Metabolic Brain Disease (2023) 38:1769-1800
https://doi.org/10.1007/s11011-023-01225-3

REVIEW ARTICLE q

Check for
updates

Crosstalk between Alzheimer’s disease and diabetes: a focus
on anti-diabetic drugs

Golnaz Goodarzi'?3 - Sadra Samavarchi Tehrani'? - Saeed Ebrahimi Fana'? - Hemen Moradi-Sardareh? -
Ghodratollah Panahi' - Mahmood Maniati’ - Reza Meshkani'

Received: 7 January 2023 / Accepted: 26 April 2023 / Published online: 19 June 2023
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2023

Abstract

Alzheimer’s disease (AD) and Type 2 diabetes mellitus (T2DM) are two of the most common age-related diseases. There is
accumulating evidence of an overlap in the pathophysiological mechanisms of these two diseases. Studies have demonstrated
insulin pathway alternation may interact with amyloid-p protein deposition and tau protein phosphorylation, two essential
factors in AD. So attention to the use of anti-diabetic drugs in AD treatment has increased in recent years. In vitro, in vivo,
and clinical studies have evaluated possible neuroprotective effects of anti-diabetic different medicines in AD, with some
promising results. Here we review the evidence on the therapeutic potential of insulin, metformin, Glucagon-like peptide-1
receptor agonist (GLP1R), thiazolidinediones (TZDs), Dipeptidyl Peptidase IV (DPP 1V) Inhibitors, Sulfonylureas, Sodium-
glucose Cotransporter-2 (SGLT2) Inhibitors, Alpha-glucosidase inhibitors, and Amylin analog against AD. Given that many
questions remain unanswered, further studies are required to confirm the positive effects of anti-diabetic drugs in AD treat-
ment. So to date, no particular anti-diabetic drugs can be recommended to treat AD.
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Introduction

Alzheimer's disease (AD) is the most common age-related
neurological disorder. More than 30 million people world-
wide suffer from dementia, of whom about two-third have
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AD (Patterson 2018). AD is characterized by a gradual
decline in memory and cognitive function, leading to pre-
mature death several years after diagnosis. The main path-
ological features of AD are an abnormal accumulation of
amyloid-f (Ap), misfolded and aggregated forms of tau pro-
tein, and severe loss of neurons in brain tissue called brain
atrophy (Meng et al. 2020; Shieh et al. 2020). Although
more than a century has passed since the first case of AD
was diagnosed, there is no definitive cure for the disease.
For this reason, to identify the treatment of AD, its rela-
tionship with other diseases has been investigated. It has
been reported that Type 2 diabetes mellitus (T2DM) and its
consequences, including hyperinsulinemia, hyperglycemia,
vascular lesions, and inflammation, are independent risk fac-
tors for AD (Haan 2006; Kandimalla et al. 2017; Boccardi
et al. 2019).

T2DM is a chronic metabolic disease that can damage
blood vessels, nerves, eyes, and kidneys (Goodarzi et al.
2016), is characterized by insulin resistance and relative
insulin deficiency (Ramos-Rodriguez et al. 2017). Fur-
ther studies have shown that diabetic patients often show
cognitive impairment similar to the early stages of AD
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(Gorska-Ciebiada et al. 2014). A survey of AD patients
showed that 80% of people with AD had impaired glucose
tolerance or were diabetic (Janson et al. 2004). Epidemi-
ological, clinical, and molecular evidence also suggests
that there is a significant overlap in the pathophysiological
mechanisms of T2DM and AD and that people with diabetes
are at higher risk for AD, so the term "type 3 diabetes" has
been introduced to describe these patients (Stoeckel et al.
2016; Arnold et al. 2018). Brain atrophy, impaired glucose
metabolism, insulin signaling pathway, inflammation, mito-
chondrial dysfunction, and oxidative stress are common
pathophysiological features in AD and T2DM (De la Monte
and Wands 2008; de Matoset al. 2018; Meng et al. 2020;
Shieh et al. 2020).

On the other hand, many studies support the relationship
between AD and T2DM at the genetic level (Hao et al. 2015;
Gao et al. 2016). Although there is no definitive conclusion
on how AD and T2DM are related, their similar pathogen-
esis has provided convincing evidence that AD could be
considered a metabolic disorder, which glucose metabolism
and insulin signaling are impaired in the brain. Thus, several
studies and clinical trials have been conducted to assess the
neuroprotective effects of anti-diabetic drugs. This review
discusses the main anti-diabetic drugs that are suitable treat-
ment candidates for AD.

Insulin as a bridge between T2DM and AD

Insulin is the primary regulator of energy homeostasis
and appetite, and it modulates brain activity. With its neu-
rotrophic, neuromodulatory, and neuroprotective effects,
insulin in the brain helps to control nutrient homeostasis
and cognitive function (Blazquez et al. 2014). Therefore,
insulin and its signaling pathway can affect many neuronal
activities. Insulin is involved in maintaining nerve function
by inducing the expression of the genes that are involved in
acetylcholine synthesis. Consequently, suboptimal insulin
values and hyposensitivity to the insulin receptor can be a
biochemical link between diabetes and AD (Li and Holscher
2007; Stanciu et al. 2020). Under normal conditions, insulin
signaling can inhibit the production of Ap and Tau phos-
phorylation by reducing BACE1 (Beta-Secretase 1) mRNA
expression and activity, reducing Amyloid Precursor Protein
(APP), and inhibiting Glycogen synthase kinase-3(GSK3p)
phosphorylation (Ly et al. 2012). The insulin signaling
pathway, including PI3K/AKT, is disrupted in the insulin
resistance state. The PI3K / Akt pathway regulates down-
stream factors such as apoptotic pathway proteins, GSK30,
mTORCI, and forkhead box transcription factor (FOX)
(Gabbouj et al. 2019; Holscher 2019). Increased activation
of GSK-3p in insulin resistance conditions may lead to Tau
hyperphosphorylation, an important event in the formation
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of Neurofibrillary tangle (NFTs). Changes in AP produc-
tion and clearance play an important role in AD. Increasing
the activity of GSK3p lead to activation of presenilin 1 and
finally AP accumulation (5). The insulin-degrading enzyme
(IDE) plays an important role in clearing insulin and A, and
reducing its function can be important in developing both
AD and diabetes. In addition to reducing IDE production in
an insulin resistance state, insulin is elevated and competes
with A for binding to the IDE resulting in slower clearance
of AP in the brain (Fig. 1) (Farris et al. 2003). Receptors for
Advanced Glycation End Products (RAGE) have an impor-
tant role in AP clearance. Bothe the AGEs and Af could
bind to RAGE. Under insulin resistance conditions, AGEs
compete with A for binding to the RAGE. Therefore, the
clearance rate of Af is reduced. In addition, the binding of
AGEs and A to RAGE increase inflammatory cytokines
expression such as tumor necrosis factor (TNFa), Interleu-
kin 6 (IL6), which accelerate the development of AD (Kong
et al. 2020). Insulin Receptor Substrate 1 (IRS1), an adapter
protein in the insulin signaling pathway, has been shown
to be involved in the pathogenesis of AD. A recent study
showed that abnormal IRS1-pS (616) phosphorylation is a
pathological feature of AD (Yarchoan et al. 2014).

Therapeutic potential of type 2 diabetes
drugs against AD

Although it is not clear how AD and T2DM are related,
similar pathogenesis and common pathophysiological path-
ways in both diseases have led to an exponential increase
in the number of studies examining the therapeutic effects
of anti-diabetic drugs against AD (Cao et al. 2018). These
studies may lead to the discovery of an effective drug against
AD. Therefore, reviewing previous studies can provide valu-
able clues for future studies. In this review, we will discuss
the therapeutic potential of several anti-diabetic drugs such
as insulin, metformin, Glucagon-like peptide-1 receptor
(GLP1R) agonist, thiazolidinediones (TZDs), Dipeptidyl
Peptidase IV (DPP 1V) inhibitors, Sulfonylureas, Sodium-
glucose Cotransporter-2 (SGLT2) inhibitors, Alpha-glucosi-
dase inhibitors and Amylin analog against AD. We will also
discuss the mechanism of the action of these anti-diabetic
drugs in AD pathology and analyze the results of different
studies from animal and human studies.

Insulin

Insulin is a peptide hormone that affects the metabolism
of carbohydrates, fats, and proteins. The expression of the
insulin receptor and insulin-sensitive transmitters such as
GLUTH4 on the surface of the hypothalamus and hippocam-
pus indicates insulin's role in the brain's physiological
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Fig. 1 Insulin as a bridge
between T2DM and AD.
Schematic outline of neuronal
insulin signaling in the AD
brain. Insulin is involved in
maintaining nerve function by
inducing acetylcholine synthesis
gene expression. Under normal
conditions, insulin signaling can
inhibit the production of Af and
Tau phosphorylation by reduc-
ing BACE1 mRNA expression
and activity, reducing APP, and
inhibiting GSK3p phosphoryla-
tion. Under insulin resistance
conditions, APP cleavage by y
secretase in trance membrane
domain and release insoluble
AP into extracellular space that
can further intensify insulin
resistance (a, b, ¢). insulin
resistance leads to inhibition of
IDE and decreased Af clear-
ance (d). Increased activation
of GSK-3f in insulin resistance
conditions may lead to Tau
hyperphosphorylation (e)

40,

function (Reger et al. 2006). For example, by inducing the
expression of N-methyl-D-aspartate (NMDA) receptors,
insulin induces long-term potentiation (LTP) (Skeberdis
et al. 2001), and by modulating neurotransmitters such as
acetylcholine and norepinephrine, it improves cognitive-
behavioral performance (Figlewicz et al. 1993; Reger et al.
2006). Therefore, given the increasing AD prevalence in
insulin resistance and diabetes patients, there has been a
rise in studies on the effects of insulin on AD. In these stud-
ies, the effects of insulin on improving AD, intravenously
and intranasal, were investigated. Studies on a 3xTg-AD
mouse model fed a high-fat diet showed that obesity and
insulin resistance reduced memory and cognitive function
and improved memory following intravenous insulin treat-
ment. Insulin reduced the production of Ap in mice through
mechanisms such as the reduction of BCAEI. This finding
has also been confirmed by in vitro studies (Pandini et al.
2013). Insulin also decreased AP production and improved
AD disorders by increasing x11a and decreasing the LC3I
/ LC31I ratio (Vandal et al. 2014). In addition to Ap, insu-
lin affects the amount of tau-phosphorylated protein in the
brain. In a model of diabetic mice with high and low doses
of Streptozotocin (STZ), intravenous injection of insulin
led to a decrease in phosphatase 2A protein and a decrease
in the amount of tau-phosphorylated protein (Gratuze et al.
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2017). Despite the evident effects of intravenous insulin on
cognitive, functional, and memory behaviors of patients with
AD disease, due to the long-term hypoglycemic effects and
limitation in crossing the blood—brain barrier (Craft et al.
1996; Kern et al. 2001; Morris and Burns 2012), intranasal
use of the insulin has been recently introduced.

In Alzheimer's rodent models, intranasal insulin use
improves the pathological features of AD, as well as the
short-term and long-term memory (Barone et al. 2019). In
a study, 6 weeks of intranasal insulin treatment improved
cognitive function and decreased tau-phosphorylated protein
(Thr205, Ser262, and Ser396) by reducing the kinases of
GSK-3, extracellular signal-regulated protein kinase (ERK1
/ 2), and Ca2 + /Calmodulin protein kinase II (CaMKII) in
the hippocampus of Alzheimer's rats (Guo et al. 2017). Neu-
ritis characterized by activation of Astroglia and Microglia
is a pathological feature of AD that occurs before the forma-
tion of amyloid plaques and NFTs (Prickaerts et al. 1999;
Mrak and Griffin 2001). Intranasal insulin treatment also
decreases the activation markers of astrocytes (Glial fibril-
lary acidic protein) and microglia (Ionized calcium-binding
adaptor molecule 1 (Ibal) in the hippocampus of rats with
the intraventricular injection of STZ. Insulin can also be an
effective treatment for AD by increasing the doublecortin
(DCX) neurogenesis marker and inducing insulin signaling
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by increasing AKT expression (Guo et al. 2017). In addi-
tion to improving learning and memory, insulin has been
shown to increase IRS-1-PI3K-Akt-GSK3p pathway activ-
ity through the olfactory bulb — subventricular zone — sub-
granular zone (OB-SVZ-SGZ) in the hippocampus and sub-
clavian region (Lv et al. 2020). Long-term treatment with
insulin and GLP1 agonist (Exenatide) has been reported to
reduce IRSP gene expression, improve insulin signaling
pathway, and reduce AP by 30-30% in the Tg2576 model of
AD mice (Robinson et al. 2019). It has also been observed
that daily intranasal insulin administration improves cog-
nitive and memory impairments after decreasing the level
of consciousness caused by propofol (Zhang et al. 2016).
The results of these studies are inconsistent with those of
Elizabeth M, et al. as intranasal administration of insulin
to SAMPS mice had no effects on the expression of insulin
signaling pathway but it could be a candidate in treatment
of AD disease by modulating the other pathways including
inflammatory pathways (Rhea et al. 2019).

Human studies have provided evidence regarding the
effectiveness of insulin in the treatment of AD. Investiga-
tions using functional magnetic resonance imaging (MRI),
electroencephalogram (EEG), magnetoencephalography
(MEG) have shown the positive effects of intranasal insu-
lin on the improvement of central nervous system func-
tion (Kullmann et al. 2016). A study on healthy individu-
als found that 8 weeks of intranasal insulin administration
reduced anger thresholds, increased mood and self-esteem,
and improved memory. In addition, receiving insulin in this
way did not affect systemic insulin and blood glucose lev-
els. (Benedict et al. 2004, 2007). Two studies on the elderly
with AD showed that short-term (21 days) intranasal insu-
lin administration improved memory function, decreased
cortisol levels, and increased AP 40 solution form (Reger
et al. 2008; Claxton et al. 2015). In another randomized,
double-blind, placebo-controlled trial, the effects of intra-
nasal insulin at doses of 20 and 40 IU for 4 months on 104
patients with cognitive impairment and AD were investi-
gated. This study showed that insulin in both amounts of 20
and 40 IU improves AD by improving the Scale-Cognitive
subscale (ADAS-Cog12) (Craft et al. 2012). Another study
showed that insulin's effects on memory function occur at
high doses, and the APOE-g4 genotype enhances the effects
of insulin (Claxton et al. 2015). In this regard, additional
studies showed that the effects of intranasal insulin might be
improved by gender and ApoE €4 genotype (Claxton et al.
2013). A placebo-controlled double-blind, randomized trial
showed improved memory and decreased tau-P181 / AB42
ratio following regular insulin therapy for 2 and 4 months
(Craft et al. 2017). Although it is difficult to demonstrate the
therapeutic activity of Large molecular weight compounds
like proteins and peptides due to some physiological bar-
riers such as BBB, enzymatic degradation, and clearance,
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numerous studies have shown successful impacts of insu-
lin in the preclinical and clinical stages of AD treatment.
However, none of them has been approved for AD treatment
to date. Therefore, it appears that more data are required
to establish the actual value of insulin appropriately in the
treatment of AD.

