in aging-related neuro
logical disorders.47,48 

Extensive research has been conducted to increase its secretion, 
mainly via activation of its receptors and downstream signaling path
ways. APPL1, a hydrophilic adaptor protein, is a crucial mediator that 
transmits signals from AdipoR1/R2 receptors to downstream signaling 
targets.49 Its importance is supported via single nucleotide poly
morphisms (SNPs) within the coding region that confer risks for T2DM 
onset.50,51 Although lacking transmembrane regions, it possesses critical 
structural and functional domains, such as pleckstrin homology (PH) 
domain, phosphotyrosine binding (PTB) domain and coiled coils which 
facilitates its interaction with AdipoR1/R2 receptors.52 Adiponectin 
signaling is initiated by extracellular domains of APPL1, which bind to 
both receptors domains, activating the interconnected molecular path
ways that triggers metabolic effects.53 

AdipoRon is a synthetic small-molecule agonist designed to mimic’s 
adiponectin binding feature towards AdipoR1 and AdipoR2 receptors. 
Its main mechanism of action is to activate the AMPK pathway, thereby 
improving glucose intolerance, insulin resistance, and neuro
inflammation.54,55 Accordingly, binding of AdipoRon to AdipoR1/R2 
receptors was noted to induce activation of intracellular CaMKKβ (Ca2+/ 
calmodulin-dependent protein kinase kinase-β)LKB1 (liver kinase B1)- 
AMPK/PPARα pathway.56 In response to intracellular Ca2+ influx by 
AdipoRon, CaMKK phosphorylates Ser431 and Thr172 residue on LKB1 
and AMP, respectively, where it then mediates the AMPK/PPARα 
expression to reduce high glucose-induced oxidative stress and reverse 
endothelial function deterioration in db/db mice models. AMPK phos
phorylation was similarly shown to lower the renal injury score, 
apoptosis and inflammatory markers elicited by iopromide in Sprague- 
Dawley rats, helping to protect against contrast-induced nephropa
thy.57 Several in vivo and ex vivo studies have examined the nephron- 
and neuro-protective potentials of AdipoRon. Interestingly, AdipoRon 
treatment was found to improve cognitive dysfunction and impaired 
neural stem cells proliferation in APP/PS1 transgenic mice through 
regulation of the AdipoR1/AMPK/CREB pathway.58 The in vivo study 
further inferred that AdipoRon significantly ameliorated β-amyloid 
deposition and inhibited β-secretase 1 expression in both the cortex and 
hippocampus of AD mice. In another study, db/db mice reported 
considerable oxidative stress and tubular epithelial apoptosis in their 
kidneys, while AdipoRon administration via intragastric gavage atten
uated these alterations by restoring the expression of AdipoR1 and 
phosphorylated AMPK.59 In line with these findings, Balasubramanian 
et al. and his colleagues’ in vivo studies showed upregulated PGC-1a 
protein expression indicating improved insulin sensitivity, skeletal 
muscle function and agility in aged mice fed with AdipoRon, depicting 
the viability of AdipoRon receptor agonism to influence skeletal muscle 
metabolism and tissue remodeling.60 The benefits of AdipoRon is further 
apparent through the abrogation of LPS-induced activation of 

proinflammatory markers responsible for renal inflammation and injury 
in mice subjected to high-fat diet, cultured human podocytes and iso
lated human glomeruli.61 

In Alzheimer, the anti-inflammatory properties of AdipoRon have 
been extensively studied. The distribution of adiponectin and AdipoR1/ 
R2 receptors in cortical neurons further substantiate their involvement 
in high cognitive processes such as memory and learning.62 AdipoRon, 
which binds to these receptors, may be the gateway to counteracting 
these neurological deficits. AdipoRon treatment can improve synaptic 
markers, lowers neuroinflammation and Ab plaque burden in APP/PS1 
mice, successfully eliminating Alzheimer’s like pathologies by 
enhancing AMPK phosphorylation and potentiating insulin-signaling for 
neuronal cell survival.63 Hence, AdipoRon insulin-sensitizing, anti-in
flammatory and protective effects against metabolic disease makes it the 
ideal candidate for T3DM treatment. Further research is needed to un
derstand the mechanism through which AdipoRon can improve insulin 
resistance in these conditions, but it holds significant potential as a 
therapeutic target for future drug development. 

