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Abstract Type 2 Diabetes Mellitus (T2DM) is the most prevalent type of diabetes worldwide, and usually affects elder

population. Clinical and basic studies have highlighted its involvement in cognition decline especially learning and memory. T2DM

individuals are at high risk to develop dementia as compare to normal population. This paper reviews the recent studies which

demonstrated cognitive decline among T2DM individuals and in animal models, including the related mechanisms and the therapies,

to make a better knowledge on T2DM cognitive complication.
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1 Introduction

Diabetes mellitus is one of the most devastating
metabolic disorder, stands fourth among non-
communicable diseases. The estimates of 2014
suggested that 422 million peoples are living with
diabetes and the global prevalence has been doubled
since 1980[1]. Diabetes mellitus Type 2 (T2DM) is a
condition preceded by a pre-diabetic condition
characterized by insulin resistance, obesity,
dyslipidemia, hypertension etc. It affects different
organs and aggravates complications such as
nephropathy, retinopathy, atherosclerosis,
cardiovascular, and stroke. In the last few decades,
influence of T2DM on the functional outcome of
nervous system has been an area of immense interest.
These studies have highlighted strong connections of

T2DM with cognitive functions[2-4].
The influence of T2DM on cognitive functions

ranges from mild impairment to extreme clinical
condition known as dementia[5-6]. Cognitive
impairment affects daily life activities including
memory loss, self-care behavior and affects patients
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themselves, their careers, and society. According to
the estimates of World Health Organization, globally
around 50 million peoples were suffering from
different form of cognitive impairment, out of which
60%-70% cases were owed to Alzheimer's disease.
Population based study showed the increased
incidence of mild to complex cognitive impairments
in diabetic patients[7-9]. In the presence of T2DM,
there is a 60% increased risk of getting dementia and
diabetic women are more sensitive to develop
cognitive decline as compared to diabetic men[10].

This review was aimed to highlight the cognitive
impairments among T2DM functions and involvement
of insulin resistance, oxidative stress and
inflammation in promoting cognitive decline.

2 Animal and human studies suggesting
cognitive decline in diabetes

Diabetes accelerates the brain aging and affects
different cognitive domains including information
processing, mental flexibility, psychomotor efficiency,
attention etc. T2DM usually affect psychomotor
speed, executive function, visuo-spatial problems and
memory[11-14]. These complications will ultimately
affect the quality of daily life with increased
imbalance and Gait disturbances[15-16]. The mechanism
of T2DM associated central nervous system disorder
is still not completely investigated and under
extensive research. Different studies conducted so far,
among humans and various animal models which
revealed decreased cognitive ability among T2DM
and were summarized in following sections as well as
in Figure 1.

2.1 In humans
Patients with uncontrolled diabetes was found to

have low scores in mini-mental state examination score
(MMSE) with reduced performances in perceptual speed,
category fluency, digit span backward and episodic
memory in a Sweden-based population study. These
cognitive declines were directly proportional to the
presence of vascular disorder and apo-lipoprotein E4
APOe4[17]. A twin pair study among T2DM individual
demonstrated task related deactivation of the default
mode network especially reduced activation of the left
hemisphere temporoparietal regions (includes angular
gyrus, supramarginal gyrus, and middle temporal
gyrus) [18]. Elder individuals have more compromised
efficacy in task oriented test, working memory, lower
verbal and visuospatial speeds as compared to healthy
controls. These cognitive decline were more in females
and in patients with increased Hb1Ac level[19-20]. In a
recent ten-year follow up study among Mexican
population (1 634 individuals) confirmed the accelerated
cognitive decline among T2DM patients i.e. 3 MSE score
of 4.3 as compared to healthy control (2.3) within
6 years[21]. The impaired cognitive decline was also
reported among early diagnosed T2DM patients
(<3 years) and the decline become more prominent with
aging (>60 years). Other inflammatory diseases such as
rheumatoid arthritis and asthmas further aggravate the
conditions[22].

Espeland et al. [23] further confirmed that diabetic
women are at high risk to develop dementia and
cognitive impairments and postmenopausal hormone
treatment (i. e. estrogen) further aggravate the
condition. Races within populations also play its part

Fig. 1 Impact of type 2 diabetes on brain physiology responsible for reduced cognition
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in the age related cognitive decline. The cognitive
decline among T2DM Afro-American (age group
(59 ± 8) years) was more prevalent as compared to
Caucasian (age group (65 ± 8.7) years) population.
They showed the positive correlation among race and
advancing age on Trial B and Digit Symbol tests[24].
Attenuated nitric oxide signaling cascade and
accelerated cognitive decline among non-diabetic
individuals due to hypertension also highlights the
race related cognitive decline among African[25].

Hyperglycemia has detrimental effect in the
cognition. Study showed that 1% rise in the hemoglobin
A1C (HbA1C) level is responsible for lower scores in
various cognitive tests[26]. Increased HbA1C is
responsible for reduced neural network efficacy with
longer network path length suggesting altered structural
integration. It also negatively correlates with the
fractional anisotropy (FA) values used to measure the
directional coherence for the fiber tracts[27-28]. A
population based study among adult individual (Age≤
60 years) further validated the involvement of increased
fasting plasma glucose and Hb1Ac with reduced mini
mental score i.e. 3 MSE score < 79[29-30]. Elevated
postprandial blood glucose and Hb1AC were responsible
for low score in Rey complex figure copy test, verbal
learning test, Digit span and MMSE[28]. Pre-diabetic
persons with higher FPG also showed impaired decision
making with intact working memory[31]. Fluctuation in
the blood glucose level is also responsible for cognitive
decline even before the hypoglycemic condition was
achieved[32].

