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Abstract: Diabetes mellitus is a complex metabolic disease associated with reduced synaptic plasticity,
atrophy of the hippocampus, and cognitive decline. Cognitive impairment results from several
pathological mechanisms, including increased levels of advanced glycation end products (AGEs)
and their receptors, prolonged oxidative stress and impaired activity of endogenous mechanisms of
antioxidant defense, neuroinflammation driven by the nuclear factor kappa-light-chain enhancer of
activated B cells (NF-«B), decreased expression of brain-derived neurotrophic factor (BDNF), and
disturbance of signaling pathways involved in neuronal survival and cognitive functioning. There is
increasing evidence that dietary interventions can reduce the risk of various diabetic complications.
In this context, flavonols, a highly abundant class of flavonoids in the human diet, are appreciated as
a potential pharmacological intervention against cognitive decline in diabetes. In preclinical studies,
flavonols have shown neuroprotective, antioxidative, anti-inflammatory, and memory-enhancing
properties based on their ability to regulate glucose levels, attenuate oxidative stress and inflammation,
promote the expression of neurotrophic factors, and regulate signaling pathways. The present review
gives an overview of the molecular mechanisms involved in diabetes-induced cognitive dysfunctions
and the results of preclinical studies showing that flavonols have the ability to alleviate cognitive
impairment. Although the results from animal studies are promising, clinical and epidemiological
studies are still needed to advance our knowledge on the potential of flavonols to improve cognitive
decline in diabetic patients.
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1. Introduction

Diabetes mellitus (diabetes) is a group of severe metabolic diseases characterized
by increased blood glucose levels resulting from a deficiency of insulin secretion, body
resistance to insulin, or both [1-3]. Over the last few decades, the prevalence of diabetes
has been growing, mainly in association with the emerging pandemic of obesity [4-7].
Among other health consequences, such as the development of heart diseases, kidney
failure, vascular complications, peripheral neuropathy, and retinopathy, diabetes-associated
cognitive dysfunction, also called diabetic encephalopathy, is one of the most severe
outcomes of diabetes [8-11]. Regarding cognitive abilities, diabetes may increase the
progression of mild cognitive impairment to dementia and Alzheimer’s disease (AD), and
diabetic patients have an increased risk of developing AD [5,12-14].

Preclinical studies revealed that cognitive decline in diabetes results from changes
in the central nervous system (CNS) that are secondary to prolonged hyperglycemia, ox-
idative stress, and neuroinflammation, the main drivers of neuronal dysfunction [15-19].
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Structural and functional changes in the CNS include brain atrophy, of which hippocampal
shrinkage is particularly important [20,21], impaired neurogenesis and differentiation of
neural progenitor cells, reduced white matter connectivity, decreased total spine density
and synaptic loss, disturbed neural transmission [22-24], and the appearance of electro-
physiological abnormalities, including impaired long-term potentiation (LTP), altogether
leading to deterioration of cognitive functions, that are observed not only in animal models
but also in human patients [21,22,25].

The hippocampus, the brain region involved in learning and memory, especially in the
spatial domain, appears to be highly vulnerable to hyperglycemia-induced impairments
of synaptic plasticity and neuronal damage [20,26-29]. Synaptic impairments in the hip-
pocampus are mainly caused by oxidative stress and neuroinflammation [15,19]. More
importantly, increased glucose availability and enhanced accumulation of reactive oxygen
species (ROS) result in increased formation of advanced glycation end products (AGEs)
and upregulation of receptors for AGE (RAGE) on the neuronal and glial surfaces [30,31].
From a human perspective, these changes are more prominent in diabetic patients with
mild cognitive impairment, suggesting that levels of AGEs and RAGE could be the key
factors contributing to cognitive decline in humans [32-34].

AGEs, or Maillard products, denote a heterogeneous group of highly toxic molecules.
AGE:s are generated in the process of glycation, a non-enzymatic chemical transformation
of amine-containing species (proteins, lipids, and nucleic acids) by reducing sugars in
the blood. Although glucose displays the slowest glycation rate among natural sugars,
long-term hyperglycemia and oxidative stress may profoundly accelerate AGE formation
in diabetes [30]. Eventually, AGEs accumulation results in the cross-linking of intracellular
and extracellular proteins, thus compromising their conformation and cellular functions
and causing underlying tissue damage [35,36]. In addition, the detrimental effects of AGEs
could be mediated by aberrant interactions with RAGE [37,38].

Animal studies indicate that the increased levels of AGEs and RAGE further activate
the signaling pathways of mitogen-activated protein kinases (MAPKSs), particularly the
p38 cascade, and the transcription factor nuclear factor kappa B (NF-«B). In a vicious loop,
activation of p38 and NF-«kB promotes the production of more AGEs, RAGE, and ROS,
therefore intensifying oxidative stress, neuroinflammation, and neurodegeneration that
ultimately results in deterioration of cognitive functions and behavioral deficits [39-42].

Preclinical studies have shown that disturbances in insulin signaling also contribute
to cognitive decline. As insulin is involved in neurotransmission, synaptic function and
plasticity, apoptosis, and antioxidant protection, impairment of insulin signaling has detri-
mental consequences on brain functioning and cognition-related processes, particularly in
the hippocampus [8,43,44].

Evidence from human studies suggests that dietary habits may influence the risk of
developing diabetes and the overall cognitive abilities of diabetic patients [45-48]. For
example, several studies have shown that a Mediterranean diet, which is rich in fruits and
vegetables, may help in reducing the risk of cognitive impairment, not only in healthy indi-
viduals but in diabetic and neurological patients as well [49-52]. It is generally considered
that the beneficial effects of plant nutraceuticals, such as flavonoids, are mediated by their
antioxidative and anti-inflammatory properties. Moreover, a growing body of literature in-
dicates that naturally occurring chemical constituents from fruits, vegetables, and common
beverages that are capable of reducing oxidative stress and neuroinflammation may also
ameliorate cognitive deficits [53-55]. Accordingly, dietary interventions, particularly those
that are based on increased consumption of fruits and vegetables, are considered possible
preventive strategies and promising approaches for slowing down the loss of cognitive
abilities [14].

Among the various phytochemicals in the diet, flavonoids are appreciated as leading
bioactive molecules with potentially beneficial effects on human health. However, such
considerations are based predominantly on the results from in vitro and preclinical studies
rather than human studies. Flavonoids not only showed neuroprotective, antioxidative,
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and anti-inflammatory effects but were also effective in controlling blood glucose levels,
insulin secretion, and insulin sensitivity [56-63]. The beneficial effects of dietary flavonoid
intake on the preservation of cognitive abilities, both in animals and humans, have also
been reported [53,54,64-66].

2. Cognitive Dysfunction in Animal Models of Diabetes

Cognition encompasses mental processes such as perception, attention, learning and
memory, thinking, language, and executive functions [67-69]. As mentioned earlier, dia-
betes is one of the major risk factors contributing to cognitive deterioration, along with age
and some specific genetic predispositions. In diabetic patients, loss of cognitive abilities is
evident in several domains. Most commonly, they have impaired psychomotor efficiency,
cognitive flexibility, speed of information processing, attention, language comprehension,
visuospatial abilities, and executive functions [14-16,70]. Moreover, cognitive impairment
is usually accompanied by impaired social functioning, which altogether negatively affects
the quality of patients’ lives [71].

Although clinical trials on the efficacy of flavonols are lacking, intervention studies
with diets rich in fruits and vegetables provide promising evidence for their potential
efficacy in alleviating cognitive decline in humans. However, a more comprehensive
understanding of the cellular and molecular mechanisms underlying cognitive impairment
and the effects of flavonoids has been achieved through studies in diabetic animal models.
Understanding these mechanisms is pivotal, as it may guide the development of future
therapeutic strategies to preserve and restore cognitive functions in diabetic patients.
Therefore, this review focuses primarily on preclinical research, with sporadic references
to human studies in the context of the corresponding preclinical findings to indicate their
potential translational relevance.

2.1. The Role of AGEs and RAGEs in Diabetes-Associated Cognitive Decline

Several studies have revealed the important contribution of increased AGE formation
and upregulated RAGE expression to diabetes-associated cognitive decline in diabetic
animals [41,72-75]. Acting in concert, hyperglycemia and oxidative stress promote AGE
generation, which in turn stimulates the production of ROS and leads to more severe
oxidative stress. Thus, in addition to AGEs and RAGEs, ROS are also considered important
mediators of cognitive decline in diabetes [27,76].

RAGE levels are usually low in the physiological environment, but their expression
increases under various pathological conditions associated with prolonged oxidative stress
and neuroinflammation, including diabetes [31,77]. In a vicious loop, increased expression
of RAGE exacerbates oxidative stress, neuroinflammation, and neurodegeneration, which
further promotes an increase in RAGE expression. It has been shown that RAGE levels play
an important role in the development of cognitive dysfunctions, particularly those related
to hippocampal spatial memory [27]. Accordingly, RAGE inhibition by pharmacologi-
cal, mutational, or genetic approaches attenuates neuroinflammation, improves synaptic
plasticity and synaptic function, reduces levels of apoptotic markers (Bax, caspase-3), and
prevents neuronal damage and death, ultimately improving results on cognitive tasks in
preclinical diabetic models [27,74,75,77].

As previously mentioned, diabetes represents a significant risk factor for AD [76,78,79],
and AGEs and RAGE are considered a possible molecular link between diabetes and
AD [80]. The defining histopathological hallmarks of AD are extracellular deposits of
amyloid  (Ap) and intracellular aggregates of hyperphosphorylated tau protein in neu-
rofibrillary tangles [81-83]. AGEs promote the accumulation of both A3 and tau. Namely,
by activating glycogen synthase kinase-33 (GSK-3f3), the main tau kinase, AGEs stimulate
tau hyperphosphorylation and accumulation of neurofibrillary tangles, whereas through
the activation of the AGEs/RAGE/NF-«B pathway, AGEs promote production and aggre-
gation of AP [76,84-87]. In humans, it has been shown that the G825 RAGE polymorphism
is strongly associated with AD development by affecting interactions between RAGE and
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AP [88,89]. Moreover, in a db/db mouse model of diabetes, FPS-ZM1, a high affinity RAGE
antagonist, inhibited binding of A3 to RAGE, prevented transport of A3 across the blood
brain barrier and its accumulation in the hippocampus, improved synaptic plasticity and
LTP, and enabled better performance in cognitive tasks testing spatial and working mem-
ory, altogether indicating that RAGE inhibition could be an effective strategy for reducing
cognitive loss [74].

2.2. Oxidative Stress in Diabetes-Associated Cognitive Decline

Oxidative stress is one of the main hyperglycemia-related factors that underlies the
development of various diabetic complications at the molecular and cellular level [90,91].

Oxidative stress indicates a condition characterized by a prominent imbalance between
ROS generation and elimination. ROS are eliminated by endogenous antioxidant defense
systems, which include small non-enzymatic molecules, such as glutathione (GSH), and
antioxidative enzymes, the most important of which are catalase, superoxide dismutase
(SOD), and glutathione peroxidase (GPx). Increased production of ROS disturbs the
activity of redox-sensitive signaling pathways and induces oxidative damage and structural
changes in nucleic acids, proteins, and lipids. Ultimately, these changes threaten neuronal
functioning, further leading to neuronal death and cognitive deterioration [92-94].

In diabetes, increased glucose stimulates the production of ROS and promotes oxida-
tive stress. Hyperglycemia exacerbates the production of detrimental free radical species
by several mechanisms, including (i) increased glucose metabolism through glycolysis
and glucose autooxidation, (ii) enhanced activity of the polyol pathway (the pathway is
involved in the regulation of GSH level), (iii) protein kinase C (PKC)-dependent activation
of NADPH oxidase, (iv) increased flux of the hexosamine pathway (the pathway decreases
the NADPH/NADP" ratio), and (v) aforementioned production of AGEs [37,95].

Expression and/or activity of oxidative stress-related markers are altered in various
tissues, including the brain, and are accompanied by reduced learning and memory abilities
in diabetic animals. Commonly observed changes are increased production of ROS and NO,
elevated levels of malondialdehyde (MDA), an end marker of lipid peroxidation, depleted
GSH levels, and reduced activity of SOD, catalase, and GPx [96-101]. Hence, from a clinical
perspective, compounds with antioxidative properties, in addition to classical antidiabetic
drugs, are appreciated as a potential pharmacological intervention for slowing down the
onset and progression of diabetic complications [15,102].

AGEs and RAGEs are important inducers of oxidative stress and oxidative damage in
diabetes. One of the principal mechanisms of the interplay between AGEs/RAGE and ROS
is related to mitochondria. Specifically, overactivation of the AGEs/RAGE axis impairs
mitochondrial function. Since mitochondria are the main targets and producers of ROS, the
AGEs-induced ROS increase exacerbates mitochondrial damage and further upregulates
the production of ROS, disrupting mitochondrial energy metabolism and lowering ATP
production. Ultimately, mitochondrial dysfunction impairs overall neuronal functioning,
disturbs neural circuitry, and reduces cognitive capacity [103-105]. Accordingly, ultra-
structural abnormalities of mitochondria, along with the presence of apoptotic markers
and neurodegenerative changes, are commonly observed findings in the brains of diabetic
mice [26,36,106,107]. Yet another mechanism of the AGEs-induced production of ROS is
related to NADPH oxidase activation via Jun N-terminal kinase (JNK) and p38 MAPK
signaling pathways [108].

Oxidative stress usually activates various kinase pathways that interfere with insulin
signaling [109,110]. The phosphoinositide 3-kinase (PI3K)/Akt pathway is the main reg-
ulator of insulin signaling and glucose metabolism in pancreatic 3 cells, adipocytes, and
muscle cells. Akt increases glucose uptake by stimulating the translocation of glucose trans-
porters to the plasma membrane and upregulates glycogen synthesis by stimulating GSK-3
activity [111,112]. Furthermore, it has been shown that insulin regulates mitochondrial
respiration through the PI3K/Akt pathway [113,114]. Reduced activation of the PI3K/ Akt
cascade impairs mitochondrial function, promotes oxidative stress, and causes insulin
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resistance. Likewise, attenuation of mitochondrial ROS production preserves sensitivity
to insulin, altogether demonstrating the importance of proper insulin signaling and a
balanced redox environment in cellular functioning and the prevention of diabetes-related
metabolic abnormalities [109,115,116]. Akt signaling is also important for neuronal survival.
Reduced pAkt/ Akt ratio and increased expression of cytochrome c and caspase-3 are found
in apoptotic cortical neurons of diabetic rats [117].

In addition, affecting mitochondria, oxidative stress disturbs the function of the endo-
plasmic reticulum (ER) and induces ER stress. In turn, ER stress exacerbates the production
of free radicals, which in turn promote ER stress. In addition to ROS, increased glucose
levels and disturbance of insulin signaling also contribute to ER stress and insulin resis-
tance, at least in hippocampal neurons [15,118]. C/EBP Homology Protein (CHOP) is an
important mediator of ER-induced apoptosis under hyperglycemic conditions. Its increased
expression in the hippocampus of diabetic animals was accompanied by the induction
of apoptosis and autophagy, as well as reduced learning and memory capacity, demon-
strating the important role of ER stress in diabetes-induced neurotoxicity and cognitive
impairment [21,26,98,119].

2.3. Neuroinflammation in Diabetes-Associated Cognitive Decline

Oxidative stress is tightly linked to neuroinflammation. The transcription factor NF-
kB is the main regulator of the inflammatory response. It tunes transcriptional programs
and modulates the expression of hundreds of genes involved in innate immunity. NF-«B
is also an important sensor of the redox state in the cellular microenvironment [15,120].
As the enhanced production of ROS is a typical hallmark of immune cell activation, the
inflammatory response and redox equilibrium are connected in a vicious cycle that drives
the progression of pathological changes in various diseases, including diabetes. Increased
levels of oxidative stress indicators and activation of the NF-kB cascade are concomitant
findings in the brains of diabetic animals [98,100,121,122]. Accordingly, neuronal dysfunc-
tion in animal models is closely related to NF-«B activation and the consequent release
of proinflammatory and prooxidative molecules, such as cytokines tumor necrosis factor
(TNF)-« and interleukin (IL)-6, and ROS- and ROS-generating enzymes such as inducible
nitric oxide synthase (iNOS) [97,100,123-125]. Ultimately, oxidative stress and neuroin-
flammation initiate a cascade of apoptotic events that underlie neuronal loss and reduced
learning and memory capacity [98,100,124,126].

The hyperglycemia/ AGEs/RAGE axis not only contributes to oxidative stress but also
plays an important role in the sustained activation of NF-«B. In a feedback loop, activation
of NF-«kB stimulates RAGE expression and ROS generation, driving the progression of
diabetic complications, including those related to cognitive abilities [27,34,127-129]. Accord-
ingly, compound FPS-ZM1, a RAGE-specific inhibitor, was able to attenuate activation of
NF-«B and alleviate cognitive deficits in hyperglycemic mice [27,40,130]. RAGE-mediated
activation of the NF-kB pathway increases the production of several cytokines and ulti-
mately impairs neuronal structure and functioning, particularly in the hippocampus and
frontal cortex [73,74,77,120,131]. For example, in spontaneously diabetic BB/Wor rats with
confirmed neurobehavioral deficits, increased expression of RAGE and stimulation of the
NF-«B pathway, together with increased levels of TNF-«, IL-13, IL-2, and IL-6, have been
observed in the hippocampus [73]. Upregulation of pro-inflammatory mediators in the
diabetic brain has also been reported in other preclinical models [74,101,131,132].

The p38 pathway has been identified as a critical mediator of the RAGE-induced
inflammatory response due to its prominent role in the activation of NF-«B signaling [42].
High glucose levels promote p38 phosphorylation, which in turn increases phosphory-
lation of NF-kB subunit p65 and nuclear translocation of NF-kB, ultimately resulting in
caspase-3 activation and neuronal loss in the hippocampus [42]. In streptozotocin-induced
and db/db diabetic mice, hyperglycemia promotes direct binding of RAGE to mitogen-
activated protein kinase kinase 3 (MKK3) and initiates assembly of the MEKK3-MKK3-p38
signaling module, which subsequently accelerates activation of the p38/NF-kB pathway.
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Inactivation of these two cascades reduces neuronal loss, improves synaptic plasticity in the
hippocampus by modulating the function of glutamatergic AMPA receptors, and amelio-
rates behavioral deficits [42]. Of note, the functions of AMPA and NMDA receptors, which
are involved in hippocampal LTP, are also regulated by RAGE and p38 kinase [75,133,134].
Thus, it is likely that inhibition of these pathways could have a great potential for alle-
viating symptoms of cognitive dysfunction in diabetic patients. In the hippocampus of
streptozotocin-induced diabetic mice, the increase in RAGE expression was also accompa-
nied by reduced JNK activity, i.e., a decreased pJNK/JNK ratio, and downregulation of the
JNK kinase pMEK?, which correlated with a decrease in neuronal excitability [75]. An im-
portant role of RAGE in the activation of the p38/NF-«B pathway has also been confirmed
in other cells and animal tissues affected by pathological diabetic changes [135-137]. In
line with these findings, anti-inflammatory molecules acting as AGEs and RAGE inhibitors
are considered promising candidates for pharmacological interventions in alleviating the
severity of diabetic complications [31,138-140].

As mentioned previously, chronic hyperglycemia disturbs ER homeostasis, resulting
in ER stress, irreversible unfolded protein responses, and the induction of death signaling
pathways [141,142]. ER stress further leads to glucose intolerance and systemic insulin
resistance; however, these changes could be prevented by NF-«B inhibition [143]. In concert
with oxidative stress, ER stress promotes NF-«B activation, neuroinflammation, and neu-
ronal apoptosis, with detrimental consequences for cognitive performance [26,98,119,144].
It seems that the hyperglycemia-induced effects on ER stress are mediated by hyperac-
tivation of JNK signaling. In diabetic rats, increased expression of ER markers in the
hippocampus was associated with increased JNK phosphorylation, NF-«B activation, and
increased release of the proinflammatory cytokines TNF-« and IL-6, whereas in vitro stud-
ies demonstrated that inhibition of ER stress or JNK activity attenuates neuroinflammation
induced by high glucose [144]. A study performed on primary hippocampal neurons
exposed to high glucose revealed yet another role of the JNK pathway in ER stress. Inhibi-
tion of the JNK signaling pathway reduces the expression of autophagy markers, whereas
autophagy inhibition exacerbates ER stress and ER stress-induced apoptosis, indicating
the neuroprotective role of autophagy and the contribution of the JNK pathway in the
activation of autophagy [26].

The complement system, part of the innate immune response, is also activated in dia-
betes [145,146]. Under physiological conditions, complement signaling plays an important
role in synaptogenesis, pruning, and neuronal network plasticity [147-149]. In diabetes,
activation of components of the complement system contributes to insulin resistance and
cognitive decline, the latter likely being related to impaired synaptic plasticity [150,151].
Increased synaptic deposition of complement 3 (C3), the central component of the com-
plement system, and the reduced density of synaptophysin, a synaptic marker, have been
observed in the hippocampus of diabetic mice [40]. Of note, concentrations of the com-
plement C3 in the blood of diabetic patients correlate with the severity of diabetes-related
complications, including neuropathy [152]. For example, scores on the Digit Symbol Substi-
tution Test were negatively correlated with serum C3 levels [28]. Furthermore, treatment
with FPS-ZM1, a RAGE antagonist, attenuated the C3 increase in the brains of diabetic
mice. FPS-ZM1 also prevented upregulation of p-p38 and NF-«kB, suggesting that C3 in-
duction via the RAGE/p38/NF-kB pathway could be involved in synaptic degeneration
and cognitive deterioration [40]. A recent study found that overexpression of complement
component 3 reduced the levels of LTP-related proteins and demonstrated an important
role for astrocytic NDRG2 protein in C3 activation via the NDRG2/NF-kB/C3 cascade.
Downregulation of NDRG2 expression was found to exacerbate C3 activation by promoting
phosphorylation of NF-«B. Accordingly, a C3aR antagonist rescued dendritic spines and
synaptic function and prevented memory loss in diabetic mice. Based on the results of the
weighted gene co-expression analysis, the authors suggested that activated microglia stim-
ulate astrocytes to produce large amounts of C3, which further amplifies the complement
cascade and inflammation and disturbs synaptic plasticity and cognitive performance [28].
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In addition to its well-recognized role in innate immunity, NF-«kB is constitutively
expressed in neurons and acts as a regulator of memory formation [153]. It is important for
the conversion of short-term to long-term memory and is activated during LTP induction.
Modulation of NF-kB activity therefore affects hippocampal synaptic plasticity as well as
memory and spatial abilities [154-156]. The effect of NF-kB on memory is mediated by
its downstream targets, some of which are neurotrophic factors, transcription factors, and
molecules involved in neuronal outgrowth [157]. It is also involved in neuroprotection,
neuronal transmission, and adult neurogenesis [158].

2.4. Other Factors Contributing to Cognitive Dysfunction in Diabetes-Induced Cognitive Decline

Brain-derived neurotrophic factor (BDNF) plays a crucial role in hippocampal synaptic
plasticity and neuronal survival. BDNF is a growth factor, a member of the neurotrophin
family, that modulates neurophysiological processes related to learning and memory stor-
age, such as the activity of glutamatergic neurons and LTP [159]. BDNF also stimulates neu-
ronal outgrowth and connectivity. Its effects are mediated by the activation of tropomyosin
receptor kinase B (TrkB), a member of the family of tyrosine kinase receptors [159]. Most of
the studies have found reduced BDNF levels, both in diabetic animals and human patients,
in a correlation with the intensity of memory decline, suggesting the important contribution
of BDNF in the pathophysiology of cognitive impairment [97,160-165]. Furthermore, the
prevalence of depression is higher in diabetic patients, with a more prominent decrease
in serum BDNF levels [166]. The relationship between fasting blood glucose and BDNF
levels is not so clear-cut, as results indicating both a positive correlation [167] and no
correlation [168] have been reported. A study performed on 4-week-old prediabetic db/db
mice has shown that treatment with BDNF may prevent an increase in blood glucose
levels, demonstrating the preventive potential of BDNF against the development of dia-
betes [169]. It seems that BDNF requires insulin to demonstrate the blood glucose-lowering
effect. Namely, BDNF itself did not affect blood glucose levels in either control animals or
streptozotocin-treated mice but increased the hypoglycemic effect of administered insulin
in diabetic mice [170]. However, another study reported that the effect of BDNF is insulin-
independent and related to the inhibition of glucagon secretion [171]. A study performed
in humans also demonstrated a correlation between BDNF levels and impaired glucose
metabolism [172]. In addition, the Val66Met (rs6265) polymorphism in the BDNF gene is
likely associated with the disease progression in diabetic patients, with the Met allele acting
as a protective factor by regulating dietary intake [173].