3.2. PPARγ agonist as target for insulin resistance in T3DM 

3.2.1. Understanding PPARγ pathway and thiazolidinediones as a common 
agonist 

Peroxisome proliferator – activated receptor gamma (PPARγ) is a 
nuclear receptor protein that functions as transcription factor. It is vital 
in regulation of lipid and glucose metabolism, as well as development 
and differentiation of adipose tissue. PPARγ is activated by ligands, 
including natural compounds like fatty acids and eicosanoids, as well as 
synthetic compounds like thiazolidinediones (TZDs). It will the bind to 
specific DNA where it either activates or repress the transcription of the 
target genes and specific transcriptional effects is highly dependent on 
the context of the cells and the ligands that binds it to the receptor. In 
adipocytes, PPARγ activation activates adipogenesis, lipid uptake and 
storage while in skeletal muscle and liver, its activation reduces insulin 
resistance and improvements of glucose metabolism. PPARγ activation 
in macrophages and immune cells leads to suppression of pro- 
inflammatory genes and promotion of anti-inflammatory genes mak
ing it beneficial in metabolic disease such as diabetes. 

In Alzheimer, recent studies have shown that PPARγ may play a role 
in pathogenesis of AD. They are highly expressed in the brain especially 
in hippocampus and cortex which are associated with learning and 
memory. It is also said to be involved in regulation of neuronal differ
entiation, survival, and other pathways such as inflammatory and 
oxidative stress.64 Its ability to reduce inflammation in peripheral and 
central nervous system is via inhibition of inflammatory gene expres
sion. In AD, deposition of Aβ is associated with activation of microglial 
cells, leading to chronic inflammation and production of inflammatory 
mediators. PPARγ agonist have been found to suppress microglial cells 
and induce phagocytosis, increasing Aβ clearance.65 

An example of PPARγ agonist is TZDs. TZDs is a class of drug that 
activates PPARγ and specifically target insulin resistance via intracel
lular metabolic pathways to enhance insulin action and increase insulin 
sensitivity in critical tissues such as adipose, muscle and liver cells. 
These include increasing adipogenesis, which helps to reduce circulating 
free fatty acids and triglycerides, both contributes to impairment of in
sulin signaling. TZDs also increase GLUT4 expression, the main trans
porters of insulin which enhances glucose uptake and inhibit 
gluconeogenesis in liver. In addition, they also reduce inflammation to 
improve insulin sensitivity and stimulate adiponectin release, which has 
insulin-sensitizing effects.66 Upon analyzing the effects of TZDs in both 
diabetes and Alzheimer’s disease separately, it is evident that they share 
a common mechanism of action in reducing insulin resistance. Given 
their effectiveness in regulating insulin sensitivity, TZDs hold great 
potential as a candidate for T3DM management. Further research in this 
area may lead to development of novel therapies. 
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3.2.2. Insulin secretagogues glimepiride: an overview of its multi-pathway 
mechanism in treating insulin resistance 

Insulin secretagogues remain as one of the most commonly pre
scribed oral agents for diabetic patients. Generally, insulin secreta
gogues are categorized into two primary classes of drugs as follows: 
sulfonylureas and meglitinide analogues. For nearly five decades, sul
fonylureas have been widely introduced for lowering blood glucose 
levels. Sulfonylureas works by binding to the sulfonylurea receptor 
(SUR) subunit of the ATP-sensitive potassium (KATP) channels present 
on surface membrane of β-cells. The binding promotes closure of the 
KATP channels and subsequent depolarization of the membrane and 
triggers insulin-containing granules exocytosis, subsequently increasing 
insulin circulation levels in the body.67 Currently, first-generation 
(acetohexamide, chlorpropamide, tolazamide, tolbutamide) of sulfo
nylureas had been largely replaced by the second generation (gliben
clamide, glipizide, gliclazide) and third generation (gliclazide modified 
release (MR), glipizide gastrointestinal therapeutic system (GITS), gli
mepiride due to increasing reports of reduced potency and adverse 
health complications such as dizziness, confusion, nervousness, hepa
tocellular and cholestatic injury associated with the former class of 
drugs 68–72. The higher tolerability and safety profile exerted by second- 
and third-generation sulfonylureas had motivated researchers in con
ducting combinatorial therapies (administration of dual drug compo
nents) in the hope of discovering any possible synergistic activity.73 