Metformin

Metformin has recently attracted considerable scholarly
attention in the treatment of AD. In the mice model of AD,
metformin causes memory improvement and reduces the
pathological factors of AP and tau phosphorylation (Chen
et al. 2021). Low-dose metformin has been reported to
reduce scopolamine-induced cognitive impairment and
significantly reduce inflammation and oxidative stress in
rats (Mostafa et al. 2016). Also, the administration of met-
formin in the Senescence Accelerated Mouse (SAMPS8)
mouse model improves learning ability and memory by
reducing APPc99 and pTau levels (Farr et al. 2019). These
effects of metformin may be mediated through activating the
AMPK, inhibiting the P65 NF-xB pathways, and reducing
the expression of BACE1 protein (Ou et al. 2018). In addi-
tion, metformin protects neurons against apoptosis by reduc-
ing JNK hyperphosphorylation (Chen et al. 2016; Chenet al.
2019). A study on the AD mouse model reported conflict-
ing results despite the above data. Activating the AMPK by
metformin increases the severity of memory impairment in
males, whereas it has protective effects in females (DiTac-
chio et al. 2015). In a placebo-controlled randomized trial,
80 non-diabetic participants with mild cognitive impair-
ment received metformin or placebo daily for 12 months.
Although promising results were obtained for the memory,
no differences were observed for ADAS-Cogl2, CSF, Ap42,
and cerebral glucose metabolism (Luchsinger et al. 2016).
A placebo-controlled clinical trial study showed that met-
formin is safe and tolerable in patients with AD. This drug
didn't have significant effects on, Ap42, total tau, and p-tau
in CSF and language and motor speed but improved learn-
ing/memory and attention (Koenig et al. 2017).

In contrast to the above reports, a cohort study of 4651
diabetic patients showed that long-term metformin admin-
istration increased the risk of all-cause dementia, vascular
dementia, and AD (HR: 2.13, 95% CI=1.20-3.79) (Kuan
et al. 2017). These findings are in line with previous results
indicating that long-term use of metformin increases the risk
of AD (Moore et al. 2013). One study has examined the
effects of anti-diabetic drugs on the brain and the risk of
AD. The results of the research showed that compared to
metformin, glyburide had the highest score, whereas GLP-1
receptor agonists and rosiglitazone had the lowest score for
risk of AD (Akimoto et al. 2020). Furthermore, long-term
use of sulfonylureas, thiazolidinediones, or insulin has a
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lower AD risk than metformin (Imfeld et al. 2012). The
paradoxical effect of metformin on the risk of AD was stud-
ied in a transgenic mouse model with tauopathy. Although
metformin decreases tau phosphorylation in the cerebral cor-
tex and hippocampus through AMPK / mTOR and PP2A, it
also increases the insoluble form of tau and AP plates in the
brain. Metformin also stimulates caspase-3 to increase the
cleavage of Tau proteins and disrupts synaptic communica-
tion (Barini et al. 2016). Metformin-induced accumulation
of autophagosomes leads to increased y-secretase activity
and AP generation (Son et al. 2016). Although most of the
data on the use of metformin in dementia / AD with or with-
out T2DM are promising, it should be noted that the effect
of metformin might depend on complex underlying patho-
logical processes. In some cases, metformin has even been
shown to have harmful effects. Some studies have failed
to provide convincing evidence of the effect of metformin
on mild cognitive impairment or AD, which may be due
to a short period of use or duration of studies. Therefore,
to determine the effects of metformin in the control and
treatment of dementia/AD, it is necessary to define broader
cohort studies with long-term use of metformin and larger
study groups.

Thiazolidinediones

Thiazolidinediones (glitazones) are an important family of
anti-diabetic drugs that exert their anti-inflammatory and
insulin-sensitizing effects by stimulating peroxisome prolif-
erator-activated receptor gamma (PPARY). At the molecular
level, PPAR-y plays a critical role in regulating glucose and
lipid metabolism and inflammatory responses. The Thiazoli-
dinediones family improves insulin resistance in adipose and
muscle tissues via activating PPAR-y. Thiazolidinediones
also inhibit hepatic gluconeogenesis, a process involved in
regulating blood glucose (Hurren and Dunham 2021; Long
et al. 2021). In recent years, various studies have demon-
strated that thiazolidinediones can effectively treat neurode-
generative diseases, especially AD, by reducing and delaying
the risk of neurodegeneration (Miller et al. 2011; Pérez and
Quintanilla 2015; Galimberti and Scarpini 2017; Meng et al.
2020). Thiazolidinediones have been reported to treat AD
by decreasing inflammatory cytokines, oxidative stress, Af
deposits, glial activation, and Tau protein phosphorylation
(Pérez and Quintanilla 2015). In the following section, we
will discuss the effects of pioglitazone and rosiglitazone on
the treatment of AD in-vivo and in-vitro and clinical trial
studies.

Pioglitazone

Pioglitazone has been approved since 1999 as a supplement
to control blood glucose in T2DM patients (Al-Majed et al.

2016). In animal models, the preventive effects of piogl-
itazone on AD have been identified. Chen et al. observed
that pioglitazone suppressed hyper-activation of cyclin-
dependent kinase 5 (Cdk5) in the hippocampus of mice
with the mutated APP / PS1 gene by reducing P35 protein
expression (Chen et al. 2015). Pioglitazone reduced astro-
glial activation and cortical cholinergic innervation. It also
reversed cerebral blood flow (CBF) and cerebral glucose
uptake (CGU) responses to increased neural activity but
failed to improve spatial memory. Hence, chronic adminis-
tration of pioglitazone overcomes cerebrovascular dysfunc-
tion and alters neurometabolic coupling, and counteracts
oxidative stress in the brain, glial activation, and to some
extent, cholinergic denervation (Nicolakakis et al. 2008).
It has also been indicated that 7-day oral treatment of
APPV717I mice with pioglitazone reduced the number of
active microglia and reactive astrocytes in the hippocampus
and cortex. Moreover, pioglitazone decreased the expres-
sion of the proinflammatory genes such as cyclooxygenase
2 (COX2) and nitric oxide synthase (iNOS) and reduced
mRNA and protein BACE1(Heneka et al. 2005). In the
mouse model of AD treated with pioglitazone, a remark-
able decrease in the level of soluble and insoluble Ap was
observed in the brain, which was associated with the loss of
both diffuse and dense-core plaques within the brain cortex
(Mandrekar-Colucci et al. 2012). Furthermore, due to the
anti-inflammatory effects of pioglitazone, treatment with
this drug resulted in a phenotypic change of microglial cells
from proinflammatory M1 to an M2 anti-inflammatory state,
a phenomenon correlated with increased phagocytosis of
deposited AP (Mandrekar-Colucci et al. 2012; Galimberti
and Scarpini 2017). Recently, it has been reported that the
levels of collapsin response mediator protein-2 (CRMP-2)
and p35 protein were increased in the cerebellum of APP /
PS1 mice with AD. Pioglitazone normalized the levels of
these proteins in the cerebellum and attenuated impaired
motor coordination ability and long-term depression in
the pre-Ap accumulation stage (Toba et al. 2016). Yang
et al. illustrated that pioglitazone improves insulin sensi-
tivity and attenuates AP42 accumulation in rats with diet-
induced insulin resistance by modulation of AKT/GSK3p
activation(Yang et al. 2017). In another study, four months
of treatment with pioglitazone at 18 mg/Kg/day in the triple
transgenic mouse model of AD (3xTg-AD) led to improv-
ing learning on the active avoidance task, lower A and tau
deposits in the hippocampus, and increase of short- and
long-term plasticity. (Searcy et al. 2012). Meanwhile, Xiang
et al. found that pioglitazone had a neuroprotective effect
against scopolamine-induced cholinergic system deficit
and cognitive impairment by decreased acetylcholine levels
and reduced choline acetyltransferase activity, and elevated
acetylcholinesterase activity in the hippocampus or cortex
(Xiang et al. 2012). Recently, a study investigated the effects
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of chronic administration of pioglitazone on learning and
memory in an STZ-induced AD rat model. The findings
elucidated that pioglitazone impaired spatial learning and
memory in normal rats but improved learning and memory
in STZ-induced AD rats(Aali et al. 2020).

There is clinical evidence for the effects of pioglitazone
on AD. For instance, in clinical trials, a pilot prospective
randomized, open-controlled study revealed that pioglita-
zone improved metabolism and cognition in AD and mild
cognitive impairment (MCI) patients (Hanyu et al. 2009).
A further randomized, open-controlled trial indicated that
cognitive improvement was correlated with the decline
of TNF-a status after pioglitazone therapy (Hanyu et al.
2010). Additionally, it was reported that pioglitazone treat-
ment improved cognition and regional cerebral blood flow
(rCBF) in the parietal lobe and displayed stabilization of
the disease in mild AD accompanied with T2DM patients
compared with control (Hanyu et al. 2010). Another dou-
ble-blind, placebo-controlled, randomized controlled trial
demonstrated that pioglitazone was well tolerated, and no
unanticipated safety problems in AD patients without DM
were observed via an 18-month treatment duration (Geld-
macher et al. 2011).

Taken together, although this drug helps improve the
cognition of diabetic patients with AD and mild Cognitive
Impairment (MCI), contradictory results have been reported
from in-vivo and clinical trials studies. The discrepancies
between the studies could be due to the different length of
treatment, sample size, inclusion and exclusion criteria, and
patient selection methods. Therefore, more basic and clinical
investigations are needed in this regard.

Rosiglitazone

Rosiglitazone is another important insulin-sensitizing drug
in the treatment of T2DM. Evidence from in-vitro and in-
vivo studies suggests that rosiglitazone may improve cogni-
tion and the pathology of AP in AD patients. For example,
rosiglitazone enhanced learning and memory impairments
in Tg2576 mice by affecting brain levels of IDE and Ap42
(Pedersen et al. 2006). In addition, AP accumulation was
decreased in 7-month-old APP / PS1 mice following 4 weeks
of treatment with rosiglitazone (O’Reilly and Lynch 2012).
Treatment of APPswe / PSEN1DEO9 mice with rosiglita-
zone reduced spatial memory impairment induced by amy-
loid burden; Ap aggregates and AP oligomers; and astrocytic
and microglia activation. Besides, rosiglitazone treatment
prevents changes in presynaptic and postsynaptic markers
(Toledo and Inestrosa 2010). One of the important pathways
in AD is the Wnt signaling (Inestrosa et al. 2021). Rosigli-
tazone was shown to increase f-catenin and inhibit GSK3f3
resulting in reducing various neuropathological markers of
AD (Toledo and Inestrosa 2010).
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Interestingly, in mice with T2DM and AD, treatment with
rosiglitazone increased IDE expression levels, reduced Ap40
and Ap42 accumulation, and learning and spatial cognition
disorders by activating the PPARy / AMPK signaling path-
way (Zhou et al. 2018). Rosiglitazone has been elucidated to
improve cognitive ability, learning, and memory impairment
through modulating the insulin-dependent signaling pathway
Akt-GSK3p followed by reducing hyper-phosphorylation of
Tau and neurofilament proteins (Tokutake et al. 2012).

Clinical trials have reported conflicting results regard-
ing the effect of rosiglitazone on AD. In a preliminary
study, 30 subjects with mild AD or amnestic mild cogni-
tive impairment were randomly selected, with 20 treated
with rosiglitazone (4 mg daily) and 10 treated with placebo
for 6 months. Rosiglitazone exhibited better delayed recall
(months 4 and 6) and selective attention (month 6) than
those in the placebo group. At the 6th month, plasma Ap lev-
els remained unchanged in subjects receiving rosiglitazone,
but it decreased in those receiving placebo (Watson et al.
2005). Another study using three different doses of rosigli-
tazone (2, 4, or 8§ mg for 6 months) indicated a significant
improvement in the primary endpoint (change of ADASCog
from the beginning) only in APOE4 patients receiving 8 mg
of rosiglitazone (Risner et al. 2006). However, the clinical
trial results were inconsistent with the evidence from the
previous two studies. This discrepancy seems to be due
to the duration of rosiglitazone treatment and the type of
subjects included in the study regarding APOE positive or
negative. Although rosiglitazone has beneficial effects on
insulin resistance, glucose and lipid metabolism, its weak
penetration into the brain and its association with severe
cardiotoxicity limit its clinical applications. Today, only
pioglitazone is approved for the treatment of T2DM, while
rosiglitazone is not prescribed due to the high incidence of
cardiovascular complications.

Sulfonylureas

Sulfonylureas (e.g., glimepiride, tolbutamide, glyburide) are
commonly used to treat diabetes. Their molecular mecha-
nism is to stimulate endogenous insulin secretion by bind-
ing to specific receptors on pancreatic f3 cells, leading to
closing ATP-sensitive potassium channels and increasing
intracellular calcium levels (Costello and Shivkumar 2020).
These channels are expressed in the pituitary, microglia, and
nerve cells in various brain areas, including the hippocam-
pus, frontal cortex, amygdala, and hypothalamus. Molecular
studies have shown that ATP-sensitive potassium channels
consist of four kir pore-forming subunits and four sulfonylu-
rea regulatory subunits. Three sulfonylurea receptors (SUR)
isoforms (SUR1, SUR2A, SUR2B) have been identified in
the pancreas, heart, and arteries, respectively. The Kir subu-
nit can also exist in two forms, Kir6.1 and Kir6.2 (Lefer et al.
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2009; Principalli et al. 2015). Recent studies have shown
that potassium ATP channels of the central nervous system
play an essential role in neuroprotection, synaptic transmis-
sion, neuroplasticity, and neurobehavioral disorders such as
anxiety, depression, learning, and memory loss. In addition,
these channels have been documented to play an important
role in the pathogenesis of AD (Zubov et al. 2020). There-
fore, targeting these channels could be potentially a strategy
to treat AD.

The SUR1 subunit can interact with the transient receptor
potential cation channel subfamily M member 4 (TRPM4)
channels. The expression of SUR1-TRPM4 increases follow-
ing the damage or inflammation in nerve cells. It also acti-
vates microglia cells in the CNS following inflammation and
causes cognitive decline. Opening of SUR1-TRPM4 chan-
nels due to edema and cell death causes a cytotoxic effect. It
has been suggested that glibenclamide inhibited the SUR1-
TRPM4 channel by binding directly to the SUR1 subunit
and thus preventing CNS cell death (Simard et al. 2006;
Kurland et al. 2016). Glibenclamide is a known K-ATP
channel blocker that can cross blood-brain barrier systems
and affects brain nerve cells (Wen et al. 2021).