Type 2 diabetic patients to overcome
hyperglycemia related complication were encouraged
to achieve optimal glycemic level via anti diabetic
therapy. To achieve normal glucose level usually leads
to hypoglycemia. Hypoglycemia with its severity also
accounts for different life threatening complications.
As brain which only utilizes glucose as a source of
energy, thus hypoglycemia also affects the central
nervous system and associated with brain damage and
dementia[33]. The molecular mechanism by which it
causes alteration in the brain and dementia is still a
dilemma. Several studies showed the increased risk of
developing dementia among hypoglycemic
individuals i.e. almost three time more[3, 34-35].
Edinburgh study showed that T2DM individuals with
history of and/or incident hypoglycemia demonstrate

poor performances in MR, DSC, and TMT-B
cognitive tests and become more prominent with the
passage time[34]. Moreover, dementia related to
hypoglycemia is directly proportional to the duration
of diabetes, other vascular complications and use of
the drug to maintain optimal glycemic control. Thus,
type 2 diabetes in terms of hyperglycemia and
hypoglycemia has negative correlated with cognition
functions.
2.2 In animal models

Various T2DM animal models either genetic
(OLETF, GK, Zucker diabetic fatty rats, db/db mouse
etc) or experimentally induced (High fat diet with
Streptozotocin administration) have been used
extensively to study brain aging and cognitive decline.
Different studies showed the presence of cognitive
decline in different T2DM models[2, 36-38]. Otsuka
Long-Evans Tokushima Fatty (OLETF) rats a T2DM
model displayed anxiety like symptoms, cognitive
impairments with reduced brain derived neutropenic
factor (i. e. responsible for intact neuronal function),
and it also synergize the pathology of vascular
dementia[39-41]. Neurogenesis that is the central point
in intact neuronal function was also found to be
impaired in diabetic GK rats (Goto-Kakizaki GK
rats). Enhanced proliferation with reduced survival of
the neural progenitor cells was observed and these
cells were failed to respond toward different growth
factors such as FGF2 and IGF1. In addition, these rats
in the age of eighteen week showed abnormal
vasculature with reduced blood vessel area and
branching within dentate gyrus responsible for
neurological disorders[42]. Reduced locomotion,
exploration and memory was also observed in 10-
20 weeks old GK rats in open field and passive
avoidance tests[43]. On the other hand, Zucker obese
rats (T2DM model) also displayed reduced
hippocampus associated tasks i. e. learning and
memory on delayed alternation task with a variable
interval between trials. Destabilized vasculature was
positively correlated with ß amyloid deposition,
insulin signaling impairment, reduced glucose
metabolism (i.e. reduced GLUT 4) and cognitive
decline[44]. As T2DM is preceded by prediabetic stage,
which also negatively affect the cognition as observed
by poor performance on hippocampal dependent tasks
like memory and learning assessed by Morris water
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maze and Y-maze tests in sucrose fed rats[45].
Thus aforementioned reported evidences clearly

suggest the profound effects of type 2 diabetes in the
impairment of cognitive abilities and increases the
risk of dementia especially in elderly population.
These changes also attributed to a complicated daily
life routine.

3 Molecular mechanism in diabetes
associated cognitive decline

The presence of insulin receptor in the brain
neglected the fact that brain is insulin insensitive
organ[46-47]. Hyperglycemia, hyperinsulinemia and
insulin resistance together affect the cerebrovascular
moiety by reducing the vascular tone, leakage of the
blood-brain barrier (BBB) and elevated oxidation and
inflammation.
3.1 Type 2 diabetes and blood brain barrier

Blood brain barrier (BBB) is crucial for the
integrity of brain and intact neurological
functions[48-49]. Beside barrier function, it also
provides mode of communication between central
nervous system (CNS) and its periphery[50-51].
Selective permeability of the BBB is provided by the
presence of tight junctions between the endothelial
cells by virtue of trans-membrane protein claudin,
occludins and in combination with other scaffolding
proteins[52]. Its disruption alters its barrier property
and allows the passage of substances that are
neurotoxic which resulted in enhanced inflammation
and oxidation ultimately leads towards cognition
decline and dementia[53-54].

The two important features of T2DM (i.e.
hyperglycemia and insulin resistance) was found to
disrupt BBB and responsible for several CNS
pathologies[55-57]. Diabetic patients showed enhanced
BBB permeability as observed by diffusion of
administered gadolinium diethylenetriamine penta
acetic acid (Gd-DTPA) and captured images by using
magnetic resonance imaging (MRI). Diffusion rate is
elevated as compared to healthy control and the
vulnerability increase with the increase of white
matter lesions. Down regulation of occludin and
claudin-5 proteins further strengthen the disrupted
BBB permeability in Zucker diabetic fatty rats (ZDF)
and structurally altered vasculature surrounded by
phagocytes[58]. Takechi et al. [59] showed that high fat

and high fructose diet in C57BL/6J mice significantly
impaired cognition with elevated BBB permeability
and neuro-inflammation. Activated protein kinase C β
(PKCβ) was found to destabilize the BBB and its
inhibition (by Enzastaurin a PKCβ inhibitor) enhances
the BBB permeability by up regulating the expression
of claudin and occuldin 5 proteins and resulted in
reduced microglial activation and inflammation in db/
db rats[57]. Diabetic Rhesus monkeys also displayed
disrupted BBB as compared to their healthy controls,
down regulated BBB proteins with elevated oxidative
stress (e. g. translocation of Nrf2 from cytoplasm to
nuclei) and intracranial lesions[60]. Furthermore,
disrupted BBB and its related microglial activation,
inflammation and oxidative stress further worsen the
brain environment. Thus, it can also serve as a
therapeutic target to avoid cognitive decline in
diabetes and its associated neuro-pathological
complications.
3.2 Structural and functional changes in the
T2DM brain