In diabetic animals, the reduced BDNF levels are accompanied by increased levels of
proinflammatory cytokines, enhanced apoptosis, and neuronal loss in the hippocampus,
demonstrating the important role of BDNF in neuronal survival [101]. Hence, treatment
with or overexpression of BDNF could be considered a potential approach for reducing
neuroinflammation in the diabetic brain and improving cognitive abilities. In mice with
streptozotocin-induced diabetes, overexpression of BDNF suppressed microglial activation
and production of the cytokines TNF-« and IL-6. BDNF also prevented upregulation of
RAGE and attenuated activation of the NF-«kB pathway, and these effects were mediated by
suppression of the high mobility group protein B1 (HMGB1)/RAGE/NF-«B pathway [41].
Namely, RAGE belongs to the immunoglobulin superfamily and binds other ligands,
including HMGB], in addition to AGEs [36].

Peroxisomal proliferator-activating receptor gamma (PPAR-v) is yet another transcrip-
tion factor involved in the regulation of glucose homeostasis that plays an important role
in diabetes-associated cognitive dysfunction [174]. Its levels are decreased in the brains
of diabetic animals, whereas pharmacological stimulation of PPAR-y activity promotes
neurogenesis, prevents neurodegeneration, and improves cognitive abilities [175-177]. For
example, in diabetic db/db mice, the PPAR-y agonist rosiglitazone improved spatial and
recognition memory and reduced the decrease in BDNF levels. In vitro experiments per-
formed in hippocampal neurons also indicated that PPARy transcriptionally upregulates
BDNF expression [178]. PPAR-y agonists improved behavioral deficits and synaptic plastic-
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ity in an animal model of AD as well [179]. PPAR-~y is also capable of modulating immune
cell activation and inhibiting NF-«B, which ultimately downregulates the expression of
pro-inflammatory genes and suppresses neuroinflammation [180].

A reduced expression of cAMP response element-binding protein (CREB) is also
related to cognitive impairment in diabetic animals. Like PPAR-y, CREB is a transcription
factor involved in synaptic plasticity and memory. It has been shown that streptozotocin-
induced hyperinsulinemia, hyperglycemia, and cognitive impairment are accompanied by
decreased expression of CREB and the anti-inflammatory cytokine IL-10, whereas secretion
of the proinflammatory cytokine TNF-a was found to be increased [181-184]. In alloxan-
induced diabetic mice, hyperglycemia and memory impairment were likewise associated
with the reduced activation of the CREB/BDNF pathway in the hippocampus, suggesting
its role in long-term memory formation [183,184].

As mentioned previously, the PI3K/ Akt pathway is important for proper insulin func-
tioning. The insulin-activated PI3K/Akt signaling cascade further regulates LTP, indicating
the crucial contribution of this axis to cognitive abilities [185,186]. Downstream targets
of the PI3K/ Akt pathway that are involved in the maintenance of glucose homeostasis
include the mechanistic target of rapamycin (mTOR) (regulates protein synthesis), GSK-3f3
(regulates glycogen synthesis), Fox1 (regulates gluconeogenic genes), and AS160 (partici-
pates in glucose transport). It has been shown that levels of PI3K, pAkt, GSK-3§3, Fox1, and
mTOR are reduced in the brains of streptozotocin-induced diabetic male Wistar rats [97].
Similarly, in rats with co-morbidities of diabetes and depression, the PI3K/Akt/mTOR
pathway-mediated hippocampal degeneration and increase in autophagy have been as-
signed to cognitive impairment [187]. Accordingly, there is accumulating evidence that
the beneficial effects of various compounds on the diabetes-induced cognitive deficits are
due to a re-established activation of the PI3K/Akt/mTOR pathway and reduced oxidative
stress, neuroinflammation, and autophagy [188-192].

The main pathological mechanisms contributing to cognitive decline in animal models
of diabetes are summarized in Figure 1.
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Figure 1. The main neuropathological mechanisms contributing to cognitive deterioration in preclini-
cal models of diabetes.
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3. Methodological Approaches for Assessing Cognitive Functioning in Animal Models
of Diabetes

The most common animal model of diabetes is based on streptozotocin administra-
tion. Biochemical and functional alterations induced by streptozotocin best resemble those
observed in human patients. Depending on the dose and duration, both insulin-dependent
(type 1, caused by destruction of {3 cells) and insulin-independent (type 2, caused by insulin
resistance) diabetes can be induced [95]. Via glucose transporter 2 (GLUT?2), streptozotocin
is preferentially taken up into (3 cells where it has toxic effects. GLUT2 is a high-affinity
transporter abundant in the pancreatic cells of rodents [193]. However, expression of
GLUT?2 is very low in humans, making them resistant to the diabetogenic activity of strep-
tozotocin [194,195]. Structurally, streptozotocin is an analogue of n-acetyl glucosamine
with glucose attached to nitrosourea. This nitrosourea moiety mediates the toxic effects
of streptozotocin via several mechanisms, including increased production of ROS and
induction of nitrosative and oxidative stress, reduced activity of the antioxidant enzymes,
NO-mediated aconitase inhibition and subsequent DNA alkylation, mitochondrial dysfunc-
tion, DNA methylation, and depletion of ATP levels. These processes ultimately inhibit
insulin secretion and result in diabetes [95,195]. Streptozotocin also stimulates broad infil-
tration of macrophages in various organs, induces systemic inflammation, increases the
number of microglial cells, and elicits an inflammatory response and the production of
pro-inflammatory cytokines in the brain [125,196,197].

Alloxan, a glucose analogue with hydrophilic properties, is also used as a diabetogenic
agent for inducing type 1 diabetes. It can be administered intraperitoneally, intravenously,
and subcutaneously in single or multiple doses; the most common option is a single in-
traperitoneal administration [198]. Like streptozotocin, it crosses the plasma membrane via
GLUT?2 and preferentially accumulates in pancreatic (3 cells. There are two main pathologi-
cal mechanisms of alloxan action in rodents. Firstly, it inhibits glucose-stimulated insulin
secretion by inhibiting glucokinase, a glucose-sensing enzyme. Secondly, it promotes ROS
production via redox cycling and induces necrosis of (3 cells [198,199]. The main limitation
of the model and the disadvantage compared to streptozotocin are that alloxan-induced hy-
perglycemia is relatively unstable and unpredictable, which may jeopardize the screening
of the antidiabetic potential of a test drug. Unlike streptozotocin, alloxan also has a high
mortality rate and induces severe damage to other GLUT2-expressing cells [200].

Genetic animal models are also being employed to study the antidiabetic effects of
compounds of interest. The most widely exploited models are leptin-null mice (ob/ob)
and leptin receptor mutant mice (db/db). db/db mice are a well-accepted model for type 2
diabetes, showing insulin resistance and progressive hyperglycemia and dysfunction of {3
cells during aging, together with the hippocampal inflammation, proteomic alterations, and
behavioral and cognitive abnormalities seen in human patients [201,202]. Goto—-Kakizaki
(GK) rats are rats born with a reduced number of 3-cells and represent a model for type 2
diabetes. They have been developed by the selective breeding of offspring with the most
prominent hyperglycemic traits [203,204].

Behavioral Tests Used for the Assessment of Cognitive Abilities in Rodents

Preclinical studies investigating cognitive functions in animal models of diabetes rely
on various behavioral tests developed to assess cognitive functioning in rodents, focusing
primarily on learning and memory. The Morris water maze (MWM) is a widely used
behavioral test to assess spatial learning and memory in rodents. Typically, animals are
trained to find a hidden platform (placed in the target quadrant) in a water-filled maze,
and the time it takes them to locate the platform, known as the latency period, is used
as an indicator of their learning success. Subsequent test trials assess memory retention
by evaluating how well animals remember the platform’s location [21,42,74,205]. The
passive avoidance task assesses memory acquisition and retention using a two-chambered
apparatus, with one chamber delivering a mild foot shock. During the acquisition phase,
animals learn to avoid the chamber associated with the shock, and memory retention is
tested in the probe trial performed after a specific delay period [86,130,177]. The elevated



Life 2023, 13, 2291

10 of 33

plus maze, which was originally developed to assess anxiety in rodents, is used to test
long-term spatial memory. Here, animals are repeatedly exposed to the open arms of the
maze, and the time it takes them to move from an open to a closed arm, known as transfer
latency, serves as an indicator of memory consolidation and retention [206,207]. The novel
object recognition test assesses aspects of declarative memory by exploiting rodents” natural
curiosity for novelty. It measures an animal’s ability to recognize and remember novel
objects by using the discrimination ratio, a measure based on the time the animal spends
exploring novel objects compared to previously encountered objects [178,179,208]. The
Y-maze test is used to assess working and short-term spatial memory in rodents. Animals
are trained to enter and remain in the non-shocking arm of the three-arm maze, and memory
performance is assessed by measuring the latency to enter the safe arm and the number of
correct entries during the testing trials [28,74,178,179]. The open-field test is often used to
rule out motor impairments and the influence of anxiety [27,42,74].

4. Effects of Flavonols on Cognitive Functions in Diabetic Animals

As emphasized previously, foods rich in flavonoids may have beneficial effects on
cognitive functioning [14,49]. Flavonoids comprise a large group of secondary plant metabo-
lites with well-documented antioxidative, anti-inflammatory, and neuroprotective effects,
as well as antidiabetic and memory-enhancing properties [14,53,209-211]. Structurally,
all flavonoids have benzene and phenyl rings (rings A and B), which are bridged by the
heterocyclic pyrene ring C. Based on the diversity of chemical structure (degree of oxidation
and saturation, pattern of attached groups, and position at which the B-ring is connected
to the C-ring), they are categorized into several subclasses [211,212]. The most important
subtypes of flavonoids are flavonols, flavanols, flavones, flavanones, anthocyanins, and
isoflavones [212,213]. However, to exclude the possibility that different classes of flavonoids
could have slightly different effects and mechanisms of action on diabetes-related cognitive
complications, we have focused on flavonols in this literature review.

The main dietary sources of flavonoids are fruits and vegetables, tea, and red wine [214,215].
Accordingly, there is great interest in the potential health-promoting effects of a diet enriched
with fruit and vegetables. The Mediterranean diet is characterized by a high consumption of
fruits, vegetables, and beverages rich in flavonoids, and this type of diet has been repeatedly
associated with a lower risk of chronic diseases, including diabetes [216-218]. The composition
of the various flavonoids in different foods can be assessed using the available databases
on flavonoid content. However, the estimated dietary intake of flavonoids varies widely
between studies. The estimation of the total dietary intake of flavonoids depends on
the number of foods considered, the geographical and seasonal origin of the foods, the
environmental conditions, agricultural practices, the degree of ripeness, the storage and
processing of the foods, the analytical methods used for quantification, as well as the
population studied, as intake may vary according to age, gender, dietary habits, income
level, and ethnicity [214,215,219]. In two US studies, the total daily intake of flavonoids
ranged from 189.7 mg/day to 251 mg/day. Apart from flavan-3-ols, which accounted for
about 80% of the total flavonoid intake, flavonols were the second most abundant flavonoids
in these studies. Their content is estimated at 6.8% and 8% of all flavonoids [214,215].
However, in a Greek plant-based weekly menu, the daily intake of flavonoids was estimated
at 118.6 mg, of which flavonols accounted for 22% [220]. Flavonols are mainly found in
onions, kale, broccoli, apples, cherries, berries, tea, and red wine. The most abundant
flavonols in the diet are quercetin, kaempferol, and myricetin [219,220]. Structurally,
flavonols have an oxo group at position 4, a hydroxyl group at position 3, and a 2,3-double
bond on ring C, which is particularly relevant in the context of their redox properties
and health-promoting effects [62]. Flavonols are one of the most studied flavonoids.
Their great potential against various chronic diseases has been demonstrated in many
studies [62,211,221]. Moreover, it has been suggested that the health-promoting effects
of flavonols are superior to those of other subclasses of flavonoids due to their complex
mechanisms of action [221].
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Based on numerous preclinical studies, restoration of redox homeostasis is appre-
ciated as a promising therapeutic option to manage cognitive impairment in diabetes.
Flavonols in general possess remarkable antioxidant abilities. They exert antioxidant ef-
fects via several mechanisms, including (i) direct ROS scavenging, (ii) induction of the
endogenous mechanisms of antioxidative defense, (iii) chelation of metal ions that oth-
erwise may initiate ROS formation via Fenton chemistry, and (iv) regulation of aberrant
redox-sensitive signaling pathways [211,222-224]. In humans, plasma levels of antioxidants
and total antioxidant status are positively correlated with the general intake of fruits and
vegetables [225-228]. Evidence is growing that increased consumption of foods rich in
antioxidants, or supplementation with antioxidants, may reduce levels of oxidative stress
markers [229] and even improve cognitive performance in various conditions, both in
humans and animals [230,231].

In addition, possessing powerful antioxidant abilities, flavonols are capable of regulat-
ing oxidative and inflammatory signaling cascades involved in neuronal survival. They also
target various proteins important for cognitive processes, such as BDNEF, thus preserving
the structural integrity and functionality of neural circuits, which is ultimately beneficial
for overall cognitive performance [206,211,224,231]. As will be shown later, the results of
many preclinical studies indicate that individual flavonols are effective against cognitive
decline in diabetes. On the contrary, there are only a few studies investigating the effects of
flavonols and foods rich in flavonols on diabetic patients. In a longitudinal study that lasted
for more than 6 years and was performed on more than 10,000 middle-aged participants
(45-64 years), dietary intake of food enriched with flavonols slowed down cognitive decline
over time [232]. By using the combined change score from the delayed word recall test,
the Wechsler Adult Intelligence Scale-Revised (WAIS-R) digit symbol subtest, and the
word fluency test, it was found that intake of flavonols, particularly myricetin, kaempferol,
and quercetin, positively correlates with the preservation of cognitive abilities [232]. The
effect was the most pronounced for the digit symbol subtest; in the word recall test, it
was not significant and was marginal in the word fluency test. The association between a
diet rich in flavonols and the slower progression of cognitive disabilities was also demon-
strated in an American study. This study was performed on almost 1000 participants aged
60-100 years whose cognitive abilities were evaluated with a battery of 19 cognitive tests.
The obtained results revealed better global cognition, working memory, episodic and
semantic memory, and perceptual speed in participants with a higher dietary intake of
flavonols, particularly quercetin and kaempferol [233]. Regarding diabetes, in a study
lasting for app. 12 years that included almost 3000 individuals, the intake of flavonols and
flavan-3-ol reduced the incidence of diabetes by 26% and 11%, respectively. Associations
between the intake of flavonoids from other classes (flavones, flavanones, anthocyanins,
and polymeric flavonoids) and diabetes risk were not found [56].

4.1. Mechanisms Underlying the Beneficial Effects of Quercetin in Diabetic Animals

Quercetin (3,3',4',5,7-pentahydroxyflavone) is one of the most widely distributed
flavonols in the human diet. In large amounts, it can be found in apples, onions, broccoli,
berries, kale, green tea, red wine, seeds, and nuts [234]. It possesses powerful antioxidant
and anti-inflammatory abilities [210,211,235] that underlie its antidiabetic effects. Based on
a 100-item food frequency questionnaire, daily quercetin intake in a Chinese population has
been estimated to be 20.9 £ 2.32 mg/day. More importantly, dietary quercetin consumption
negatively correlated with diabetes prevalence, suggesting the protective role of quercetin
in the development of the disease [236].

The effects of quercetin on memory dysfunction have been documented in animal
models of streptozotocin-induced diabetes. In the MWM test, diabetic rats exhibited higher
escape latency during training trials and reduced time spent in the target quadrant in the
probe trial compared to control animals, whereas in the elevated plus maze task, diabetic
animals showed increased latency. Upon diabetes induction, the changes observed in the
MWM and the elevated plus maze tasks were reversed in rats receiving quercetin (5, 10,
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and 20 mg/kg, twice daily for 30 days) [206]. In another experiment in the same study,
rats received 20 and 40 mg/kg quercetin (twice daily) during training trials (from days
31 to 35). Acute treatment with the higher dose reduced the escape latency and increased
the time spent in the quadrant with a platform [206], indicating that even the short-term
administration of quercetin may improve cognitive performance.

Numerous preclinical studies have shown that quercetin reduces blood glucose levels
in diabetic animals [237-240] and increases sensitivity to insulin [241,242]. Accordingly, it
has been suggested that the beneficial effects of quercetin on the improvement of cogni-
tive functions at least partially rely on its anti-hyperglycemic properties, preventing the
hyperglycemia-mediated effects on the induction of oxidative stress and neuroinflamma-
tion via the AGEs/RAGE axis [206,243]. The restoration of glucose metabolism is usually
accompanied by the prominent antioxidative effects of quercetin at the systemic level and
in specific tissues, particularly in the pancreas and liver. Thus, quercetin administration
reduced the extent of lipid peroxidation, improved the activities of antioxidative enzymes,
mainly SOD, catalase, and GPx, and restored levels of small antioxidants such as GSH
and vitamins C and E [237,244-248]. Likewise, quercetin-mediated effects on cognitive
functions were associated with improved activity of antioxidative enzymes and reduced
amounts of oxidative stress markers [249,250].

In addition to the mentioned activities, quercetin acts as an acetylcholinesterase (AChE)
inhibitor, which very likely contributes to its memory-enhancing abilities [209,243,249].
Quercetin-mediated attenuation of cholinergic dysfunction has been demonstrated in the
hippocampus and cerebral cortex of streptozotocin-induced diabetic rats (quercetin was
applied at doses of 25 and 50 mg/kg for 40 days) [249]. In addition, quercetin reduced
the MDA levels in a dose- and brain region-specific manner and prevented impairment
of enzymes involved in the regulation of purinergic transmission, at least in the synapto-
somes from the cerebral cortex [249]. Likewise, in mice administered with streptozotocin,
quercetin (2.5, 5, and 10 mg/kg, p.o. for 21 days) reduced the increase in AChE activity,
decreased MDA and nitrite levels, and increased GSH content [243]. In addition, attenu-
ating oxidative stress and cholinergic dysfunction, quercetin restored cerebral blood flow
and ATP levels and prevented memory impairment. Effects of quercetin on streptozotocin-
induced memory impairment were evaluated in the MWM test (quercetin at doses 5 and
10 mg/kg decreased the mean latency time after the third session) and the passive avoid-
ance test (quercetin increased the transfer latency time in retention trials in comparison
with acquisition trials) [243].

Another study has shown that the mechanism underlying the beneficial effect of
quercetin on cognitive performance is mediated by the increased activation of deacetylase
sirtuin 1 (SIRT1) and inhibition of ER stress. Namely, among other functions, SIRT1
regulates insulin secretion and blood glucose levels and may have an inhibitory effect on
signaling pathways implicated in ER stress and cognitive dysfunction. In female db/db
mice, quercetin at a dose of 70 mg/kg (applied for 12 weeks) attenuated glucose tolerance
and insulin resistance and improved cognitive performance. It shortened the time needed
to find the hidden platform in the MWM test, and following platform removal, it increased
the time spent in the target quadrant and time engaged in the exploration of the platform
area [250]. Likewise, quercetin improved performance in the novel object recognition
test. Together with these effects, quercetin upregulated SIRT expression as well as the
expression of synapse-related proteins and neurotrophic factors, including BDNF and NGF,
and reduced the expression of ER stress markers. Quercetin-mediated improvement of
cognitive abilities was also accompanied by reduced oxidative stress, reduced expression
of proapoptotic proteins, and attenuated neuronal apoptosis and neurodegeneration in the
hippocampal and cortical areas, altogether suggesting the promising potential of quercetin
for relieving symptoms of diabetes-induced cognitive decline [250]. A similar study that
was performed in streptozotocin-induced diabetic rats also demonstrated the ability of
quercetin (100 mg/kg b.w., applied orally in aqueous solution for 15 days) to reduce serum
glucose levels and increase SIRT1 expression [238].
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In addition to central effects, quercetin also restored activation of the adenosine
5'-monophosphate (AMP) activated protein kinase (AMPK)/peroxisome proliferator-
activated receptor-y coactivator 1o (PGC-1x) pathway and prevented mitochondrial dys-
function in an animal model of diabetic peripheral neuropathy [246]. The hyperglycemia-
induced impairment of mitochondrial function has been suggested as one of the major
pathological mechanisms of diabetic neuropathy [246]. This chronic microvascular com-
plication of diabetes results in neuropathic pain due to the activation of purinergic P2X4
receptors in the dorsal root ganglia [251]. In the streptozotocin-induced rats, oral adminis-
tration of quercetin (for 6 weeks at doses of 30 and 60 mg/kg/daily) improved the paw
withdrawal threshold (an indicator of mechanical allodynia), the motor nerve conduction
velocity, ultrastructural abnormalities of sciatic nerves, loss and morphological changes
of neurons in the dorsal root ganglion, axonopathy, expression of myelin proteins, and
demyelination of myelin sheet [246]. Together with the alleviation of mitochondrial degener-
ation and restoration of ATP production, quercetin increased expression of phosphorylated
AMPK, PGC-1«, SIRT1, nuclear respiratory factor 1 (NRF1), and mitochondrial transcrip-
tional factor A (TFAM), suggesting that its neuroprotective effects are closely related to
the restoration of mitochondrial energy metabolism and activation of the AMPK/PGC-1a
pathway. In general, the energy status of cells and mitochondrial biogenesis are controlled
through the AMPK/PGC-1a pathway, and upregulation of its activity usually preserves
mitochondrial function in hyperglycemic conditions [246]. Furthermore, in dorsal root gan-
glion neurons exposed to high glucose, quercetin activated the Nrf2 pathway and inhibited
the NF-«B signaling cascade, suppressing the production of proinflammatory cytokines
and the expression of iNOS [252]. Of note, the SIRT1/PGC-1« axis also participates in
the regulation of redox homeostasis in mitochondria, and its stimulation may increase
the ROS-detoxifying abilities, which is in line with the observed antioxidative effect of
quercetin [246,252]. In addition, quercetin may prevent upregulation of the P2X4 receptors
and activity of the p38 pathway in diabetic rats [253], whereby the latter is known to be
upregulated in the diabetic brain and likely contributes to cognitive dysfunction [42,254].

The anti-inflammatory effects of quercetin also play an important role in rescuing
cognitive abilities. It was shown that pure quercetin and quercetin-conjugated superpara-
magnetic iron oxide nanoparticles (applied at 25 mg/kg for a period of 35 consecutive
days) may attenuate expression of microRNA-146a (miR-146a), an inflammation-sensitive
microRNA, and expression of NF-«B and NF-«B-related downstream targets, such as
TNF-«, in the hippocampus of the streptozotocin-induced diabetic rats. Molecular docking
revealed that the inhibitory effect of quercetin on the NF-kB pathway could be mediated by
targeting the IKK protein [124]. Quercetin and quercetin-conjugated superparamagnetic
iron oxide nanoparticles also alleviated diabetes-induced overexpression of redox-sensitive
miR-27a, which subsequently increased levels of Nrf2 and its target genes SOD and catalase,
together with the prevention of memory dysfunction [255]. A study performed with db/db
mice has shown that quercetin (35 and 70 mg/kg for 12 weeks) may improve cognitive
performance by regulating the Sirtl /nucleotide-binding domain-like receptor protein 3
(NLRP3) pathway. In particular, quercetin increased the expression of Sirtl, which is a
negative regulator of the inflammatory response, and consequently reduced the expression
of inflammation-related proteins, including NLRP3 and the pro-inflammatory cytokines
IL-1p and IL-18, thus inhibiting the NLRP3 inflammasome activation and further neurode-
generative processes. Furthermore, quercetin enhanced the expression of synapse-related
proteins and neurotrophic factors BDNF and NGF, demonstrating the co-existence of multi-
ple mechanisms that likely function together in the restoration of cognitive abilities [256].
The anti-inflammatory potential of quercetin has also been observed in other tissues of
diabetic animals and is suggested to have an important role in the antidiabetic effects of
quercetin [248].