Recent studies had emphasized the synergistic effect of glimepiride 
co-treated with other drugs, as demonstrated in the better glycemic 
control of patients relative to glimepiride monotherapy. For instance, 
glimepiride/L-cartinine and glimepiride/metformin combination was 
shown to effectively improve several critical endpoints, such as the 
fasting and postprandial blood glucose, glycated hemoglobin, fasting 
insulin, extracellular part of insulin regulated aminopeptidase, homeo
stasis model assessment of insulin resistance, tumor necrosis factor- 
alpha [TNF-α], visfatin and lipid panel parameters.74,75 Nonetheless, 
glimepiride alone has been found to possess therapeutic options beyond 
its ability to increase circulating insulin, which makes it beneficial in 
managing insulin resistance. This section will focus on Glimepiride as it 
is frequently utilized over other sulfonylureas due to its immense ther
apeutic benefits. 

It has been established that high triglycerides levels can contribute to 
the dyslipidemia observed in insulin resistance, characterized by 
increased triglyceride levels, decreased HDL cholesterol and changes in 
LDL cholesterol composition.76 One of glimepiride’s mechanisms of 
action is long known to be associated with activation of PPARγ pathway, 
which improves insulin resistance by reducing triglyceride levels in the 
liver and adipose tissue of insulin-resistance individuals.77 PPARγ acti
vation in macrophages and immune cells also leads to suppression of 
pro-inflammatory genes and promotion of anti-inflammatory genes. One 
study suggested that glimepiride-induced 3 T3-L1 adipocyte differenti
ation is likely to be caused by PPARγ transcriptional activity.78 Notably, 
glimepiride treatment provides significant protection against diabetes 
with vascular disease by enhancing the nitric oxide (NO) production and 
endothelial NO synthase (eNOS) expression of human umbilical vein 
endothelial cells (HUVEC).79 There are also cumulative evidence 
describing the mechanism involving eNOS upregulation to phosphory
lation on SER617 and SER1177 residues of AKT, which later inhibits TNFα- 
induced NF-kB activity.80,81 It is expected that controlling TNF-α levels 
in adipocytes and peripheral tissues can alleviate reactive oxygen spe
cies (ROS) generation, which contributes to insulin resistance.82 

In addition to its insulin-sensitizing properties, numerous studies 
have unraveled the anti-diabetic, anti-oxidative and anti-inflammatory 
activity of glimepiride through various routes, such as increasing 
plasma adiponectin output,83 reducing release of glyceraldehyde- 
derived advanced glycation end (AGE) products84, modulating the Jun 
N terminal kinase (JNK)/nuclear factor kappa B (NF-ΚB) and PI3K/AKT 
pathways.85 In AD, neuronal insulin resistance impairs glucose uptake in 
the CNS due to the inability of insulin to bind with insulin receptors 

specifically in the brain regions.78,86,87 Interestingly, there is an 
important crosstalk between the neuroprotective potential of glime
piride and the agonistic activity on PPARγ.88–91 In a report, the decrease 
in BACE1 mRNA level upon glimepiride highly suggests participation of 
PPARγ in suppressing BACE1 activity and clearing excessive Ab40/ 
Ab42.92 

3.3. cAMP pathway: incretin-related drugs targeting insulin resistance 

Incretin-related drugs are a class of drugs that mimic the actions of 
the hormones known as incretins, which are released in response to food 
intake and play a vital role in glucose regulation. It is considered an 
antidiabetic medication and are routinely prescribed to patients as a 
second line of treatment or in tandem with other therapies as they can 
lower A1C levels and promote weight loss. Incretin-related drugs can be 
classified into two different groups, incretin mimetics (GLP-1) and 
incretin enhancers (DPP-4 inhibitors). In the context of Alzheimer’s, 
incretin drugs are chosen due to the complex interplay between meta
bolic dysfunction and neurodegeneration from cAMP pathway. 