In the light of different imaging technologies
such as diffusion tensor imaging (DTI), magnetic
resonance imaging (MRI), functional MRI (fMRI),
positron emission topography (PET) etc. T2DM was
found to induce structural and functional changes in
the brain[61-64]. Hyperglycemia directly correlated with
the disruption of vasculature leading to reduced
microcirculation of the brain, arterial stiffness and
functional changes in the regional cerebral
perfusion[65-66]. Brain atrophies with enhanced lateral
ventricular volumes with slightly enhanced brain
aging was evident among T2DM individuals[67-69].
Different population-based studies have correlated the
age, higher BMI, Hb1Ac, FPG and duration of disease
with the reduced brain volume, increased levels of
cerebrospinal fluid (CSF), reduced white matter
integrity, cortical and sub cortical atrophy with
reduced axial diffusivity[70-72].

Diabetic and pre-diabetic stages also affects
hippocampus the area responsible for learning and
memory characterized by reduced size and decreased
cortical thickness of medial temporal lobe. The mean
diffusivity in T2DM brain was also increased with
reduced glucose metabolism, and functional
connectivity. Xiong et al. [73] by using DTI showed
36.6% reduced brain connectivity and 58.5%



AHMED Ayaz，等：糖尿病所致认知障碍与中药防治概况2020; 47 (8) ·747·

increased brain diffusivity among the diabetic group
with mild cognitive impairments (MCI) as compared
to healthy controls. Functional MRI studies
demonstrate that T2DM patients with
microangiopathy and impaired cognition functions
displayed reduced brain activity (decreased regional
homogeneity ReHo) values as compared to diabetic
individuals without microangiopathy[74]. Reduced
volumes of caudate nucleus, thalamus with white
matter integrity was also found among youth T2DM
individuals[75]. With the combination of imaging
technology and graph theory based analysis, Cui
et al.[76-77] showed altered brain connectivity in term of
decreased degree centrality (DC, common measure
for brain global connectivity) and functional
connectivity (FC) of each region of brain of T2DM
individuals. They further suggested that reduced
visual memory and vision dependent task (Rey-
Osterrieth Complex Figure Test (CFT) delayed recall
trial) among diabetic individuals might be due to
reduced functional connectivity in the lingual gyrus.
On the other hand, T2DM individual perform better in
executive function as analyzed by trial making test
part B (TMT-B) which is positively correlated with
increased DC and network connectivity in 2 important
hubs i. e. right anterior insula and dACC (dorsal
anterior cingulate cortex). This suggesting the
compensatory mechanism in younger diabetic
population i.e. more neuronal resources were required
to successfully accomplish the relevant task. Although
this study includes small population size but provides
the information regarding altered brain connectivity
among T2DM individuals. Cerebral vessels stiffness
will promote reduced cerebrovascular responsiveness
(CVR) among T2DM individuals which also have
negative influence on the cognition. About 14%
increased pulsatility index with reduced CVR
especially was noted in three cognition tasks i. e.
Digital symbol coding, Symbol digit coding and digit
letter switching[78].

Cumulatively, these imaging techniques will help
to determine the brain damages but fails to depict the
mechanism behind T2DM related cognition decline.
3.3 Insulin directed mechanism related to
cognitive decline in diabetic brain

In the last few decades, the role of insulin in
brain and its involvement in cognition was
extensively highlighted. Earlier brain was considered

as insulin privileged organ but the presence of insulin
and its receptor in different portion of the brain
nullified this concept and suggested the role of insulin
in neurological processes[79]. The presence of insulin,
its mRNA and c-peptide (i. e. pro-insulin molecule)
further confirms that brain is an insulin sensitive
organ[80-81]. Insulin resistance in the Alzheimer's brain
also pinpointed the involvement of it in the cognition
functions[82-84]. Insulin secreted in the periphery was
transferred to brain by crossing BBB in a regulated
fashion and exert its function. Its transport is
dependent on the peripheral insulin while prolonged
hyperinsulinemia hampered the insulin transport in
the brain[85]. Thus, the insulin resistance among
T2DM individuals might be responsible for cognitive
decline and make the condition more prone towards
dementia in elderly population[55, 86].

Insulin receptor is a trans-membrane protein with
two extracellular α subunits (insulin binding) and two
intracellular β subunits responsible to initiate the
downstream pathway. Insulin signaling cascade is
similar to the periphery. Insulin secreted in the
periphery will cross the BBB and bind to α unit of the
receptor. This binding will facilitate the auto
phosphorylation by activating the tyrosine kinase of
the β subunits domain which phosphorylates the
insulin receptor substrate (IRS). This auto
phosphorylation will activate two downstream
pathways i.e. phosphoinositol 3 kinase (PI3K) or Akt
pathway and MAPK/ERK pathway. Phosphorylated
insulin receptor activates PI3K resulting in the
formation of phosphatidylinositol tri phosphate which
further activate the phosphoinositide dependant
protein kinase to phosphorylate and activate Akt.
After activation it performs different functions: a. It
maintains glucose homeostasis by maintaining the
glucose transporters (GLUT4) in the plasma
membrane; b. Down regulation of forkhead box B is
responsible for oxidative stress; c. Inhibit the
glycogen synthase kinase 3 β responsible for tau
deposition. Insulin also found to activate mTOR
pathways responsible for synapses.