Except in rodents, the antidiabetic effects of quercetin were demonstrated in the
streptozotocin-induced Arbor Acre broilers supplemented with 0.02-0.06% quercetin and
were mainly attributed to the antioxidant mechanism of quercetin action. In chickens,
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quercetin in a dose-dependent manner improved fasting blood glucose and insulin levels,
activities of antioxidant enzymes catalase and SOD, MDA and nitric oxide content in serum
and liver tissue, and regulated expression of genes related to the PI3K/Akt pathway [257].
As mentioned, besides pure quercetin, administration of quercetin-conjugated su-
perparamagnetic iron oxide nanoparticles demonstrated a positive effect on learning and
memory dysfunction in streptozotocin-induced diabetic animals. These nanoparticles
were used to investigate the possibility of overcoming the high clinical doses of quercetin
due to its limited permeability across the blood-brain barrier, low bioavailability, and
rapid metabolic changes in the gastrointestinal system. In diabetic rats, nanoparticles
demonstrated better efficacy in the improvement of cognitive abilities in comparison to
free quercetin (both were applied at a dose of 25 mg/kg for 35 days). In the MWM test, rats
that received quercetin-conjugated superparamagnetic iron oxide nanoparticles showed
reduced escape latencies in the repeated training trials compared to diabetic animals and
the free quercetin group, the shortest swimming path length before finding the hidden
platform in subsequent trial days, and spent the highest amount of time in the target
quadrant. Likewise, free and conjugated quercetin increased the step-through latency in
the passive avoidance task, indicating the beneficial effect of quercetin on the retrieval
of the fear memory. Treatment with quercetin also prevented the apoptotic cell death of
granular neurons in the hippocampus [239]. As the side-effects of nanoparticles were not
noticed, and considering that quercetin in the conjugated form was more effective in im-
proving memory performances compared to free quercetin, it is likely that novel therapeutic
strategies for oral quercetin delivery in managing cognitive decline in diabetes should be
oriented towards the development of conjugated formulations and better characterization
of their mode of action, stability in the circulation, brain distribution, and safety profile.
The anti-diabetic effects of quercetin have also been investigated in humans. Ostad-
mohammadi and co-authors performed a meta-analysis of randomized controlled trials,
concluding that supplementation for a period longer than 8 weeks at doses higher than
500 mg/day may reduce fasting plasma glucose [258]. In patients with type 2 diabetes,
aged 30-60 years, daily oral intake of lower doses of quercetin (250 mg/day, every 2 weeks
for 8 weeks) was sufficient to increase the total antioxidant status and antioxidative defense,
although this dose was insufficient to regulate glycemic parameters (fasting blood glucose
and serum insulin) [259]. Studies focused on cognitive abilities following the quercetin
supplementation protocol are not numerous. In a randomized, double-blind, placebo-
controlled clinical trial including 70 Japanese men and women aged 60-80 years, intake
of quercetin-rich onion (the daily quercetin intake was estimated to be 50 mg as aglycone
equivalent) for 24 weeks improved the Mini-Mental State Examination scores. Although
the mechanism behind the quercetin action was not elucidated, the authors suggested that
quercetin reduces cognitive decline by improving emotional functions and motivation [260].
We have found no study investigating the effect of quercetin supplementation on cognitive
functions in diabetic patients, indicating that such clinical trials are urgently warranted for
the evaluation of the cognitive-enhancing potential of quercetin in the human population.

4.2. Effects of Other Flavonols on Diabetes-Induced Cognitive Decline in Animal Models

In contrast to quercetin, whose effects are relatively well-studied, the potential of other
flavonols against cognitive impairment in diabetes has yet to be explored. Although there
are studies that investigate the antidiabetic effects of other flavonols in different tissues,
studies demonstrating their effects on the brain and cognitive abilities in preclinical diabetic
settings are not numerous.

Rutin (quercetin-3-O-rutinoside) is flavonol with the attached disaccharide rutinose
on the quercetin backbone. In various neuropathological conditions, rutin displayed
antioxidative, anti-inflammatory, and neuroprotective effects [261-263].

Protective and regulatory effects of rutin based on antioxidative and anti-inflammatory
mechanisms have been demonstrated in non-brain tissues of diabetic (streptozotocin-induced
and db/db) animals [264-270]. Thus, rutin reduced blood glucose level [264-266], increased



Life 2023, 13, 2291

15 0f 33

insulin secretion and glycogen storage [264,266], improved lipid profile and biochemical pa-
rameters [267,269], reduced generation of AGEs [270], regulated the PI3K/Akt/GSK-3f3 path-
way [270], prevented degenerative changes [264,267,268], reduced the MDA levels [268], in-
creased the GSH content and non-enzymatic and enzymatic antioxidative defense [264-266,268],
and attenuated production of proinflammatory cytokines TNF-oc and IL-6 [269].

In the brain of the streptozotocin-induced rats, rutin (applied for 45 days at a dose
of 100 mg/kg) improved the antioxidant status by increasing the non-enzymatic (GSH)
and enzymatic antioxidant protection (SOD, catalase, GPx, glutathione reductase) and
preventing morphological changes [266]. Effects of rutin on cognitive performance have
been investigated in the intracerebroventricular-streptozotocin (ICV-STZ)-infused rats, a
model of sporadic AD that overlaps in many symptoms with diabetes-induced pathological
changes, such as learning and memory deficits, impaired glucose metabolism, oxidative
stress, and neuroinflammation. Pretreatment for 3 weeks with rutin (25 mg/kg) attenuated
oxidative stress, as evidenced by the reduced lipid peroxidation and nitrite accumulation
and the increased GSH content and activity of the GPx, glutathione reductase, and catalase
in the hippocampus. In the same study, rutin demonstrated remarkable anti-inflammatory
activity by suppressing microglial activation and expression of iNOS and NF-«B, which
likely contributed to the preservation of hippocampal morphology and improved perfor-
mance in the MWM task [271]. Regarding diabetes, the effects of rutin have been studied
in diabetic retinas. Administration of rutin (100 mg/kg) for 5 weeks increased levels of
BDNF and NGEF, increased GSH levels, attenuated lipid peroxidation, and demonstrated
an antiapoptotic effect by decreasing levels of caspase-3 and upregulating expression of
Bcl-2 [272]. This may suggest that similar protective mechanisms may be effective against
diabetes-induced cognitive complications in the brain.

Troxerutin is a semi-synthetic flavonol derived from rutin that has powerful an-
tioxidant properties. Much evidence suggests that it may improve cognitive decline
in animals treated with streptozotocin. In the hippocampus of diabetic rats, troxerutin
(150 mg/kg/day for 6 weeks, starting 4 weeks after streptozotocin administration) reduced
lipid peroxidation and increased SOD activity, attenuated gene expression of the NADPH
oxidase subunits (NADPH oxidase is an important source of ROS), stimulated the nuclear
translocation of Nrf2, and increased the cytosolic fraction of the antioxidant enzymes heme
oxygenase-1 (HO-1) and NAD(P)H:quinone oxidoreductase (NQO1). Although troxerutin
did not regulate blood glucose levels at this dose, the memory-enhancing effect of troxerutin
was confirmed in the MWM test and mainly attributed to the antioxidant mechanisms of
its action. Taken together, these results suggest that the effects of troxerutin on improving
spatial memory were mediated through the regulation of the Nrf2/ARE pathway and
suppression of oxidative stress [273]. In rats treated for 6 weeks, but starting at 12 weeks
after streptozotocin administration, troxerutin also improved cognitive performance in the
MWM test, regulated oxidative stress-related parameters (SOD activity, GSH, and MDA
levels), and stimulated expression of the catalytic and modifier subunits of the glutamate
cysteine ligase that catalyze the rate-limiting step of GSH synthesis [274]. Similar results
were shown when troxerutin was used in the early stages of diabetes, which resembles
prophylactic use. Rats were injected with 60 mg/kg of troxerutin for 12 weeks, starting
72 h after streptozotocin injection. This type of treatment improved learning and memory
abilities, increased Nrf2 expression in the hippocampus, stimulated SOD activity, and
decreased lipid peroxidation. In addition, it preserved normal hippocampal morphology,
altogether indicating that troxerutin is effective in delaying cognitive decline when used as
a preventive intervention [275]. The contribution of the anti-inflammatory mechanisms to
the memory-enhancing effects of troxerutin has also been revealed. In the streptozotocin-
induced diabetic rats, troxerutin (administered at 150 mg/kg for 1 month, from 7th to 10th
weeks after streptozotocin injection) inhibited expression of NF-«B and its adaptor proteins
TRAF-6 and IRAK-1, most likely by targeting regulatory miR-146a [276]. In high-fat diet-fed
rats, troxerutin attenuated the neuroinflammatory response (as evidenced by the decreased
production of proinflammatory cytokines) and increased BDNF levels, which may be
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beneficial in diabetic conditions as well [277]. Furthermore, in AD preclinical models,
troxerutin inhibited AChE activity and stimulated the PI3K/ Akt pathway, demonstrating
its ability to target the key molecular mechanisms underlying the cognitive dysfunction in
diabetes [278].

Like quercetin, myricetin (3,3/,4’,5,5',7-hexahydroxylflavone) is a flavonoid from the
flavonol class that is present in various fruits and vegetables, nuts, berries, and bever-
ages [279]. Animal and clinical studies revealed its hypoglycemic effect and ability to
increase the sensitivity to insulin and enhance glycogen synthesis and glucose utiliza-
tion, together with the prominent antioxidative and anti-inflammatory activities that are
most likely essential for its protective effects against diabetic complications in various
tissues [280-285]. Myricetin possesses five hydroxyl groups that underlie its potent antiox-
idative activity. On the other hand, the glucoregulatory activity of myricetin is probably
based on its ability to act as an agonist of the glucagon-like peptide 1 (GLP-1) receptor.
Briefly, GLP-1 stimulates insulin secretion and regulates blood glucose levels but shows
extremely low stability. Hence, other natural or synthetic GLP-1 receptor agonists are
suggested as a more promising therapeutic approach in diabetes. In that regard, it is con-
sidered that molecular modeling and chemical modifications of myricetin molecules could
greatly advance a search for more potent GLP-1 receptor agonists for further clinical evalu-
ation [286]. In the streptozotocin-induced diabetic rats lacking insulin, it was suggested
that the acute administration of myricetin increases the release of 3-endorphin and lowers
plasma glucose levels by activating the opioid u receptors in peripheral tissues [287]. In di-
abetic peripheral neuropathy, myricetin (0.5-2.0 mg/kg/day, injected intraperitoneally for
2 weeks from the 21st day after streptozotocin administration) was able to reduce abnormal
sensations and improve nerve morphology and conduction velocity, as well as the blood
flow. More importantly, myricetin reduced the generation of AGEs and ROS, increased
the activity of the antioxidant enzymes, activated the Nrf2 pathway, and improved the
antioxidant defense, suggesting its potential therapeutic value for other diabetic compli-
cations as well [288]. In addition, myricetin inhibited AChE activity [209] and enhanced
memory functions by protecting hippocampal neurons in a rat model of AD, which may
suggest its potential against diabetes-induced cognitive decline [289]. Similarly, in the
senescence-accelerated mouse-prone 8 (SAMP8) mice displaying accelerated aging, intake
of myricetin improved performance in the novel object recognition test and the Y-maze
test and upregulated expression of BDNF and NGF [290]. However, regarding the safety
issues of myricetin supplementation, detailed studies should be carried out. Specifically,
elevated levels of systemic and hippocampal copper are found in patients with diabetes,
together with the positive correlation between serum levels of copper and deregulation of
glycemic control [291,292]. On the other hand, in certain environmental conditions, such as
the presence of high levels of copper, myricetin demonstrated prooxidative and cytotoxic
effects [293], which theoretically may negatively affect cognitive abilities.

Dihydromyricetin is a flavonoid with great structural similarity to myricetin, although it is
not classified as a flavonol (2,3-double bond of myricetin is hydrogenated in dihydromyricetin).
In a diabetic mouse model (mice were fed a high-sugar and high-fat diet for 8§ weeks and then
administered a low dose of streptozotocin), dihydromyricetin improved spatial learning and
working memory, likely by suppressing oxidative stress (i.e., it decreased MDA accumulation
and increased activity of SOD, catalase, and GPx) and increasing BDNF levels, which together
exerted neuroprotective effects in the hippocampus [294].

Mpyricitrin, a 3-O-rhamnoside of myricetin, belongs to flavonols and can be found
in large amounts in the root bark of Myrica cerifera and Myrica esculenta [295]. In the
streptozotocin-nicotinamide model of type 2 diabetes, the encapsulated myricitrin restored
blood glucose and insulin levels and improved the total antioxidant capacity and levels of
MDA, antioxidant enzymes (SOD, catalase), and apoptotic markers in the pancreas [296].
Similarly, in the high-fat diet and streptozotocin-induced diabetic mice, myricitrin de-
creased fasting blood glucose and attenuated gene expression of the proinflammatory
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cytokines in the liver [297], which suggests the antidiabetic potential of myricetin, but its
effects on the brain and cognitive abilities still need to be investigated.

Kaempferol is yet another flavonol abundantly present in the human diet. It can be
found in various fruits, vegetables, and beverages, such as broccoli, beans, apples, and
strawberries [298,299]. In various neurological conditions, including the experimental
model of sporadic AD, kaempferol regulated the NF-«B, p38, and Akt signaling cascades,
attenuated ROS production, stimulated the activity of endogenous antioxidants, and in-
creased BDNF levels. Thus, the neuroprotective effects were largely mediated by its remark-
able antioxidative and anti-inflammatory activities and ability to modulate intracellular
signaling pathways [300,301]. The beneficial effects of kaempferol that were based on an-
tioxidative, anti-inflammatory, and signaling-related mechanisms have also been observed
in diabetes and diabetes-induced complications [302-307]. In addition, restoring glucose
and insulin levels [302-304,307], kaempferol suppressed activation of the AGEs/RAGE
axis [304], attenuated lipid peroxidation [303-305,307], improved effectiveness of the en-
zymatic and non-enzymatic systems of antioxidative defense [303-305,307], reduced ROS
levels [305,307], and stimulated Nrf2 activity [305,307] in the plasma and various organs of
the streptozotocin-induced diabetic animals. Furthermore, kaempferol suppressed trans-
activation of the NF-«kB [304,307] and attenuated release of proinflammatory cytokines
such as TNF-« and IL-6 [304,305,307], inhibited apoptosis [304-307], regulated expression
of the autophagy-related proteins and activity of the AMPK/mTOR pathway [306], re-
stored activity of the p38 and JNK pathways [304,307] and upregulated deacetylase activity
and levels of SIRT1 [305]. Regarding complications affecting neuronal cells, the effects
of kaempferol were studied in streptozotocin-induced diabetic neuropathy. Kaempferol
partially reduced the nociceptive pain and increased motor nerve conduction velocity
by attenuating AGE formation, oxidative and nitrosative stress, and the inflammatory
response [308,309]. Although, to the best of our knowledge, the effects of kaempferol on
diabetes-induced cognitive decline have not yet been investigated, the results obtained for
diabetic neuropathy suggest that the mechanisms providing protection in other tissues are
also present in neurons and capable of improving performance in specific behavioral tests.

Fisetin is a flavonol that has shown antinociceptive effects against diabetic neuro-
pathic pain. It reduced thermal hyperalgesia and mechanical allodynia and demonstrated
prominent antioxidative activity (based on targeting the Nrf2 pathway) and the ability to
attenuate the inflammatory response (based on regulation of NF-«B activity) [310,311]. In
diabetic rats, fisetin also regulated glucose levels, reduced expression of the NF-kB p65 unit
(in the pancreas), and levels of IL-13 and NO in the blood [312]. The promising potential
of fisetin in alleviating cognitive dysfunction was shown in old SAMPS8 mice (a model for
sporadic AD). In these mice, fisetin improved cognitive impairment by targeting specific
proteins involved in synaptic function, cellular response to stress, brain inflammation, and
modulation of the stress-activated protein kinase (SAPK)/JNK pathway [313]. All these
mechanisms of action may also be relevant for improving cognitive impairment in diabetes,
but further studies are needed to determine if fisetin may enhance cognitive functions in
diabetic conditions.

Flavonol morin has shown neuroprotective effects in diabetic neuropathy, as evidenced
by the improvement of motor and sensory nerve conduction velocities and nerve blood
flow. Based on the results obtained in vitro, the authors proposed the regulatory role of
morin along the Nrf2 and NF-«B signaling pathways [314]. Another study also suggested
the therapeutic potential of morin in diabetic neuropathy based on the reduced cytokine
levels and lipid peroxidation, increased levels of NGF and GSH, and improved activity of
antioxidative enzymes in sciatic nerves [315]. Regarding cognitive functions, morin applied
at doses of 50 and 100 mg/kg for 60 days reduced the escape latency time in the MWM
task in rats treated with streptozotocin. This behavioral improvement was accompanied
by reduced oxidative damage of proteins and membrane lipids in the brain, inhibition of
apoptosis, increased BDNF levels, and regulation of the TrkB/ Akt pathway [316].
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The main mechanisms contributing to the observed beneficial effects of flavonols on
the improvement of cognitive abilities in preclinical models are summarized in Figure 2
and Table 1.
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Figure 2. The main mechanisms contributing to the memory-enhancing effects of flavonols.
Table 1. Effects of flavonols associated with the improvement of cognitive functions in diabetic animals.
Route of The Mechanisms Contributing to the Improvement
Flavonol Experimental Model Administration, Dose, £ Cognitive F . . 1% }i Ti Reference(s)
and Treatment Duration of Cognitive Functions in the Neuronal Tissue
e
Quercetin STZ-induced diabetic rats 50 mg/kg/day, AChE activi y [239]
for 40 days ! activity
1 NTPDase activity
T expression of synapse-related proteins (PSD93,
PSDI5)
T neurotrophic factors (BDNF, NGF)
female diabetic (db/db) mice p.O,}Z?lnzl %V/eke%(éday’ 1 SIRT1 protein expression [240]
| expression of ER stress markers
(PERK, IRE-1¢¢, ATF6, eIF2x, BIP, and PDI)
J oxidative stress levels
restoration of the mitochondrial
energy metabolism
p-o., 30 and + ATP .
¥ . . production
STZ-induced diabetic rats 60fmgé /kg/ 1Elay, 1 pAMPK, PGC-1«, SIRTL, NRF1, and [236]
orbweeks TFAM expression
1T AMPK/PGC-1 pathway
J P2X4 receptor expression
High-fat diet- and STZ-induced diabetic i.p., 50 mg/kg/day, 1 P2X4 and GFAP coexpression [243]
rats for 14 days | p38MAPK pathway
1 p-p38MAPK
p.0., 25 mg/kg/day normalized .total antioxida.nt capacity
STZ-induced diabetic rats quercetin or QCSPIONSs, ¢ N rcxluR-27a ex presfswn . [229,245]
for 35 days 1 Nrf2 an expression of responsive
antioxidant genes
1 expression of synapse-related proteins (PSD93,
PSD95)
T neurotrophic factors (BDNF, NGF)
1 SIRT1 expression
| expression of NLRP3 inflammation-
Diabetic (db/db) p.o., 70 mg/kg/day, related proteins [246]
mice for 12 weeks 1 NLRP3, adaptor protein ASC

| cleaved caspase-1,
| expression of pro-inflammatory cytokines IL-13
and IL-18
J NLRP3 inflammasome activation
| expression of proapoptotic proteins
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Table 1. Cont.
Route of The Mechanisms Contributing to the Improvement
Flavonol Experimental Model Administration, Dose, L . 1Hng pro} Reference(s)
. of Cognitive Functions in the Neuronal Tissue
and Treatment Duration
1 BDNF and NGF levels
1 GSH levels
Rutin STZ-induced diabetic rats POy }OO mg/kg/day, + hPld pero>§1dat1on [262]
or 5 weeks antiapoptotic effect
| caspase-3 levels
1 Bcl-2
1 lipid peroxidation
| oxidative stress
. > . . p.o., 150 mg/kg/day, 1 SOD activity
Troxerutin STZ-induced diabetic rats for 6 weeks 1 expression of NADPH oxidase subunits [263]
1 nuclear translocation of Nrf2
1 cytosolic fraction of HO-1 and NQO1
1 SOD activity
> . . i.p., 60 mg/kg/day, 1 GSH level )
STZ-induced diabetic rats for 6 weeks 1 GCLM and GCLC subunits expression [264]
J MDA level
; 1 Nrf2 expression
STZ-induced diabetic rats “P"f60 mg/kg/day, 450D activity [265]
or 12 weeks S LY
1 lipid peroxidation
| generation of AGEs and ROS
ip. 0.5, 1or 1 Na+, K+-ATPase activity
Mpyricetin STZ-induced diabetic rats 2 mg/kg/day, 7 activity of antioxidative enzymes [278]
for 2 weeks 1 H,S, HO-1 and Nrf2 levels
1 Nrf2 pathway
ip. 5or
STZ-induced diabetic rats 10 mg/kg/day, T number of hippocampal CA3 pyramidal neurons [279]
for 21 day
p.0. 125 o | oxidative stress
. ... High-sugar, high-fat, and STZ-induced Y |} MDA accumulation y
Dihydromyricetin diabetic mice 25f0 mlg6/ kg /lf ay, 1 SOD, catalase and GPx [284]
or 16 weeks + BDNF
| oxidative damage of proteins and membrane lipids
. . . 50 mg/kg/day, J apoptosis
Morin STZ-induced diabetic rats for 60 days + BDNF levels [306]
1 TrkB/ Akt pathway

T—increase; |—decrease; AChE—acetylcholinesterase; ADA—adenosine deaminase; AGEs—advanced glycation
end-products; ATF6—activating transcription factor 6; BDNF—brain-derived neurotrophic factor; elF2o—eukaryotic
initiation factor 2«; ER—endoplasmic reticulum; HO-1—heme oxygenase-1; i.p.—intraperitoneal; IRE-10t— inositol-
requiring transmembrane kinase/endoribonuclease 1«; GFAP—sglial fibrillary acidic protein; GCLC—glutamate-
cysteine ligase catalytic; GCLM—glutamate-cysteine ligase modifier; GPx—glutathione peroxidase; GSH—glutathione;
MDA—malondialdehyde; NADPH-—nicotinamide adenine dinucleotide phosphate; NGF—nerve growth factor;
PAMPK—phosphorylated AMP-activated protein kinase; PDI—protein disulfide isomerase; PERK—protein kinase
R-like endoplasmic reticulum kinase; PGC-1x—peroxisome proliferator-activated receptor-gamma coactivator-lalpha;
NLRP3—NOD-, LRR- and pyrin domain-containing 3; NRF1—nuclear respiratory factor 1; Nrf2—nuclear factor
erythroid 2-related factor 2; NQO1—NAD(P)H:quinone oxidoreductase; p.o.—per os; PSD93—postsynapticdensity 93;
PSD95—postsynapticdensity 95; p38MAPK—p38 mitogen-activated protein kinase; p-p38MAPK—phosphorylated
P38 mitogen-activated protein kinase; QCSPIONs—quercetin conjugated with superparamagnetic iron oxide nanopar-
ticles; ROS—reactive oxygen species; SOD—superoxide dismutase; STZ—streptozotocin; TFAM—mitochondrial
transcriptional factor A.

5. Conclusions

The pharmacological interventions in type 2 diabetes are mainly based on drugs
that stimulate insulin secretion or sensitivity to insulin. The long-term intake of these
drugs often results in side effects, indicating the necessity for alternative approaches. In
that regard, herbal remedies emerged as an interesting therapeutic option, both in the
prevention and treatment of diabetic complications.

Without going into the details of all the pathological mechanisms that are involved in
the development of diabetes and its complications, oxidative stress and neuroinflammation
are recognized as key factors contributing to cognitive decline in experimental models
of diabetes. Accordingly, the improvement of antioxidative defense mechanisms and
attenuation of the inflammatory response by targeting the Nrf2 and Nf-«B pathways hold
great potential for slowing down the vicious cycle of molecular and cellular changes
that result in hippocampal damage and cognitive decline. As oxidative stress has an
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important role in the activation of the NF-«B signaling cascade, the antioxidant strategy also
alleviates the neuroinflammatory response. However, clinical trials with classic antioxidants
like vitamins C and E were not very successful, suggesting that antioxidants showing
multimodal mechanisms of action should be considered for pharmacological interventions.

In preclinical studies, there is a recognizable pattern of molecular and cellular mecha-
nisms of action that are common to all flavonols with memory-enhancing properties. In
general, they reduce levels of oxidative and inflammatory mediators, stimulate enzymatic
and non-enzymatic systems of the endogenous antioxidative defense, increase levels of
neurotrophic factors such as BDNF and NGEF, restore cholinergic transmission, and regulate
redox-sensitive and insulin-dependent signaling pathways. The combination of these
synergistic effects results in an improvement in cognitive performance in behavioral tasks
evaluating spatial and working memory. Although findings demonstrating the memory-
enhancing properties of flavonols in experimental animals are tremendously encouraging,
studies revealing the potential of flavonols in combating cognitive dysfunction in diabetic
patients still need to be conducted. The effects of flavonols on other types of memories and
other aspects of cognitive functioning should be investigated as well. A few studies have
been conducted indicating that co-treatment with flavonoids from the two different classes
could be a more efficient therapeutic strategy for obtaining maximal memory-improving
effects, and further studies are warranted to answer this question. In addition to combin-
ing the effects of the two different flavonoids, the other approach for improving efficacy,
especially at lower doses of flavonols, is based on the development of encapsulated forms
that can more easily cross the blood-brain barrier. The improved delivery, together with
molecular modeling and powerful bioinformatic tools used to advance the discovery of new
drug candidates with flavonol structures, may help in obtaining better therapeutic efficacy
and antioxidant and antiinflammatory activities of novel flavonols. On the other hand, in
addition to psychometric tests, more comprehensive approaches based on neuroimaging
techniques should be used to evaluate the potential of flavonols as a pharmacological
intervention to restore cognitive abilities in diabetic patients.

Although several studies have provided encouraging results showing that dietary
flavonol intake may be effective in preserving cognitive abilities in humans, the lack of
clinical evidence on the nootropic effects of flavonols in diabetic patients should be an
incentive for further clinical studies.

Author Contributions: Conceptualization, ML.].].; writing—original draft preparation, M.].J.; writing—review
and editing, AH.,, LV, ]S. and N.O,; visualization, A H. and M.J.J. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

1. American Diabetes Association. Diagnosis and classification of diabetes mellitus. Diabetes Care 2009, 32 (Suppl. S1), S62-567.