Moreover, it has been demonstrated that Ap25-35 leads
to over activation of the hypothalamic—pituitary—adrenal-
(HPA) axis and an increase of the symptoms of depres-
sion and anxiety in rats. The blockage of K-ATP channels
with glibenclamide reduces behaviors related to depression
and anxiety in AP25-treated rats by normalizing HPA axis
activity (Esmaeili et al. 2018). In addition, improvement in
anxiety-like symptoms following treatment with glyburide
was observed in high-fat-diet-induced obesity mice (Gainey
et al. 2016). Recent studies in animal models of AD have
shown evidence for a two-way pathway between AP and the
K-ATP channel. For example, AP was found to increase the
expression of KATP channel subunits in primary neurons
(Ma et al. 2009). In contrast, the K-ATP channel modulates
AP production (Kong et al. 2015). Tolbutamide inhibits
Ap1-42-induced memory impairment and synaptic plastic-
ity alterations in the hippocampus (105), a K-ATP channel
blocker.

Sulfonylureas affect ABC transporters, especially
ABCAL1. ABCAL is expressed in various nerve cells and
is involved in regulating cholesterol levels. Impairment
of ABCI leads to increased inflammatory responses and
impaired synaptic transmission. In a mice model of AD,
inactivation of ABCA1 increased soluble and insoluble
forms of amyloid and produced amyloid plaques and Lewy
bodies. On the other hand, due to the interaction of gliben-
clamide with ABCA1, it can also be involved in the pro-
cesses described (Koldamova et al. 2014; van Deijk et al.
2017).

Although in vitro and in vivo studies have reported the
preventive effects of sulfonylurea drugs against AD, clinical

studies have reported conflicting results. One study reported
that long-term use of sulfonylureas was not associated with
a changed risk of developing AD (Imfeld et al. 2012). In
another study by Hsu et al., combined treatment of met-
formin with sulfonylurea reduced the risk of dementia by
35% over 8 years (Hsu et al. 2011). Interestingly, in a meta-
analysis of 5 cohort studies, it was found that there was no
significant relationship between the use of metformin or sul-
fonylurea and brain function and structure outcomes (Wein-
stein et al. 2019). From the results of these studies, it can
be concluded that more clinical studies using larger sample
sizes are needed to accurately investigate the mechanism of
the action of sulfonylurea in AD.

DPP4 inhibitors

DPP4, as a serine exopeptidase, is ubiquitously expressed
on the surface of a variety of cells. This exopeptidase selec-
tively cleaves N-terminal dipeptides from various substrates,
including cytokines, growth factors, neuropeptides, and
the incretin hormones. Accordingly, DPP4 exerts multi-
functional effects on different signaling pathways such as
inflammation, glucose metabolism, neurophysiological and
neuroendocrine processes, food intake, pain, and vascular
modulation. It has been suggested that the suppression of
DPP-4 activity may increase the anti-inflammatory and neu-
roprotective effects in the brain (Cheng et al. 2020). Studies
have reported that DPP4 inhibitors improve mitochondrial
dysfunction and neuroinflammation, prevent A deposition
and inhibit total tau protein formation and phosphorylation
(Chalichem et al. 2018; Wu et al. 2020). Commonly avail-
able DPP-4 inhibitors include linagliptin, vildagliptin, and
saxagliptin. In this section, we summarize in-vivo, in-vitro,
and clinical studies on the effects of DPP4 inhibitor family
drugs on the neuropathophysiology of AD.

Linagliptin

Linagliptin is one of the most potent inhibitors of DPP-
4, which shows greater selectivity for DPP-4 than the
other DPPs and related proteases (e.g., DPP8 and DPP9).
Approved by the FDA in 2011, this drug does not pass
through the BBB, but by peripherally inhibiting DPP-4 tri-
ples the incretin level so that it can pass through the BBB
(Rohrborn et al. 2015; Cheng et al. 2020). Recent in vitro
and in vivo studies have shown that linagliptin can signifi-
cantly inhibit the neurodegeneration process observed in
AD through several molecular mechanisms. For example,
AP disrupts insulin signaling and kills SK-N-MC cells.
Linagliptin protects SK-N-MC cells against Af-induced
toxicity, and restoring insulin signaling inhibits GSK3b
activation and Tau protein hyperphosphorylation. In addi-
tion, it reduces Af-induced mitochondrial dysfunction and
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intracellular ROS production, which may be due to the acti-
vation of AMPK-Sirtl signaling (Kornelius et al. 2015). In
another study, linagliptin was reported to improve behav-
ioral abnormalities, oxidative stress, inflammation, and
cuprizone-induced demyelination by modulating the AMPK
/ SIRT1 and JAK2 / STAT3 / NF-kB signaling pathways
(Elbaz et al. 2018). In addition, 8-week administration of
linagliptin has been shown to reduce cognitive deficits, brain
incretin levels, AP deposition, tau protein phosphorylation,
and neuroinflammation in 3xTg-AD mice (Kosaraju et al.
2017). Nakaoka et al. observed that PS19 mice treated with
linagliptin have higher levels of GLP1 and lower fasting
blood glucose than the controls. They reported that lina-
gliptin significantly restored spatial reference memory and
increased CBF without affecting the rate of tau or eNOS
protein phosphorylation in the brain. In fact, it improves
cognitive deterioration caused by a high-fat diet in tauopathy
by increasing brain perfusion through an eNOS-independent
pathway (Nakaoku et al. 2019). It has been found that lina-
gliptin improved cognitive impairment in STZ-induced dia-
betic mice by inhibiting oxidative stress, reducing NADPH
oxidase and TNF-a expression, and microglial activation
(Ide et al. 2020). It is of note that to date no experimental
study has been performed to evaluate the effects of linaglip-
tin on improving the neurophysiopathological conditions of
AD, and such studies are necessary.

Saxagliptin

Saxagliptin is one of the oral drugs from the DPP4 family
of inhibitors that is well tolerated with minimal side effects
and is used to treat diabetic patients (Men et al. 2018). To
date, only one study has examined the efficacy of saxagliptin
in a rat model of AD. Three months after the onset of AD,
these rats were treated orally with saxagliptin (0.25, 0.5,
and 1 mg/kg) for 60 days. This study showed a reduction
in AP deposition, tau phosphorylation, and inflammatory
markers following treatment with saxagliptin. Saxagliptin
also improved hippocampal GLP-1 and memory retention
(Kosaraju et al. 2013). Due to the small number of stud-
ies on the effect of saxagliptin on neurological processes in
AD, more cellular, animal, and clinical trials are needed to
determine the beneficial effects and the exact mechanism
of this drug.

Vildagliptin

Vildagliptin under the chemical name (1-[[3-hydroxy-
l-adamantyl) amino] acetyl]-2-cyano-(S)-pyrrolidine)
and the Galvus proprietary name was introduced in 2007
as one of the key drugs in the DPP4 inhibitor family for
treatment T2DM (De Oliveira et al. 2017). In terms of
the mechanism of the action, cellular and animal studies
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have demonstrated that vildagliptin has positive effects
on neurological processes and cognitive functions in AD
by increasing the expression and the activity of GLP-1
in peripheral blood and reducing A deposition, phos-
phorylated tau protein, and inflammation in brain tissue
(Ma et al. 2018; Khalaf et al. 2019; Yossef et al. 2020).
For example, in a study, it was reported that vildaglip-
tin reduced GSK3b and Tau phosphorylation levels by
reducing apoptosis-related proteins (caspase-3 and cas-
pase-9) in SH-SYS5Y cells. Decreased expression of
PSEN1 and PSEN2 also exerts a protective effect against
AP (Dokumact and Aycan 2019). Khalaf et al. observed
that vildagliptin alone and combined with memantine, a
subfamily of glutamate receptors involved in brain func-
tion, decreased blood glucose, HOMA-IR, lipid profile,
homocysteine, malondialdehyde, acetylcholinesterase, and
increased apolipoprotein E. In addition, treatment of mice
with combined diabetes AD using vildagliptin, alone and
in combination with memantine, reduces the expression of
amyloid precursor protein and phosphorylated tau protein
(Khalaf et al. 2019). Treatment with vildagliptin has been
reported to improve memory deficits and reduce neuronal
apoptosis in the hippocampus. In addition, treating Alz-
heimer's rats with Vildagliptin increased BCL2 expression
levels, while the expression levels of caspase-3, Bcl-2-as-
sociated protein (Bcl - 2 associated X protein), and AD-
associated proteins in the hippocampus were reduced (Ma
et al. 2018). Moreover, vildagliptin was able to reduce the
levels of tau phosphorylated proteins, amyloid precursor
protein (APPs), and p-GSKs, and increase the expression
levels of the PSD 95 proteins, synaptophysin, and p-Akt,
with positive effects on AD recovery (Ma et al. 2018).
Pipatpiboon et al. observed that vildagliptin prevented
neuronal insulin resistance by restoring long-term insulin-
induced depression, neuronal IR phosphorylation, IRS-1
phosphorylation, and Akt / PKB-ser phosphorylation. It
also improved mitochondrial dysfunction and cognitive
function (Pipatpiboon et al. 2013). In a recent study, vilda-
gliptin was shown to reduce inflammatory markers (TNF-
a), apoptosis (caspase 3), and oxidative stress (FOXO1) in
the hippocampus, BCL2 associated X (BAX), and inhibit
JAK?2 / STAT3 signaling pathway along with restoration
of metabolic disorders (Yossef et al. 2020). Apart from
in-vivo and in vitro studies, only one clinical study inves-
tigated the effects of vildagliptin on cognitive function
in elderly patients with T2DM. This study showed that
the addition of vildagliptin to the treatment of diabetic
patients improves cognitive function and metabolic control
in elderly patients with T2DM(Bulut et al. 2020). Overall,
all cell and animal studies have confirmed that vildagliptin
has beneficial effects on cognitive function and neurologi-
cal processes in AD models. However, more studies are
needed to confirm this.
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GLP-1 agonists

Reports have shown that stimulation of Glucagon-like pep-
tide-1 receptor (GLP-1) can play neurotrophic and neuro-
protective roles in many types of cellular and animal neu-
rodegeneration models (Salcedo et al. 2012). Therefore,
synthetic analogs of GLP-1 can have beneficial effects in
neurodegenerative diseases such as AD (Meng et al. 2020).
In the following, we will focus on the drugs of the GLP-1
agonists family.

Liraglutide

Liraglutide is a synthetic analog of GLP-1 with 97% homol-
ogy. This drug has various effects on AD by crossing the
blood-brain barrier (Hunter and Ho6lscher 2012), includ-
ing reducing the amount of A plaques, attenuating insulin
receptor and synaptic pathology, and reducing cognitive
disorders (Long-Smith et al. 2013; Batista et al. 2018; Hol-
ubova et al. 2019). Different signaling pathways have been
proposed for these effects, addressed below.

Synaptic plasticity acts as a link in the brain between
type 2 diabetes and AD. Liraglutide in amyloid precur-
sor protein (APP) / PS1 mice regulates synaptic plasticity
and can increase neuron proliferation and differentiation
(Parthsarathy and Holscher 2013). This was confirmed by a
recent study by Hamilton et al. They found that Liraglutide
increased the number of progenitor cells or doublecortin-
positive young neurons in the dentate gyrus of diabetic mice
(Hamilton et al. 2011). In the studies of McClean et al.,
Liraglutide has been shown to improve spatial learning and
memory and prevent impairment in synaptic plasticity in the
CAL area of the hippocampus (Llorens-Martin et al. 2014).
It also reduces chronic inflammation and increases long-term
potentiation (LTP) in Alzheimer's mice model (McClean
et al. 2010, 2011, 2015). In addition, treatment with Lira-
glutide significantly increases memory retention and total
hippocampal CA1 pyramidal neuron numbers (Hansen et al.
2015). In the hyperhomocysteinemia rat model, Liraglutide
reduced tau hyperphosphorylation and A overproduction,
which may alleviate AD-like cognitive impairment (Zhang
et al. 2019). Different groups have shown that Liraglutide
can reduce the level of hyperphosphorylation of tau and
neurofilaments through the glycogen synthase kinase-3f
(GSK-3p) c-Jun N terminal kinase (JNK), extracellular sig-
nal-regulated kinase (ERK), and cAMP signaling pathways
(Hunter and Holscher 2012; Han et al. 2013; Xiong et al.
2013; Yang et al. 2013; Qi et al. 2016, 2017; Chen et al.
2017).

The effects of this drug have also been observed in clini-
cal trial studies. It has been observed that 12 weeks of this
drug in diabetic patients with a family history of AD led to
a significant improvement in connectivity between bilateral

hippocampal and anterior medial frontal structure (Watson
et al. 2019). A clinical pilot study has also shown that Lira-
glutide improves chronic depression and brain volume on
magnetic resonance imaging (MRI) scans (Mansur et al.
2017). Another study found that six months of Liraglutide
administration inhibited the reduction of glucose metabolism
in the brain according to [(18) F] FDG positron electron
tomography (FDG-PET) scans. However, no change in amy-
loid plaque was observed (Gejl et al. 2016). On the other
hand, in their animal studies on APP / PS1 mouse models
of AD, Hansen et al. found that long-term use of Liraglutide
did not affect amyloid plaque levels (Hansen et al. 2016).

Exenatide

Exenatide is another drug in the GLP-1 agonists family that
has been shown to have potential therapeutic effects in AD.
Exenatide can increase progenitor cells or doublecortin-pos-
itive young neurons in the dentate gyrus (Hamilton et al.
2011). Studies have also suggested the influential role of
this drug in neuroprotective pathways. Accordingly, Exena-
tide has protective effects against tau hyperphosphorylation
in mice model of AD through downregulation of GSK-3f
activity (Chen et al. 2012; Xu et al. 2015). Four-weeks treat-
ment with this drug in APP / PS1 mice can rescue memory
deficits and neuropathological changes and reduce acetyl-
glucosaminyltransferase III (GnT-III) expression through
Akt / GSK-3p / f-catenin pathway in neurons (Wang et al.
2018). It has been shown that the Exenatide could reduce
hippocampal IRS-1pSer and reduce JNK / TNF-a pathway
activity and TNF-a levels. It also improves memory and cog-
nitive behaviors (Bomfim et al. 2012; Solmaz et al. 2015).
Studies have also reported that the improvement in cognitive
function of the brain caused by treatment with Exenatide
may be due to increased anaerobic glycolysis of the brain.
However, these results were observed only in PS1-KI mice
and not in 3xTg-AD mice (Bomba et al. 2013). In addition,
Exenatide can reduce the harmful induction of AP42 in
the rat hippocampal CA1 region and increase the cAMP
signaling pathway (Wang et al. 2016). Clinical trial studies
for further investigation about Exenatide in this issue are
suggested.

Lixisenatide

Lixisenatide enhances neuronal progenitor prolifera-
tion in the dentate gyrus, neurogenesis in the brain, and
increases cCAMP levels in the brain. Lixisenatide can cross
the blood-brain barrier easily and even at lower concentra-
tions than Liraglutide (Hunter and Holscher 2012). In the
meantime, it has been reported that lixisenatide brings about
cognitive and pathological improvements in AD at lower
doses compared to Liraglutide. It also increases long-term
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potentiation, prevents synaptic number reduction in APP /
PS1 mice, and decreases the load of amyloid plaque and
chronic inflammation (McClean and Holscher 2014). The
results of Cai et al., study have shown that this drug can
prevent reducing spatial learning and memory ability by
injecting AP25-35 into the hippocampus of rats, and this
effect is mediated through the PI3K-Akt-GSK3f pathway
(Cai et al. 2014).