Different studies revealed the involvement of
insulin signaling responsible for long term
potentiation and its alteration will lead to cognitive
decline. Reduced translocated GLUT4 was observed
in Zucker obese rats with reduced cognition[44, 77].
PIVUS study showed the involvement of insulin



·748· 2020; 47 (8)生物化学与生物物理进展 Prog. Biochem. Biophys.

resistance in reduced verbal cognitive function,
reduced grey matter and brain size[87]. Diabetic and
pre diabetic patients with insulin resistance
demonstrated reduced glucose metabolism in different
regions of the brain[88]. Impairments in the different
steps of insulin signaling pathway was found in type 2
diabetic individuals with reduced cognition. Different
studies showed the positive effect of insulin on
cognition[89]. Activated GSK3 β which is responsible
for tau phosphorylation also promotes insulin
resistance by negative feedback and by serine
phosphorylation of insulin receptor substrate[90]. An
impaired insulin signaling cascade was responsible for
altered mitochondrial biogenesis, oxidative stress,
neuro-inflammation which negatively affect cognition
among diabetic individuals.
3.4 Metabolic impairments in type 2 diabetic
brain

Inhibition of insulin signals will be responsible
for the deposition of β amyloid aggregates which is
turns elevates oxidative stress and inflammation and
resulted in impaired cognition[55, 91]. Soares et al
showed impaired glycogen metabolism in diabetic
brain as evident by changes in the glycogen synthase
phosphorylation rate among GK rats thus hindering
learning and memory[38].

Dyslipidemia is one of the common features of
type 2 diabetes patients, which promotes
mitochondrial injury and impaired oxidative
system[92]. Dyslipidemia itself responsible for
cognitive decline and different studies have reported
the altered composition of saturated and unsaturated
fatty acids e.g. docosahexaenoic acid (DHA), Stearic
acid, ceramide and very long chain fatty acids
(VLCFAs) in patients with cognitive decline[93-97].
Thus, dyslipdemia with hyperglycemia plays a
synergistic role to demolish cognition. They also
showed the accumulation of VLCFA and enhanced
amyloid β deposition with reduced β peroximal
oxidation in the T2DM rat model (high fat diet and
STZ). These rats showed reduced learning and
memory on Morris water maze[98]. T2DM patients
with cognitive decline also showed altered pathways
of sphingolipids, bile acid and uric acid
metabolism[99]. Ceramide (sphingolipids family)
involved in cellular signal cascade, responsible for
elevated proinflammatory cytokines and insulin
resistance. It also impairs brain insulin signaling by

crossing the breaching BBB and hampers the insulin
receptor signaling and Akt pathway. This can also be a
possible candidate responsible for declined cognition
among T2DM patients[100]. Cholesteryl ester transfer
protein (CETP) which promotes dyslipidemia was
also found in increased concentration in the serum of
diabetic patients with cognitive impairments[101].
Adiponectin, a protein responsible for insulin
sensitivity and glucose homeostasis is also reduced in
the T2DM patients[102]. Leptin, a pro-inflammatory
hormone responsible for the production of IL-1β and
its resistance is responsible for enhanced
inflammation in the brain[103]. Moreover, the
concentration of leptin was also elevated in T2DM
with poor performances in different cognitive
domains[102, 104].
3.5 Oxidative stress in type 2 diabetic brain

Brain solely utilizes glucose as an energy source;
T2DM brain was evident for impaired insulin functions
responsible for altered glucose metabolism and transport
via glucose transporter. As brain cells are unable to store
glucose, thus only rely on its transport to perform
neuronal functions which was hampered T2DM and
might be responsible for reduced cognition[88, 105-107].
Mitochondria the central organelle in energy biogenesis
is also responsible for oxidative stress as a producer and
target of reactive free radicals. Its energy turnover was
significantly impaired in various neurodegenerative
diseases. Oxidative stress was characterized by elevated
reactive oxygen and nitrogen species with reduced
antioxidant enzymes[108-109]. Type 2 diabetes was also
reported for impaired antioxidant system responsible for
oxidative stress[110-111]. Sucrose fed mice and transgenic
Alzheimer's mice model (3xTg-AD) showed swollen and
altered mitochondrial structure with depleted energy
(ATP)[112]. This insult of antioxidant system and oxidative
stress was responsible for neuro-degeneration and altered
synaptic plasticity, ultimately cognitive decline. GK
diabetic rats showed disrupted electron transport chain
which further aggravated with aging and Aβ
deposition[113]. Mitochondrial dysfunction in the brain is
responsible for oxidative stress related cognitive
abnormalities[114]. Utilizing a rat model, Shi et al. [98]