[CrossRef] [PubMed]

2. Kharroubi, A.T.; Darwish, H.M. Diabetes mellitus: The epidemic of the century. World J. Diabetes 2015, 6, 850-867. [CrossRef]

[PubMed]

3.  Cantley, J.; Ashcroft, EFM. Q&A: Insulin secretion and type 2 diabetes: Why do B-cells fail? BMC Biol. 2015, 13, 33. [CrossRef]

4. Nguyen, N.T,; Nguyen, X.M.; Lane, J.; Wang, P. Relationship between obesity and diabetes in a US adult population: Findings
from the National Health and Nutrition Examination Survey, 1999-2006. Obes. Surg. 2011, 21, 351-355. [CrossRef] [PubMed]

5. Moosaie, F; Ghaemi, F.; Mechanick, ].I.; Shadnoush, M.; Firouzabadi, F.D.; Kermanchi, J.; Poopak, A.; Esteghamati, S.; Forouzanfar,
R.; Abhari, S.M.F; et al. Obesity and Diabetic Complications: A Study from the Nationwide Diabetes Report of the National


https://doi.org/10.2337/dc09-S062
https://www.ncbi.nlm.nih.gov/pubmed/19118289
https://doi.org/10.4239/wjd.v6.i6.850
https://www.ncbi.nlm.nih.gov/pubmed/26131326
https://doi.org/10.1186/s12915-015-0140-6
https://doi.org/10.1007/s11695-010-0335-4
https://www.ncbi.nlm.nih.gov/pubmed/21128002

Life 2023, 13, 2291 21 of 33

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Program for Prevention and Control of Diabetes (NPPCD-2021) Implications for Action on Multiple Scales. Prim. Care Diabetes
2022, 16, 422-429. [CrossRef] [PubMed]

Al-Goblan, A.S.; Al-Alfi, M.A.; Khan, M.Z. Mechanism linking diabetes mellitus and obesity. Diabetes Metab. Syndr. Obes. 2014, 7,
587-591. [CrossRef] [PubMed]

Zorena, K.; Jachimowicz-Duda, O.; Slezak, D.; Robakowska, M.; Mrugacz, M. Adipokines and Obesity. Potential Link to Metabolic
Disorders and Chronic Complications. Int. . Mol. Sci. 2020, 21, 3570. [CrossRef]

Luna, R; Talanki Manjunatha, R.; Bollu, B.; Jhaveri, S.; Avanthika, C.; Reddy, N.; Saha, T.; Gandhi, F. A Comprehensive Review of
Neuronal Changes in Diabetics. Cureus 2021, 13, e19142. [CrossRef]

Antal, B.; McMahon, L.P; Sultan, S.E; Lithen, A.; Wexler, D.J.; Dickerson, B.; Ratai, E.M.; Mujica-Parodi, L.R. Type 2 diabetes
mellitus accelerates brain aging and cognitive decline: Complementary findings from UK Biobank and meta-analyses. eLife 2022,
11, €73138. [CrossRef]

Fanelli, G.; Mota, N.R.; Salas-Salvado, J.; Bulld, M.; Fernandez-Aranda, F.; Camacho-Barcia, L.; Testa, G.; Jiménez-Murcia, S.;
Bertaina-Anglade, V.; Franke, B.; et al. The link between cognition and somatic conditions related to insulin resistance in the UK
Biobank study cohort: A systematic review. Neurosci. Biobehav. Rev. 2022, 143, 104927. [CrossRef]

Kodl, C.T.; Seaquist, E.R. Cognitive dysfunction and diabetes mellitus. Endocr. Rev. 2008, 29, 494-511. [CrossRef] [PubMed]
Barbagallo, M.; Dominguez, L.]. Type 2 diabetes mellitus and Alzheimer’s disease. World ]. Diabetes 2014, 5, 889-893. [CrossRef]
[PubMed]

Biessels, G.J.; Strachan, M.W.; Visseren, EL.; Kappelle, L.J.; Whitmer, R.A. Dementia and cognitive decline in type 2 diabetes and
prediabetic stages: Towards targeted interventions. Lancet Diabetes Endocrinol. 2014, 2, 246-255. [CrossRef] [PubMed]

Sharma, G.; Parihar, A.; Talaiya, T.; Dubey, K.; Porwal, B.; Parihar, M.S. Cognitive impairments in type 2 diabetes, risk factors and
preventive strategies. J. Basic Clin. Physiol. Pharmacol. 2020, 31, 20190105. [CrossRef] [PubMed]

Muriach, M.; Flores-Bellver, M.; Romero, EJ.; Barcia, ].M. Diabetes and the brain: Oxidative stress, inflammation, and autophagy.
Oxidative Med. Cell. Longev. 2014, 2014, 102158. [CrossRef] [PubMed]

Moheet, A.; Mangia, S.; Seaquist, E.R. Impact of diabetes on cognitive function and brain structure. Ann. N. J. Acad. Sci. 2015,
1353, 60-71. [CrossRef] [PubMed]

Hegazy, AM.; Abdel Azeem, A.S.; Shahy, E.M.; El-Sayed, E.M. Comparative study of cholinergic and oxidative stress biomarkers
in brains of diabetic and hypercholesterolemic rats. Hum. Exp. Toxicol. 2016, 35, 251-258. [CrossRef]

Moran, C.; Beare, R.; Wang, W.; Callisaya, M.; Srikanth, V. Type 2 diabetes mellitus, brain atrophy, and cognitive decline. Neurology
2019, 92, €823-e830. [CrossRef]

Maciejczyk, M.; Zebrowska, E.; Chabowski, A. Insulin Resistance and Oxidative Stress in the Brain: What’s New? Int. ]. Mol. Sci.
2019, 20, 874. [CrossRef]

Foghi, K.; Ahmadpour, S. Role of neuronal apoptosis in volumetric change of hippocampus in diabetes mellitus type 1: A
predictive model. ISRN Anat. 2013, 2013, 958461. [CrossRef]

Zhang, X.; Xu, L.; He, D.; Ling, S. Endoplasmic reticulum stress-mediated hippocampal neuron apoptosis involved in diabetic
cognitive impairment. Biomed. Res. Int. 2013, 2013, 924327. [CrossRef] [PubMed]

Hamed, S.A. Brain injury with diabetes mellitus: Evidence, mechanisms and treatment implications. Expert Rev. Clin. Pharmacol.
2017, 10, 409-428. [CrossRef] [PubMed]

Nissen, T.D.; Meldgaard, T.; Nedergaard, R.W.; Juhl, A.H.; Jakobsen, PE.; Karmisholt, J.; Drewes, A.M.; Brock, B.; Brock, C.
Peripheral, synaptic and central neuronal transmission is affected in type 1 diabetes. ]. Diabetes Complicat. 2020, 34, 107614.
[CrossRef]

Vergoossen, L.W.; Schram, M.T.; de Jong, ].].; Stehouwer, C.D.; Schaper, N.C.; Henry, R.M.; van der Kallen, C.J.; Dagnelie, P.C.;
van Boxtel, M.P;; Eussen, S.J.; et al. White Matter Connectivity Abnormalities in Prediabetes and Type 2 Diabetes: The Maastricht
Study. Diabetes Care 2020, 43, 201-208. [CrossRef] [PubMed]

Varghese, S.M.; Joy, N.; John, A.M.; George, G.; Chandy, G.M.; Benjamin, A.I. Sweet Memories or Not? A Comparative Study on
Cognitive Impairment in Diabetes Mellitus. Front. Public Health 2022, 10, 822062. [CrossRef] [PubMed]

Kong, EJ.; Ma, L.L.; Guo, J.J.; Xu, LH.; Li, Y.; Qu, S. Endoplasmic reticulum stress/autophagy pathway is involved in diabetes-
induced neuronal apoptosis and cognitive decline in mice. Clin. Sci. 2018, 132, 111-125. [CrossRef]

Momeni, Z.; Neapetung, J.; Pacholko, A.; Kiir, T.A.B.; Yamamoto, Y.; Bekar, L.K.; Campanucci, V.A. Hyperglycemia induces
RAGE-dependent hippocampal spatial memory impairments. Physiol. Beh. 2021, 229, 113287. [CrossRef]

Jiang, T,; Li, Y,; He, S.; Huang, N.; Du, M.; Zhai, Q.; Pu, K; Wu, M,; Yan, C.; Ma, Z; et al. Reprogramming astrocytic
NDRG2/NF-«kB/C3 signaling restores the diabetes-associated cognitive dysfunction. EBioMedicine 2023, 93, 104653. [CrossRef]
Gold, S.M.,; Dziobek, I.; Sweat, V.; Tirsi, A.; Rogers, K.; Bruehl, H.; Tsui, W.; Richardson, S.; Javier, E.; Convit, A. Hippocampal
damage and memory impairments as possible early brain complications of type 2 diabetes. Diabetologia 2007, 50, 711-719.
[CrossRef]

Vlassara, H.; Uribarri, ]. Advanced glycation end products (AGE) and diabetes: Cause, effect, or both? Curr. Diab. Rep. 2014, 14, 453.
[CrossRef]

Ramasamy, R.; Yan, S.F.; Schmidt, A.M. Receptor for AGE (RAGE): Signaling mechanisms in the pathogenesis of diabetes and its
complications. Ann. N. Y. Acad. Sci. 2011, 1243, 88-102. [CrossRef]


https://doi.org/10.1016/j.pcd.2022.03.009
https://www.ncbi.nlm.nih.gov/pubmed/35396199
https://doi.org/10.2147/DMSO.S67400
https://www.ncbi.nlm.nih.gov/pubmed/25506234
https://doi.org/10.3390/ijms21103570
https://doi.org/10.7759/cureus.19142
https://doi.org/10.7554/eLife.73138
https://doi.org/10.1016/j.neubiorev.2022.104927
https://doi.org/10.1210/er.2007-0034
https://www.ncbi.nlm.nih.gov/pubmed/18436709
https://doi.org/10.4239/wjd.v5.i6.889
https://www.ncbi.nlm.nih.gov/pubmed/25512792
https://doi.org/10.1016/S2213-8587(13)70088-3
https://www.ncbi.nlm.nih.gov/pubmed/24622755
https://doi.org/10.1515/jbcpp-2019-0105
https://www.ncbi.nlm.nih.gov/pubmed/31967962
https://doi.org/10.1155/2014/102158
https://www.ncbi.nlm.nih.gov/pubmed/25215171
https://doi.org/10.1111/nyas.12807
https://www.ncbi.nlm.nih.gov/pubmed/26132277
https://doi.org/10.1177/0960327115583361
https://doi.org/10.1212/WNL.0000000000006955
https://doi.org/10.3390/ijms20040874
https://doi.org/10.5402/2013/958461
https://doi.org/10.1155/2013/924327
https://www.ncbi.nlm.nih.gov/pubmed/23710464
https://doi.org/10.1080/17512433.2017.1293521
https://www.ncbi.nlm.nih.gov/pubmed/28276776
https://doi.org/10.1016/j.jdiacomp.2020.107614
https://doi.org/10.2337/dc19-0762
https://www.ncbi.nlm.nih.gov/pubmed/31601638
https://doi.org/10.3389/fpubh.2022.822062
https://www.ncbi.nlm.nih.gov/pubmed/35186849
https://doi.org/10.1042/CS20171432
https://doi.org/10.1016/j.physbeh.2020.113287
https://doi.org/10.1016/j.ebiom.2023.104653
https://doi.org/10.1007/s00125-007-0602-7
https://doi.org/10.1007/s11892-013-0453-1
https://doi.org/10.1111/j.1749-6632.2011.06320.x

Life 2023, 13, 2291 22 of 33

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Gorska-Ciebiada, M.; Saryusz-Wolska, M.; Borkowska, A.; Ciebiada, M.; Loba, J. C-Reactive Protein, Advanced Glycation End
Products, and Their Receptor in Type 2 Diabetic, Elderly Patients with Mild Cognitive Impairment. Front. Aging Neurosci. 2015, 7, 209.
[CrossRef]

Wang, P,; Huang, R;; Lu, S.; Xia, W.; Cai, R.; Sun, H.; Wang, S. RAGE and AGEs in Mild Cognitive Impairment of Diabetic Patients:
A Cross-Sectional Study. PLoS ONE 2016, 11, e0145521. [CrossRef]

Khalid, M.; Petroianu, G.; Adem, A. Advanced Glycation End Products and Diabetes Mellitus: Mechanisms and Perspectives.
Biomolecules 2022, 12, 542. [CrossRef]

Singh, V.P; Bali, A.; Singh, N.; Jaggi, A.S. Advanced glycation end products and diabetic complications. Korean J. Physiol.
Pharmacol. 2014, 18, 1-14. [CrossRef] [PubMed]

Byun, K; Yoo, Y,; Son, M.; Lee, J.; Jeong, G.B.; Park, YM.; Salekdeh, G.H.; Lee, B. Advanced glycation end-products produced systemically
and by macrophages: A common contributor to inflammation and degenerative diseases. Pharmacol. Ther. 2017, 177, 44-55. [CrossRef]
[PubMed]

Bonnefont-Rousselot, D. Glucose and reactive oxygen species. Curr. Opin. Clin. Nutr. Metab. Care 2002, 5, 561-568. [CrossRef]
[PubMed]

Taguchi, K.; Fukami, K. RAGE signaling regulates the progression of diabetic complications. Front. Pharmacol. 2023, 14, 1128872.
[CrossRef] [PubMed]

Sandireddy, R.; Yerra, V.G.; Areti, A.; Komirishetty, P.; Kumar, A. Neuroinflammation and oxidative stress in diabetic neuropathy:
Futuristic strategies based on these targets. Int. ]. Endocrinol. 2014, 2014, 674987. [CrossRef] [PubMed]

Zhao, Y,; Luo, C.; Chen, J.; Sun, Y,; Pu, D.; Lv, A; Zhu, S.; Wu, J.; Wang, M.; Zhou, J.; et al. High glucose-induced complement
component 3 up-regulation via RAGE-p38MAPK-NF-«B signalling in astrocytes: In vivo and in vitro studies. J. Cell. Mol. Med.
2018, 22, 6087-6098. [CrossRef]

Han, R.; Liu, Z.; Sun, N.; Liu, S.; Li, L.; Shen, Y.; Xiu, J.; Xu, Q. BDNF Alleviates Neuroinflammation in the Hippocampus of Type
1 Diabetic Mice via Blocking the Aberrant HMGB1/RAGE/NF-«B Pathway. Aging Dis. 2019, 10, 611-625. [CrossRef] [PubMed]
Zhou, X.Y,; Ying, C.J.; Hu, B.; Zhang, Y.S.; Gan, T.; Zhu, Y.D.; Wang, N.; Li, A.A.; Song, Y.J. Receptor for advanced glycation end
products aggravates cognitive deficits in type 2 diabetes through binding of C-terminal AAs 2-5 to mitogen-activated protein
kinase kinase 3 (MKK3) and facilitation of MEKK3-MKK3-p38 module assembly. Aging Cell 2022, 21, €13543. [CrossRef] [PubMed]
McNay, E.C.; Recknagel, A.K. Brain insulin signaling: A key component of cognitive processes and a potential basis for cognitive
impairment in type 2 diabetes. Neurobiol. Learn. Mem. 2011, 96, 432-442. [CrossRef] [PubMed]

Shingo, A.S.; Kanabayashi, T.; Murase, T.; Kito, S. Cognitive decline in STZ-3V rats is largely due to dysfunctional insulin
signalling through the dentate gyrus. Behav. Brain Res. 2012, 229, 378-383. [CrossRef]

Adeva-Andany, M.M.; Rafial-Muifio, E.; Vila-Altesor, M.; Fernandez-Fernandez, C.; Funcasta-Calderén, R.; Castro-Quintela, E.
Dietary habits contribute to define the risk of type 2 diabetes in humans. Clin. Nutr. ESPEN 2019, 34, 8-17. [CrossRef]
Dominguez, L.J.; Barbagallo, M.; Mufioz-Garcia, M.; Godos, ].; Martinez-Gonzalez, M.A. Dietary Patterns and Cognitive Decline:
Key features for prevention. Curr. Pharm. Des. 2019, 25, 2428-2442. [CrossRef]

Mattei, J.; Bigornia, S.J.; Sotos-Prieto, M.; Scott, T.; Gao, X.; Tucker, K.L. The Mediterranean Diet and 2-Year Change in Cognitive
Function by Status of Type 2 Diabetes and Glycemic Control. Diabetes Care 2019, 42, 1372-1379. [CrossRef]

Townsend, R.E; Logan, D.; O'Neill, R.E; Prinelli, F; Woodside, ].V.; McEvoy, C.T. Whole Dietary Patterns, Cognitive Decline and
Cognitive Disorders: A Systematic Review of Prospective and Intervention Studies. Nutrients 2023, 15, 333. [CrossRef]

Godos, J.; Caraci, F; Castellano, S.; Currenti, W.; Galvano, E; Ferri, R.; Grosso, G. Association Between Dietary Flavonoids Intake
and Cognitive Function in an Italian Cohort. Biomolecules 2020, 10, 1300. [CrossRef]

Scarmeas, N.; Stern, Y.; Mayeux, R.; Manly, ].].; Schupf, N.; Luchsinger, ].A. Mediterranean diet and mild cognitive impairment.
Arch. Neurol. 2009, 66, 216-225. [CrossRef]

Moustafa, B.; Trifan, G.; Isasi, C.R.; Lipton, R.B.; Sotres-Alvarez, D.; Cai, J.; Tarraf, W.; Stickel, A.; Mattei, J.; Talavera, G.A,;
et al. Association of Mediterranean Diet with Cognitive Decline Among Diverse Hispanic or Latino Adults from the Hispanic
Community Health Study/Study of Latinos. JAMA Netw. Open 2022, 5, €2221982. [CrossRef] [PubMed]

Fu, J.; Tan, L]; Lee, ].E.; Shin, S. Association between the mediterranean diet and cognitive health among healthy adults: A
systematic review and meta-analysis. Front. Nutr. 2022, 9, 946361. [CrossRef] [PubMed]

Bakoyiannis, I.; Daskalopoulou, A.; Pergialiotis, V.; Perrea, D. Phytochemicals and cognitive health: Are flavonoids doing the
trick? Biomed. Pharmacother. 2019, 109, 1488-1497. [CrossRef] [PubMed]

Howes, M.R;; Perry, N.S.L.; Vasquez-Londoiio, C.; Perry, E.K. Role of phytochemicals as nutraceuticals for cognitive functions
affected in ageing. Br. J. Pharmacol. 2020, 177, 1294-1315. [CrossRef] [PubMed]

Galluzzi, S.; Zanardini, R.; Ferrari, C.; Gipponi, S.; Passeggia, I.; Rampini, M.; Sgro, G.; Genovese, S.; Fiorito, S.; Palumbo,
L.; et al. Cognitive and biological effects of citrus phytochemicals in subjective cognitive decline: A 36-week, randomized,
placebo-controlled trial. Nutr. J. 2022, 21, 64. [CrossRef] [PubMed]

Jacques, PF; Cassidy, A.; Rogers, G.; Peterson, ].].; Meigs, J.B.; Dwyer, J.T. Higher dietary flavonol intake is associated with lower
incidence of type 2 diabetes. . Nutr. 2013, 143, 1474-1480. [CrossRef] [PubMed]

Jazvingéak Jembrek, M.; Vukovi¢, L.; Puhovié, J.; Erhardyt, J.; Orsoli¢, N. Neuroprotective effect of quercetin against hydrogen
peroxide-induced oxidative injury in P19 neurons. J. Mol. Neurosci. 2012, 47, 286-299. [CrossRef] [PubMed]


https://doi.org/10.3389/fnagi.2015.00209
https://doi.org/10.1371/journal.pone.0145521
https://doi.org/10.3390/biom12040542
https://doi.org/10.4196/kjpp.2014.18.1.1
https://www.ncbi.nlm.nih.gov/pubmed/24634591
https://doi.org/10.1016/j.pharmthera.2017.02.030
https://www.ncbi.nlm.nih.gov/pubmed/28223234
https://doi.org/10.1097/00075197-200209000-00016
https://www.ncbi.nlm.nih.gov/pubmed/12172481
https://doi.org/10.3389/fphar.2023.1128872
https://www.ncbi.nlm.nih.gov/pubmed/37007029
https://doi.org/10.1155/2014/674987
https://www.ncbi.nlm.nih.gov/pubmed/24883061
https://doi.org/10.1111/jcmm.13884
https://doi.org/10.14336/AD.2018.0707
https://www.ncbi.nlm.nih.gov/pubmed/31165005
https://doi.org/10.1111/acel.13543
https://www.ncbi.nlm.nih.gov/pubmed/35080104
https://doi.org/10.1016/j.nlm.2011.08.005
https://www.ncbi.nlm.nih.gov/pubmed/21907815
https://doi.org/10.1016/j.bbr.2012.01.034
https://doi.org/10.1016/j.clnesp.2019.08.002
https://doi.org/10.2174/1381612825666190722110458
https://doi.org/10.2337/dc19-0130
https://doi.org/10.3390/nu15020333
https://doi.org/10.3390/biom10091300
https://doi.org/10.1001/archneurol.2008.536
https://doi.org/10.1001/jamanetworkopen.2022.21982
https://www.ncbi.nlm.nih.gov/pubmed/35834250
https://doi.org/10.3389/fnut.2022.946361
https://www.ncbi.nlm.nih.gov/pubmed/35967772
https://doi.org/10.1016/j.biopha.2018.10.086
https://www.ncbi.nlm.nih.gov/pubmed/30551400
https://doi.org/10.1111/bph.14898
https://www.ncbi.nlm.nih.gov/pubmed/31650528
https://doi.org/10.1186/s12937-022-00817-6
https://www.ncbi.nlm.nih.gov/pubmed/36253765
https://doi.org/10.3945/jn.113.177212
https://www.ncbi.nlm.nih.gov/pubmed/23902957
https://doi.org/10.1007/s12031-012-9737-1
https://www.ncbi.nlm.nih.gov/pubmed/22415355

Life 2023, 13, 2291 23 of 33

58.

59.

60.

61.