Dulaglutide

Dulaglutide is another member of this family of drugs that
have shown effects against AD. Dulaglutide has a benefi-
cial impact on cognitive ability and memory impairment in
the streptozocin-induced AD mouse model. In addition, it
reduces the phosphorylation of tau proteins and neurofila-
ment. These results suggest that the neuroprotective role of
dulaglutide may be through the PI3K / Akt / GSK3 signal-
ing pathway (Zhou et al. 2019).

SGLT2 inhibitors (empagliflozin, canagliflozin,
dapagliflozin)

Sodium-glucose co-transporter 2 inhibitors (SGLT2i) are
oral anti-hyperglycemic drugs approved to treat type 2 dia-
betes. Some studies point to their potential effects on the
central nervous system's neuroprotective properties.

The study by Hierro-Bujalance et al. has shown that
empaglifiozin can reduce amyloid p (Ap) levels, reduce the
density of senile plaques in the cortex, and hypothalamus
and cause positive cognitive effects (Hierro-Bujalance et al.
2020). Lin et al. also obtained confirmatory results in this
regard. They observed that treatment with empagliflozin
in db/db mice inhibited cognitive dysfunction associated
with a reduction in cerebral oxidative stress and increased
cerebral brain-derived neurotrophic factor (BDNF) (Lin
et al. 2014). BDNF has important and different roles in the
nervous system, including differentiation, maturation, and
survival of nerve cells and neuroprotective effects in gluta-
matergic stimulation, cerebral ischemia, neurotoxicity, and
hypoglycemia situations (Wicirski et al. 2020). The protec-
tive effect of empagliflozin has also been suggested to be
through inhibition of apoptosis. According to a study by
Abdel et al., empagliflozin reduced caspase-3 and infarct
size and increased HIF-1a / VEGF level in rats with cer-
ebral ischemia / reperfusion (I/ R) (Abdel-latif et al. 2020).
Interestingly, elderly diabetic rats treated with empagliflo-
zin experienced positive effects on their brain structure and
demonstrated protection against abnormalities in the neuro-
vascular units (Hayden et al. 2019).

Canagliflozin from the SGLTi family had favorable
effects in scopolamine-induced memory impairment rats.
This effect can be attributed to the potential inhibitory
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properties of its acetylcholine esterase activity (Arafa et al.
2017). These results appear to be consistent with another
study that confirms that canagliflozin has dual inhibitor
properties for both AChE and SGLT2 (Syed et al. 2014).
Other drugs in this class dapagliflozin, has been shown
to have inhibitory effects on acetylcholinesterase. Based on
molecular docking, it has been shown that this drug can bind
to the AChE receptor with low binding energy, similar to
the energy required to bind to SGLT2 (Shaikh et al. 2016).
Other drugs in this family, such as ertugliflozin and sotagli-
flozin, show similar properties (Shakil 2017). Another study
on mice receiving a high-fat diet leading to insulin resist-
ance and cognitive decline showed that dapagliflozin could
improve hippocampal synaptic plasticity and prevent cogni-
tive decline (Sa-nguanmoo et al. 2017). In addition, SGLT2
inhibitors can enhance angiogenesis and neurogenesis and
prevent ischemia-related cerebral damage (Wicinski et al.
2020). Eventually, despite the positive effects of SGLT2
inhibitors on AD, there is still insufficient evidence in this
area and various in-vitro and in-vivo studies are required.

Meglitinides (repaglinide, nateglinide, mitiglinide)

Meglitinides are oral non-sulfonylurea drugs for type 2 dia-
betes that facilitate insulin secretion, and their primary func-
tion is inhibiting ATP-sensitive potassium channels in pan-
creatic beta cells. One of the most common manifestations
of neurodegenerative diseases, including AD, is a disorder in
the regulation of intracellular calcium concentrations in neu-
rons. Downstream Regulatory Element Antagonist Modula-
tor (DREAM) is a calcium-binding protein in neurons that
has a specific function in protein—protein and DNA—protein
reactions. Studies have shown that rapaglinide can reduce
the half-life of DREAM and disrupt the PS-2 and DREAM
reactions, suggesting that rapaglinide may be involved in
pathways associated with AD (Naranjo et al. 2018; Santiago
et al. 2019). Another manifestation of these drugs is their
neuroprotective effects, which may not be directly related
to AD. Rapaglinide has been shown to reduce the destruc-
tive effects of Kanic acid, in the CA3 region of the hypo-
thalamus, whereas nateglinide does not show such effects
(Kim et al. 2014a, b). In addition, Xiao et al., showed that
rapaglinide can inhibit the proliferation and migration of
Glioblastoma multiforme cells and inhibit the expression of
Bcl-2, Beclin-1 and PD-L1 in orthotopic glioma cells (Xiao
et al. 2017). On the other hand, it has been shown that nat-
eglinide can also exert its neuroprotective effects in different
ways. According to Saad et al. study, nateglinide have differ-
ent effects such as inhibition of motor activity deterioration
through Cav-1, anti-inflammatory property through JAK2 /
STAT3 pathway and anti-apoptotic and antioxidant actions
by inhibition of Caspase3 and NO and MPO, respectively in
the hypothalamus of rats treated with this drug (Saad et al.



1779

Metabolic Brain Disease (2023) 38:1769-1800

pringer

(6107) "T® 10 uosuIqoy

(0207) e 19 AT

(L107) 'Te 19 onn

(6107) 'Te 19 duoreg

(L102) e 10 zmpe1n

(¥102) T8 19 [epueA

(£661) 'Te 10 Zo1M3IB1

ureiq
ur gy pue sauad JSy[ jo uorssardxa
PaonpaI pasearddp pue uonouny Sur
-ure9] aaoxdwir 9preULXa pue urnsur
Jjo [eseuenur Adeioy) uoneurquo))

Joue
-)SISQI UI[NSUT UTRIQ PUe ¢y POseaIddq
NpIg pue qOINoN
{(XDQ) UnI0d9[qNOp SIONILW SISOUST
-0INAU pUE SISAUAFOINAU AY) POISGA0INY
Kemyyed
JeSO-PIV-NEId pue ‘snduwreooddiy
oy ur [9A9] urdjoxd 1-SyI-d ‘uonouny
Kiowow pue Jurured| sorordwr
UONEIISTUTWIPE UI[NSUT [BSBUBIIUT
sjex
Z1S-ADI Jo surelq au) ul [IINED pue
7/TA Jo uonen3ar-umop ay) ySnoiyy
uone[Aioyd
-soydiodAy ne) Jo [9A9] oY) pajenuany
UoNeANOE [BI[SOIOIW PUE SISO
-uadoInau ‘uonouny 9ANTuS0d paroiduy

x91100 pue sndwresod

-diy o ur s1oyTeW [eor3ojoyredoinou
AV PUE S[9AJ] SIS QATIEPIXO PAONPY

apeoseo Jurpeusis

urnsut ay} jo uonounysAp A[red ayy
pue y-yAd Jo juduniredwr oy sjuaAdIg
JOTARYQq I[-9AISS2IdIp dY) SjeIONOWY

Q0UR)SISAT U[NSUT UTRIq pUE

Krowow ‘Surured] widl-11oys soroxduwr
UONENSIUNWPE UI[NSUT [ESBURIU]

S[OAQ] [OIU0D
0} uone[Kioydsoyd ne) pa10Isa1 pue g
asejeydsoyd pajiqryur 901w dO1jeqeIp
KJ11eds 210§2q UIw ()¢ uondafur urnsug
ddH ynim
SuIpeay 901w (V-SIXE UI X3110D [eIq
~190 9 Ul 7y gV pue OpgV S[qnjosut
PaseaIdop pue s3o[st onearoued ur
¢-osedsed pue ‘s)oyop AIowaw ‘uon
-onpoid urnsuy seaoxdwr Aderoyy urnsug
skemyed o131ouaIpeIoU SND
ur Ky1anoe Sunemnpow £qaray ‘urejord
19)10dsuen suriydourdaiou Jo SISOUIUAS
oy ur 9[o1 A10je[nSa1 v Aerd Aew urnsuy

syjuow § 10j Joom e sAep 9
opneuaxq 9smuode [-410
pUE UI[NSUI JO UOTJENSIUIWPE [eSEuLU]

(oprs 1od [l 07) urnsut uonoofur ‘A"’

aurpes Jo urnsut [ 05/N ¢

[msouy/ T ¢ “Te10) 10 ¢

(3N ) uonoafur ugnsur

urnsur uewny Jo
3y/syun
§°¢) uI[nsul Jo uondalur SNOUSABIIU]

urnsur aurotod Aep/nu g

QOTW e
9LST3L pue (LM) 2d& piism [ 9/19LSD

[opow
01 £6D) S JOWISYZ[Y PAoUpUl Z LS

[opoul Jel S JOWIAYZ[Y pIonpul ZI1S

QoI QV-8LX ¢

Q0IW NEJY Ul SA)OqEIP Paonpur Z1S

av-31Lxg

ey

urnsuy

urnsuyg

urnsug

urnsug

urnsuy

urnsug

urnsug

a's

sjuage orwedA[3odAH

sjuage orwedA[SodAH

sjuage orwedA[SodAH

syuaSe orwdA[SodAH

syuage orwedA[SodAH

sjuage orwedA[SodAH

sjuaSe orwedA[SodAH

SQOUQIJIY

s3urpury

UOTUSAINUT

uSisop Apmig

Qwreu Sniq

ad£y Snuq

@y sutede s3nip onaqerp-nue jo renudod onnaderoy, | ajqel



Metabolic Brain Disease (2023) 38:1769-1800

1780

(2100) e 19 131D

(8000) T 12 1035y

(S107) T8 19 uoIXe[)

(LO0OT) 'Te 1 101paudg

(#007) “Te 12 191paudg

(1002) Te 19 uIy

(9002) Te 10 1030y

(6107) T8 19 By

(9102) 18 12 Sueyz

SIOYTRWOIq

JSD 93ueyd 1,UPIp 9SOP O] UL UI[NSU]
‘NI O UBY) UONOUN} JANIUT0D pue

KIowew Uo $)09ye I9)Jaq SARY UINSUT
JO UOnENSIUTWPE [ESBULTUI JO (] 0T

pasearour onerx
TrAV/0raV ‘paSueyoun sem zygy
J[IYM ‘PIJBA[S 9IoM S[IAJ] OpV Sunse
uonouny
uonudod paaoidwt UINSUT [eSeULIU]

uoniugod
QJe[npour WP urnsur O] Of YPIm
sjuened (v S)npe Jo juounean Areq

I-H¥ ul[nsur uey) I9yjer uonouny
Krowow aaoxdwi ‘(1-dSV) edsy urnsuy

Q0U9PYU0D
-J]os ‘uonouny Axowau ‘poowr da01dwy
SUOT)IPUOD UI[NSUI
pue 0gade[d Jy) U2IMIAq IOYIp Jou PIp
s[oa9[ urpnsur ewsefd pue 9s0on[3 poorg

uonouny AI0WW pue dANIUS0d daoiduwy
oSueypo 1,upIp s[oad[ 9s0on[S oy} Inq
UONENUIIUOD ur[nsul ewse[d pasearout
9)idsop uInsur SNOUSABIIUL JO UOT)
-ensturwpe Y3y pue mof SuImoq[oq
s)[npe [euLou
pue s199[qns + 4,3 parredur-A1owow
10} uey) s)Npe — 3 parredwi-Kowowr
ur AJowow [eqIoA aAaoidwr ‘S[oAd]
9s0on[3 1o urnsur ewse[d uo 199JJ9 ou
Pey UONeXNSIUIWPE UI[NSUI [ESBURIIU]
pue s109[qns [DIA pue qV U2am1aq
JUQIQJIP I, UPIP [9AS] 9500N[F puk UI[NSuf
Kemyyed Surreudis
UINSUT UT PIAJOAUT YOIYM uoIssardxa
urdjold pue soua3 a3 JoJ[e Jou pIp
UI[nSul JO UONBNSIUTWIP. [ESBURIU]

SurreusSis

urnsut pue ‘surojoid ondeuAs oaoiduwy
urelq asnow ay}

ut ney jo uone[KioydsoydiodAy oonpoy
sjogep Arouwrow juoadxd

UONENSIUIWIPE UI[NSUT JO [eSBURIIUIL

syuow 4
UInsur [eSeURIUL JO O] OF PUB O

JUUNELAT) UI[NSUT [eSeuenul (] 07

‘skep g
J0J ATWA)OP UIASUL Jo O] O 10 ‘NI 0T
[eseuenur
[-HY urnsut ([-4Sv) Medsy urnsur
SYOaM § I19A0 Aep/N] O X ¥

(N1 OF Sururejuod) urnsur
[W °() UI[NSUI [BSBUBTUI JO SYOM §

urw / S/ W §°T UI[NSUIl SNOUSABIIU]

(N1 0% 10 (7) urnsut [eseuenuy

1opnq eydsoyd | GZ'0 UT POAJOS
-s1p urnsur wewny 3 07 10 ‘S 1 ‘S 170

BISAYISoUE

210J0q oM 2uo 10§ (Kep/NSL'T)
urnsur Jo UORISIUIWPE [BSRURIIUL

juouiredwt oA TUS0D pIw
YV 2¥elopow 0} pliu

(IOW)
juourredwt oA IUSOD pIIW pue (Y A[Ied

§100[Qns @V 9jeIapour 0} p[Iw Io [DIA

109[qns Tewrrou pue AyjjeoHq

109[qns Tewou pue AyifeoH

Jrew Ayjfeoyq

IOV

asnow §JINV'S

I G6TT/ITILED

urnsug

urnsuy

urnsug

urnsug

urnsuy

urnsuy

urnsug

urnsug

urnsuy

sjuaSe orwedA[SodAH

syuage orwedA[SodAH

sjuage orwedA[SodAH

sjuage orwedA[3odAH

sjuage orwedA[SodAH

syuage orwdA3odAH

sjuage orwedA[SodAH

sjuaSe orwadA[SodAH

sjuage orwodA3odAH

SAOURIYY

ssurpury

UOTIUIAINUT

ud1sop Apmi§

Qwreu Sniq

ad£) Snuq

(ponunuoo) | sjqey

pringer

Qs



1781

Metabolic Brain Disease (2023) 38:1769-1800

(9107) Te 19 uay)

(6100) 'Te 12 UYD

(8102) T8 @ nO

(6107) 'Te 19 118

(9107) T8 19 BJeISOIN

(1202) Te 19 uay)