showed the accumulation of VLCFA in the diabetic rat
which is correlated with increased oxidative stress
(increased expression of NOX4, p47phox and HO-1
protein) in the diabetic brain. Elevated oxidative stress
is a common etiology of both AD and T2DM brain[115-116].
Auto oxidation of glucose, increased polyol pathway,
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glycation of proteins resulted in the production of
advance glycation endproducts (AGEs). In a STZ
induced diabetic rats the level of antioxidant enzymes
catalase, superoxide dismutase and glutathione
peroxidase decreases with increased MDA. This failure
will lead to the accumulation of reactive oxygen species
in the hippocampus. Oxidative stresss was also found to
down regulate the expression of GluR2 subunit of the
AMPA receptor and inhibit long term potentiation and
promote cognitive impairments. These results were
further verified by administrating Bacopa monnieri
fraction CDRI-08 (rich in Bacoside A & B) which was
resulted in the reduced hyperglycemia, restored insulin
resistance and oxidative stress related cognitive decline
as determined by Morris water maze[117]. Advance
glycation end products (AGEs) and their receptor
(RAGEs) are other important markers responsible for
cognitive decline. Both contribute cognitive deficiencies
either via AGEs-RAGE pathway or by releasing oxygen
radicals, diminishing mitochondrial activity, and glucose
metabolism[118-119]. RAGE was involved in the
Alzheimer's brain injury and the microglial cell
activation leading to neuro-inflammation[120]. Recently,
Wang et al.[121] demonstrated the presence of increased
RAGE in the serum of diabetic patients with moderate
cognitive decline (MCI), with enhanced AGE-P level
which is positively correlated with the reduced executive
functions. They further deduced that a unit increase in
the AGE-P was responsible for 74% increased risk of
MCI. On the other hand, each unit rise in RAGE reduced
the MCI risk by 54%. Another study showed the positive
correlation with the increased HbA1C level and
increased serum AGEs, RAGE and inflammatory
molecules (C reactive protein) in T2DM individuals and
negatively correlated with cognition[102]. Interestingly,
edaravone a free radical scavenger significantly
ameliorates the oxidative stress in an
intracerebrovascular injected STZ diabetic model and
reverse the cognitive decline[122]. Various other studies
also showed the use of antioxidant will reverse the
oxidative stress related cognitive decline human and
animal models [90, 122-124].
3.6 The inflammation in type 2 diabetic brain

The promotion of obesogenic and dibetogenic
environment with the modernization of the world makes
the situation more problematic with the passage of time.
T2DM usually precedes pre-diabetic condition i. e.
obesity which is responsible for increased level of pro
inflammatory cytokines[125-126]. The involvement of these

pro-inflammatory cytokines (TNF-α and IL-6) already
developed in the Alzheimer's patients[127-128]. In the
presence of altered BBB among obese and T2DM
individuals the pro-inflammatory cytokines take entry
into the brain and hampers insulin signaling in the
brain[129-130]. A cross sectional study highlighted the
elevated TNF-α and IL-6 among T2DM individuals with
cognitive impairments[131]. Chuang et al.[132-133] showed
the impaired global and regional cerebral vaso-reactivity
with increased inflammatory markers (C reactive
protein) was associated with declined cognition
especially executive functions. In a zebra fish diabetic
model, Dorsemans et al.[134] illustrate the elevated gene
expression of inflammatory cytokines including TNF-α,
IL-1β and IL-6 in the brain with reduced expression of
genes responsible for maintaining BBB and altered
neurogenesis. TNF-α was reported to activate the c-jun
N- terminal kinase (JNK) pathway which was
responsible for insulin resistance in the periphery[135]. In
a time-dependent manner TNF-α, IL-1β was found to
positively correlated with cognitive insult in STZ induces
diabetic rats as evident in Morris water maze and New
object recognition test[2]. Whereas, in the brain it also
promotes serine phosphorylation of the insulin receptor
substrate and hampers the insulin signaling in the
demented individuals[136-137]. Recently, Jawale et al.[138]

showed the increased level of TNF-α and IL-6 in the
diabetic rats with reduced cognition. They further
showed that anti-inflammatory effect of cinnamaldehyde
which amoleraites cognitive impairments in the diabetic
rats. Proliferation of the activated microglial cells is one
of the characteristic features of diabetic brain which is
responsible for increased inflammation[139]. Asiaticoside
a triterpenoid isolated from Centella asiatica (L.) was
found to be anti-inflammatory and restore the cognitive
decline by reducing the oxidative stress and activating
the insulin signaling in the diabetic rats[140].
3.7 The neurotransmitters， amino acid and
calcium in type 2 diabetic brain

With dyslipidemia, oxidative stress and neuro-
inflammation altered hyopthalmic pituitary adrenal
axis (HPA) axis was also featured in diabetic brain[141].
This alteration will also play important role in the
altered neurogenesis and cognitive decline. Increased
corticosterone and reduced glucocorticoid receptors
was evident in the GK diabetic rats which is
responsible for altered neurogenesis in the diabetic
brain[42, 141]. Insulin resistance in the diabetic brain
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also modulates neurotransmitters usually excitatory
and inhibitory receptors (g-aminobutyric acid
(GABA) and glutamate receptors (GluR)) which
affect cognition[142-143]. Increased concentration of
GABA among diabetic individuals with cognitive
decline was associated with high Hb1Ac level[144].
Sickmann et al. [145] showed the increased level of
GABA in the Zucker diabetic fatty rats. NF- κB
inhibitor (BAY) was found to reverse the cognitive
decline in the type 2 diabetic rats by restoring the
glutamate and GABA levels with reduced oxidative
stress and neuro-inflammation[146].