3.3.1. GLP-1 key hormone in glucose regulation 
Glucagon-like peptide-1 (GLP-1) and glucose-dependent insulino

tropic peptide (GIP) are two gastrointestinal hormones that are vital in 
glucose regulation and insulin secretion as they are responsible for 
50–70 % of insulinotropic effect. L-cells excrete GLP-1 while GIP is 
released by K-cells both located in the small intestine in response to 
nutrient ingestion. GIP physiological roles are closely related to GLP-1 
and are often referred to as the ‘sister’ incretin hormone. GLP-1 binds 
to the G protein-coupled receptor (GPCR) located on the surface of 
pancreatic b-cells. This causes a conformational change and associated 
G-protein activation. G proteins will then bind and stimulate adenylyl 
cyclase, which catalyze the conversion of ATP to cyclic adenosine 
monophosphate, cAMP.89,90 As an intracellular second messenger, 
cAMP dissociates its regulatory subunit from catalytic subunit and binds 
to protein kinase A (PKA). The binding of PKA activates the phosphor
ylation of several downstream targets, and specifically, the insulin- 
containing granules. Phosphorylation of insulin-containing granules 
triggers their exocytosis by causing them to fuse with plasma membrane 
and releases insulin into the bloodstream.91 The mechanism of cAMP 
activation is illustrated in Fig. 3 below. 

GLP-1 receptor agonist (also refer to GLP-1 analogues) mimics the 
function of GLP-1 hormone via binding and activation of the GLP-1 re
ceptors. When it binds to the surface of the receptor on pancreatic 
β-cells, it activates cyclic adenosine monophosphate (cAMP) cycle. 
Consequently, patients with diabetes on a GLP-1 agonist regime benefit 
from increased insulin levels because of GLP-1 agonist regime. Recently, 
the usage of GLP-1 analogues for AD patients has been gaining traction 
mainly due to its ability to modulate various cellular processes in the 
brain. In the CNS, GLP-1 is produced within the hypothalamic nuclei 
where it expresses pre-proglucagon (PPG) that encodes for precursor 
molecules processed to yield GLP-1 and other peptides.94 Its receptors 
are widely distributed in key brain regions implicated in memory, 
learning and emotional processing such as the hippocampus, amygdala, 
and prefrontal cortex. It is also possible that receptors activation is by 
circulating periphery GLP-1.95 Activation triggers a multitude of cellular 
processes relevant to AD, such as neuronal survival, synaptic plasticity, 
and inflammation.96 GLP-1 protection of neuronal cells is achieved by 
lowering oxidative stress, inflammation, and Aβ accumulation via the 
cAMP/PKA pathway.97 Liraglutide (GLP-1 receptor agonist available in 
the market) used in pilot study are shown to maintain glucose utilization 
and neuronal activity of patients, prevent disease progression and 
reduce cognitive impairment via reduction of neuronal loss.98–100 GIP 
analogues showed neuroprotective effects (reduced synaptic loss and 
increase synapse plasticity) in APP/PSI mouse model of AD with reduced 
amyloid plaque load (reduced oxidative stress and DNA damage) indi
cating similar properties as GLP-1 analogues.101 
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3.3.2. DPP-4 overcoming the limitations of GLP-1 
GLP-1 has a short half-life thereby limiting its reaction duration as it 