(L100) "Te 12 ye1d

(€100) '8 12 uoixe[)

sisojdode sassaxd
-dns pue ‘K)101x010314)) peonpul-gy
pasea1dap “SINI MdVIN Jo uonej&i
-oydsoydiadAy paonpur urwIopoN
S[[00 gZLH Ul Jouuew
Juopuadop-SIJINY ue ur A3eydoine
sojowoxd pue duresoddry oyy ur
A3eydoine parredwir oy) paIolsal ‘surd)
-o1d ney payejKioydsoydiodAy peonpax
‘A3eydone ojowoid ‘seniewiouqe
armyonns reduresoddry pue juourreduwr
2AnuS0d [eneds sLIOIAWE UTWLIOJION

uorssaxdxs uroid [4OvVe
Paonpalr 39S pue JYOLW ‘gi-IN S9d

Jo uoneande ay) passaiddns ‘uopeanoe

SIdINY [B1G213 PIJUBYUD ‘X9}I0D pue
sndwreooddry o) ur uonewWRPUL
oruoIyo pue peol anbeyd gy pesearoop
‘s1soueSoInau padueyua pue snd
-wedoddiy 9y ur SSO[ UOINAU 10Yp
K1owow [eneds pajenua)e UIULIONIA

Syy/3w 00z pue 3

/3w Og 110q Je 669ddV Pue opnerd

pue 3y/3w (g 18 g paseardop pue 3y

/3w 00 18 61sge-S SO pasearour
‘Krowowr poAoIduwI] UTULIONOIA

IV pore

-1A10ydsoyd syt Sursearour o[ym [V

[©10} ‘SIOIBW AIOJRWIWRYUI PUB SAT)

-BPIXO UIRIQ PIONPAI ‘S)S9) SIOIABYDQ
aAnuS0d aaoxdwr (9SOp MO[) UTWIOPIIA

Q01w [Sd/ddV ut £3o1oyjed ney

dN pue peo[ ¢ paonpai pue ‘ne) JN

Jo s1so}ko03eyd oy pajowoid ‘sonberd

gV punoue erjSoId1u jo requinu oy}

paseaout ‘yuownaredwr A3eydoine
[e1[So1o1 Y} PIRIOI[SUIR UTULIONIIIA

oner gy/181d-ne

Q) UI UOT)ONPAI PUE ‘TN UO SWIN[OA
ure1q poAIesard ‘s1orired 42 ur Afferoadso
Kiowow pasoxdwil pey Juowyear) urnsuy

JyStom pue JINg uo
30039 J,up1p Aderoy) urnsur feseuesuy
ur[nsur Jo asop Y31y 2y Wwoij pajyauaq
So[eWay Jou sofewl dAnesau 3 gody
uow ur saaoduir jsnf asop Y3y
Jnq ‘USWIOM pUE USUWI YJOq UI Uonouny
aanIuS0d saroxdwr urnsur Jo asop Mo

W 00T

UTuLIO oW
p/33/3w oz Jo uonodafur resuojradenuy

UIuLIof oW
p/3y/8w gg Jo uonosfur [eauoyrradenuy

Syeam JYS19 10§ 9s/3y/3w OO 10
2s/3y/8w ()7 e urwIojloW Jo suonodafug

(Kep/3y/3wr Q¢ pue OQT) UTUIONAW [EI0

SyjuowW ¢ J0J 19Jem SUDJULIp dy) ut
pAjensIUIWPE sem(Jw/SW ) UIULIONIN

sypuow
ur[nsur [eseuenut jo N[ Oy

syjuow 4
Ur[nsul [ESEUBNUI JO N] O PUe (T

ammyn) suomaN Teduwresoddry

901w qp/qp

201w ARy [SJ/dV U

MW BJINVS PlO-{puow-T [

syl ut
J1019p Arowawr paonpur-aure[odoog

01 oﬁﬁowmcm\: 1Sd/ddV

oW
juouiredwr 9ANIUS0D pliw pue qQV

1w
juouiredwr oARIUS0O plIw pue gy

UIUWLIOPOAL

UTULIOJIOIA

UTULIOJIOIA

UIUWLIOPAL

UTULIOJIOA!

UTULIOJIOIA

urnsuy

urnsuy

sopruensig

sopruen3rg

sopruensrg

sopruensig

sopruen3rg

sopruensrg

sjuage orwedA[3odAH

syuage orwodA3odAH

SAOURIJY

ssurpury

UOTIUIAINUT

ud1sop Apmi§

Qwreu Sniq

ad£) Snuq

(ponunuoo) | sjqey

pringer

a's



Metabolic Brain Disease (2023) 38:1769-1800

1782

(8007) T8 19 SBBYROdIN

(S107) T8 19 uay)

(9100) '8 19 uog

(9107) T8 19 rutreg

(2100) T8 W prajw]

(0202) Te 1 oownyy

(€107) T8 19 2100

(L107) T8 19 ueny

(L107) "Te 1 S0y

(9107) Te 12 193uIsyon]

Krowow Teneds aaoxdwr

0} pa[rey Inq ‘AIAIOR [BINAU PISLAIIUT

03 sasuodsar O pue JgD) PIsIoaal

J] "UOTIBAIQUUI OISISUI[OYD [BINIOD pue
UONBATIOR [RI[SOISE PAoNpal auozeySord

S[opow asnow (Y
ur Arowaw [eneds pue 17 paareduwr
Pponodsar uonensurwpe suozelrjgord
Pue s391[s paIny[nd ur 2ansodxa gy
Aq pasned 31oyap (4.17]) uonenuajod
ULI2)-3UO[ PRJOALI0D JUSUIILAT) JUOZBIT
-1801d ‘[oa9] ureyoid ggd Sursearodp Aq
ATAnoe GYpD NqIuI pinod auozen|3ord

SI[99 XSAS-HS UT SUleuSIs SNV BIA
A3eydoine ‘0se)a100s-A pue -¢ pesearouy
anss1) ureiq ut
v ‘sonberd ¢y pasearour uruIonIN

sarmons ondeuds
sydnisip pue ¢ asedseo ‘soyeSor33e
109ys-¢ ‘saroads ney a[qnjosul pasearou]
‘sndwreooddry pue x91100 ur vzdd
pue JOLW/MJINYV ela ney-d pasearosp
UIUWLIOJOW UONENSIUTUPE JIUOIYD)
v Suidofoaop
JO YSLI paseaIoul S3nIp o1aqerp
-IJUE JOY)IO JO ISEIUOD U] UTUWLIONIA
Quoze)1[31so1 pue s)siuoge 10)dodax
1-dTD ey qV JO JSUI pajeroosse
19y31y Apuedyrugis e sey uIIoNIAN
SIOWNSUOD
UTULIOJOUI UT 9SIOM Sem dduewLIofrad
AANTUZ09 INAZL Um siuened Suowry

dnoi3

UTULIOJOW-UOU UBY) BHUAWISP JE[NOSLA

PUE ENUSWIAP JO ISNED [[E ‘UOSUD[IE]

JO YSLI paseaIour NZL im siuoned
ur 21nsodx UruLIojewW WIe)-3uo|

PAAISSQO JOU 1M NB) [010) ‘T
2s0on[3 JSD uI saueyd JuedyIugIs
PUB ‘UOTIUD)IE PUEB AIOWAW/SUTUIEI]

pasoxdwl pue [ POSeaIdp UTIONA

$109JJ0 ASIQAPE SNO
-119S JNOYIIM Jouuew juopuadop-osop
B UL (LYS) 159) SUIUIewal dA109[ds

pasoxdw] O] VqH pue JYDsY Josrew
KJoyewntrejul paseaIdap UIIONIO

19IPp MOYD JUIPOY
PePRL ut (p/3y/3w () suozedj3ord

skep /
10§ Kep 1od (3y/Sw 1) suozenSoid

skep ¢ 10§ (8/3w 00T
9SOp [eUl) UIWLIOJIOIA [esuo)Lddenuy

syjuow 4 10y
Ioyem SunuLIp 9y} Ul urIopow ju/Sw g

s3nip onoqerp-nuy

s3nip onaqerp-nuy

UTULIOJIOIA

UTULIOJIOIA

Syeom § 10J (/S 0Q0T) UIUIONRIN

syyuour 7 |
1oy Aep e 901M1 Sw 0OOZ 00ST 0001 “00S

Qo oruadsuen JJv

Q01w Jrudgsuen
(6APINASd +HMSddV) 1Sd/ddVY

S[199 ASAS-HS Pue 201 66951,

oot oruedsuen S10¢d

av

INAZL

av pue IDIN

NdclL

@V 03 onp enuawap A[Iea 0 [DA

(IDY)
Juowredwr 9ANIUS0D PIU dNSAUWY

quozey3olg

Juozenj3ord

UIWLIONAIN

UTULIOJIO]A

UIWLIONAIN

UIWLIONAIN

UTULIOJIOIA

UTULIOJIOIA

UILIONAIN

UTULIOJIOIA

sauoIpauIpI[oZeNy ],

SOUOIPIUIPI[OZLIY L

sopruen3rg

sopruen3rg

sopruen3rg

sopruen3rg

sopruen3rg

sopruensrg

sopruen3dig

sopruen3rg

SAOURIYY

ssurpury

UOTIUIAINUT

ud1sop Apmi§

Qwreu Sniq

ad£) Snuq

(ponunuoo) | sjqey

pringer

Qs



1783

Metabolic Brain Disease (2023) 38:1769-1800

(9002) 'Te 32 uasIapad

(1107) ‘& 1 Joydrwp[on

(1107) 'Te 19 ores

(0200) "Te 10 1By

(T100) 'Te 1 Suery

S[OAQ]
ZrdV pue ‘g ureiq ‘syroyop Arowowr
pue uIuIed] S91eNUAIL JUOZEI[SISOY
Koeoryyo [eoturyd
Jo sisA[eue A103e10[dXd UO PIAIISqO
SeM 109JJ9 JUdUBaI) JUBOYTUSIS ON
"PAYNUIPI IoM sAInseawr K101eI0qR]
ur seouareIp dnois oN "oqooerd uey
quozejj3ord Surye) sjoalqns ur Ajyuonb
-0I} 910U FULLINOJ0 JI9JJ9 ISIAAPE
redrourid oy) sem ewap? [eroydiog
uorouny uonIu3oo
PuUE K)IADISUSS UINSUT “J-VINOH
‘T 9TVIH ‘DdA Jo syuswasoidur
Ul pa)|Nsal JUSW)ear) auozeSord
syuouiredwr Surureay
pue AIowdw padnpul-7Z1S ) sjudadid
Qu0Ze)1[S014 JO UONBISIUIWPE JIUOIYD)

sndweosoddiy ur A31anoe 1vyD
pasearoul pue ANANOR JUDY Pasea1dap
AU} WOIJ J[NSAI YOIYM ‘S[QAJ] YDV JO
UONBAQ[Q Y} AQ PAILIIPUI ‘WANSAS
QAIaU JITIAUI[OYD AY) JO JUSWAOUBYUD
oY) Aq $IOYAp Arowaw paonpur
-ourwrejodoos pajenuaye duoze)3oid
sndwreooddry ay) ur
syisodop nej pue gy ‘[010)S9[0YD WNIOS
Qonpair pue ‘Kjonserd uLe)-3uo| pue

pooy Jo Sy/3w (¢

Aqrep 1od Sw G|

Arep 1od Sw (g—gT

skep ¢ 1oy Sy/Sw ]
quozejj3ord [esuoyrrodenuy

skep g Joj A[[e1o 3y/Sw g pue ‘33wt 6

SyooM ]

Q01w 9/ 673 L

av yna syuened onoqerp-uoN

INATL s paru
-edwoooe (V) 9seasIp PWIAYZY PIIA

[oPOW Je1 qV PONPUL-ZLS

Q01w ur
J10yop Alowdw paonpur-aurwe[odoos

Quoze SISOy

Juozej3old

uozer3ord

Juozej3old

Juozej3old

SOUOIPAUIPTOZRIYL,

sauoIpauIpIjozeNy ],

sauoIpauIpIioZeNy,

sauoIpauIpI[oZeIy,

sauolpauIpIjozey ],

(2102) ‘Te 10 Koxeog -)10ys ‘Surures] pasoxdur ouozeyr3ord 103 Kep/33/Sw g1 Je duozer[3ord av-31xg auozer3ord SQUOIPAUIPI[OZLIY ],
UONBATIOR
JeSD/LV Jo uonempowr £q uon
-e[nunode 7y uonenud)e pue K1 SYOM 1 10J A[[edLnsesenur pard)
(L107) 'Te 1@ Suex  -AnIsuds urnsut Jo aaoidwr suozelnjsord -sIuIwpe sem (3y/3w () JUOZBNSOTJ ey suozenj3ord SQUOIPAUIPI[OZEIY ],
Advdd 4q
dv jo oyerdn erjSo1orw oY) oseaIour pue
dv orqniosur pue o[qn[os skep @ 10 a3eaed
(Z102) ‘Te 19 190N[0)~IeIPUBIA JO [9AQ] 9} UT ISBAIOIP dUOZe[T0ld (3y/3w g) duozey3olg 69V 1Sd/Pmsddv Juozej3old SQUOIPAUIPI[OZLIY ],
uorssaidxe [OVd
PUE ‘SONI ‘TXOD 93 PIsea1op se
oM se “xa1109 pue snduresoddry oy ur
$91£00I)SE 9AT)ORAI PUE BI[SOIONW QATIOR skep £,
(S007) 'Te 12 eyousH JO 1oquInu 3y} padnpal uozeln[3old 10§ Aep 1od (p/3y/3w 0f) suozeSord o1 [£]1LAddY suozeyj3old SQUOIPAUIPI[OZEIY ],
S90UIRJY sSurpury UOTJUIAIAUT udisop Apmi§ oweu Snig adKy Snuq

(ponunuoo) | sjqey

pringer

a's



Metabolic Brain Disease (2023) 38:1769-1800

1784

(1107) ‘Te 30 nsH

020C 'Te e nf

(9107) 'Te 19 duI0qsO

(6107) Te 19 nX

(qe$107) Te 12 wry

(9107) Te 19 Aduren

(8107) T8 12 IIeeWwsy

(0102) e 19 P10

(9007) 'Te 19 1ousry

UTULIOJIOW SQOP SB ‘BIIUIWP
JO YSLI 9y} 9S8aI09p AW SeaIN[AUOI[NS

asnow qvV4X§s oyl

ur S[A9] JV SOIRIAQ[[E SPIWE[OUAqI[D)

"asnowl (VXS pue S[[oo [erjSoionu

ZAS 24} Y10q UONBWWEHUIOINAU

QAISSIOXD 9SBAIOIP PUB UOHBANOR [BI[S
-OIOTW }IQIYUI O} d[qe SeMm IPIWE[OUIQI[D)

a3ewrep osdeuks poonpur-gy

pazirennau ‘opriidow3 Aq suoinau

WOIJ PAsea|ar ‘i d[qnos -oewep

asdeuAs 0 spes| Sureusrs paonpul-gy

UOIYM UT SJUSWUOIIAUSOIOTW dULIq
-wow 9y payIpow apridowrin

Jwos

-ewIwejul ¢ IN JO UOIBATIOR Y}

Suniqryur £q oSeyrIoway [eIqeIddEIUT

[eruawLIadXa Ul JOLLIEq UIRIq—POOo[q
PpaAadnisIp 2y} SILIOI[AWE IPIWR[IUAQI[D)

sndwreooddry oy jo uordar ¢y)