Calcium the intracellular messenger also exerts
its effect on numerous neuronal functions responsible
for long term potentiation, and learning and memory.
Impaired calcium homeostasis was evident in the STZ
induced diabetic rats. Impaired calcium homeostasis
especially in the endoplasmic reticulum and
mitochondria were responsible for imbalance
neurotransmitters. Likewise, elevated level of calcium
in the endoplasmic reticulum was found to promote
caplain 2 (pro-apoptotic proteases) responsible for cell
death. Calpain 2 was also evident in the type 2
diabetic B pancreatic cells as well as in the AD brain.
In STZ induced hyperglycemic rat showed impaired
calcium homeostasis in the dorsal root ganglion
neurons[147]. Increased in L-type voltage gated calcium
channel is correlated with impaired learning in the
aged neurons[148]. Impaired VOCCs is a hallmark of
different neurodegenerative diseases. Singhal et al.[149]

showed impaired learning and memory in STZ

induced diabetic rats with increased CaV1.2
expression suggesting its role in the increased calcium
uptake. They further demonstrated that reduced Ca2+-
ATPase activity in the plasma membrane and
sarcoplasmic reticulum decreased mitochondrial
calcium uptake with increased lipid peroxidation and
oxidative stress. Nimodipine (a known calcium
channel blocker) was found to reverse the calcium
homeostasis towards normal and restores cognitive
functions in the diabetic animal.

4 Possible therapies to treat diabetes
associated cognitive decline

World Diabetic Council classified diabetes as a
risk responsible for cognitive decline or dementia.
Different studies stated above highlight the prevalence
of impaired cognition among T2DM patients. Type 2
diabetes mellitus being the fastest growing disease
which effecting the elderly population worldwide
needs to be taken care of. In type 2 diabetes,
hyperglycemia, insulin resistance, neuro-inflammation
and oxidative stress contributes toward cognitive
decline. By understanding the insulin resistance
mechanism in the brain pave the pathway to use
different anti-diabetic drugs which might be helpful to
restore cognition. Different anti-diabetic agents were
found to restore cognition (Figure 2). The table in
supplementary file will over view the different
medication used to reduce cognitive decline among
diabetic individuals (Supplementary Table S1).

Fig. 2 Pharmacological intervention strategies to delay cognition decline among T2DM individuals
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4.1 Natural products
Since the origin of humankind, natural product as

medicine used to cure various health concerns. These
practice of natural products were traced back 60 000
years. The use of natural medicines was well reported
in the scripture of traditional Chinese medicine
(TCM), Unani Medicine, Ayurveda and still practiced
in the recent times. The secondary metabolite within
floral diversity provide a great shelf of compounds to
be explored as novel medicine[150-151]. These natural
product has been exploring for various
pharmacological activities such as anticancer, anti-
bacterial and antidiabetic etc. The proper biological
activities of these compounds will further expand
their use in different disease condition. Advancement
in sciences clarified with evidence the use of natural
medicine to cure various health complications. Out of
different practices, TCM acquires great attention and
recognized worldwide. Chinese herbal formulation
has been used in China as well as in Europe and other
countries to combat various health complications.
Food and drug regulation authorities categorize
Chinese herbal formulation as food supplements if
provide evidence of their nontoxic nature. Different
researcher used these TCM herbal formulations or
their ingredient to revert cognitive decline among
various animal models of cognitive decline as well as
in humans. Huatuo Zaizao pills are TCM reported to
cure Alzheimer's by reversing long term potentiation
and reducing amyloid beta deposition is the
hippocampus[152]. Feng et al. [153] showed that
Dendrobium polysaccharides reduced inflammation
and reverted cognitive decline in senescence
associated microglial activation mouse model. As
diabetic brain was characterized by increased
oxidative stress, inflammation and reduced
neurogenesis there are studies which highlighted the
importance of natural compounds to reverse these
conditions to restore cognitive declines. Some of the
studies are mentioned in Table 1.
4.2 Future of natural product to be explored to
overcome DACD

The above stated studies clearly suggest the

modulation of brain inflammation and oxidative stress
is a key to overcome diabetes associated cognitive
decline. In Table 2, a few natural products which
ameliorate diabetes insults and can be a possible
candidate to test to overcome DACD.

5 Conclusion

The adapted modern life style and rising ageing
population increases the prevalence of type 2 diabetes
globally. Different epidemiological and clinical
studies strongly linked T2DM with cognitive decline.
It speeds up brain aging and T2DM individuals are at
higher risk to develop mild cognitive decline to
dementia. Hyperglycemia, hypoglycemia and altered
insulin signaling are the characteristic features of
diabetes impair blood brain barrier and vasculature in
brain leading towards low blood circulation. Different
atrophies were found in the diabetic brain. With the
understanding of insulin resistant in the diabetic brain
affecting learning and memory, still the complete
understanding of molecular mechanism is yet to be
elucidated. Insulin resistance, increased oxidative
stress, neuro-inflammation synergistically or alone
were responsible for reduced cognition. Different anti-
diabetic drug, antioxidant and anti-inflammatory drug
was found to ameliorate the cognitive decline in
animal models but still their positive impact on human
is still debatable. Only insulin was found to restore
cognition both in diabetic animals as well as human.
Beside FDA Approved Medication of diabetes
literature reported bundles of natural compounds
which showed positive impact on DACD.