62.
63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Orsoli¢, N.; Jazvinséak Jembrek, M. Molecular and Cellular Mechanisms of Propolis and Its Polyphenolic Compounds against
Cancer. Int. |. Mol. Sci. 2022, 23, 10479. [CrossRef]

Orsoli¢, N.; Nemrava, J.; Jeleg, Z.; Kukolj, M.; Odeh, D.; Jakopovi¢, B.; Jazvinsc¢ak Jembrek, M.; Bagatin, T.; Fures, R.; Bagatin, D.
Antioxidative and Anti-Inflammatory Activities of Chrysin and Naringenin in a Drug-Induced Bone Loss Model in Rats. Int. J.
Mol. Sci. 2022, 23, 2872. [CrossRef]

Orsoli¢, N.; Sirovina, D.; Odeh, D.; Gajski, G.; Balta, V,; Sver, L.; Jazvini¢ak Jembrek, M. Efficacy of Caffeic Acid on Diabetes and
Its Complications in the Mouse. Molecules 2021, 26, 3262. [CrossRef]

Orsoli¢, N.; Sirovina, D.; Gajski, G.; Garaj-Vrhovac, V.; Jazvins¢ak Jembrek, M.; Kosalec, I. Assessment of DNA damage and lipid
peroxidation in diabetic mice: Effects of propolis and epigallocatechin gallate (EGCG). Mutat. Res. 2013, 757, 36—44. [CrossRef]
Panche, A.N.; Diwan, A.D.; Chandra, S.R. Flavonoids: An overview. J. Nutr. Sci. 2016, 5, e47. [CrossRef]

Ullah, A.; Munir, S.; Badshah, S.L.; Khan, N.; Ghani, L.; Poulson, B.G.; Emwas, A.-H.; Jaremko, M. Important Flavonoids and
Their Role as a Therapeutic Agent. Molecules 2020, 25, 5243. [CrossRef] [PubMed]

Letenneur, L.; Proust-Lima, C.; Le Gouge, A.; Dartigues, ].E.; Barberger-Gateau, P. Flavonoid intake and cognitive decline over a
10-year period. Am. . Epidemiol. 2007, 165, 1364-1371. [CrossRef] [PubMed]

Macready, A.L.; Kennedy, O.B.; Ellis, ].A.; Williams, C.M.; Spencer, ].P.; Butler, L.T. Flavonoids and cognitive function: A review
of human randomized controlled trial studies and recommendations for future studies. Genes Nutr. 2009, 4, 227-242. [CrossRef]
Socci, V.; Tempesta, D.; Desideri, G.; De Gennaro, L.; Ferrara, M. Enhancing Human Cognition with Cocoa Flavonoids. Front.
Nutr. 2017, 4, 19. [CrossRef] [PubMed]

Kiely, K.M. Cognitive function. In Encyclopedia of Quality of Life and Well-Being Research; Springer: Dordrecht, The Netherlands,
2014; pp. 974-978. [CrossRef]

Matthews, W.J.; Meck, W.H. Temporal cognition: Connecting subjective time to perception, attention, and memory. Psychol. Bull.
2016, 142, 865-907. [CrossRef] [PubMed]

Cohen, J.E; Gorski, M.T.; Gruber, S.A.; Kurdziel, L.B.; Rimm, E.B. The effect of healthy dietary consumption on executive cognitive
functioning in children and adolescents: A systematic review. Br. |. Nutr. 2016, 116, 989-1000. [CrossRef] [PubMed]

Bortolotti, S.; Zarantonello, L.; Uliana, A.; Vitturi, N.; Schiff, S.; Bisiacchi, P.; Avogaro, A.; Amodio, P.; Maran, A. Impaired
cognitive processing speed in type 1 diabetic patients who had severe/recurrent hypoglycaemia. J. Diabetes Its Complicat. 2018, 32,
1040-1045. [CrossRef]

Loerbroks, A.; Herr, RM.; Icks, A.; Bosch, J.A. The association of self-reported diabetes with impaired social functioning in low-,
middle- and high-income countries: Findings from the World Health Survey. Diabet. Med. |. Br. Diabet. Assoc. 2018, 35, 332-338.
[CrossRef]

Toth, C.; Martinez, J.; Zochodne, D.W. RAGE, diabetes, and the nervous system. Curr. Mol. Med. 2007, 7, 766-776. [CrossRef]
[PubMed]

Sima, A.A.; Zhang, W.; Kreipke, C.W.; Rafols, ].A.; Hoffman, W.H. Inflammation in Diabetic Encephalopathy is Prevented by
C-Peptide. Rev. Diabet. Stud. 2009, 6, 37-42. [CrossRef] [PubMed]

Wang, H.; Chen, F; Du, Y.F; Long, Y;; Reed, M.N.; Hu, M.; Suppiramaniam, V.; Hong, H.; Tang, S.S. Targeted inhibition of RAGE
reduces amyloid-f3 influx across the blood-brain barrier and improves cognitive deficits in db/db mice. Neuropharmacology 2018,
131, 143-153. [CrossRef] [PubMed]

Momeni, Z.; Bautista, M.; Neapetung, J.; Urban, R.; Yamamoto, Y.; Krishnan, A.; Campanucci, V.A. RAGE signaling is required for
AMPA receptor dysfunction in the hippocampus of hyperglycemic mice. Physiol. Behav. 2021, 229, 113255. [CrossRef] [PubMed]
Kong, Y.; Wang, F; Wang, J.; Liu, C.; Zhou, Y.; Xu, Z.; Zhang, C.; Sun, B.; Guan, Y. Pathological Mechanisms Linking Diabetes
Mellitus and Alzheimer’s Disease: The Receptor for Advanced Glycation End Products (RAGE). Front. Aging Neurosci. 2020, 12, 217.
[CrossRef]

Lu, M,; Xu, L,; Li, B.; Zhang, W.; Zhang, C.; Feng, H.; Cui, X.; Gao, H. Protective effects of grape seed proanthocyanidin extracts
on cerebral cortex of streptozotocin-induced diabetic rats through modulating AGEs/RAGE/NF-kappaB pathway. J. Nutr. Sci.
Vitaminol. 2010, 56, 87-97. [CrossRef] [PubMed]

Sims-Robinson, C.; Kim, B.; Rosko, A.; Feldman, E.L. How does diabetes accelerate Alzheimer disease pathology? Nat. Rev.
Neurol. 2010, 6, 551-559. [CrossRef]

Athanasaki, A.; Melanis, K.; Tsantzali, I.; Stefanou, M.I.; Ntymenou, S.; Paraskevas, S.G.; Kalamatianos, T.; Boutati, E.; Lambadiari,
V.; Voumvourakis, K.I; et al. Type 2 Diabetes Mellitus as a Risk Factor for Alzheimer’s Disease: Review and Meta-Analysis.
Biomedicines 2022, 10, 778. [CrossRef]

Kojro, E.; Postina, R. Regulated proteolysis of RAGE and AbetaPP as possible link between type 2 diabetes mellitus and
Alzheimer’s disease. |. Alzheimers Dis. 2009, 16, 865-878. [CrossRef]

Pereira, ].B.; Ossenkoppele, R.; Palmqvist, S.; Strandberg, T.O.; Smith, R.; Westman, E.; Hansson, O. Amyloid and tau accumulate
across distinct spatial networks and are differentially associated with brain connectivity. eLife 2019, 8, €50830. [CrossRef]
Jazvinséak Jembrek, M.; Slade, N.; Hof, P.R.; Simi¢, G. The interactions of p53 with tau and AR as potential therapeutic targets for
Alzheimer’s disease. Prog. Neurobiol. 2018, 168, 104-127. [CrossRef] [PubMed]

Jazvinséak Jembrek, M.; Babi¢, M.; Pivac, N.; Hof, PR,; Simi¢, G. Hyperphosphorylation of tau by GSK-3f in Alzheimer’s disease:
The interaction of AP and sphingolipid mediators. as a therapeutic target. Translat. Neurosci. 2013, 4, 466—476. [CrossRef]


https://doi.org/10.3390/ijms231810479
https://doi.org/10.3390/ijms23052872
https://doi.org/10.3390/molecules26113262
https://doi.org/10.1016/j.mrgentox.2013.04.022
https://doi.org/10.1017/jns.2016.41
https://doi.org/10.3390/molecules25225243
https://www.ncbi.nlm.nih.gov/pubmed/33187049
https://doi.org/10.1093/aje/kwm036
https://www.ncbi.nlm.nih.gov/pubmed/17369607
https://doi.org/10.1007/s12263-009-0135-4
https://doi.org/10.3389/fnut.2017.00019
https://www.ncbi.nlm.nih.gov/pubmed/28560212
https://doi.org/10.1007/978-94-007-0753-5_426
https://doi.org/10.1037/bul0000045
https://www.ncbi.nlm.nih.gov/pubmed/27196725
https://doi.org/10.1017/S0007114516002877
https://www.ncbi.nlm.nih.gov/pubmed/27487986
https://doi.org/10.1016/j.jdiacomp.2018.08.005
https://doi.org/10.1111/dme.13578
https://doi.org/10.2174/156652407783220705
https://www.ncbi.nlm.nih.gov/pubmed/18331235
https://doi.org/10.1900/RDS.2009.6.37
https://www.ncbi.nlm.nih.gov/pubmed/19557294
https://doi.org/10.1016/j.neuropharm.2017.12.026
https://www.ncbi.nlm.nih.gov/pubmed/29248482
https://doi.org/10.1016/j.physbeh.2020.113255
https://www.ncbi.nlm.nih.gov/pubmed/33221393
https://doi.org/10.3389/fnagi.2020.00217
https://doi.org/10.3177/jnsv.56.87
https://www.ncbi.nlm.nih.gov/pubmed/20495289
https://doi.org/10.1038/nrneurol.2010.130
https://doi.org/10.3390/biomedicines10040778
https://doi.org/10.3233/JAD-2009-0998
https://doi.org/10.7554/eLife.50830
https://doi.org/10.1016/j.pneurobio.2018.05.001
https://www.ncbi.nlm.nih.gov/pubmed/29733887
https://doi.org/10.2478/s13380-013-0144-z

Life 2023, 13, 2291 24 of 33

84.

85.

86.

87.

88.

89.

90.
91.

92.

93.
94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.
110.

Peng, ].H.; Zhang, C.E.; Wei, W.; Hong, X.P,; Pan, X.P.; Wang, ].Z. Dehydroevodiamine attenuates tau hyperphosphorylation
and spatial memory deficit induced by activation of glycogen synthase kinase-3 in rats. Neuropharmacology 2007, 52, 1521-1527.
[CrossRef] [PubMed]

Li, X.H.; Lv, B.L.; Xie, J.Z.; Liu, J.; Zhou, X.W.; Wang, J.Z. AGEs induce Alzheimer-like tau pathology and memory deficit via
RAGE-mediated GSK-3 activation. Neurobiol. Aging 2012, 33, 1400-1410. [CrossRef] [PubMed]

Gasparotto, J.; Girardi, C.S.; Somensi, N.; Ribeiro, C.T.; Moreira, ].C.E; Michels, M.; Sonai, B.; Rocha, M.; Steckert, A.V.; Barichello,
T.; et al. Receptor for advanced glycation end products mediates sepsis-triggered amyloid-$ accumulation, Tau phosphorylation,
and cognitive impairment. J. Biol. Chem. 2018, 293, 226-244. [CrossRef]

Kong, Y.; Liu, C.; Zhou, Y.; Qj, J.; Zhang, C.; Sun, B.; Wang, J.; Guan, Y. Progress of RAGE Molecular Imaging in Alzheimer’s
Disease. Front. Aging Neurosci. 2020, 12, 227. [CrossRef]

Chellappa, R.C.; Rani, P. G82S RAGE polymorphism is associated with Alzheimer’s disease. Front. Biosci. 2020, 12, 150-161.
[CrossRef]

Cathrine, R.; Lukose, B.; Rani, P. G82S RAGE polymorphism influences amyloid-RAGE interactions relevant in Alzheimer’s
disease pathology. PLoS ONE 2020, 15, 0225487. [CrossRef]

Giacco, F.,; Brownlee, M. Oxidative stress and diabetic complications. Circ. Res. 2010, 107, 1058-1070. [CrossRef]

Zhang, P; Li, T.; Wu, X.; Nice, E.C.; Huang, C.; Zhang, Y. Oxidative stress and diabetes: Antioxidative strategies. Front. Med. 2020,
14, 583-600. [CrossRef]

Wang, X.; Michaelis, E.K. Selective neuronal vulnerability to oxidative stress in the brain. Front. Aging Neurosci. 2010, 2, 12.
[CrossRef] [PubMed]

Salim, S. Oxidative Stress and the Central Nervous System. J. Pharmacol. Exp. Ther. 2017, 360, 201-205. [CrossRef] [PubMed]
Singh, A.; Kukreti, R; Saso, L.; Kukreti, S. Oxidative Stress: A Key Modulator in Neurodegenerative Diseases. Molecules 2019, 24, 1583.
[CrossRef] [PubMed]

Goyal, S.N.; Reddy, N.M,; Patil, K.R.; Nakhate, K.T.; Ojha, S.; Patil, C.R.; Agrawal, Y.O. Challenges and issues with streptozotocin-
induced diabetes—A clinically relevant animal model to understand the diabetes pathogenesis and evaluate therapeutics. Chem.
Biol. Interact. 2016, 244, 49-63. [CrossRef] [PubMed]

Yin, Z.; Yu, H.; Chen, S.; Ma, C.; Ma, X,; Xu, L.; Ma, Z.; Qu, R.; Ma, S. Asiaticoside attenuates diabetes-induced cognition deficits
by regulating PI3K/Akt/NF-«kB pathway. Behav. Brain Res. 2015, 292, 288-299. [CrossRef]

Bathina, S.; Das, U.N. Dysregulation of PI3K-Akt-mTOR pathway in brain of streptozotocin-induced type 2 diabetes mellitus in
Wistar rats. Lipids Health Dis. 2018, 17, 168. [CrossRef]

Chen, J.; Bi, Y.; Chen, L.; Zhang, Q.; Xu, L. Tanshinone ITA exerts neuroprotective effects on hippocampus-dependent cognitive
impairments in diabetic rats by attenuating ER stress-induced apoptosis. Biomed. Pharmacother. 2018, 104, 530-536. [CrossRef]
Yan, W,; Pang, M.; Yu, Y; Gou, X;; Si, P.; Zhawatibai, A.; Zhang, Y.; Zhang, M.; Guo, T; Yi, X; et al. The neuroprotection of
liraglutide on diabetic cognitive deficits is associated with improved hippocampal synapses and inhibited neuronal apoptosis.
Life Sci. 2019, 231, 116566. [CrossRef]

Chen, X.; Famurewa, A.C.; Tang, J.; Olatunde, O.O.; Olatunji, O.]. Hyperoside attenuates neuroinflammation, cognitive impairment
and oxidative stress via suppressing TNF-oc/NF-«kB/caspase-3 signaling in type 2 diabetes rats. Nutr. Neurosci. 2022, 25, 1774-1784.
[CrossRef]

Bathina, S.; Srinivas, N.; Das, U.N. Streptozotocin produces oxidative stress, inflammation and decreases BDNF concentrations to
induce apoptosis of RINSF cells and type 2 diabetes mellitus in Wistar rats. Biochem. Biophys. Res. Commun. 2017, 486, 406—413.
[CrossRef]

Johansen, J.S.; Harris, A K.; Rychly, D.J.; Ergul, A. Oxidative stress and the use of antioxidants in diabetes: Linking basic science
to clinical practice. Cardiovasc. Diabetol. 2005, 4, 5. [CrossRef] [PubMed]

Rolo, A.P,; Palmeira, C.M. Diabetes and mitochondrial function: Role of hyperglycemia and oxidative stress. Toxicol. Appl.
Pharmacol. 2006, 212, 167-178. [CrossRef] [PubMed]

Kapogiannis, D.; Mattson, M.P. Disrupted energy metabolism and neuronal circuit dysfunction in cognitive impairment and
Alzheimer’s disease. Lancet Neurol. 2011, 10, 187-198. [CrossRef] [PubMed]

Sung, S.K.; Woo, ].S.; Kim, Y.H.; Son, D.W.; Lee, S.W.; Song, G.S. Sildenafil Ameliorates Advanced Glycation End Products-Induced
Mitochondrial Dysfunction in HT-22 Hippocampal Neuronal Cells. |. Korean Neurosurg. Soc. 2016, 59, 259-268. [CrossRef]

Lim, M,; Park, L.; Shin, G.; Hong, H.; Kang, I.; Park, Y. Induction of apoptosis of Beta cells of the pancreas by advanced glycation
end-products, important mediators of chronic complications of diabetes mellitus. Ann. N. Y. Acad. Sci. 2008, 1150, 311-315.
[CrossRef]

Velayoudom-Cephise, F.L.; Cano-Sanchez, M.; Bercion, S.; Tessier, E; Yu, Y.; Boulanger, E.; Neviere, R. Receptor for advanced
glycation end products modulates oxidative stress and mitochondrial function in the soleus muscle of mice fed a high-fat diet.
Appl. Physiol. Nutr. Metab. 2020, 45, 1107-1117. [CrossRef]

Lin, N.; Zhang, H.; Su, Q. Advanced glycation end-products induce injury to pancreatic beta cells through oxidative stress.
Diabetes Metab. 2012, 38, 250-257. [CrossRef]

Rains, J.L.; Jain, S.K. Oxidative stress, insulin signaling, and diabetes. Free Radic. Biol. Med. 2011, 50, 567-575. [CrossRef]
Salazar-Garcia, M.; Corona, J.C. The Use of Natural Compounds as a Strategy to Counteract Oxidative Stress in Animal Models
of Diabetes Mellitus. Int. . Mol. Sci. 2021, 22, 7009. [CrossRef]


https://doi.org/10.1016/j.neuropharm.2007.02.008
https://www.ncbi.nlm.nih.gov/pubmed/17434540
https://doi.org/10.1016/j.neurobiolaging.2011.02.003
https://www.ncbi.nlm.nih.gov/pubmed/21450369
https://doi.org/10.1074/jbc.M117.786756
https://doi.org/10.3389/fnagi.2020.00227
https://doi.org/10.2741/E864
https://doi.org/10.1371/journal.pone.0225487
https://doi.org/10.1161/CIRCRESAHA.110.223545
https://doi.org/10.1007/s11684-019-0729-1
https://doi.org/10.3389/fnagi.2010.00012
https://www.ncbi.nlm.nih.gov/pubmed/20552050
https://doi.org/10.1124/jpet.116.237503
https://www.ncbi.nlm.nih.gov/pubmed/27754930
https://doi.org/10.3390/molecules24081583
https://www.ncbi.nlm.nih.gov/pubmed/31013638
https://doi.org/10.1016/j.cbi.2015.11.032
https://www.ncbi.nlm.nih.gov/pubmed/26656244
https://doi.org/10.1016/j.bbr.2015.06.024
https://doi.org/10.1186/s12944-018-0809-2
https://doi.org/10.1016/j.biopha.2018.05.040
https://doi.org/10.1016/j.lfs.2019.116566
https://doi.org/10.1080/1028415X.2021.1901047
https://doi.org/10.1016/j.bbrc.2017.03.054
https://doi.org/10.1186/1475-2840-4-5
https://www.ncbi.nlm.nih.gov/pubmed/15862133
https://doi.org/10.1016/j.taap.2006.01.003
https://www.ncbi.nlm.nih.gov/pubmed/16490224
https://doi.org/10.1016/S1474-4422(10)70277-5
https://www.ncbi.nlm.nih.gov/pubmed/21147038
https://doi.org/10.3340/jkns.2016.59.3.259
https://doi.org/10.1196/annals.1447.011
https://doi.org/10.1139/apnm-2019-0936
https://doi.org/10.1016/j.diabet.2012.01.003
https://doi.org/10.1016/j.freeradbiomed.2010.12.006
https://doi.org/10.3390/ijms22137009

Life 2023, 13, 2291 25 of 33

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

Chang, L.; Chiang, S.H.; Saltiel, A.R. Insulin signaling and the regulation of glucose transport. Mol. Med. 2004, 10, 65-71.
[CrossRef]

MacAulay, K.; Woodgett, ].R. Targeting glycogen synthase kinase-3 (GSK-3) in the treatment of Type 2 diabetes. Exp. Opin. Ther.
Targets 2008, 12, 1265-1274. [CrossRef] [PubMed]

Ren, Z.; Zhong, H.; Song, C.; Deng, C.; Hsieh, H.T.; Liu, W.; Chen, G. Insulin Promotes Mitochondrial Respiration and Survival
through PI3K/AKT/GSK3 Pathway in Human Embryonic Stem Cells. Stem Cell Rep. 2020, 15, 1362-1376. [CrossRef] [PubMed]
Galizzi, G.; Palumbo, L.; Amato, A.; Conigliaro, A.; Nuzzo, D.; Terzo, S.; Caruana, L.; Picone, P.; Alessandro, R.; Mule, E; et al.
Altered insulin pathway compromises mitochondrial function and quality control both in in vitro and in vivo model systems.
Mitochondrion 2021, 60, 178-188. [CrossRef] [PubMed]

Hoehn, K.L.; Salmon, A.B.; Hohnen-Behrens, C.; Turner, N.; Hoy, A.].; Maghzal, G.J.; Stocker, R.; Van Remmen, H.; Kraegen,
E.W.; Cooney, G.J.; et al. Insulin resistance is a cellular antioxidant defense mechanism. Proc. Natl. Acad. Sci. USA 2009, 106,
17787-17792. [CrossRef]

Anderson, E.J.; Lustig, M.E.; Boyle, K.E.; Woodlief, T.L.; Kane, D.A.; Lin, C.T.; Price, ] W., 3rd; Kang, L.; Rabinovitch, P.S.; Szeto,
H.H.; et al. Mitochondrial H202 emission and cellular redox state link excess fat intake to insulin resistance in both rodents and
humans. J. Clin. Investig. 2009, 119, 573-581. [CrossRef]

Meng, Y.; Wang, W.; Kang, J.; Wang, X.; Sun, L. Role of the PI3K/AKT signalling pathway in apoptotic cell death in the cerebral
cortex of streptozotocin-induced diabetic rats. Exp. Ther. Med. 2017, 13, 2417-2422. [CrossRef]

Sims-Robinson, C.; Bakeman, A.; Glasser, R.; Boggs, J.; Pacut, C.; Feldman, E.L. The role of endoplasmic reticulum stress in
hippocampal insulin resistance. Exp. Neurol. 2016, 277, 261-267. [CrossRef]

Zhao, Y; Yan, Y.; Zhao, Z.; Li, S; Yin, J. The dynamic changes of endoplasmic reticulum stress pathway markers GRP78 and
CHOP in the hippocampus of diabetic mice. Brain Res. Bull. 2015, 111, 27-35. [CrossRef]

Patel, S.; Santani, D. Role of NF-kappa B in the pathogenesis of diabetes and its associated complications. Pharmacol. Rep. 2009,
61, 595-603. [CrossRef]

Richa, R.; Yadawa, A.K.; Chaturvedi, C.M. Hyperglycemia and high nitric oxide level induced oxidative stress in the brain
and molecular alteration in the neurons and glial cells of laboratory mouse, Mus musculus. Neurochem. Int. 2017, 104, 64-79.
[CrossRef]

Miao, C.; Chen, H.; Li, Y.; Guo, Y.; Xu, F; Chen, Q.; Zhang, Y.; Hu, M.; Chen, G. Curcumin and its analog alleviate diabetes-induced
damages by regulating inflammation and oxidative stress in brain of diabetic rats. Diabetol. Metab. Syndr. 2021, 13, 21. [CrossRef]
[PubMed]

Yousefzadeh, N.; Alipour, M.R.; Soufi, F.G. Deregulation of NF-kB-miR-146a negative feedback loop may be involved in the
pathogenesis of diabetic neuropathy. J. Physiol. Biochem. 2015, 71, 51-58. [CrossRef] [PubMed]

Ebrahimpour, S.; Esmaeili, A.; Dehghanian, F.; Beheshti, S. Effects of quercetin-conjugated with superparamagnetic iron oxide
nanoparticles on learning and memory improvement through targeting microRNAs/NF-«kB pathway. Sci. Rep. 2020, 10, 15070.
[CrossRef] [PubMed]

Piatkowska-Chmiel, I.; Herbet, M.; Gawronska-Grzywacz, M.; Ostrowska-Lesko, M.; Dudka, J. The Role of Molecular and Inflamma-
tory Indicators in the Assessment of Cognitive Dysfunction in a Mouse Model of Diabetes. Int. J. Mol. Sci. 2021, 22, 3878. [CrossRef]
[PubMed]

Sadeghi, A.; Hami, ].; Razavi, S.; Esfandiary, E.; Hejazi, Z. The Effect of Diabetes Mellitus on Apoptosis in Hippocampus: Cellular
and Molecular Aspects. Int. J. Prev. Med. 2016, 7, 57. [CrossRef]

Vincent, A.M.; Perrone, L.; Sullivan, K.A.; Backus, C.; Sastry, A.M.; Lastoskie, C.; Feldman, E.L. Receptor for advanced glycation
end products activation injures primary sensory neurons via oxidative stress. Endocrinology 2007, 148, 548-558. [CrossRef]
[PubMed]

Han, C; Lu, Y.; Wei, Y.; Wu, B,; Liu, Y,; He, R. D-ribosylation induces cognitive impairment through RAGE-dependent astrocytic
inflammation. Cell Death Dis. 2014, 5, e1117. [CrossRef]

Abdelkader, N.E; Ibrahim, S.M.; Moustafa, P.E.; Elbaset, M.A. Inosine mitigated diabetic peripheral neuropathy via modulating
GLO1/AGEs/RAGE/NF-kB/Nrf2 and TGF-f3/PKC/TRPV1 signaling pathways. Biomed. Pharmacother. 2022, 145, 112395.
[CrossRef]

Szczepanik, J.C.; Garcia, A.F,; Lopes de Almeida, G.R.; Cunha, M.P; Dafre, A.L. Protective effects against memory impairment
induced by methylglyoxal in mice co-treated with FPS-ZM1, an advanced glycation end products receptor antagonist. Acta
Neurobiol. Exp. 2020, 80, 364-374. [CrossRef]

Xu, T.; Liu, J.; Li, XR; Yu, Y,; Luo, X.; Zheng, X.; Cheng, Y.; Yu, P.Q.; Liu, Y. The mTOR/NEF-«kB Pathway Mediates Neuroinflam-
mation and Synaptic Plasticity in Diabetic Encephalopathy. Mol. Neurobiol. 2021, 58, 3848-3862. [CrossRef]

Wang, Y.; Yu, B.; Wang, L.; Yang, M.; Xia, Z.; Wei, W.; Zhang, F; Yuan, X. Pioglitazone ameliorates glomerular NLRP3
inflammasome activation in apolipoprotein E knockout mice with diabetes mellitus. PLoS ONE 2017, 12, e0181248. [CrossRef]
[PubMed]

Falcicchia, C.; Tozzi, F; Arancio, O.; Watterson, D.M.; Origlia, N. Involvement of p38 MAPK in Synaptic Function and Dysfunction.
Int. J. Mol. Sci. 2020, 21, 5624. [CrossRef] [PubMed]

Chakraborty, A.; Sami, S.A.; Marma, K.K.S. A comprehensive review on RAGE-facilitated pathological pathways connecting
Alzheimer’s disease, diabetes mellitus, and cardiovascular diseases. EQypt J. Intern. Med. 2021, 33, 47. [CrossRef]


https://doi.org/10.2119/2005-00029.Saltiel
https://doi.org/10.1517/14728222.12.10.1265
https://www.ncbi.nlm.nih.gov/pubmed/18781825
https://doi.org/10.1016/j.stemcr.2020.10.008
https://www.ncbi.nlm.nih.gov/pubmed/33186539
https://doi.org/10.1016/j.mito.2021.08.014
https://www.ncbi.nlm.nih.gov/pubmed/34454074
https://doi.org/10.1073/pnas.0902380106
https://doi.org/10.1172/JCI37048
https://doi.org/10.3892/etm.2017.4259
https://doi.org/10.1016/j.expneurol.2016.01.007
https://doi.org/10.1016/j.brainresbull.2014.12.006
https://doi.org/10.1016/S1734-1140(09)70111-2
https://doi.org/10.1016/j.neuint.2016.12.008
https://doi.org/10.1186/s13098-021-00638-3
https://www.ncbi.nlm.nih.gov/pubmed/33602334
https://doi.org/10.1007/s13105-014-0378-4
https://www.ncbi.nlm.nih.gov/pubmed/25567745
https://doi.org/10.1038/s41598-020-71678-4
https://www.ncbi.nlm.nih.gov/pubmed/32934245
https://doi.org/10.3390/ijms22083878
https://www.ncbi.nlm.nih.gov/pubmed/33918576
https://doi.org/10.4103/2008-7802.178531
https://doi.org/10.1210/en.2006-0073
https://www.ncbi.nlm.nih.gov/pubmed/17095586
https://doi.org/10.1038/cddis.2014.89
https://doi.org/10.1016/j.biopha.2021.112395
https://doi.org/10.21307/ane-2020-033
https://doi.org/10.1007/s12035-021-02390-1
https://doi.org/10.1371/journal.pone.0181248
https://www.ncbi.nlm.nih.gov/pubmed/28708885
https://doi.org/10.3390/ijms21165624
https://www.ncbi.nlm.nih.gov/pubmed/32781522
https://doi.org/10.1186/s43162-021-00081-w