U1 1P S[[90 [BUOINAU PAONPUI-PIIE

JTUTEY Jsurese 109J9 9A10j01d B J10%0
op1zidi[3 pue oprIngA[3 ‘oprwreing[ol

9JIW-(JAH ut uon

-ouny ureiq juopuodopur-redwresoddry
pajeIorjawe IpLINGA[S JO UONENSIUNUPY

syel ur K)y1anoeradAy stxe yYgH paonpur
-G€-GTgV padnpar oprure[dUaqI[

syel ur

SOII[BULIOUQE [BIOIARYS( PIONPUI-GE

-G7gV pasearodp SPIWEUS]ID ‘sjer

ut AJIANOR SIXe YJH pue SUOIIIS00T
=105 pasealour uonodluronmu ¢e-czdy

suonendod

SISA[eue JOUJo JO dANRSU—-JOdV

Q) UI PaJOA)AP Sem UONdUNJ [BQO[S 10

uonmugoos ur Aderdyrouow YX DY
Sw g 10 Sw 7 Jo AovoyJe JO 90UIPIAS ON

PaJoU SEM QUI[OIP
Qwos pue judawdsoidw ou pamoys
SIQLLIED J[I[[B 3 OV SedIoym
auoze)1[31sol 0} asuodsar ur Juow
-onoxduir [euonOUNY puE dARIUS0D

PAQIYX? SIALLIED-UOU £2 FOJ Y

VIN

SyooMm
14310 10j Aep 1od U9IM] %G UT OPTWIR]D
-uaqrrs jo Sy/Sw ¢ parensIurwpe [eIQ

VIN

a3ey1I0WaY [BIGAId
-oenut xyye 1S S o) Afresuojrredenur

001 TOIATS SUSTATIRATOT Jo
Jw ¢°Q snid [oueye jo [ g'g ur ‘3 |

(3/3w 9°9)
[esuojradenuy

Kep/Syy/Sw 9

WX duoz
-e1[S1so1 Sw 7 ‘X duozeyr3isor Sw g

A[rep 2ouo/3w § pue ‘7

JUSUIILAT) UTWLIOJOW
Jo searnjAuoj[ng yim syuaned sojoqer

MW AVAXS

VIN

M 9/IILED

I YOI

191Q 1ed-YSIH WISL-HOYS Y 301N

siey

s100[qns aAnESou-gOJV

sjuoned (I 91eI9pOW-0)-PIA

V/N

apIuR[RULQID

apLiidowin

SpruR[oULqID

aprzidiio pue opr
-IngA[3 ‘oprureing[o],

apLnqA|o

aprure[puqID

Quoze SISOy

QUOZeN[SISOY

seaInjAuojng

seaInjAuojng

searnjAuoj[ng

seaInjAuojng

seaInjAuojng

seaIn[Auojng

seaIn[Auojng

SOUOIPAUIPIOZEIYL,

sauoIpauIpI[OZeIy,

SAOURIYY

ssurpury

UOTIUIAINUT

ud1sop Apmi§

Qwreu Sniq

ad£) Snuq

(ponunuoo) | sjqey

pringer

Qs



1785

Metabolic Brain Disease (2023) 38:1769-1800

(£107) "Te 1 nferesoy|

(0202) "Te 12 9p]

(6107) ‘Te 10 M{OBYEN

(L102) "Te 1 nferesoy

(8102) e 1 Zeqrd

(S102) 'T# 10 snifauIo}y

(6107) 'Te 10 UIISUIOM

urelq ay) ur uonew

-wegur pue uone[kioydsoyd nej ‘peoy
projAwe SuLIOMO] JO 19339 S)1 0) pain
-quIe 9q Aew Jey) SIOYSP dANRIUS0d

skep ()9 10§ (3/3w | pue

Jo [es1aaa1 91o1dwod suexa undifSexes 60 ‘Gz'0) undiSexes pardsiurwpe A[[eio

asnou [9poul $A)AqeIp
© UI UON)BAOR Ter[So1orw Suniqryur

pue Ssans 2ANEPIX0 Sulsearodp Aq ‘uon

-ounysAp aAnIugoo paroidwr ‘undiSeur

ureiq ay ut (SON9)
ASBYIUAS 9PIXO OLNIU [BI[AYIOPUS 10
ney Jo s[oad[ uonejAioydsoyd Jur
-199JJ€ INOYIIM MO} POO[q [BIQID
PaseaIdul pue AIOWAW OUIJI
Teneds paroysar yuounean undiSeury
*SYIUOW § Y& 9JIW PAJBAN-[OIYA )
s paredwos ‘9soon[3 poolq Sunsey
PAseaIdap pue [-d710 JO S[AAQ] JoySIy
PANqIYxa 201w pajean-undijSeur|
uonewWwe}y
-uroInau se [[9m se uone[Kioydsoyd
ne) ‘e)oq PIO[AWE SAJENUSNIE PUB S[OAI]
upeIdul urelq saaoxdwir pue ‘domu
AV-31x¢ urjuasard syogop oAnmusod
Y seye3nIw juounean undijSeury
skemyped Surpeusts gy-IN
/ELVIS/TAVI Pue [ LIIS/MdNY Sut
-ye[npow Aq A[qrssod TOTIEUT[SATISD
“PIONPUT-OUOZIIANS YIIm T UI JOIL

aand9j01doInou © pajioxa undrSeury

Sureuss [3IS-(SIdIANY) 9Seury
urajo1d peAnOR-JIATY ,§ JO UonRANOR
9} 0) anp 2q ABW YOIYM ‘UOTIRIQUST
SOY Je[njeoenur pue uondunysip
[ELIPUOYDO0IIUI PAONPUI-gy PIIRIAI[R
undiSeur] ‘SureuSs wWeansumop
urnsur Surroysar Aq uonerKioydsoyd
-1od&y ney pue (ge3SD) ¢ aseury
aseuks uaS094[3 Jo uoneanoe oy
pojuaaaid pue ‘K)101x030340 paonpur
-gv 1sureSe payoajord undrSeury
SOWI0JINO AINONIS
puE UONOUN} UreIq pue eAIN[AUOINS
JO UTWLIOJAW JO 9SN 9} Udom3aq
diysuonejar jueoyusis ou sem 1Y)

Syeom L 10§ (Y $¢/3¥/3w ¢)

Kep/md 33/3w Q] Je ‘10jem
Sunjuup 1oy ut (/3w O01) undiSeury

S)o9Mm § I0J
(83/3w g pue Q[ ‘g) Ajreso undiSeury

syoom ¢ J10j A[[ero Aep/Sy/Sw o]

Y $ 1oy undrSeury jo N 00T 03 01

VIN

@V JO [9pOu Je1 paonput -Z LS

901U O1AqRIP PIONPUI-ZLS

Q01w o1uadsuel) 61Sd
ur QuId_( 2ANIuS0) paonpuy 1ej-ysiy

av-31xg

M 9/IILED

S99 Teuoanau uewny HIN-N-S

SISA[eUB-BII]A!

undijSexeg

undrSeury

undrSeury

undi3eury

undrSeury

undrSeury

VIN

10NqIYUI $dda

0MqIyul $ddd

Jonqmur yddd

10NqUYUI $dda

ToNqIyuI $ddd

10qIUI $ddd

BAIN[AUOJ[NS

SAOURIJY

ssurpury

UOTUIAINUT

udisop Apmi§

Qwreu Sniq

ad£y Snuq

(ponunuoo) | sjqey

pringer

a's



Metabolic Brain Disease (2023) 38:1769-1800

1786

(T107) JoY0SIQH puw 193Nk

(0202) ‘Te 32 ng

(0T02) T8 19 JOsSOx

(£107) 'Te 10 uooqrdiediq

(8102) e 19 BN

(6100) T8 19 Jereyy]

(6107) uedAY pue EWNYO(

SOSBASIP 9AT)
-BIOUASOPOINAU JO JUSWLAT) B SB oSN
Jo oq Aewr YoIYM ‘UTRIq Q) UI SISOUST
-o1nau pue AJ1Anoe [esr3ojorsAyd moys

pue ggg oy} Sso1d p[nod apnnSeiry
sypuowr g unpIm N T
ad £y yym syuened 19p[o Yy JO [0NUOD
91[0qBIoW PUE UONOUN dANIUS0D JO
urewopqns Surdoo ay) peaoxduur

juounean o) undiSepIA Jo uonippe ay [,

renuajod
onoydode-niue pue K1ojewrweyur-nue
“ueprxonue 3uons s)1 y3noay) os[e jnq
“gouewnio}rad orjoqejowr Suraoxdur
y3noay) A[uo jou are undijSep[ia

Jo sanadoid aanoejordomou oy,

uondwnsuod qJH

£q pasned 11oyap AJowdw pue Jurured|

ay) paroxdur pue ‘Surfeuss Y[ ureiq

Jo juounredwr oy pajenuaye undrs

-ep[ia “uondwnsuod qJH £q pesned

Q0UR)SISI UI[NSUT [BUOINAU PUE [BID
-ydixad oy3 yjoq perordur ‘undrSepria

surejoid pajeroosse

-qv pue sisoydode jo uorssardxa oy

ur osea1d9p e pue ‘Kyonserd ondeuks

)m pajeroosse surold jo uorssardxo

Q) UI 9SBIOUT Uk YINOIY) ‘[opou Jex

@V Ue Ul padnpur $)1oyap Krowour
pue Surured] paroxdwr undiSepia

SJel O1oqRIp JOWIYZ[Y
Jo onssn ureiq ur uoissaxdxa urajoxd
ne) pajejAioydsoyd pue g4y parensor
-UMOP JUSUIEAIT) QUNUBWIAW pUB
undrSepyia pauiquio) "V pue WACTL
pauIquiod Jo [apow Jel & ut Jody pue
VAN “A9H ‘HUDV JO S[oAS] PadUByUd
uonensiurwpe undiSepyia a1aym ‘sjex
[ejuowiLiodxe ur soSueyd [BOIWAYD0Iq

paonpul-qy 2reloroure ued undi3eprip

10930 uone[NSIUMOp YN YW

ZNASd pue [NFSd Jo uoissaxdxa o)

uonIppe ur s[eAd] uonejLioydsoyd ney

pue eSO Sunomol ‘surjord pajefar

sisoydode Sursearoop £q ¢y surede
109139 2A1n093101d © $110%2 undr3epia

Kep/3y

J[owiu ()G 10 ‘G ‘G g Teeuojrodenuy

V/N

skep ()9 ‘oeaes eio ‘Sy/Sw o1

sAep [ ‘Aep/3y/Tu ¢

syoom  ‘Sy/Sw (] pue ¢

skep (¢ ‘Aep/3y/3w 01

(M ©) ¢V Jo douasaxd
a ur (A 06T ‘001 “0S) undriSepyia

Q0T Td/LED

NdAZL

ey

1 |

ey

ey

S[[00 OYI[-uoInou uewny XSXS-HS

apunjelry

undi3eppip

undrSeprip

undiSepriA

undiSepiA

undiSepriA

undi3ep[ip

sysuose [-4 1D

0MqIyul $ddd

Jonqmyur yddd

J0MqIyuI $ddd

J0MqIyuI $ddd

10qIUI $ddd

10NqIYUI $dda

SAOURIYY

ssurpury

UOTIUIAINUT

ud1sop Apmi§

Qwreu Sniq

ad£) Snuq

(ponunuoo) | sjqey

pringer

Qs



1787

Metabolic Brain Disease (2023) 38:1769-1800

SNIAS djejusp

QU) UI PIJUBYUD SeM SISAUIF0INAU

PUE ‘X9)10D 9Y} UI PAONPAI OS[E SEM

(e1]S0101W PAJBATIOR) UOTIRUIUBUT

SIUOIYD) "PAONPAI yonuwr sem ‘sonberd

oriydo3uos 2100 asuap urpnyour ‘peof

onberd projAwre ‘uonippe uy ‘pajuoaaid

sem Ayronsed ondeuAs jo ssof ay)

pue ssof osdeu£s pue pasijeurIou

(S107) T 32 ue9[DIN QI9M UONBULIOJ AJOWAW JBY) PIMOYS
Kyonserd ondeuks Sunenpowr
Ul 9ATIOQYJ OS[e oIe AdU) ‘QIOULIY)IN,]
‘urelq dy) Ul UOISSTWSURIIOINAU UO
$J09JJ9 110110 sonSofeue [-J10 Ioyjo

pue opnn[3eIr Jey) PAIeNSUOW(

(100°0>d)

JusWILaI) SNIP I8 ST PIJ-1IP-1e)

-y31y Jo g Yy} ur suoInau Sunok ur

asearoul ue punoj os[y “(100°0>d)

*uonod[Ur SIUOIYD I3}Je S[ONUOD d12q

-eIpUOU [)Im paredwiod padueyud
Sem UOISIAIP [0 JojruaSold pamoys

(0107) Te 19 UBI[DIN

(1102) T8 19 uoyrwe
SUOINAU 0) S[[3D
10)1u2301d JO UONBIIUAIYIP SISBAIOUI
pue ouoz refnueiSqns ur uoneajrjord
1129 seaoxdwr apnnjSelr] pamoys

9O 6HPTSd/AMSddV Ut uon

-eAnoe Ter3 pue anbed ‘uvonensoidn

919sd [-SY] JO prenua)e pue suon
-e119qe 10)dadal ulnsul Jo paJeIoowy

(€107) 1oY2S[QH pue Ayreresyried

(€100) 'Te 10 prwg-Suoy

ay Jo sisouagoyred ayy

ur sojo1 o[dnnu sey yorym ‘¢ asedsed

JO S[OAQ] YY) PIONPaI [ OS]V “[ETIYL 1®

uone[A1oydsoyd neJ, ur 9sea109p JuLd

-JIuSIS B “IOAOQIOJA "SISO}Ao0mSse [0

-1100 padnpar pue snduresoddry oy ur

(6107) '[e 12 groquioy  peof enbed ¢y oy paonpar opnn[3erry
Qo1 ur (soge) s1owoIIjo
¢-projlwe poyui[-qVv £q paonput Juduw
-1redwr AIOWAW PISIIAI pue ‘sasde
-u£s pue s103dooa1 urnsur ureiq Jo ssog

(8107) e 10 wisneqg oy pajueaaid opnnjSelr| 1ey) pomoys

yuowr §
Joy Aqrep 2ouQ ('d'r) mq Sy/wu ¢z

AT G ur opnniSerry jowu G

s)oaMm (] 10 9 ‘4 10J ‘A[oAT)
-0adsay mq 3y/31 ooz pue 3y/jowu Gz
By/[owu ¢ yim Arep 9uo “o'g