is rapidly degraded by dipeptidyl peptidase-4 (DPP-4) enzymes. Serine 
exopeptidase, DPP4 cleaves N-terminal dipeptides, with higher sensi
tivity if alanine or proline as the second amino acid. GLP-1 specifically 
has alanine as its second amino acid and is cleaved from GLP-17–36 to 
GLP-19–36, rending it inactive.102 Hence, the usage of DPP-4 inhibitors as 
a GLP-1 receptor agonist has been proposed to address this limitation. It 
mainly exerts its effect by attaching itself to DPP-4 enzyme making it 
unable to digest GLP-1 hormone. This in turns leads to increased insulin 
secretion and improved glucose control which is why it is commonly 
used as diabetes treatment. Extended half-life of GLP-1 has been shown 
to benefit diabetic patients with or without AD cognitive function 
especially in APOE carriers.23 Common DPP-4 inhibitors are linagliptin, 
saxagliptin, and vildagliptin. 

In vitro study using linagliptin indicates reduced Aβ-mediated 
cytotoxicity and mitochondrial dysfunction, improving insulin 
signaling.103 In vitro study using rats with oral linagliptin improves both 
cognitive and motor functions.104 Clinical evidence also indicates that 
treatment of DPP-4 inhibitors demonstrates 46 % decrease of AD 
development in elderly T2DM patients.105 From the evidence, the usage 
of incretin mimetics is an ideal option that should be evaluated further 
as its involvement in cAMP pathway directly via GLP-1 or indirectly via 
DPP4 is vital in the mechanism of insulin resistance. 

3.4. P13-Akt pathway: convergence of insulin resistance 

In peripheral tissues, insulin initiates the P13K-Akt pathway through 
IRS binding and tyrosine phosphorylation. This activates P13K, leading 

to Akt complex phosphorylation, which triggers GLUT4 translocation to 
the cell membrane, enabling glucose uptake and reducing blood glucose 
levels. In the brain, GLUT1 is expressed in endothelial cells and astro
cytes, while neurons express GLUT3; GLUT4 is minimally expressed in 
specific brain regions.106 The PI3K-Akt pathway plays a pivotal role in 
both diabetes and Alzheimer’s disease. In the brain specifically, it is 
involved in various cellular processes such as neuronal function, syn
aptic plasticity, metabolism, and neurodegeneration. Disruptions in the 
PI3K-Akt pathway are evident through diminished phosphorylation and 
overall levels of components within the cascade.107 These alterations 
align with AD hallmarks and tau pathology progression. This highlights 
the pathway’s potential as a therapeutic target in insulin resistance. 

3.4.1. Intranasal insulin 
Due to the critical effect of P13k-Akt disruptions, other novel ther

apeutic avenues become imperative. One promising approach is via 
administration of insulin directly using intranasal delivery, it is non- 
invasive and can bypass the BBB to provide a sufficient systemic drug 
delivery process. Insulin distribution uses the direct bloodstream 
connection from the nasal cavity, bypassing hepatic first-pass meta
bolism which is beneficial for diabetic patient. BBB is composed of 
endothelial cells and tight junctions and segregates it from the blood
stream, while facilitating selective molecular exchange. It actively reg
ulates the entry and exit of substances and functions as a receptor-laden 
interface for hormonal signaling, including insulin. While small mole
cules passively permeate if it’s under 400 Da with few hydrogen bonds, 
larger molecules require active transport. Insulin, with a molecular 
weight of 5808 Da, necessitates active transport due to its size.108 