Life 2023, 13, 2291 26 of 33

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.
151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

Yeh, C.H,; Sturgis, L.; Haidacher, J.; Zhang, X.N.; Sherwood, S.].; Bjercke, R.J.; Juhasz, O.; Crow, M.T; Tilton, R.G.; Denner, L.
Requirement for p38 and p44/p42 mitogen-activated protein kinases in RAGE-mediated nuclear factor-kappaB transcriptional
activation and cytokine secretion. Diabetes 2001, 50, 1495-1504. [CrossRef] [PubMed]

Chen, Y,; Jiao, N.; Jiang, M.; Liu, L.; Zhu, Y.; Wu, H.; Chen, ].; Fu, Y.; Du, Q.; Xu, H.; et al. Loganin alleviates testicular damage
and germ cell apoptosis induced by AGEs upon diabetes mellitus by suppressing the RAGE/p38MAPK/NF-«B pathway. J. Cell.
Mol. Med. 2020, 24, 6083—-6095. [CrossRef] [PubMed]

Li, J.S;; Ji, T.; Su, S.L.; Zhu, Y.; Chen, X.L.; Shang, E.X.; Guo, S.; Qian, D.W.; Duan, J.A. Mulberry leaves ameliorate diabetes via
regulating metabolic profiling and AGEs/RAGE and p38 MAPK/NEF-«B pathway. J. Ethnopharmacol. 2022, 283, 114713. [CrossRef]
Litwinoff, E.; Hurtado Del Pozo, C.; Ramasamy, R.; Schmidt, A.M. Emerging targets for therapeutic development in diabetes and
its complications: The RAGE signaling pathway. Clin. Pharmacol. Ther. 2015, 98, 135-144. [CrossRef]

Mengstie, M.A.; Chekol Abebe, E.; Behaile Teklemariam, A.; Tilahun Mulu, A.; Agidew, M.M.; Teshome Azezew, M.; Zewde, E.A ;
Agegnehu Teshome, A. Endogenous advanced glycation end products in the pathogenesis of chronic diabetic complications.
Front. Mol. Biosci. 2022, 9, 1002710. [CrossRef]

Reddy, V.P; Aryal, P.; Darkwah, E.K. Advanced Glycation End Products in Health and Disease. Microorganisms 2022, 10, 1848.
[CrossRef]

Eizirik, D.L.; Cardozo, A.K.; Cnop, M. The role for endoplasmic reticulum stress in diabetes mellitus. Endocr. Rev. 2008, 29, 42-61.
[CrossRef]

Mustapha, S.; Mohammed, M.; Azemi, A.K; Jatau, A.L; Shehu, A.; Mustapha, L.; Aliyu, LM.; Danraka, R.N.; Amin, A.; Bala, A.A,;
et al. Current Status of Endoplasmic Reticulum Stress in Type II Diabetes. Molecules 2021, 26, 4362. [CrossRef] [PubMed]
Purkayastha, S.; Zhang, H.; Zhang, G.; Ahmed, Z.; Wang, Y.; Cai, D. Neural dysregulation of peripheral insulin action and blood
pressure by brain endoplasmic reticulum stress. Proc. Natl. Acad. Sci. USA 2011, 108, 2939-2944. [CrossRef] [PubMed]

Wang, Z.; Huang, Y.; Cheng, Y,; Tan, Y.; Wu, E; Wu, J.; Shi, H.; Zhang, H.; Yu, X,; Gao, H.; et al. Endoplasmic reticulum stress-
induced neuronal inflammatory response and apoptosis likely plays a key role in the development of diabetic encephalopathy.
Oncotarget 2016, 7, 78455-78472. [CrossRef]

King, B.C.; Blom, A.M. Complement in metabolic disease: Metaflammation and a two-edged sword. Semin. Immunopathol. 2021,
43,829-841. [CrossRef] [PubMed]

Li, Z.; Zhang, W.; Gao, F; Tang, Q.; Kang, D.; Shen, Y. Different Complement Activation Pathways Underly Cognitive Impairment
and Type 2 Diabetes Mellitus Combined with Cognitive Impairment. Front. Aging Neurosci. 2022, 14, 810335. [CrossRef]
Mastellos, D.C. Complement emerges as a masterful regulator of CNS homeostasis, neural synaptic plasticity and cognitive
function. Exp. Neurol. 2014, 261, 469-474. [CrossRef]

Werneburg, S.; Jung, J.; Kunjamma, R.B.; Ha, S.K.; Luciano, N.J.; Willis, C.M.; Gao, G.; Biscola, N.P.; Havton, L.A.; Crocker, S.J.;
et al. Targeted Complement Inhibition at Synapses Prevents Microglial Synaptic Engulfment and Synapse Loss in Demyelinating
Disease. Immunity 2020, 52, 167-182.e7. [CrossRef]

Gomez-Arboledas, A.; Acharya, M.M.; Tenner, A.]. The Role of Complement in Synaptic Pruning and Neurodegeneration.
ImmunoTargets Ther. 2021, 10, 373-386. [CrossRef]

Ajjan, R.A.; Schroeder, V. Role of complement in diabetes. Mol. Immunol. 2019, 114, 270-277. [CrossRef]

Shim, K.; Begum, R.; Yang, C.; Wang, H. Complement activation in obesity, insulin resistance, and type 2 diabetes mellitus. World
J. Diabetes 2020, 11, 1-12. [CrossRef]

Rasmussen, K.L.; Nordestgaard, B.G.; Nielsen, S.F. Complement C3 and Risk of Diabetic Microvascular Disease: A Cohort Study
of 95202 Individuals from the General Population. Clin. Chem. 2018, 64, 1113-1124. [CrossRef] [PubMed]

Kaltschmidt, C.; Kaltschmidt, B.; Neumann, H.; Wekerle, H.; Baeuerle, P.A. Constitutive NF-kappa B activity in neurons. Mol.
Cell. Biol. 1994, 14, 3981-3992. [CrossRef] [PubMed]

Albensi, B.C.; Mattson, M.P. Evidence for the involvement of TNF and NF-kappaB in hippocampal synaptic plasticity. Synapse
2000, 35, 151-159. [CrossRef]

Kaltschmidt, B.; Ndiaye, D.; Korte, M.; Pothion, S.; Arbibe, L.; Priillage, M.; Pfeiffer, J.; Lindecke, A.; Staiger, V.; Israél, A.; et al.
NF-kappaB regulates spatial memory formation and synaptic plasticity through protein kinase A/CREB signaling. Mol. Cell. Biol.
2006, 26, 2936-2946. [CrossRef] [PubMed]

Oikawa, K.; Odero, G.L.; Platt, E.; Neuendorff, M.; Hatherell, A.; Bernstein, M.].; Albensi, B.C. NF-kB p50 subunit knockout
impairs late LTP and alters long term memory in the mouse hippocampus. BMC Neurosci. 2012, 13, 45. [CrossRef] [PubMed]
Snow, W.M.; Stoesz, B.M.; Kelly, D.M.; Albensi, B.C. Roles for NF-kB and gene targets of NF-«B in synaptic plasticity, memory,
and navigation. Mol. Neurobiol. 2013, 49, 757-770. [CrossRef]

Kaltschmidt, B.; Kaltschmidt, C. NF-KappaB in Long-Term Memory and Structural Plasticity in the Adult Mammalian Brain.
Front. Mol. Neurosci. 2015, 8, 69. [CrossRef]

Kim, O.Y.; Song, J. The importance of BDNF and RAGE in diabetes-induced dementia. Pharmacol. Res. 2020, 160, 105083.
[CrossRef]

Zhen, Y.F; Zhang, ].; Liu, X.Y,; Fang, H.; Tian, L.B.; Zhou, D.H.; Kosten, T.R.; Zhang, X.Y. Low BDNF is associated with cognitive
deficits in patients with type 2 diabetes. Psychopharmacology 2013, 227, 93-100. [CrossRef]


https://doi.org/10.2337/diabetes.50.6.1495
https://www.ncbi.nlm.nih.gov/pubmed/11375353
https://doi.org/10.1111/jcmm.15198
https://www.ncbi.nlm.nih.gov/pubmed/32307890
https://doi.org/10.1016/j.jep.2021.114713
https://doi.org/10.1002/cpt.148
https://doi.org/10.3389/fmolb.2022.1002710
https://doi.org/10.3390/microorganisms10091848
https://doi.org/10.1210/er.2007-0015
https://doi.org/10.3390/molecules26144362
https://www.ncbi.nlm.nih.gov/pubmed/34299638
https://doi.org/10.1073/pnas.1006875108
https://www.ncbi.nlm.nih.gov/pubmed/21282643
https://doi.org/10.18632/oncotarget.12925
https://doi.org/10.1007/s00281-021-00873-w
https://www.ncbi.nlm.nih.gov/pubmed/34159399
https://doi.org/10.3389/fnagi.2022.810335
https://doi.org/10.1016/j.expneurol.2014.06.019
https://doi.org/10.1016/j.immuni.2019.12.004
https://doi.org/10.2147/ITT.S305420
https://doi.org/10.1016/j.molimm.2019.07.031
https://doi.org/10.4239/wjd.v11.i1.1
https://doi.org/10.1373/clinchem.2018.287581
https://www.ncbi.nlm.nih.gov/pubmed/29523638
https://doi.org/10.1128/MCB.14.6.3981
https://www.ncbi.nlm.nih.gov/pubmed/8196637
https://doi.org/10.1002/(SICI)1098-2396(200002)35:2%3C151::AID-SYN8%3E3.0.CO;2-P
https://doi.org/10.1128/MCB.26.8.2936-2946.2006
https://www.ncbi.nlm.nih.gov/pubmed/16581769
https://doi.org/10.1186/1471-2202-13-45
https://www.ncbi.nlm.nih.gov/pubmed/22553912
https://doi.org/10.1007/s12035-013-8555-y
https://doi.org/10.3389/fnmol.2015.00069
https://doi.org/10.1016/j.phrs.2020.105083
https://doi.org/10.1007/s00213-012-2942-3

Life 2023, 13, 2291 27 of 33

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

Zhen, Y.E; Liu, X.Y.; Zhou, D.H.; Du, X;; Yin, G.; Zhang, Y,; Fang, H.; Xu, G.; Soares, J.C.; Zhang, X.Y. Cognition, serum BDNF
levels, and BDNF Val66Met polymorphism in type 2 diabetes patients and healthy controls. Oncotarget 2017, 9, 3653-3662.
[CrossRef]

Zhen, Y.F; Liu, X.Y.; Li, YK,; Fang, H.; Cassidy, R.M.; Zhang, X.Y. Association of Brain-Derived Neurotrophic Factor With
Cognitive Function: An Investigation of Sex Differences in Patients With Type 2 Diabetes. Psychosom. Med. 2019, 81, 488-494.
[CrossRef]

Moosaie, F.; Mohammadi, S.; Saghazadeh, A.; Dehghani Firouzabadi, F.; Rezaei, N. Brain-derived neurotrophic factor in diabetes
mellitus: A systematic review and meta-analysis. PLoS ONE 2023, 18, €0268816. [CrossRef] [PubMed]

Sun, Z.C.; Yu, J.; Liu, Y.L.; Hong, Z.Z,; Ling, L.; Li, G.Q.; Zhuo, Y.F; Wang, W.R.; Zhang, Y. Reduced Serum Levels of Brain-Derived
Neurotrophic Factor Are Related to Mild Cognitive Impairment in Chinese Patients with Type 2 Diabetes Mellitus. Ann. Nutr.
Met. 2018, 73, 271-281. [CrossRef] [PubMed]

Sumbul-Sekerci, B.; Sekerci, A.; Pasin, O.; Durmus, E.; Yuksel-Salduz, Z.I. Cognition and BDNF levels in prediabetes and diabetes:
A mediation analysis of a cross-sectional study. Front. Endocrinol. 2023, 14, 1120127. [CrossRef] [PubMed]

Parveen, R.; Kapur, P.; Kohli, S.; Agarwal, N.B. Attenuated brain derived neurotrophic factor and depression in type 2 diabetes
mellitus patients: A case-control study. Clin. Epid. Glob. Health 2022, 15, 101016. [CrossRef]

Krabbe, K.S.; Nielsen, A.R.; Krogh-Madsen, R.; Plomgaard, P.; Rasmussen, P; Erikstrup, C.; Fischer, C.P.; Lindegaard, B.; Petersen,
AM,; Taudorf, S; et al. Brain-derived neurotrophic factor (BDNF) and type 2 diabetes. Diabetologia 2007, 50, 431-438. [CrossRef]
[PubMed]

Davarpanah, M.; Shokri-Mashhadi, N.; Ziaei, R.; Saneei, P. A systematic review and meta-analysis of association between
brain-derived neurotrophic factor and type 2 diabetes and glycemic profile. Sci. Rep. 2021, 11, 13773. [CrossRef] [PubMed]
Yamanaka, M.; Itakura, Y.; Tsuchida, A.; Nakagawa, T.; Taiji, M. Brain-derived neurotrophic factor (BDNF) prevents the
development of diabetes in prediabetic mice. Biomed. Res. 2008, 29, 147-153. [CrossRef] [PubMed]

Nakagawa, T.; Ono-Kishino, M.; Sugaru, E.; Yamanaka, M.; Taiji, M.; Noguchi, H. Brain-derived neurotrophic factor (BDNF)
regulates glucose and energy metabolism in diabetic mice. Diabetes Metab. Res. Rev. 2002, 18, 185-191. [CrossRef]

Meek, T.H.; Wisse, B.E.; Thaler, J.P.; Guyenet, S.J.; Matsen, M.E.; Fischer, ].D.; Taborsky, G.J., Jr.; Schwartz, M.W.; Morton, G.J.
BDNF action in the brain attenuates diabetic hyperglycemia via insulin-independent inhibition of hepatic glucose production.
Diabetes 2013, 62, 1512-1518. [CrossRef]

Li, B.; Lang, N.; Cheng, Z.F. Serum Levels of Brain-Derived Neurotrophic Factor Are Associated with Diabetes Risk, Complications,
and Obesity: A Cohort Study from Chinese Patients with Type 2 Diabetes. Mol. Neurobiol. 2016, 53, 5492-5499. [CrossRef]
[PubMed]

Naeini, Z.; Abaj, F.; Rafiee, M.; Koohdani, F. Interactions of BDNF Val66met and dietary indices in relation to metabolic markers
among patient with type 2 diabetes mellitus: A cross-sectional study. J. Health Popul. Nutr. 2023, 42, 34. [CrossRef] [PubMed]
Lim, J.; Kim, H.I; Bang, Y.; Choi, H.]. Peroxisome proliferator-activated receptor gamma: A novel therapeutic target for cognitive
impairment and mood disorders that functions via the regulation of adult neurogenesis. Arch. Pharm. Res. 2021, 44, 553-563.
[CrossRef] [PubMed]

Liu, L.P; Yan, TH,; Jiang, L.Y.; Hu, W,; Hu, M.; Wang, C.; Zhang, Q.; Long, Y.; Wang, ].Q.; Li, Y.Q,; et al. Pioglitazone ameliorates
memory deficits in streptozotocin-induced diabetic mice by reducing brain -amyloid through PPARY activation. Acta Pharmacol.
Sin. 2013, 34, 455-463. [CrossRef]

D’Angelo, M.; Castelli, V.; Catanesi, M.; Antonosante, A.; Dominguez-Benot, R.; Ippoliti, R.; Benedetti, E.; Cimini, A. PPARy and
Cognitive Performance. Int. . Mol. Sci. 2019, 20, 5068. [CrossRef]

Kooshki, R.; Anaeigoudari, A.; Abbasnejad, M.; Askari-Zahabi, K.; Esmaeili-Mahani, S. Abscisic acid interplays with PPARy
receptors and ameliorates diabetes-induced cognitive deficits in rats. Avic. J. Phytomed. 2021, 11, 247-257.

Kariharan, T.; Nanayakkara, G.; Parameshwaran, K.; Bagasrawala, I.; Ahuja, M.; Abdel-Rahman, E.; Amin, A.T.; Dhanasekaran,
M.; Suppiramaniam, V.; Amin, R.H. Central activation of PPAR-gamma ameliorates diabetes induced cognitive dysfunction and
improves BDNF expression. Neurobiol. Aging 2015, 36, 1451-1461. [CrossRef]

Steinke, I.; Govindarajulu, M.; Pinky, P.D.; Bloemer, J.; Yoo, S.; Ward, T.; Schaedig, T.; Young, T.; Wibowo, ES.; Suppiramaniam, V.;
et al. Selective PPAR-Delta/PPAR-Gamma Activation Improves Cognition in a Model of Alzheimer’s Disease. Cells 2023, 12,
1116. [CrossRef]

Villapol, S. Roles of Peroxisome Proliferator-Activated Receptor Gamma on Brain and Peripheral Inflammation. Cell. Mol.
Neurobiol. 2018, 38, 121-132. [CrossRef]

Nadimi, H.; Djazayery, A.; Javanbakht, M.H.; Dehpour, A.; Ghaedi, E.; Derakhshanian, H.; Mohammadi, H.; Mousavi, S.N.;
Djalali, M. Effect of vitamin D supplementation on CREB-TrkB-BDNF pathway in the hippocampus of diabetic rats. Iran. J. Basic
Med. Sci. 2020, 23, 117-123. [CrossRef]

Miao, Y.;; He, T;; Zhu, Y.; Li, W.; Wang, B.; Zhong, Y. Activation of Hippocampal CREB by Rolipram Partially Recovers Balance
Between TNF-o and IL-10 Levels and Improves Cognitive Deficits in Diabetic Rats. Cell. Mol. Neurobiol. 2015, 35, 1157-1164.
[CrossRef] [PubMed]

Min, A'Y.; Yoo, J.M.; Sok, D.E.; Kim, M.R. Mulberry Fruit Prevents Diabetes and Diabetic Dementia by Regulation of Blood
Glucose through Upregulation of Antioxidative Activities and CREB/BDNF Pathway in Alloxan-Induced Diabetic Mice. Oxidative
Med. Cell. Longev. 2020, 2020, 1298691. [CrossRef] [PubMed]


https://doi.org/10.18632/oncotarget.23342
https://doi.org/10.1097/PSY.0000000000000709
https://doi.org/10.1371/journal.pone.0268816
https://www.ncbi.nlm.nih.gov/pubmed/36787304
https://doi.org/10.1159/000493275
https://www.ncbi.nlm.nih.gov/pubmed/30308512
https://doi.org/10.3389/fendo.2023.1120127
https://www.ncbi.nlm.nih.gov/pubmed/36936159
https://doi.org/10.1016/j.cegh.2022.101016
https://doi.org/10.1007/s00125-006-0537-4
https://www.ncbi.nlm.nih.gov/pubmed/17151862
https://doi.org/10.1038/s41598-021-93271-z
https://www.ncbi.nlm.nih.gov/pubmed/34215825
https://doi.org/10.2220/biomedres.29.147
https://www.ncbi.nlm.nih.gov/pubmed/18614848
https://doi.org/10.1002/dmrr.290
https://doi.org/10.2337/db12-0837
https://doi.org/10.1007/s12035-015-9461-2
https://www.ncbi.nlm.nih.gov/pubmed/26454822
https://doi.org/10.1186/s41043-023-00375-5
https://www.ncbi.nlm.nih.gov/pubmed/37072879
https://doi.org/10.1007/s12272-021-01333-7
https://www.ncbi.nlm.nih.gov/pubmed/34138417
https://doi.org/10.1038/aps.2013.11
https://doi.org/10.3390/ijms20205068
https://doi.org/10.1016/j.neurobiolaging.2014.09.028
https://doi.org/10.3390/cells12081116
https://doi.org/10.1007/s10571-017-0554-5
https://doi.org/10.22038/IJBMS.2019.38170.9068
https://doi.org/10.1007/s10571-015-0209-3
https://www.ncbi.nlm.nih.gov/pubmed/26001770
https://doi.org/10.1155/2020/1298691
https://www.ncbi.nlm.nih.gov/pubmed/32454931

Life 2023, 13, 2291 28 of 33

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.
199.

200.
201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

Zhong, Y.; Zhu, Y.; He, T,; Li, W,; Yan, H.; Miao, Y. Rolipram-induced improvement of cognitive function correlates with changes
in hippocampal CREB phosphorylation, BDNF and Arc protein levels. Neurosci. Lett. 2016, 610, 171-176. [CrossRef] [PubMed]
Saw, G.; Krishna, K.; Gupta, N.; Soong, T.W.; Mallilankaraman, K.; Sajikumar, S.; Dheen, S.T. Epigenetic regulation of microglial
phosphatidylinositol 3-kinase pathway involved in long-term potentiation and synaptic plasticity in rats. Glia 2020, 68, 656-669.
[CrossRef]

Martin, E.D.; Sanchez-Perez, A.; Trejo, J.L.; Martin-Aldana, J.A.; Cano Jaimez, M.; Pons, S.; Acosta Umanzor, C.; Menes, L.; White,
M.E; Burks, D. JIRS-2 Deficiency impairs NMDA receptor-dependent long-term potentiation. Cereb. Cortex 2012, 22, 1717-1727.
[CrossRef] [PubMed]

Xu, J.; Zheng, B.; Ma, Y.; Zhang, X.; Cheng, J.; Yang, J.; Li, P; Zhang, J.; Jing, L.; Xu, F. PI3BK-AKT-mTOR signaling pathway
regulates autophagy of hippocampal neurons in diabetic rats with chronic unpredictable mild stress. Behav. Brain Res. 2023, 452,
114558. [CrossRef] [PubMed]

O’ Neill, C. PI3-kinase/Akt/mTOR signaling: Impaired on/off switches in aging, cognitive decline and Alzheimer’s disease. Exp.
Gerontol. 2013, 48, 647-653. [CrossRef]

Yang, Y.; Fang, H.; Xu, G.; Zhen, Y.; Zhang, Y.; Tian, ].; Zhang, D.; Zhang, G.; Xu, ]. Liraglutide improves cognitive impairment via
the AMPK and PI3K/ Akt signaling pathways in type 2 diabetic rats. Mol. Med. Rep. 2018, 18, 2449-2457. [CrossRef]

Shang, J.; Che, S.; Zhu, M. Oleuropein Improves Cognitive Dysfunction and Neuroinflammation in Diabetic Rats through the
PI3K/Akt/mTOR Pathway. Appl. Bionics Biomech. 2022, 2022, 5892463. [CrossRef]

Ndolo, R.O.; Yu, L.; Zhao, Y.; Lu, J.; Wang, G.; Zhao, X,; Ren, Y.; Yang, J. Carnosine-Based Reversal of Diabetes-Associated
Cognitive Decline via Activation of the Akt/mTOR Pathway and Modulation of Autophagy in a Rat Model of Type 2 Diabetes
Mellitus. Dement. Geriatr. Cogn. Dis. 2023, 52, 156-168. [CrossRef]

Cui, Y;; Yang, M.; Wang, Y; Ren, J.; Lin, P.; Cui, C,; Song, J.; He, Q.; Hu, H.; Wang, K_; et al. Melatonin prevents diabetes-associated
cognitive dysfunction from microglia-mediated neuroinflammation by activating autophagy via TLR4/Akt/mTOR pathway.
FASEB ]. 2021, 35, €21485. [CrossRef] [PubMed]

Jurcovicova, J. Glucose transport in brain—effect of inflammation. Endocr. Regul. 2014, 48, 35-48. [CrossRef] [PubMed]

De Vos, A.; Heimberg, H.; Quartier, E.; Huypens, P.; Bouwens, L.; Pipeleers, D.; Schuit, F. (Human and rat beta cells differ in
glucose transporter but not in glucokinase gene expression. J. Clin. Investig. 1995, 96, 2489-2495. [CrossRef] [PubMed]

Eleazu, C.O,; Eleazu, K.C.; Chukwuma, S.; Essien, U.N. Review of the mechanism of cell death resulting from streptozotocin
challenge in experimental animals, its practical use and potential risk to humans. J. Diabetes Metab. Disord. 2013, 12, 60. [CrossRef]
[PubMed]