(Quaunean d1uoIYd)
skep /¢ pue (Juounearn aynoe) sKep /
10} mq S¥[/[owu GZ ym Afrep 2ouQ "d'|

Arep 0ouo d'T “mq SY/WIU GT I
S)YooMm § 10J PaIeal],

(sypuowr ¢ 10y A[rep
90U0) Mq JO 33/5u Z°0 YIm papdalur 'o°g

skep / 10
Syy/jowu G jo suondafur d 1 Ajreq

punoidyoeq
9/1dLSD © Yrim dMEH [ Sd/Pmsddy

SJeI IB)SIAN S[RIA

Q21w Paj-1a1p-1ej-yS1y 10 ‘qp/qp
q0/qO :S9JOqRIP JO S[OPOU ASNOW JAIY T,

MW 6HATSd/AMSddV

punoiSyoeq
9/14LSD ® ynm oot 6gp1Sd/omsddy

PuUnoISHOrq 9/[4LSD € YIMm dIW
o[ew (1Sd/ddV) 6dPINASd/emsddy

QOIW SSIMS o[l
ur s1owosIo g-projAwe Aq paonpur qy

apnnjgerry

apnn[seIry

apnnjderry

apnnjgerry

apunjgerry

apunigerry

apunj3en

s)sode [-d 1D

systuoge [-4 10

s)suoSe [-J 1D

sjsoge [-4 1D

s)soge [-4 1D

sjsoge [-4 1D

sjsuode [-4 1D

SOOUIYOY s3urpury

UOTUIAINUT

udisop Apmi§

Qwreu Sniq

ad£y Snuq

(ponunuoo) | sjqey

pringer

Ns



Metabolic Brain Disease (2023) 38:1769-1800

1788

(L10T) Te 12 uay)

(6100) e 12 Sueyz

(ST0Q) "Te 32 uasuey

(1107) Te 19 uBda[DIN

SurreuSts Y pue SN[ UI SUOTIEIN[R
y3noayy Apuaredde ‘uonerouadap [euox
-NQU PadNpal PUE SSJUSWR[YOINU pue
ne) jo uone[KioydsoydiadAy paonpoy
apun[seIry
[IIM JUSWIIEA) JA)J8 PASBAIIIP OS[e
[-orensqns J0)dedar urnsut pajerLioyd
-s0yq "S9se)R109s-A pue -¢ Jo uoniqryur
pue Kjanoe yz-aseyeydsoyd urajoxd jo
UOIBIOISAI O} PIA[OAUT SWISTUBYOIW
Te[nod[ow Ay pue ‘uononpoidiono ¢y
pue uonejLioydsoydiodAy ney peonpur
-KOUH 2y) pajenuaye os[y ‘surajord
ondeu£s jo uoneingai-dn pue sourds
JNLIPUIP JO AJISUSP PASBAIOUT [IIM
Suore 91oyep Arowow paonpul-(KoyH)
erwourd)sKoowoyradAH ay) pejeroroury
v orpelods a3e)s
-K11ed ur paAaesqo sjuouredwr [eo130]
-oyjedoInau pue [BIOIABYS]OINAU JO
sonsLIvloeIeyd Yim Jurde [eordojoyred
JO [9pOW 9SNOW € Ul SSO[ [BUOINAU
redweosoddiy yim pojeroosse uonouny
K1owour ut dut[dop aaIssardord o)
paey A[rented 1o pakefop apnniseary
PaseaIdul 21oM SNIAS 2)eIudp Ay ur
suoInau Sunok Jo s1equinu OS]y o1
1Sd/ddV pavean apun[Sesr] ut paAfey
sem sIoquinu eI[SoIonu pajeanoe Aq
panseau se asuodsal uonewweyu
QYL %S Aq peonpal d1om SIWOSI[0
PIO[AWE 3[QN[OS JO S[IAS] A[IYM ‘%G~
0t £q peonpa1 arom sroquinu onberd
Q105-9SUP PUB X2)10D AU} UI JUNOD
anberd projAwre-g [reroaQ ‘sndureood
-diy oy ur Kyonserd ondeuAs jo uon
-eIOLI)Op pue ssof asdeuks pojuorard
pue syuourredwr AIowaw pajuaAld

uon
-00(ug *o°s ‘Aep/3y/3 0O¢ Y syoam §

sKep 1 10§ uonodalur *o°s M 4 7|
1od 83731 g6y 10 Syy/81 0og /8 ST

syjuow 1 1o Aep
/3Y/10wu ¢€T 10 97 0) Jud[eAInba ‘Aep
/34/31 00S 10 00T Wi AJrep 9ouQ "o'S

A[rep 2ouQ (d'r)
Mq 3/[owu G 18 S)om § 10J pajdaluy

punoidyoeq
9/19LSD © YIIm o1 [apowt Qv
(8Lx ¢) owoadsuen ofdy ne1/[Sd/ddV

QuIeISKO0WOY YIIM SIEPNED BUAA Y}
M paonpur sjer koime—onsSerds ofey

oI BJINVS

punoidyoeq
9/14LSD © Yrim IEH [ Sd/omsddy

apnnjgerry

opnn[seIry

apunjgerry

apunjen

sj)suo3e [-4 1D

systuoge [-4 10

sjsoge [-4 1D

sjsode [-4 1D

SAOURIYY

ssurpury

UOTIUIAINUT

ud1sop Apmi§

Qwreu Sniq

ad£) Snuq

(ponunuoo) | sjqey

pringer

Qs



1789

pringer

a's

ureiq ay)
ur Aemyped [eusis dwreo pajeanoe osfe
pue vonenuaod wisy-Suof aseyd-ore|
Jo 31oyap pue K1owow [eneds jJo Juow
-1redwit paonpul-ge—gzdy oyl Jsurese urwy[i 0
parooroid Apuspuadap-esop pue Jo orex e yum sndwresoddry [exdeqiq Se—GTdv
(€107) e uBH  A[oA1OQye opunjSell] Yim Juduneanald Ayl ojur paoafur apnn[3edi| jowu §—60'0 £q paonpur sjer Aomeq-ondeids afeIN apnn[3err| sistuoge [-41D
Jouuew judpuadop-own € ur sanIew
-Iouqe urelq 9say) PasIoAdl apnn[3er
JO UOTEXSIUIWPE SNOJULINIQNS “Z LS
Jo uonoofur jesuoyradenur pue J21p-JH
Kq peonpur sejaqeIp g 9dA) jo [opowt
Jel B Jo ureiq oyj ur s1s uone[Lioyd
-soyd pajeroosse-(V [eI9AIS Je ney Jo
uone[AloydsoydiodAy pue ‘g¢-ys3jo
uoreAnoe Juonbosuod oy pue Surfeusts
UINSUI PASeaIodp SuneoIpul ‘gIog e
ge-3ISO pue gogIos 18 LIV jo uon S}99Mm Inog
-e[A1oydsoyd pasearoop pajensuowdq 0} dn 10} Kep ® 901M) MQ/3Y/SW ') "O°S

Z1S o uonodfug
"A'0'1 Kq paonpur juouriredwr K1owowr
pue Surured] aI[-qV U0 S199JJ2
2A199101d $31 0} pajeal 9q Aewr UOT)
-e10ua5op [eInau paonpar pue ‘Kemyjed
SurreuSts Y pue YN[ oy} Surroxduwr
‘urjo1d U039[Ys0)Ad [BUOINAU JO
uone[AsodA[3-O Suroueyuo Aq surejoid
judWIR[YoINAU pue ne) jo uoneLioyd
-soydiodAy o) pasearoap opnnjSesr|

(£107) 'Te 1 Suex SJeI IBISIAN O[CIN apnnSeiry systuode -4 10

(€102) ‘Te 19 Suory skep ()¢ 10§ 3y/31 o uonosluy *o°g Q01w Sutwuny e opnnideiry sysoge [-4 1D
Kyanoe ge-3SO Sulsearoop pue uon
-e[K1oydsoyd 1y Sursearour Aq sa)Is
uone[Lioydsoyd [e1oA9s Je ureiq Yy ur
nej Jo uoneAroydsoyd sodAy paonpur- syoom § 10J
[exoA[S[Ayjow paonpal opnn[3esr] A[rep 9ouo ‘Aep/mq/[owu gz uonodsfuy -o°'g
Je-3SD jo Knanoe ayy Jur
-$BAI00p pue 1YV Jo uonejkioydsoyd
Sursearour ela opnnjIer] £q pajeol]
-QWE 9q P[NOd AJTW [9poll (JV JO UreIq
Q) ur says uoneAroydsoyd [e10A3S JB
ne) jo uonejkioydsoyd 1odAH oot
ur sosdeuAs pue suonau ur sa3ueyo
[eInjonmns-en[n paonpul-gi—1dv
surede 1o9j01d ued pue gH—1dv Aq
poeonpur uonounysAp aantusod aaoxdwr S)99M § 10]

ued oprn[Sen jey) pajensuowdq  A[rep 9ouo ‘Kep/mq/[owu Gz uondsfuy o's

Qorur @y 2onpoid o) [exoA[S[Ayiow

(L10D) TeR 10 Ag A>T paonpur oot 9Tg/LSD AeIN apun{gerry SISIU0ZE [-d 1D

Qo1 Qv oonpoid 03 ZH—1dv

(9100) T8 R 10 Ag "a"0°1 paonpur 91w 9TH/LSD AN apnn[sery §IS1U0Se 1-d 1D

S90UIRJY sSurpury UOTJUIAIAUT udisop Apmi§ oweu Snig adKy Snuq

Metabolic Brain Disease (2023) 38:1769-1800

(ponunuoo) | sjqey



Metabolic Brain Disease (2023) 38:1769-1800

1790

(1102) T8 19 uoyrwe

(9107) 'Te 30 uosuey

(9102) Te R 1D

(L107) 'Te 30 mSue

(6107) Te 19 uosiepy

juounear) Snip

T3)Je 20T PIJ-1AIP-1eJ-YSIY Jo O Y

Ul SUOINAU SUNOA Ul 9SBAIOUT UB PUNOJ

OS[Y "uoNd[UI OIUOIYO 19)J8 S[ONUO0D

s1eqeIpuou )M paredwiod pasueyud
Sem UOISIAIP [0 10)1ud301d pamoys

avjo
syprew(rey [edrooyied 1ounsip Sunyor
-WIW S[OPOW 9SNOW JIUATSULI) SNOLIBA
ur JULUIeAN) ApNN[SeI| WLId)-3uof 03
K)IAT)ISUQS TeNUQISYIP S1S953ns yorym
‘sisoprojAwe apes3-ysiy pue -moj jo
S[OpOW ASNOW JTUATSUERI} OM] UT PEO|
anbeyd [8192199 U0 199JJ2 OU PAIQIYXD
Juouean} opnn[Selr| wis)-guo|

uonugood 1o uonisodop
projAure 03 102dsa1 yim 0qaoe|d pue
opnnSear] ym pajean sdnois oyy
U9M]2q SIOURIYIP ou punoy Ay}
os[y "dnoi3 0qaoerd oy} ur poAIasqo se
‘uorssa1301d 9seASIp 1991 JeY) WSI|
-oqejoul 9s0on[3 Jo auI[dap pa3oadxd
oY) pajuaaald Jusunean apnn[Serr|

uorouny 9ANIUS0d Ul JudW

-ono1duw (IIM PIB[LIOD AIIM UYOIYM

‘AnpwoydIow ureiq ur seueyo payero

-pouw -sso[ 1YSIoMm pue SsO[ JYS1om jued
-grusis pajoword apnnjSel| eanoun(py

JUSWIIEAI) JO UOTRINP SIY)
J91Je sdnoi3 Apmis uoam)aq SOOUAIYIP
QANTUS 09 9[qEIOAP OU AIoMm I,
‘oqodeld 0} aane[ar dnoi3 aanoe oyl
ur (NJAQ) J1om)au opou J[nejop oy}
UM AJIANOAUUOD JISULIUIL UL JUSW
-oroxdwt JuBOYTUSIS POAIISQO oM ‘7
jurod wn 1y *S2INONIS [BIUOIJ [EIPAW
Jouo)ue pue reduresooddry Tereyeriq
U9M12q ANATIOAUUOD PASEAIOAP M
PpajeIoosse sem (DJ.]) asoon(S ewserd

Sunsey 1oy31y ‘(1 urod owmn) aui[aseq Iy

S)Yoam (] 10 9 ‘4 10J ‘A[oAT)
-0adsax mq 3y/31 o pue Sy/jowu G Q01w paJ-121p-1eJ-y31y Io ‘qp/qp
‘By/10wu Gz Yam AJTep 90uo 'S ‘qo/qo :SAJIQEIP JO S[OPOW SNOW Y ],

punoIdyoeq [ 9/[gLSD Ut

SYJUOW G JIOJ 90T GV [ Sd/omsddey Qo1 6aQ[ sdy/omsddey oruadsuely, pue
pue ‘(o' “kep/33/3u 00S 10 001) punoi3yoeq (1) [ 9/19LSD X N/IAA

SYIUOJA] € 10§ 90T 9KV [Sd/uofddey  ut do1ur g9p gy [ Sd/uojddey oruagsuery,

("o's ‘Kep/33y/3u 00S)

Kep 1od Sw Q1 :97—€ M.
SwgriT M
w901 M
uonoafuy 0'§

UONUIAIUI POPUI[G-S[qNOP ‘PI[[OX)
-U09-0qade[d ‘pazZIuUOpULT ‘Yoom-9g

Keprad Sw Q1 :H'¢ M Sw gy

T M Sw g1 M Adezoy) aanounlpy Te1n [oqer-uado “orid yoom-f

Kep 1od Sw §°'1 :71-€ M.