In future prospective there is an immense need to
understand the complete mechanism behind T2DM
related cognitive decline. Different programs should
be launched to train the diabetic individuals toward
exercise and to cut of extra calories from their meals.
By understanding the mechanism will pave the way to
develop new neural protective drugs with better
efficacy which will slow down the cognition reduction
among diabetic patients.
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Table 1 Traditional Chinese medicine used to ameliorate DACD

Grape seed Proanthocy

anidin[154]

Total Saponins from

Rhizoma Anemarrhenae[155]

Lychee seed extract[156]

Polyphenol-rich Boswellia

Serrata Gum[157]

Fenugreek Seed Extract[158]

ZiBuPiYin[159-161]

Astragalus

Polysaccherin

(APS)[162]

STZ Induced diabetes in Wistar rats

STZ Induced diabetes in SD rats

High fat diet plus STZ induced

diabetes in SD Rats

High fat and high fructose diet with

STZ induced diabetes in Wistar rats

STZ induced diabetes in Wistar rats

⋅ db/db mice

⋅ STZ induced

⋅ Zucker diabetic fatty rats

(psychological stress induced

diabetes associated cognitive

decline)

STZ induced

⋅ Improved cognition

⋅ Improved neuronal survivlal

⋅ Improved pancreatic β cells

⋅ Significantly reduced apoptosis in neuronal and pancreatic β cells

⋅ Increased insulin secretion and sensitivity

⋅ Treatment at 200mg/kg significantly improves cognition in Morris water maze

⋅ Reduced expression of Amyloid β [Aβ(1-40) and Aβ(1-42)] and TNF-α in the

diabetic brain

⋅ Reduced expression of TNFα in the serum of diabetic rats

⋅ Reduced fasting glucose level with improved body weight

⋅ Improves learning and memory in Morris water maze

⋅ Reduced neuronal injury

⋅ Significantly reduces the concentration of Amyloid β, glucose, Advance glyca‐

tion end product and Tau protein in the blood or hippocampi of diabetic rats

⋅ Improved insulin resistance

⋅ Improves learning and memory in Morris water maze and Passive avoidance

test

⋅ Significantly reduced Amyloid β and Tau protein in the diabetic brain

⋅ Reduced inflammation by downregulating the expression of caspase 3, GSK

3β, TNF-α, IL-1β, Il-6 and MDA

⋅ Significantly enhanced the expression of hippocampal GSH, SOD and

glutamate receptors

⋅ Improved insulin resistance and hyperlipidemia
⋅ Improves learning and memory in Morris water maze and T- maze

⋅ Significantly reduced blood glucose level

⋅ Increased neurons in the CA1 and CA3 region of hippocampus

⋅ Significantly reduce oxidative stress by downregulating MDA, and glutathione

and upregulating SOD, CAT level
⋅ Improved learning and memory in Morris water maze

⋅ Strengthen brain leptin concentration

⋅ Revert insulin resistance

⋅ Down regulate GSK3β

⋅ Restore PI3K-Akt signaling pathways

⋅ Improves protein processing in endoplasmic reticulam

⋅ Increased growth receptor binind protein 2 (Grb2) thus stimulating PI3k-Akt

and its downstream pathway

⋅ Normalize depression or anxiety behavior in open field

⋅ Improved learning and memory outcomes in Morris water maze

⋅ Increased dendritic spine density with increased expression of MAP2 (marker

for dendritic cytoskeleton) and PSD95 (Post synaptic density)

⋅ Reverts Microbiome imbalance in diabetic rats thus reduces anxiety and

depression like behavior

⋅ Increased butyrate producing bacteria (Roseburia) and Coprococcus which is

responsible for increased LPS in plasma thus favor insulin resistance,

inflammation

⋅Maintain glucose homeostasis
⋅ Improved learning and memory in Morris water maze

⋅ Increased activation of CREB. NMDA and CaMK II

Natural Product Animal Used Outcomes
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Nigella Sativa Oil Alone

or in combination with

antidiabetic drugs[90,163]

Terpenoid-rich Elettaria

Cardamomum Extract[164]

Mangiferin[36]

Ginsenoside Re[155]

Jinzhida[165]

Urtica Dioica[166]

Withania Somnifera

And Aloe vera[167-168]

Chotosan[169]

Andrographis Paniculata

Extract[170]

Jiawei Shengmai san

formulation[171]

High fat with STZ induced diabetes

in albino Wistar and SD rats

High fat and high fructose diet with

STZ induced diabetes in Wistar rats

STZ induced diabetes in SD rats

STZ induced diabetes in SD rats

High fat diet and STZ induced

diabetes SD rats

STZ induced diabetes in Swiss

albino rats

STZ induced diabetes in Swiss

albino rats

STZ induced diabetes in SD rats

STZ induced diabetes in Charles

Foster albino rats

STZ induced diabetes in SD rats

⋅ Reduced oxidative stress by decreasing TBRAS, NO, XO and increasing GSH,

GST and SOD levels

⋅ Reduced neuronal inflammation by reducing levels of TNF-α, IL-1β, IL-6 and

INOS

⋅ Restore cholinergic function by reducing AChE levels

⋅ Reduced the level of AGEs, Insulin degrading enzymes and Amyloid β in the

blood or brain of diabetic rats

⋅ Reduced the expression of Amyloid precursor protein (APP), Beta site AβPP

cleaving enzyme (BACE), Receptors for advance glycation end product

(RAGE), p53, Nuclear factor к B

⋅ Increased expression of NAD dependent deacetylase sirtuin (SIRT1), A

disintegrin and metalloprotease 10 (ADAM10), Insulin receptor (IR), Insulin

like growth factor (IGF)
⋅ Improves learning and memory in Morris water maze and Passive avoidance

test

⋅ Significantly reduced Amyloid β and Tau protein in the diabetic brain

⋅ Reduced inflammation by downregulating the expression of caspase 3,

acetylcholinesterase (AChE), GSK 3β, TNF-α, IL-1β, Il-6 and MDA

⋅ Significantly enhanced the expression of hippocampal GSH, SOD and

glutamate receptors

⋅ Increased expression of glutamate receptor expression (AMPA, GluR1,

NMDA Receptor subunit NR1, NR2A, NR2B)
⋅ Improved learning and memory in Morris water maze