Niu, S.; Bian, Z.; Tremblay, A.; Luo, Y.; Kidder, K.; Mansour, A.; Zen, K; Liu, Y. Broad Infiltration of Macrophages Leads to a
Proinflammatory State in Streptozotocin-Induced Hyperglycemic Mice. J. Immunol. 2016, 197, 3293-3301. [CrossRef]
Vargas-Soria, M.; Garcia-Alloza, M.; Corraliza-Gémez, M. Effects of diabetes on microglial physiology: A systematic review of
in vitro, preclinical and clinical studies. |. Neuroinflammation 2023, 20, 57. [CrossRef]

Lenzen, S. The mechanisms of alloxan- and streptozotocin-induced diabetes. Diabetologia 2008, 51, 216-226. [CrossRef]
Ighodaro, O.M.; Adeosun, A.M.; Akinloye, O.A. Alloxan-induced diabetes, a common model for evaluating the glycemic-control
potential of therapeutic compounds and plants extracts in experimental studies. Medicina 2017, 53, 365-374. [CrossRef]

Misra, M.; Aiman, U. Alloxan: An unpredictable drug for diabetes induction? Indian J. Pharmacol. 2012, 44, 538-539. [CrossRef]
Ernst, A.; Sharma, A.N.; Elased, K.M.; Guest, P.C.; Rahmoune, H.; Bahn, S. Diabetic db/db mice exhibit central nervous system and
peripheral molecular alterations as seen in neurological disorders. Transl. Psychiatry 2013, 3, €263. [CrossRef]

Burke, S.J.; Batdorf, H.M.; Burk, D.H.; Noland, R.C.; Eder, A.E.; Boulos, M.S.; Karlstad, M.D.; Collier, J.J. db/db Mice Exhibit
Features of Human Type 2 Diabetes That Are Not Present in Weight-Matched C57BL/6] Mice Fed a Western Diet. J. Diabetes Res.
2017, 2017, 8503754. [CrossRef] [PubMed]

Goto, Y.; Kakizaki, M.; Masaki, N. Production of spontaneous diabetic rats by repetition of selective breeding. Tohoku |. Exp. Med.
1976, 119, 85-90. [CrossRef] [PubMed]

Movassat, J.; Saulnier, C.; Portha, B. Beta-cell mass depletion precedes the onset of hyperglycaemia in the GK rat, a genetic model
of non-insulin-dependent diabetes mellitus. Diabete Metab. 1995, 21, 365-370. [PubMed]

Gallivan, L.M.; Schmitzer-Torbert, N. A Low-Cost Morris Water Maze for Undergraduate Research: Construction and Demonstra-
tion in a Rat Model of Obesity-Induced Diabetes. J. Undergrad. Neurosci. Educ. 2018, 16, A143—-A151. [PubMed]

Bhutada, P.; Mundhada, Y.; Bansod, K.; Bhutada, C.; Tawari, S.; Dixit, P.; Mundhada, D. Ameliorative effect of quercetin on
memory dysfunction in streptozotocin-induced diabetic rats. Neurobiol. Learn. Mem. 2010, 94, 293-302. [CrossRef] [PubMed]
Morales-Delgado, N.; Popovi¢, N.; De la Cruz-Sanchez, E.; Caballero Bleda, M.; Popovi¢, M. Time-of-Day and Age Impact on
Memory in Elevated Plus-Maze Test in Rats. Front. Behav. Neurosci. 2018, 12, 304. [CrossRef] [PubMed]

Antunes, M.; Biala, G. The novel object recognition memory: Neurobiology, test procedure, and its modifications. Cogn. Process.
2012, 13, 93-110. [CrossRef] [PubMed]

Szwajgier, D. Anticholinesterase activities of selected polyphenols—A short report. Pol. ]. Food Nutr. Sci. 2014, 64, 59-64.
[CrossRef]

Zubdié, K.; Radovanovié, V.; Vlaini¢, J.; Hof, P.R.; OrSoli¢, N; Simi¢, G.; Jazvinsc¢ak Jembrek, M. PI3K/ Akt and ERK1/2 Signalling
Are Involved in Quercetin-Mediated Neuroprotection against Copper-Induced Injury. Oxidative Med. Cell. Longev. 2020, 2020,
9834742. [CrossRef]


https://doi.org/10.1016/j.neulet.2015.09.023
https://www.ncbi.nlm.nih.gov/pubmed/26552011
https://doi.org/10.1002/glia.23748
https://doi.org/10.1093/cercor/bhr216
https://www.ncbi.nlm.nih.gov/pubmed/21955917
https://doi.org/10.1016/j.bbr.2023.114558
https://www.ncbi.nlm.nih.gov/pubmed/37390967
https://doi.org/10.1016/j.exger.2013.02.025
https://doi.org/10.3892/mmr.2018.9180
https://doi.org/10.1155/2022/5892463
https://doi.org/10.1159/000530605
https://doi.org/10.1096/fj.202002247RR
https://www.ncbi.nlm.nih.gov/pubmed/33709562
https://doi.org/10.4149/endo_2014_01_35
https://www.ncbi.nlm.nih.gov/pubmed/24524374
https://doi.org/10.1172/JCI118308
https://www.ncbi.nlm.nih.gov/pubmed/7593639
https://doi.org/10.1186/2251-6581-12-60
https://www.ncbi.nlm.nih.gov/pubmed/24364898
https://doi.org/10.4049/jimmunol.1502494
https://doi.org/10.1186/s12974-023-02740-x
https://doi.org/10.1007/s00125-007-0886-7
https://doi.org/10.1016/j.medici.2018.02.001
https://doi.org/10.4103/0253-7613.99348
https://doi.org/10.1038/tp.2013.42
https://doi.org/10.1155/2017/8503754
https://www.ncbi.nlm.nih.gov/pubmed/29038790
https://doi.org/10.1620/tjem.119.85
https://www.ncbi.nlm.nih.gov/pubmed/951706
https://www.ncbi.nlm.nih.gov/pubmed/8586154
https://www.ncbi.nlm.nih.gov/pubmed/30057496
https://doi.org/10.1016/j.nlm.2010.06.008
https://www.ncbi.nlm.nih.gov/pubmed/20620214
https://doi.org/10.3389/fnbeh.2018.00304
https://www.ncbi.nlm.nih.gov/pubmed/30574075
https://doi.org/10.1007/s10339-011-0430-z
https://www.ncbi.nlm.nih.gov/pubmed/22160349
https://doi.org/10.2478/v10222-012-0089-x
https://doi.org/10.1155/2020/9834742

Life 2023, 13, 2291 29 of 33

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

Jazvinséak Jembrek, M.; Orsoli¢, N.; Mandi¢, L.; SadZak, A.; Segota, S. Anti-Oxidative, Anti-Inflammatory and Anti-Apoptotic
Effects of Flavonols: Targeting Nrf2, NF-kB and p53 Pathways in Neurodegeneration. Antioxidants 2021, 10, 1628. [CrossRef]
Ku, Y.-S.; Ng, M.-S.; Cheng, S.-S.; Lo, AW.-Y,; Xiao, Z.; Shin, T.-S.; Chung, G.; Lam, H.-M. Understanding the Composition,
Biosynthesis, Accumulation and Transport of Flavonoids in Crops for the Promotion of Crops as Healthy Sources of Flavonoids
for Human Consumption. Nutrients 2020, 12, 1717. [CrossRef] [PubMed]

Wang, L.; Lee, LM.; Zhang, S.M.; Blumberg, ].B.; Buring, J.E.; Sesso, H.D. Dietary intake of selected flavonols, flavones, and
flavonoid-rich foods and risk of cancer in middle-aged and older women. Am. ]. Clin. Nutr. 2009, 89, 905-912. [CrossRef]
[PubMed]

Chun, O.K,; Chung, S.J.; Song, W.O. Estimated dietary flavonoid intake and major food sources of U.S. adults. J. Nutr. 2007, 137,
1244-1252. [CrossRef] [PubMed]

Sebastian, R.S.; Wilkinson Enns, C.; Goldman, J.D.; Martin, C.L.; Steinfeldt, L.C.; Murayi, T.; Moshfegh, A.J.A. New Database
Facilitates Characterization of Flavonoid Intake, Sources, and Positive Associations with Diet Quality among US Adults. J. Nutr.
2015, 145, 1239-1248. [CrossRef] [PubMed]

Yammine, A.; Namsi, A.; Vervandier-Fasseur, D.; Mackrill, ].].; Lizard, G.; Latruffe, N. Polyphenols of the Mediterranean Diet and
Their Metabolites in the Prevention of Colorectal Cancer. Molecules 2021, 26, 3483. [CrossRef] [PubMed]

Gantenbein, K.V.; Kanaka-Gantenbein, C. Mediterranean Diet as an Antioxidant: The Impact on Metabolic Health and Overall
Wellbeing. Nutrients 2021, 13, 1951. [CrossRef] [PubMed]

Al-Aubaidy, H.A.; Dayan, A.; Deseo, M.A; Itsiopoulos, C.; Jamil, D.; Hadi, N.R.; Thomas, C.J. Twelve-Week Mediterranean Diet
Intervention Increases Citrus Bioflavonoid Levels and Reduces Inflammation in People with Type 2 Diabetes Mellitus. Nutrients
2021, 13, 1133. [CrossRef] [PubMed]

Hollman, P.C.; Katan, M.B. Dietary flavonoids: Intake, health effects and bioavailability. Food. Chem. Toxicol. 1999, 37, 937-942.
[CrossRef]

Vasilopoulou, E.; Georga, K.; Joergensen, M.; Naska, A.; Trichopoulou, A. The antioxidant properties of Greek foods and the
flavonoid content of the Mediterranean menu. Curr. Med. Chem. Immunol. Endocr. Metab. Agents 2005, 5, 33—45. [CrossRef]
Barreca, D.; Trombetta, D.; Smeriglio, A.; Mandalari, G.; Romeo, O.; Felice, M.R.; Gattuso, G.; Nabavi, S. Food Flavonols:
Nutraceuticals with Complex Health Benefits and Functionalities. Trends Food Sci. Technol. 2021, 117, 194-204. [CrossRef]
Kicinska, A.; Jarmuszkiewicz, W. Flavonoids and Mitochondria: Activation of Cytoprotective Pathways? Molecules 2020, 25, 3060.
[CrossRef] [PubMed]

Kelsey, N.A.; Wilkins, H.M.; Linseman, D.A. Nutraceutical antioxidants as novel neuroprotective agents. Molecules 2010, 15,
7792-7814. [CrossRef] [PubMed]

Kumar, S.; Pandey, A K. Chemistry and biological activities of flavonoids: An overview. Sci. World J. 2013, 2013, 162750. [CrossRef]
[PubMed]

Svilaas, A.; Sakhi, A.K.; Andersen, L.E,; Svilaas, T.; Strom, E.C.; Jacobs, D.R., Jr.; Ose, L.; Blomhoff, R. Intakes of antioxidants in
coffee, wine, and vegetables are correlated with plasma carotenoids in humans. J. Nutr. 2004, 134, 562-567. [CrossRef]

Hamer, M.; Chida, Y. Intake of fruit, vegetables, and antioxidants and risk of type 2 diabetes: Systematic review and meta-analysis.
J. Hypertens. 2007, 25, 2361-2369. [CrossRef]

Dauchet, L.; Péneau, S.; Bertrais, S.; Vergnaud, A.C.; Estaquio, C.; Kesse-Guyot, E.; Czernichow, S.; Favier, A.; Faure, H.; Galan, P;
et al. Relationships between different types of fruit and vegetable consumption and serum concentrations of antioxidant vitamins.
Br. J. Nutr. 2008, 100, 633-641. [CrossRef]

Aune, D.; Keum, N.; Giovannucci, E.; Fadnes, L.T.; Boffetta, P.; Greenwood, D.C.; Tonstad, S.; Vatten, L.J.; Riboli, E.; Norat,
T. Dietary intake and blood concentrations of antioxidants and the risk of cardiovascular disease, total cancer, and all-cause
mortality: A systematic review and dose-response meta-analysis of prospective studies. Am. J. Clin. Nutr. 2018, 108, 1069-1091.
[CrossRef]

Bacchetti, T.; Turco, I.; Urbano, A.; Morresi, C.; Ferretti, G. Relationship of fruit and vegetable intake to dietary antioxidant
capacity and markers of oxidative stress: A sex-related study. Nutrition 2019, 61, 164-172. [CrossRef]

Perrig, W.J.; Perrig, P.; Stiahelin, H.B. The relation between antioxidants and memory performance in the old and very old. J. Am.
Geriatr. Soc. 1997, 45, 718-724. [CrossRef]

Tuzcu, M.; Baydas, G. Effect of melatonin and vitamin E on diabetes-induced learning and memory impairment in rats. Eur. J.
Pharmacol. 2006, 537, 106-110. [CrossRef]

Root, M.; Ravine, E.; Harper, A. Flavonol Intake and Cognitive Decline in Middle-Aged Adults. . Med. Food 2015, 18, 1327-1332.
[CrossRef] [PubMed]

Holland, T.M.; Agarwal, P.; Wang, Y.; Dhana, K.; Leurgans, S.E.; Shea, K.; Booth, S.L.; Rajan, K.B.; Schneider, J.A.; Barnes, L.L.
Association of Dietary Intake of Flavonols with Changes in Global Cognition and Several Cognitive Abilities. Neurology 2023, 100,
e€694—e702. [CrossRef] [PubMed]

Kawabata, K.; Mukai, R.; Ishisaka, A. Quercetin and related polyphenols: New insights and implications for their bioactivity and
bioavailability. Food Funct. 2015, 6, 1399-1417. [CrossRef] [PubMed]

Jazvingé¢ak Jembrek, M.; Or3oli¢, N.; Karlovi¢, D.; Peitl, V. Flavonols in Action: Targeting Oxidative Stress and Neuroinflammation
in Major Depressive Disorder. Int. J. Mol. Sci. 2023, 24, 6888. [CrossRef]


https://doi.org/10.3390/antiox10101628
https://doi.org/10.3390/nu12061717
https://www.ncbi.nlm.nih.gov/pubmed/32521660
https://doi.org/10.3945/ajcn.2008.26913
https://www.ncbi.nlm.nih.gov/pubmed/19158208
https://doi.org/10.1093/jn/137.5.1244
https://www.ncbi.nlm.nih.gov/pubmed/17449588
https://doi.org/10.3945/jn.115.213025
https://www.ncbi.nlm.nih.gov/pubmed/25948787
https://doi.org/10.3390/molecules26123483
https://www.ncbi.nlm.nih.gov/pubmed/34201125
https://doi.org/10.3390/nu13061951
https://www.ncbi.nlm.nih.gov/pubmed/34204057
https://doi.org/10.3390/nu13041133
https://www.ncbi.nlm.nih.gov/pubmed/33808180
https://doi.org/10.1016/S0278-6915(99)00079-4
https://doi.org/10.2174/1568013053005508
https://doi.org/10.1016/j.tifs.2021.03.030
https://doi.org/10.3390/molecules25133060
https://www.ncbi.nlm.nih.gov/pubmed/32635481
https://doi.org/10.3390/molecules15117792
https://www.ncbi.nlm.nih.gov/pubmed/21060289
https://doi.org/10.1155/2013/162750
https://www.ncbi.nlm.nih.gov/pubmed/24470791
https://doi.org/10.1093/jn/134.3.562
https://doi.org/10.1097/HJH.0b013e3282efc214
https://doi.org/10.1017/S000711450892170X
https://doi.org/10.1093/ajcn/nqy097
https://doi.org/10.1016/j.nut.2018.10.034
https://doi.org/10.1111/j.1532-5415.1997.tb01476.x
https://doi.org/10.1016/j.ejphar.2006.03.024
https://doi.org/10.1089/jmf.2015.0010
https://www.ncbi.nlm.nih.gov/pubmed/26325006
https://doi.org/10.1212/WNL.0000000000201541
https://www.ncbi.nlm.nih.gov/pubmed/36414424
https://doi.org/10.1039/C4FO01178C
https://www.ncbi.nlm.nih.gov/pubmed/25761771
https://doi.org/10.3390/ijms24086888

Life 2023, 13, 2291 30 of 33

236.

237.

238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

Yao, Z.; Gu, Y.; Zhang, Q.; Liu, L.; Meng, G.; Wu, H,; Xia, Y.; Bao, X.; Shi, H.; Sun, S,; et al. Estimated daily quercetin intake and
association with the prevalence of type 2 diabetes mellitus in Chinese adults. Eur. ]. Nutr. 2019, 58, 819-830. [CrossRef]
Mahesh, T.; Menon, V.P. Quercetin alleviates oxidative stress in streptozotocin-induced diabetic rats. Phytother. Res. 2004, 18, 123-127.
[CrossRef]

Iskender, H.; Dokumacioglu, E.; Sen, TM.; Ince, I.; Kanbay, Y.; Saral, S. The effect of hesperidin and quercetin on oxidative stress,
NF-kB and SIRT1 levels in a STZ-induced experimental diabetes model. Biomed. Pharmacother. 2017, 90, 500-508. [CrossRef]
Ebrahimpour, S.; Esmaeili, A.; Beheshti, S. Effect of quercetin-conjugated superparamagnetic iron oxide nanoparticles on
diabetes-induced learning and memory impairment in rats. Int. |. Nanomed. 2018, 13, 6311-6324. [CrossRef]

Dini, S.; Zakeri, M.; Ebrahimpour, S.; Dehghanian, F.; Esmaeili, A. Quercetin-conjugated superparamagnetic iron oxide nanoparti-
cles modulate glucose metabolism-related genes and miR-29 family in the hippocampus of diabetic rats. Sci. Rep. 2021, 11, 8618.
[CrossRef]

Kannappan, S.; Anuradha, C.V. Insulin sensitizing actions of fenugreek seed polyphenols, quercetin & metformin in a rat model.
Indian |. Med. Res. 2009, 129, 401-408.

Ansari, P; Choudhury, S.T.; Seidel, V.; Rahman, A.B.; Aziz, M.A.; Richi, A.E.; Rahman, A; Jafrin, U.H.; Hannan, ].M.A.; Abdel-
Wahab, Y.H.A. Therapeutic Potential of Quercetin in the Management of Type-2 Diabetes Mellitus. Life 2022, 12, 1146. [CrossRef]
[PubMed]

Tota, S.; Awasthi, H.; Kamat, PK.; Nath, C.; Hanif, K. Protective effect of quercetin against intracerebral streptozotocin induced
reduction in cerebral blood flow and impairment of memory in mice. Behav. Brain Res. 2010, 209, 73-79. [CrossRef] [PubMed]
Chis, I.C.; Muresan, A.; Oros, A.; Nagy, A.L.; Clichici, S. Protective effects of Quercetin and chronic moderate exercise (training)
against oxidative stress in the liver tissue of streptozotocin-induced diabetic rats. Physiol. Int. 2016, 103, 49-64. [CrossRef]
[PubMed]

Roslan, J.; Giribabu, N.; Karim, K.; Salleh, N. Quercetin ameliorates oxidative stress, inflammation and apoptosis in the heart of
streptozotocin-nicotinamide-induced adult male diabetic rats. Biomed. Pharmacother. 2017, 86, 570-582. [CrossRef] [PubMed]
Zhang, Q.; Song, W.; Zhao, B.; Xie, J.; Sun, Q.; Shi, X.; Yan, B.; Tian, G.; Liang, X. Quercetin Attenuates Diabetic Peripheral
Neuropathy by Correcting Mitochondrial Abnormality via Activation of AMPK/PGC-1a Pathway in vivo and in vitro. Front.
Neurosci. 2021, 15, 636172. [CrossRef] [PubMed]

El-Shaer, N.O.; Hegazy, A.M.; Muhammad, M.H. Protective effect of quercetin on pulmonary dysfunction in streptozotocin-
induced diabetic rats via inhibition of NLRP3 signaling pathway. Environ. Sci. Pollut. Res. Int. 2023, 30, 42390-42398. [CrossRef]
Rahmani, A.H.; Alsahli, M.A.; Khan, A.A.; Almatroodi, S.A. Quercetin, a Plant Flavonol Attenuates Diabetic Complications,
Renal Tissue Damage, Renal Oxidative Stress and Inflammation in Streptozotocin-Induced Diabetic Rats. Metabolites 2023, 13, 130.
[CrossRef]

Maciel, R.M.; Carvalho, EB.; Olabiyi, A.A.; Schmatz, R.; Gutierres, ].M.; Stefanello, N.; Zanini, D.; Rosa, M.M.; Andrade, C.M,;
Rubin, M.A.; et al. Neuroprotective effects of quercetin on memory and anxiogenic-like behavior in diabetic rats: Role of
ectonucleotidases and acetylcholinesterase activities. Biomed. Pharmacother. 2016, 84, 559-568. [CrossRef]

Hu, T; Shi, ].].; Fang, J.; Wang, Q.; Chen, Y.B.; Zhang, S.J. Quercetin ameliorates diabetic encephalopathy through SIRT1/ER
stress pathway in db/db mice. Aging 2020, 12, 7015-7029. [CrossRef]

Teixeira, ].M.; Dos Santos, G.G.; Neves, A.F,; Athie, M.C.P.,; Bonet, I.].M.; Nishijima, C.M.; Farias, EH.; Figueiredo, ].G.; Hernandez-
Olmos, V.; Alshaibani, S.; et al. Diabetes-induced Neuropathic Mechanical Hyperalgesia Depends on P2X4 Receptor Activation in
Dorsal Root Ganglia. Neuroscience 2019, 398, 158-170. [CrossRef]

Shi, Y.; Liang, X.C.; Zhang, H.; Wu, Q.L.; Qu, L.; Sun, Q. Quercetin protects rat dorsal root ganglion neurons against high
glucose-induced injury in vitro through Nrf-2/HO-1 activation and NF-«B inhibition. Acta Pharmacol. Sin. 2013, 34, 1140-1148.
[CrossRef] [PubMed]

Yang, R.; Li, L.; Yuan, H; Liu, H,; Gong, Y.; Zou, L.; Li, S.; Wang, Z.; Shi, L.; Jia, T, et al. Quercetin relieved diabetic neuropathic
pain by inhibiting upregulated P2X4 receptor in dorsal root ganglia. J. Cell. Physiol. 2019, 234, 2756-2764. [CrossRef] [PubMed]
Farhadi, A.; Totonchi, M.; Nabavi, S.M.; Baharvand, H.; Pakdaman, H.; Hajizadeh-Saffar, E.; Mousavi, S.A.; Hadi, F.; Al-Sinawi,
H.; Li, Q.; et al. P38 initiates degeneration of midbrain GABAergic and glutamatergic neurons in diabetes models. Eur. J. Neurosci.
2022, 56, 3755-3778. [CrossRef] [PubMed]

Ebrahimpour, S.; Shahidi, S.B.; Abbasi, M.; Tavakoli, Z.; Esmaeili, A. Quercetin-conjugated superparamagnetic iron oxide
nanoparticles (QCSPIONSs) increases Nrf2 expression via miR-27a mediation to prevent memory dysfunction in diabetic rats. Sci.
Rep. 2020, 10, 15957. [CrossRef] [PubMed]

Hu, T,; Lu, X.-Y,; Shi, J.-J,; Liu, X.-Q.; Chen, Q.-B.; Wang, Q.; Chen, Y.-B.; Zhang, S.-]. Quercetin protects against diabetic
encephalopathy via SIRT1/NLRP3 pathway in db/db mice. ]. Cell. Mol. Med. 2020, 24, 3449-3459. [CrossRef] [PubMed]

Ying, L.; Chaudhry, M.T,; Xiao, F.; Mao, Y.; Wang, M.; Wang, B.; Wang, S.; Li, Y. The Effects and Mechanism of Quercetin Dietary
Supplementation in Streptozotocin-Induced Hyperglycemic Arbor Acre Broilers. Oxidative Med. Cell. Longev. 2020, 2020, 9585047 .
[CrossRef]

Ostadmohammadi, V.; Milajerdi, A.; Ayati, E.; Kolahdooz, F.; Asemi, Z. Effects of quercetin supplementation on glycemic control
among patients with metabolic syndrome and related disorders: A systematic review and meta-analysis of randomized controlled
trials. Phytother. Res. 2019, 33, 1330-1340. [CrossRef]


https://doi.org/10.1007/s00394-018-1713-2
https://doi.org/10.1002/ptr.1374
https://doi.org/10.1016/j.biopha.2017.03.102
https://doi.org/10.2147/IJN.S177871
https://doi.org/10.1038/s41598-021-87687-w
https://doi.org/10.3390/life12081146
https://www.ncbi.nlm.nih.gov/pubmed/36013325
https://doi.org/10.1016/j.bbr.2010.01.017
https://www.ncbi.nlm.nih.gov/pubmed/20096732
https://doi.org/10.1556/036.103.2016.1.5
https://www.ncbi.nlm.nih.gov/pubmed/27030627
https://doi.org/10.1016/j.biopha.2016.12.044
https://www.ncbi.nlm.nih.gov/pubmed/28027533
https://doi.org/10.3389/fnins.2021.636172
https://www.ncbi.nlm.nih.gov/pubmed/33746703
https://doi.org/10.1007/s11356-023-25254-8
https://doi.org/10.3390/metabo13010130
https://doi.org/10.1016/j.biopha.2016.09.069
https://doi.org/10.18632/aging.103059
https://doi.org/10.1016/j.neuroscience.2018.12.003
https://doi.org/10.1038/aps.2013.59
https://www.ncbi.nlm.nih.gov/pubmed/23770986
https://doi.org/10.1002/jcp.27091
https://www.ncbi.nlm.nih.gov/pubmed/30145789
https://doi.org/10.1111/ejn.15686
https://www.ncbi.nlm.nih.gov/pubmed/35513862
https://doi.org/10.1038/s41598-020-71971-2
https://www.ncbi.nlm.nih.gov/pubmed/32994439
https://doi.org/10.1111/jcmm.15026
https://www.ncbi.nlm.nih.gov/pubmed/32000299
https://doi.org/10.1155/2020/9585047
https://doi.org/10.1002/ptr.6334

Life 2023, 13, 2291 310f33

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

277.