Intranasal insulin is preferable than other administration method 

Fig. 3. Illustration of mechanism of action of GLP-1. GLP-1 binds to the GPCR receptors on the surface of the alpha pancreatic cells and releases G proteins and 
activates a cascade of signaling pathways. Attachment of G proteins to adenylate cyclase increases intracellular cAMP levels. The increased cAMP levels trigger 
phosphorylation process of insulin-containing granules, activating exocytosis process and the release of insulin into the bloodstream. The degradation of GLP-1 is 
initiated by attachment of DPP-4 enzymes. Original figure modified from existing figure.93 
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due to its non-invasive nature and ease of usage. In animal study, current 
employed methodologies are of direct central nervous system adminis
tration using intracerebroventicular (ICV) injection or microdialysis 
which is highly invasive. Human studies on the other hand uses systemic 
insulin administration, although not an as invasive, it can lead to 
hypoglycemia-induced cognitive impairment and activate stress axes 
affecting brain function. It is also harder to distinguish direct brain ef
fects from peripheral pathway-mediated effects. However, with intra
nasal insulin there are limitation as it is only applicable to high water 
solubility content with short retention time. Different formulation or 
carrier are tested in tandem with this treatment. Hence, usage of intra
nasal as an insulin administration method to study its affect for brain 
insulin resistance is the best current therapeutic option for P13-Akt 
pathway. 

In rat model of Parkinson’s disease, administration of intranasal in
sulin improves Akt/GSK3β pathway related to insulin signaling, without 
impacting blood glucose level. This makes it suitable for individuals 
with both diabetes and Alzheimer’s disease.109 Similar effects were also 
seen in brain insulin resistance mice model, where restoration of 
learning and memory functions, improved neurogenesis in the hippo
campus, elevated brain insulin levels, and enhanced activation of the 
IRS-1-PI3K-Akt-GSK3β insulin signaling pathway is observed.110 In 
humans, different concentrations of insulin were tested and 40 IU given 
daily in a short trial showed improved memory composite.111 In another 
study, regular treatment was linked to maintained or increased volumes 
in AD-vulnerable brain regions and an improved CSF biomarker profile, 
suggesting potential modification of both AD pathological processes and 
symptoms.112 However, in a recent study of a randomized clinical trial 
involving 289 adults with mild cognitive impairment or Alzheimer’s 
disease dementia, the use of intranasal insulin treatment did not yield 
cognitive or functional advantages speculated due to complications 
arising from the intranasal delivery device. These findings underscore 
the necessity for additional research using intranasal delivery devices 
known to elevate insulin levels within the central nervous system. 

In conclusion, the insulin-PI3K-Akt signaling pathway plays a crucial 
role in both T2D and AD. Impaired insulin-PI3K-Akt signaling is 
observed in the AD brain and is associated with amyloid-β and tau pa
thologies. Lifestyle factors that contribute to insulin resistance, such as 
physical inactivity and a Western diet, may increase the risk of devel
oping AD. Enhancing PI3K-Akt signaling through intranasal insulin 
treatment shows promise in improving cognitive function in AD. Further 
research is needed to fully understand the molecular mechanisms un
derlying the relationship between T2D and AD and to develop effective 
therapeutic strategies targeting the insulin-PI3K-Akt pathway. 

4. Conclusion 

In summary, the heterogeneity and complexity of T3DM and its close 
association to AD made it challenging to identify the causative mecha
nisms responsible for disease progression, thereby hindering the devel
opment of effective treatments. However, research has identified key 
signaling pathway linking both diseases, opening potential therapeutic 
avenues that improve insulin resistance and glucose control. This review 
has explored several pharmaceutical medications, including metformin, 
glimepiride, TZDs, AdipoRon, GLP-1 receptor agonists, DPP-4 inhibitors 
and intranasal insulin as potential therapeutic options for T3DM. 

While positive outcomes have been observed in some studies, in
consistencies across various studies have been reported, likely due to the 
multifactorial nature of T3DM and the influence of external environ
mental factors. To improve the reliability and validity of drug efficacy, 
more randomized and double-blind studies are needed, along with 
standardization of protocols and larger sample size. A multifaceted 
T3DM therapeutic approach that combines different treatment may hold 
promises for future exploration. 

Hence, identifying novel therapeutics targets that address the 
metabolic dysregulation and insulin resistance is essential for 

developing effective treatments for T3DM. Further research is needed to 
fully understand the mechanism of these targets and their potential for 
clinical application. These findings underscore the importance of 
considering the interplay between the metabolic dysregulation and 
neurodegeneration when developing new treatments for T3DM. 
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