BW LT M SWYQ T M uonosfur g Aprus pajjonuod-oqaded ‘papurjq-siqno

opneuaxyg

opunjselry

apnn[seIry

apnniSerry

apunjen

sistuoge [-4 10

sjsuose [-J 1D

sistuoge [-4 10

systuoge [-410

sjsode [-4 1D

SAOURIYY

ssurpury

UOTJUIAIAUT ud1sop Apmi§

Qwreu Sniq

ad£) Snuq

(ponunuoo) | sjqey

pringer

Qs



1791

Metabolic Brain Disease (2023) 38:1769-1800

Surreuss uruoyeo
-g/de->ISOMY o ySnoxyp Aqissod
uorssaxdxa [[[-us juerroqe oY) engar
-UMOp P[NOd opNeudXy "surooidook(3
Sunoagye ySnoiyy qV Jo uorssarSord
Q) 9JeI9[000k JYS1w uorssardxo
111-u3 Juerreqe pue qV uorssarSord
ul pajodyje sem [I[-1uS Jey) poyses3ns
[OIYM ‘SUOINAU PAIRqNOUI-GE-G7dY
pue 01w [SJ/ddV Ul PIsealdul a1om
(8107) 'Te 12 Suepy  III-US JO S[OAQ] ) JBY) PIMOYS SINSIY
urerq o) ut Aemyyed SurpeuSis urnsur
pasearour 0} anp urajoid ne) payerdosse
-avV Jo uonejKioydsoydradAy oy
juoadxd 03 sreadde oprieusxy Yim
sAep ordnnu Jey) 9)ensuowWap sINsY

Ayanoe ge-3sO
pue s[oad] uonejAioydsoydiodAy ney
JO 958aI109p © 0} pajefar st A[qeqoxd
pue ‘qV pare[RI-]N( A[reroadse gy
SE YOns SISBaSIP QAIRIOUaSIpOINAU
JO Juauean Y} ur s109y9 [enuod
sey opreuaxy ‘os[y “eoueuriojrad
ANIUZ00 pue Arowdw paoiduwr 0}
Pa[ JUSWIJBAI) OATA UI PUE ‘OI}IA UI
SUONIPUOD $SANS DATEPIXO JO I50IN[T
yS1y Joy3Ie Iapun S[[3d [RUOINAU JO
K)I[IQeIA 9U) 9SBAIOUT P[NOD IPNRUIXT

(S107) e 19 nX

(ST0T) "Te 12 uay)

SYoM
10} MQ/BY/[OWU GT YITM A[TeP-00TMT, 0§

sKep §¢
10y mq/33/311 7°¢ yitm Aqrep-ooimy “d-]

skep ¢
10y mq/8/31 0T im A[rep-odim], *o'S

Sul [[99 T1Dd pue
0T OTUA3SULN-A[qNOP [Sd/ddV AN

Z1S o uonoaluy -d'r pue jorp ey ysiy
s paonpur sjer koime—onSerds ofey

SUT[ [199 Z10d *(ZLS JO uonoafur
AD’T UM PONpUT SJeT JBISIAN B

apneuaxyg

opneuaxyq

opneusxyq

sistuoge [-4 10

systuoge [-4 10

sjsuode [-4 1D

SOOUIYOY s3urpury

UOTUIAINUT

udisop Apmi§

Qwreu Sniq

ad£y Snuq

(ponunuoo) | sjqey

pringer

a's



Metabolic Brain Disease (2023) 38:1769-1800

1792

(€107) '8 19 equiog

(S102) T8 19 Zewiog

(T100) '8 19 wywog

Qonu (Jy-SIX¢ JO WSIoqeIow ureiq
UO S}09JJ OU PeY 9pHeuaxd ‘YSnoyy
‘uoneadsal [eLIPUOYI0)IU UO S1JJO
OU PUE ‘S[OAQ] JB)OB[ UT dSEAIOUT JoU
© 0} Surpes] AJ1A1oe 9seud3oIpAyep
Q)BI0B[ UTRIq PAsEaIoul SnIp oY) ‘@onu
DI-1Sd Ul TYI-1Sd ut seoueuriofrod
KIowew w1d)-3U0] pue }I10ys uo
$10910 [e1oyouaq pajowold opreuax

Kyanoe o1310urjoyo Sur

-SeaIoul pue asuodsal uonewIwWERPUI )

Surssaxddns £q syex payean Z1S-ADI

ur eoueuriojrad aanmuSoo oy aaoxdur

pue suoinau [edweosoddiy jo Kifiqera
AU} 9SLAIDUI P[NOI IPNBUIXI JBY} PIMOYS

uonrusod Jo s
-seow [eIoIABYaq pasoiduil pue SINf
pareanioe pue 10sd1-SyT redwresoddy
JO S[9AJ] PISBAIOIP H-UIPUIXI @ITW T,
uy Juade s9)oqeIp-TiuL Ue ‘(IPIBUIXI)
H-UuIpuax? 0) amsodxo Aq pajuosdxd
Q1om ‘10dsuer euoxe parredwr Sur
-pnjoul ‘oNIA Ul paAIasqo sarsojoyred
[eUOINAU PIONPUI-ISWOSI[O Y], "SAY
-uow sn3[OWOUAD Ul uoneAndR N[
pue 10sd1-SyT [edweooddy pere3Sin
s1owo31jo ¢y Jo uonosalur renorn
-uaA0IqaIedRNUI ‘Apueltodw] "qV S[@
-pow 1Y) UONIPUOD UTRIQ B (IIM dJTW
31, 30 rdwreooddry oy ur Jussaxd osfe
sem Jureudis 1-Sy] paaredwy ‘suoinou
redwresoddry pormyno ainjewr ur 15d 1
-S¥I [eor3ojorsAyd pajiqryur pue ‘sonp
-1801 QuLIas ofdnnuw e uonekioydsoyd
[-S¥1 peonpur ‘Aemyred 0-INL/SNS
o) pajeanoe ‘syuaned Qv Jo sureiq
Q) Ul d)e[NWNIOE Jey) surxojoldeuks
‘srowo3To (gv) opnded d-projAwe ey
punoj oA\ "$919qeIp YIim sjuaned ur ons
-s1) Teroydizad ur s1n000 JeyM 0) SNOT
-o[eue SN[ pareanoe pue 1osd-SyJ Jo
S[OAQ] PIBAQD PRy (JV YIIM suewny
WOIJ 9NSSI) urelg *SaseasIp 1oq o)
uowrwod St (10sd1-S¥1) 1-SI Jo uon
-e[A1oydsoyd ouL1ds jey) moys Ay ],

yjuow ¢

10§ Mq/3/31 900G yaim e skep ¢ "d'|

SyoaM T

10§ Mq/8Y /311 07 yiim A[rep-oouQ “d'p

skep 4 10§ 3 001 pPIm
SKep 991} AIOAQ B[NUEBD) "A'D'T ‘SYOOM ¢

J0J Mq/3y/[owu G Yim A[rep-2ouQ "d'|

QoW qV-S1X¢ pue IN-1Sd

Z1S Jo uonoafur AD7

M paonpur sjer Aome(q onSerdg orejA

srowo31jo apndad ¢-projAwe yrm
poonput skoyuowr Sn3[OWOUAd ‘punord

-9'q 9/Td LSO © U0 201 [Sd/ddV

sysoge [-d 1D

systuoge [-410

sjsode [-4 1D

SAOURIYY

ssurpury

UOTIUIAINUT

ud1sop Apmi§

ad£) Snuq

(ponunuoo) | sjqey

pringer

Qs



1793

Metabolic Brain Disease (2023) 38:1769-1800

Konserd on
-deu£s Surazesaid prnoo pue aoue)sISaI
UI[NSUI-9$2q0 ) UI SUI[OP ANTUS0D

(L102) ‘Te 10 oowuen3u-eg pajuaaaxd urzogrSedep jey) payse3sng

woISAS
SQUTWEOUOW Pue OISIAUT[OYD BIA IPIW
-01qo1pAy durwrejodoods £q paonpur uon
(L107) ‘Te 1@ ejery  -ounysAp Krowaw aaoxdwr urzogrSeue)

Kemyyed Surreusts qeSO/LV

/SI€1d o Suraoxdwr ySnoayy surajord

sju pue nej Jo uoneAioydsoydiodAy

Ay} SuIseaIdoop os[e pue 1s9) INMIA Ul

s3urssord wiiojyeld uappry jo requinu

Ay} paseadul pue Aousje] adeoss oy

(6107) Te 19 noyz

9ITA Jo uonel&r

-oydsoyd oy ur asea109p JuLOYIUSIS

® pue ¢19s Jo uone[Kioydsoyd oy ur

9seaIour JUBdYIUSIS B UM ‘(QESD)

qg oseury aseyyuAs uagooL[S jo uon

-BATIO® PIQIYUI pue ‘sjuowrreduur

PAONPUI-GE—G7qV oY) pajuaaard

#107) Te R ) A[2ATIO91J9 JUSWILAI) SPIRUDSIXIT
sjuaunean [[e AQ padnpai os[e sem
(uoreanoe [erjdoxoru) asuodsar uon
-RWWIRYUT JTUOIYD Y], PAUAAId sem
peoj anbeyd projAwe oy) pue sroquinu
asdeuAs Jo uononpar Ay, ‘uoISSIWSUL)
ondeu£s jo uonenusjod wie)-3uof

($107) I9YIS[OH PUe UBI[DIA pue uonrugod parordwir IPRUISIXIT

SOSEASIP QAT)RIQUATIPOINAU

JO JUSWIEaI) B SE IS JO 9q AvW YOIym

ureiq ayj ur sjaAd[ dured paoueyua

0S[e pue SISoua30INdU padURYUF

(Z107) 19Y9S[oH pue IoNuny

Krowow pue

Sururedy jo juounredwr pue A)1anoe
JI0JOWO0D0] JO AOUBGINISIP WYIAYT
UBIPBOILD PAdNpUL-¢e—T gy parelor|
-QWIE {-UIPUAXF PUE ‘@31 Ul KI0Waw
pue Surures| pasredwr pue wyiAyx
uerpeord paydnisip uonosfur redwresod

SYOM §
10J Kep/3y/Swr T yam oFeaeS ormsedenuy

sown om) Sy/qw g/Sw O]

pauaioys Apueoyrusis opnniSe[ng  $YeM G J0J mqyyeam/3y/Sw 90 Yy d'1

urw /[ 7' Jo 21er paydafur ue yim
rdureooddry [exojeqiq oy) ojur pajosfur
901M) 21oM ([ri/[owu G) opreuadsIXIT

SYoam ()] 10)
Mq/3y/[ow O 10 T |Im Arep 9ouQ d

9 8

o€ dY) SSOI0 P[NOO SPHRUSSIXIT /[OWU (ST 10 ‘6T ‘ST Ynm A[rep ouQ “d']

(9107) '[e 12 Suepr  -diqenur £q ULAIS Ge—[ gV 18yl PAMOYS  [OWU G('() 10 G°() YA uondafur [eseuenuy

SJel IRISIA eI

SJeI IBISIAN S[RIA

Z1S jo uonoafur
AT PIA podnput 201U d[ew 9TH/LSD

ge=gzdv jo Iryjowu g
yIm pasnpul sjer Aopme—onselds ey

punoidyoeq
9/19LSD © yim o1 AT Sd/emsddy

oV JO [9pOoW TH/LSD

Se-Tedv jo owru g
Yim paonpur 01w 9/ T4 LSO AP

urzogrSedeq

urzogideue)

opnniSenq

OPIIBUSSIXIT]

OPIIBUSSIXITT

OPIIBUASIXIT]

opneusxyq

S1031qIqUI Z1'IOS

SI0NQIYUI 71 TOS

s)suoSe -4 1D

s)sode [-4 1D

systuoge [-4 10

systuoge [-4 10

sjsuode [-4 1D

SOOUIYOY s3urpury

UOTUIAINUT

udisop Apmi§

Qwreu Sniq

ad£y Snuq

(ponunuoo) | sjqey

pringer

a's



Metabolic Brain Disease (2023) 38:1769-1800

1794

IoLLIeq UTeIq Poolq o
wStom Lpog |
9SBASIP JOWISYZ]Y o
uroojozoydans c

oM

Te[NOLINUIA0IGRIadEIU]

A[snodueinogng ,

[eouojLrodenuy |

NAZL Jo [opowrt

JUBJSISAI UI[NSUT ‘9S9q0 ) ul Surd
-powaI urfeAu/a)£501pusposIjo pue
sogw pue DYy eri3oInau/sdd pue ‘O
[ernw N AN Juennsuod jo A3ojoydiow
SN “ILLIeq UreIq—poo[q ‘NAN Y}

Jo uonodjoxd era urzogrSedwo £q

(6107) Te 10 uapAey uonodjoidornau 1s933ns sFurpury

J10)00] orydonoinau
POALIOP-UTRIQ [2IGAI9D UT 9SBAIOUT )
puE SSAIIS SATJEPIXO [BIGIAD JO UOHE
-NUAYE AY) YIIM PIJBIOOSSE SEM [ITYM
‘ur uonouny 9ANIUS09 Jo Juduredwr
#107) Te @ ury oY) payudaaxd Apueoyrudis urzogrSedwyg

Qo1 qp/qpX1Sd/ddV

ur SIOYAP ANIUS0D JO UonEIoIWe
ue Aq paruedwoddr 21om SIO9J0 sy}
pue ‘Jomo[ sem uaping anbeyd o[ueg
"PaONPaI OS[B AIoM SUIPING BI[SOIdTW
pue 23eULIOWH "A0IW pajean ul

SSO[ [RUOINAU PadNpal pue Suruury)
291100 payw] JINH ‘[AS] [ENUD
AU} JY "90TW O1OqRIp UT S[OAQ[ UI[NSul

(0207) 'Te 30 2ouereng-o1IoTH urejurewr o} padjey jusweon JINH

syoam (T 10 Aep
/33/3W O] YA 121D 3y UL PAIRISTUTUPY

syoom (]
10§ %€0°0 WA J9IP SY) UL PRIAISIUIIPY

93 JO sjoam 97 0} { WOIJ Joom
/33 3w QT Yim JOIp Oy} U PaIOISIUIpPY

(O9q /aprdoT+ /4w yo0q
-3D°SMd) qp/qp d[ewa]

(qpadey
/QpIdaI-/STHLSD) 99U Gp/qp e

90IW qp/qpX[Sd/ddV

urzogr3edwy

urzogrSedwyg

urzogiSedwyg

s101qIquI 17108

s10MqIyut 71108

SIONQIUUI ZI7TOS

SOOUIYOY s3urpury

UOTIUIAINUT

ud1sop Apmi§

Qwreu Sniq

ad£) Snuq

(ponunuoo) | sjqey

b
)
)
5
et
|9
A
&l



Metabolic Brain Disease (2023) 38:1769-1800

1795

2019). According to our search of literature, no study was
found on mitiglinide in this area. In general, more studies in
the meglitinides family are required to establish the actual
mechanism of these medicines on AD.

Conclusion

Based on accumulating evidence that indicates strong asso-
ciation and similar pathological mechanisms between AD
and T2DM we discussed the potential of anti-diabetic drugs
against AD in currently available animal and clinical studies.
Based on data collection in Table 1, the use of intranasal
insulin, rosiglitazone, glibenclamide, and GLP-1 agonists
was found to have positive effects in AD treatment. In addi-
tion, although pioglitazone and sulfonylureas improved dia-
betic conditions and cognitive impairment, but contradictory
results have been seen in the in-vivo and clinical studies.
Rosiglitazone has beneficial effects on insulin resistance,
glucose, and lipid metabolism, but due to weak penetration
in the brain and cardiotoxicity association, it is not recom-
mended for AD treatment. GLP1 agonist (Exenatide) and
DPP4 inhibitors (Vidagliptin) have neuroprotective effects.
However, more studies are needed to confirm it. Since that
metformin is the first line of treatment in diabetes and the
most widely used drug in the treatment of diabetes, it is
necessary to study its effects on AD. Although most of the
data on the use of metformin in AD with or without T2DM
are promising, it should be noted that the effect of met-
formin might depend on complex underlying pathological
processes. In some cases, metformin has even been shown
to have harmful effects. Therefore, to determine the effects
of metformin in the control and treatment of dementia/AD, it
is necessary to define broader cohort studies with long-term
use of metformin and larger study groups.
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