278.

279.

280.

281.

Mazloom, Z.; Abdollahzadeh, S.M.; Dabbaghmanesh, M.-H.; Rezaianzadeh, A. The effect of quercetin supplementation on
oxidative stress, glycemic control, lipid profile and insulin resistance in type 2 diabetes: A randomized clinical trial. J. Health Sci.
Surveill. Syst. 2014, 2, 8-14.

Nishihira, J.; Nishimura, M.; Kurimoto, M.; Kagami-Katsuyama, H.; Hattori, H.; Nakagawa, T.; Muro, T.; Kobori, M. The effect of
24-week continuous intake of quercetin-rich onion on age-related cognitive decline in healthy elderly people: A randomized,
double-blind, placebo-controlled, parallel-group comparative clinical trial. J. Clin. Biochem. Nutr. 2021, 69, 203-215. [CrossRef]
Khan, M.M.; Ahmad, A.; Ishrat, T.; Khuwaja, G.; Srivastawa, P.; Khan, M.B.; Raza, S.S.; Javed, H.; Vaibhav, K.; Khan, A.; et al.
Rutin protects the neural damage induced by transient focal ischemia in rats. Brain Res. 2009, 1292, 123-135. [CrossRef]

Koda, T.; Kuroda, Y.; Imai, H. Rutin supplementation in the diet has protective effects against toxicant-induced hippocampal
injury by suppression of microglial activation and pro-inflammatory cytokines: Protective effect of rutin against toxicant-induced
hippocampal injury. Cell. Mol. Neurobiol. 2009, 29, 523-531. [CrossRef] [PubMed]

Celik, H.; Kandemir, EM.; Caglayan, C.; Ozdemir, S.; Comakli, S.; Kucukler, S.; Yardim, A. Neuroprotective effect of rutin against
colistin-induced oxidative stress, inflammation and apoptosis in rat brain associated with the CREB/BDNF expressions. Mol. Biol.
Rep. 2020, 47, 2023-2034. [CrossRef] [PubMed]

Stanley Mainzen Prince, P.; Kamalakkannan, N. Rutin improves glucose homeostasis in streptozotocin diabetic tissues by altering
glycolytic and gluconeogenic enzymes. J. Biochem. Mol. Toxicol. 2006, 20, 96-102. [CrossRef]

Kamalakkannan, N.; Prince, P.S. Antihyperglycaemic and antioxidant effect of rutin, a polyphenolic flavonoid, in streptozotocin-
induced diabetic wistar rats. Basic Clin. Pharmacol. Toxicol. 2006, 98, 97-103. [CrossRef]

Kamalakkannan, N.; Stanely Mainzen Prince, P. Rutin improves the antioxidant status in streptozotocin-induced diabetic rat
tissues. Mol. Cell. Biochem. 2006, 293, 211-219. [CrossRef]

Fernandes, A.A.; Novelli, E.L.; Okoshi, K.; Okoshi, M.P.; Di Muzio, B.P.; Guimaraes, J.F.; Fernandes Junior, A. Influence of rutin
treatment on biochemical alterations in experimental diabetes. Biomed. Pharmacother. 2010, 64, 214-219. [CrossRef]

Butchi Akondi, R.; Kumar, P.; Annapurna, A.; Pujari, M. Protective Effect of Rutin and Naringin on Sperm Quality in Streptozotocin
(STZ) Induced Type 1 Diabetic Rats. Iran. |. Pharm. Res. 2011, 10, 585-596.

Niture, N.T.; Ansari, A.A.; Naik, S.R. Anti-hyperglycemic activity of rutin in streptozotocin-induced diabetic rats: An effect
mediated through cytokines, antioxidants and lipid biomarkers. Indian |. Exp. Biol. 2014, 52, 720-727.

Liang, W.; Zhang, D.; Kang, J.; Meng, X.; Yang, J.; Yang, L.; Xue, N.; Gao, Q.; Han, S.; Gou, X. Protective effects of rutin on liver
injury in type 2 diabetic db/db mice. Biomed. Pharmacother. 2018, 107, 721-728. [CrossRef]

Javed, H.; Khan, M.M.; Ahmad, A.; Vaibhav, K.; Ahmad, M.E.; Khan, A.; Ashafaq, M.; Islam, F,; Siddiqui, M.S.; Safthi, M.M.; et al.
Rutin prevents cognitive impairments by ameliorating oxidative stress and neuroinflammation in rat model of sporadic dementia
of Alzheimer type. Neuroscience 2012, 210, 340-352. [CrossRef]

Ola, M.S.; Ahmed, M.M.; Ahmad, R.; Abuohashish, H.M.; Al-Rejaie, S.S.; Alhomida, A.S. Neuroprotective Effects of Rutin in
Streptozotocin-Induced Diabetic Rat Retina. J. Mol. Neurosci. 2015, 56, 440-448. [CrossRef] [PubMed]

Gao, M,; Kang, Y.; Zhang, L.; Li, H.; Qu, C,; Luan, X; Liu, L.; Zhang, S. Troxerutin attenuates cognitive decline in the hippocampus
of male diabetic rats by inhibiting NADPH oxidase and activating the Nrf2/ARE signaling pathway. Int. ]. Mol. Med. 2020, 46,
1239-1248. [CrossRef]

Zhang, S.; Li, H.; Zhang, L.; Li, J.; Wang, R.; Wang, M. Effects of troxerutin on cognitive deficits and glutamate cysteine ligase
subunits in the hippocampus of streptozotocin-induced type 1 diabetes mellitus rats. Brain Res. 2017, 1657, 355-360. [CrossRef]
[PubMed]

Zhang, S.; Yuan, L.; Zhang, L.; Li, C.; Li, J. Prophylactic Use of Troxerutin Can Delay the Development of Diabetic Cognitive
Dysfunction and Improve the Expression of Nrf2 in the Hippocampus on STZ Diabetic Rats. Behav. Neurol. 2018, 2018, 8678539.
[CrossRef] [PubMed]

Yavari, R.; Badalzadeh, R.; Alipour, M.R.; Tabatabaei, S.M. Modulation of hippocampal gene expression of microRNA-
146a/microRNA-155-nuclear factor-kappa B inflammatory signaling by troxerutin in healthy and diabetic rats. Indian J. Pharmacol.
2016, 48, 675-680. [CrossRef] [PubMed]

Hoseindoost, M.; Alipour, M.R.; Farajdokht, F; Diba, R.; Bayandor, P.; Mehri, K.; Nayebi Rad, S.; Babri, S. Effects of troxerutin
on inflammatory cytokines and BDNF levels in male offspring of high-fat diet fed rats. Avicenna J. Phytomed. 2019, 9, 597-605.
[CrossRef]

Zamanian, M.; Bazmandegan, G.; Sureda, A.; Sobarzo-Sanchez, E.; Yousefi-Manesh, H.; Shirooie, S. The Protective Roles
and Molecular Mechanisms of Troxerutin (Vitamin P4) for the Treatment of Chronic Diseases: A Mechanistic Review. Curr.
Neuropharmacol. 2021, 19, 97-110. [CrossRef]

Taheri, Y.; Suleria, H.; Martins, N.; Sytar, O.; Beyatli, A.; Yeskaliyeva, B.; Seitimova, G.; Salehi, B.; Semwal, P,; Painuli, S.; et al.
Mpyricetin bioactive effects: Moving from preclinical evidence to potential clinical applications. BMC Complement. Med. Ther. 2020,
20, 241. [CrossRef]

Liu, LM.; Liou, S.S.; Lan, TW.; Hsu, FL.; Cheng, J.T. Myricetin as the active principle of Abelmoschus moschatus to lower plasma
glucose in streptozotocin-induced diabetic rats. Planta Med. 2005, 71, 617-621. [CrossRef]

Ozcan, F; Ozmen, A.; Akkaya, B.; Aliciguzel, Y.; Aslan, M. Beneficial effect of myricetin on renal functions in streptozotocin-
induced diabetes. Clin. Exp. Med. 2012, 12, 265-272. [CrossRef]


https://doi.org/10.3164/jcbn.21-17
https://doi.org/10.1016/j.brainres.2009.07.026
https://doi.org/10.1007/s10571-008-9344-4
https://www.ncbi.nlm.nih.gov/pubmed/19156514
https://doi.org/10.1007/s11033-020-05302-z
https://www.ncbi.nlm.nih.gov/pubmed/32030599
https://doi.org/10.1002/jbt.20117
https://doi.org/10.1111/j.1742-7843.2006.pto_241.x
https://doi.org/10.1007/s11010-006-9244-1
https://doi.org/10.1016/j.biopha.2009.08.007
https://doi.org/10.1016/j.biopha.2018.08.046
https://doi.org/10.1016/j.neuroscience.2012.02.046
https://doi.org/10.1007/s12031-015-0561-2
https://www.ncbi.nlm.nih.gov/pubmed/25929832
https://doi.org/10.3892/ijmm.2020.4653
https://doi.org/10.1016/j.brainres.2016.12.009
https://www.ncbi.nlm.nih.gov/pubmed/27998794
https://doi.org/10.1155/2018/8678539
https://www.ncbi.nlm.nih.gov/pubmed/29849815
https://doi.org/10.4103/0253-7613.194847
https://www.ncbi.nlm.nih.gov/pubmed/28066106
https://doi.org/10.22038/AJP.2019.13587
https://doi.org/10.2174/18756190MTA2nNDk81
https://doi.org/10.1186/s12906-020-03033-z
https://doi.org/10.1055/s-2005-871266
https://doi.org/10.1007/s10238-011-0167-0

Life 2023, 13, 2291 32 0f 33

282.

283.

284.

285.

286.

287.

288.

289.

290.

291.

292.

293.

294.

295.

296.

297.

298.

299.

300.

301.

302.

303.

304.

305.

306.

307.

Li, Y,; Ding, Y. Minireview: Therapeutic potential of myricetin in diabetes mellitus. Food Sci. Hum. Wellness 2012, 1, 19-25.
[CrossRef]

Kandasamy, N.; Ashokkumar, N. Protective effect of bioflavonoid myricetin enhances carbohydrate metabolic enzymes and insulin
signaling molecules in streptozotocin-cadmium induced diabetic nephrotoxic rats. Toxicol. Appl. Pharmacol. 2014, 279, 173-185. [CrossRef]
[PubMed]

Niisato, N.; Marunaka, Y. Therapeutic potential of multifunctional myricetin for treatment of type 2 diabetes mellitus. Front. Nutr.
2023, 10, 1175660. [CrossRef] [PubMed]

Al-Abbasi, F.A.; Kazmi, I. Therapeutic role of kaempferol and myricetin in streptozotocin-induced diabetes synergistically via
modulation in pancreatic amylase, glycogen storage and insulin secretion. Mol. Cell. Biochem. 2023, 478, 1927-1937. [CrossRef]
[PubMed]

Li, Y;; Zheng, X; Yi, X,; Liu, C.; Kong, D.; Zhang, J.; Gong, M. Myricetin: A potent approach for the treatment of type 2 diabetes as
a natural class B GPCR agonist. FASEB J. 2017, 31, 2603-2611. [CrossRef] [PubMed]

Liu, LM,; Liou, S.S.; Cheng, ].T. Mediation of beta-endorphin by myricetin to lower plasma glucose in streptozotocin-induced
diabetic rats. J. Ethnopharmacol. 2006, 104, 199-206. [CrossRef] [PubMed]

Ma, J.; Liu, J.; Chen, Y; Yu, H.; Xiang, L. Myricetin Improves Impaired Nerve Functions in Experimental Diabetic Rats. Front.
Endocrinol. 2022, 13, 915603. [CrossRef] [PubMed]

Ramezani, M.; Darbandi, N.; Khodagholi, F.; Hashemi, A. Myricetin protects hippocampal CA3 pyramidal neurons and improves
learning and memory impairments in rats with Alzheimer’s disease. Neural Regen. Res. 2016, 11, 1976-1980. [CrossRef]
Shimada, Y.; Sato, Y.; Kumazoe, M.; Kitamura, R.; Fujimura, Y.; Tachibana, H. Myricetin improves cognitive function in SAMPS8
mice and upregulates brain-derived neurotrophic factor and nerve growth factor. Biochem. Biophys. Res. Commun. 2022, 616, 33—40.
[CrossRef]

Gembillo, G.; Labbozzetta, V.; Giuffrida, A.E.; Peritore, L.; Calabrese, V.; Spinella, C.; Stancanelli, M.R.; Spallino, E.; Visconti, L.;
Santoro, D. Potential Role of Copper in Diabetes and Diabetic Kidney Disease. Metabolites 2022, 13, 17. [CrossRef]

Philbert, S.A.; Schénberger, S.J.; Xu, J.; Church, S.J.; Unwin, R.D.; Cooper, G.J.S. Elevated hippocampal copper in cases of type 2
diabetes. EBioMedicine 2022, 86, 104317. [CrossRef] [PubMed]

Sadzak, A.; Vlasi¢, I.; Kiralj, Z.; Batarelo, M.; Or$oli¢, N.; Jazvinscak Jembrek, M.; Kugen, L; éegota, S. Neurotoxic effect of flavonol
myricetin in the presence of excess copper. Molecules 2021, 26, 845. [CrossRef] [PubMed]

Ling, H.; Zhu, Z.; Yang, ].; He, J.; Yang, S.; Wu, D.; Feng, S.; Liao, D. Dihydromyricetin improves type 2 diabetes-induced cognitive
impairment via suppressing oxidative stress and enhancing brain-derived neurotrophic factor-mediated neuroprotection in mice.
Acta Biochim. Biophys. Sin. 2018, 50, 298-306. [CrossRef] [PubMed]

Zhang, X.; Zhang, K.; Wang, Y.; Ma, R. Effects of Myricitrin and Relevant Molecular Mechanisms. Curr. Stem Cell Res. Ther. 2020,
15,11-17. [CrossRef] [PubMed]

Ahangarpour, A.; Oroojan, A.A.; Khorsandi, L.; Kouchak, M.; Badavi, M. Solid Lipid Nanoparticles of Myricitrin Have Antioxidant
and Antidiabetic Effects on Streptozotocin-Nicotinamide-Induced Diabetic Model and Myotube Cell of Male Mouse. Oxidative
Med. Cell. Longev. 2018, 2018, 7496936. [CrossRef]

Kim, D.Y,; Kim, S.R.; Jung, U.]. Myricitrin Ameliorates Hyperglycemia, Glucose Intolerance, Hepatic Steatosis, and Inflammation
in High-Fat Diet/Streptozotocin-Induced Diabetic Mice. Int. . Mol. Sci. 2020, 21, 1870. [CrossRef]

Chen, A.Y,; Chen, Y.C. A review of the dietary flavonoid, kaempferol on human health and cancer chemoprevention. Food Chem.
2013, 138, 2099-2107. [CrossRef]

Dabeek, WM.; Marra, M.V. Dietary Quercetin and Kaempferol: Bioavailability and Potential Cardiovascular-Related Bioactivity
in Humans. Nutrients 2019, 11, 2288. [CrossRef]

Babaei, P; Eyvani, K.; Kouhestani, S. Sex-Independent Cognition Improvement in Response to Kaempferol in the Model of
Sporadic Alzheimer’s Disease. Neurochem. Res. 2021, 46, 1480-1486. [CrossRef]

Silva Dos Santos, J.; Gongalves Cirino, J.P.; de Oliveira Carvalho, P.; Ortega, M.M. The Pharmacological Action of Kaempferol in
Central Nervous System Diseases: A Review. Front. Pharmacol. 2021, 11, 565700. [CrossRef]

Alkhalidy, H.; Moore, W.; Wang, Y.; Luo, ].; McMillan, R.P; Zhen, W.; Zhou, K,; Liu, D. The Flavonoid Kaempferol Ameliorates
Streptozotocin-Induced Diabetes by Suppressing Hepatic Glucose Production. Molecules 2018, 23, 2338. [CrossRef] [PubMed]
Al-Numair, K.S.; Chandramohan, G.; Veeramani, C.; Alsaif, M.A. Ameliorative effect of kaempferol, a flavonoid, on oxidative
stress in streptozotocin-induced diabetic rats. Redox Rep. 2015, 20, 198-209. [CrossRef] [PubMed]

Suchal, K.; Malik, S.; Khan, S.I.; Malhotra, R K.; Goyal, S.N.; Bhatia, J.; Ojha, S.; Arya, D.S. Molecular Pathways Involved in the
Amelioration of Myocardial Injury in Diabetic Rats by Kaempferol. Int. . Mol. Sci. 2017, 18, 1001. [CrossRef]

Alshehri, A.S; El-Kott, A.F,; Eleawa, S.M.; El-Gerbed, M.S.A; Khalifa, H.S.; El-Kenawy, A.E.; Albadrani, G.M.; Abdel-Daim, M.M.
Kaempferol protects against streptozotocin-induced diabetic cardiomyopathy in rats by a hypoglycemic effect and upregulating
SIRT1. ]. Physiol. Pharmacol. 2021, 72, 339-355. [CrossRef]

Sheng, H.; Zhang, D.; Zhang, J.; Zhang, Y.; Lu, Z.; Mao, W.; Liu, X.; Zhang, L. Kaempferol attenuated diabetic nephropathy
by reducing apoptosis and promoting autophagy through AMPK/mTOR pathways. Front. Med. 2022, 9, 986825. [CrossRef]
[PubMed]

Alshehri, A.S. Kaempferol attenuates diabetic nephropathy in streptozotocin-induced diabetic rats by a hypoglycaemic effect and
concomitant activation of the Nrf-2/Ho-1/antioxidants axis. Arch. Physiol. Biochem. 2023, 129, 984-997. [CrossRef] [PubMed]


https://doi.org/10.1016/j.fshw.2012.08.002
https://doi.org/10.1016/j.taap.2014.05.014
https://www.ncbi.nlm.nih.gov/pubmed/24923654
https://doi.org/10.3389/fnut.2023.1175660
https://www.ncbi.nlm.nih.gov/pubmed/37305094
https://doi.org/10.1007/s11010-022-04629-4
https://www.ncbi.nlm.nih.gov/pubmed/36583792
https://doi.org/10.1096/fj.201601339R
https://www.ncbi.nlm.nih.gov/pubmed/28270518
https://doi.org/10.1016/j.jep.2005.09.001
https://www.ncbi.nlm.nih.gov/pubmed/16203117
https://doi.org/10.3389/fendo.2022.915603
https://www.ncbi.nlm.nih.gov/pubmed/35928887
https://doi.org/10.4103/1673-5374.197141
https://doi.org/10.1016/j.bbrc.2022.05.039
https://doi.org/10.3390/metabo13010017
https://doi.org/10.1016/j.ebiom.2022.104317
https://www.ncbi.nlm.nih.gov/pubmed/36335667
https://doi.org/10.3390/molecules26040845
https://www.ncbi.nlm.nih.gov/pubmed/33562817
https://doi.org/10.1093/abbs/gmy003
https://www.ncbi.nlm.nih.gov/pubmed/29425256
https://doi.org/10.2174/1574888X14666181126103338
https://www.ncbi.nlm.nih.gov/pubmed/30474534
https://doi.org/10.1155/2018/7496936
https://doi.org/10.3390/ijms21051870
https://doi.org/10.1016/j.foodchem.2012.11.139
https://doi.org/10.3390/nu11102288
https://doi.org/10.1007/s11064-021-03289-y
https://doi.org/10.3389/fphar.2020.565700
https://doi.org/10.3390/molecules23092338
https://www.ncbi.nlm.nih.gov/pubmed/30216981
https://doi.org/10.1179/1351000214Y.0000000117
https://www.ncbi.nlm.nih.gov/pubmed/25494817
https://doi.org/10.3390/ijms18051001
https://doi.org/10.26402/jpp.2021.3.04
https://doi.org/10.3389/fmed.2022.986825
https://www.ncbi.nlm.nih.gov/pubmed/36530875
https://doi.org/10.1080/13813455.2021.1890129
https://www.ncbi.nlm.nih.gov/pubmed/33625930

Life 2023, 13, 2291 33 of 33

308.

309.

310.

311.

312.

313.

314.

315.

316.

Abo-Salem, O.M. Kaempferol Attenuates the Development of Diabetic Neuropathic Pain in Mice: Possible Anti-Inflammatory
and Anti-Oxidant Mechanisms. Open Access Maced. ]. Med. Sci. 2014, 2, 424-430. [CrossRef]

Kishore, L.; Kaur, N.; Singh, R. Effect of Kaempferol isolated from seeds of Eruca sativa on changes of pain sensitivity in
Streptozotocin-induced diabetic neuropathy. Inflammopharmacology 2018, 26, 993-1003. [CrossRef] [PubMed]

Zhao, X.; Li, X.L;; Liu, X.; Wang, C.; Zhou, D.S,; Ma, Q.; Zhou, WH.; Hu, Z.Y. Antinociceptive effects of fisetin against diabetic
neuropathic pain in mice: Engagement of antioxidant mechanisms and spinal GABAA receptors. Pharmacol. Res. 2015, 102, 286-297.
[CrossRef]

Sandireddy, R.; Yerra, V.G.; Komirishetti, P.; Areti, A.; Kumar, A. Fisetin Imparts Neuroprotection in Experimental Diabetic
Neuropathy by Modulating Nrf2 and NF-«B Pathways. Cell. Mol. Neurobiol. 2016, 36, 883-892. [CrossRef]

Prasath, G.S.; Sundaram, C.S.; Subramanian, S.P. Fisetin averts oxidative stress in pancreatic tissues of streptozotocin-induced
diabetic rats. Endocrine 2013, 44, 359-368. [CrossRef] [PubMed]

Currais, A.; Farrokhi, C.; Dargusch, R.; Armando, A.; Quehenberger, O.; Schubert, D.; Maher, P. Fisetin Reduces the Impact of
Aging on Behavior and Physiology in the Rapidly Aging SAMP8 Mouse. J. Gerontol. A Biol. Sci. Med. Sci. 2018, 73, 299-307.
[CrossRef] [PubMed]

Bachewal, P.; Gundu, C.; Yerra, V.G.; Kalvala, A.K.; Areti, A.; Kumar, A. Morin exerts neuroprotection via attenuation of ROS
induced oxidative damage and neuroinflammation in experimental diabetic neuropathy. BioFactors 2018, 44, 109-122. [CrossRef]
AlSharari, S.D.; Al-Rejaie, S.S.; Abuohashish, H.M.; Aleisa, A.M.; Parmar, M.Y.; Mohammed, M. A Ameliorative potential of
morin in streptozotocin-induced neuropathic pain in rats. Trop. |. Pharm. Res. 2014, 13, 1429-1436. [CrossRef]

Shyma, R.L.; Mini, S. Neuroprotective effect of Morin via TrkB/ Akt pathway against diabetes mediated oxidative stress and
apoptosis in neuronal cells. Toxicol. Mech. Methods 2022, 32, 695-704. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3889/oamjms.2014.073
https://doi.org/10.1007/s10787-017-0416-2
https://www.ncbi.nlm.nih.gov/pubmed/29159712
https://doi.org/10.1016/j.phrs.2015.10.007
https://doi.org/10.1007/s10571-015-0272-9
https://doi.org/10.1007/s12020-012-9866-x
https://www.ncbi.nlm.nih.gov/pubmed/23277230
https://doi.org/10.1093/gerona/glx104
https://www.ncbi.nlm.nih.gov/pubmed/28575152
https://doi.org/10.1002/biof.1397
https://doi.org/10.4314/tjpr.v13i9.8
https://doi.org/10.1080/15376516.2022.2065225

	Introduction 
	Cognitive Dysfunction in Animal Models of Diabetes 
	The Role of AGEs and RAGEs in Diabetes-Associated Cognitive Decline 
	Oxidative Stress in Diabetes-Associated Cognitive Decline 
	Neuroinflammation in Diabetes-Associated Cognitive Decline 
	Other Factors Contributing to Cognitive Dysfunction in Diabetes-Induced Cognitive Decline 

	Methodological Approaches for Assessing Cognitive Functioning in Animal Models of Diabetes 
	Effects of Flavonols on Cognitive Functions in Diabetic Animals 
	Mechanisms Underlying the Beneficial Effects of Quercetin in Diabetic Animals 
	Effects of Other Flavonols on Diabetes-Induced Cognitive Decline in Animal Models 

	Conclusions 
	References