⋅ Reduced AGEs, RAGEs, TNF-α, IL-1β and MDA level in cortex and hippo‐

campus of diabetic rats

⋅ Elevated expression of GSH, SOD, Glyoxalase 1
⋅ Improved learning and memory in Morris water maze

⋅ Reduced AGEs, RAGEs, TNF-α, IL-1β and MDA level in cortex and

hippocampus of diabetic rats

⋅ Elevated expression of GSH

⋅ Reduced sugar level in serum of diabetic rats
⋅ Enhanced learning and memory in Morris water maze and step down test

⋅ Increased insulin sensitivity by down regulating endoplasmic reticulum stress

(ERS) markers phosphorylation (PERK, e1F2α, IRE1α), Insulin resistance

marker phosphorylation (JNK, IR)

⋅ Increase protein kinase B (AKT) expression

⋅ Restore memory, learning and locomotion in NORT and open field arena

⋅ Improved insulin sensitivity and glucose tolerance by enhancing IR, PI3K,

AKT, GLUT4 and MAPK expression

⋅ Reduced oxidative stress by downregulating TBRAS, NO levels and

upregulating catalase, total thiol levels

⋅ Improved motor activities and memory in T-Maze and active avoidance test

⋅ In combination they significantly reduce oxidative insult by reducing lipid

peroxidation and protein carbonyl in diabetic brain

⋅ In combination it also significantly blood sugar level

⋅ Improved memory in Y maze task

⋅ Upregulate glutamate receptor (NR2B)

⋅ Improved Long term depression

⋅ Improved learning and memory in Morris water maze

⋅ Reduced AChE activity, SOD and CAT activities

⋅ Reduced blood sugar and promote insulin sensitivity
⋅ Improved reference and working memory in Morris water maze and NORT

⋅ Improved histological changes of diabetic brain

⋅ Improved expression of Akt and CREB

Continued to Table 1

Natural Product Animal Used Outcomes
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Table 2 Possible candidate natural compounds to ameliorate DACD

Natural Product

Astragaloside IV[172]

Salvianolic Acid

A[173]

Polysaccharides from

Cordyceps

Taii[174]

Dietary Hesperidin

Exerts[175]

Baicalin[176]

Cassiae Semen

Extract[177]

Salidroside[178-179]

Kirenol[180]

Curcumin[181]

Urolithin A[182]

Animal Used

High fat diet and STZ induced

diabetic nephropathy

Zucker Diabetic Fatty Rats

STZ Induced diabetes in

Kunming mice

STZ induced diabetes in Wistar

Rats

STZ Induced diabetes in

Kunming mice

STZ induced diabetes in Wistar

Rats

STZ induced diabetes model or

bone loss

Goto-Kakizaki (GK) rats

High fat diet and STZ induced

diabetes in SD rats

High fat diet and STZ induced

diabetes in C57BL/6 mice

Outcomes

⋅ Inhibited glomerulosclerosis, mesangial proliferation, tubular cells edema and interstitial

fibrosis

⋅ Reduced oxidative stress by reducing MDA, IL-1β, IL-4, IL-6 and enhancing SOD

⋅ Improved body weight and glucose tolerance

⋅ Reduced Total cholesterol and LDL-C at higher dose

⋅ Improved histological feature of aortic tissues after diabetes insult i.e. fewer cholesterol

crystal, foam cells and calcification, macrophages

⋅ Reduced the expression of high sensitive C reactive protein

⋅ Reduced expression of NLPR3, Caspase 1, IL-1β, NF-кB

⋅ Increased body weight, insulin level with reduced blood sugar

⋅ Reduced total cholesterol, total glyceride, LDL-C with increased HDL-C

⋅ Restores pancreatic pathology and β cells after diabetic insults

⋅ Reduced inflammation by downregulating TNF-α, IL-6 and CRP levels

⋅ Reduced glucose level with increased insulin secretion

⋅ Reduced total cholesterol, total glyceride, LDL-C with increased HDL-C

⋅ Reduced cell apoptosis in chicken embryonated eggs after hyperglycemia

⋅ Inhibited ROS production

⋅ Improved oxidative stress by enhancing SOD

⋅ Reduced blood glucose

⋅ Increased body weight, glucose tolerance with reduced blood sugar levels

⋅ Reduced total cholesterol, total glyceride, LDL-C with increased HDL-C

⋅ Reduced oxidative stress by upregulating SOD, CAT activity and downregulating MDA

level

⋅ Reduced inflammation as evident by reduced IL-1β, IL-6 and TNF-α

⋅ Reduced RAGE expression

⋅ Increased body weight with reduced blood sugar

⋅ Reduced Alkaline phosphatase

⋅ Reduced inflammation by reducing RANKL

⋅ Improving bone density

⋅ Decrease Fasting Plasma Glucose

⋅ Reduced apoptosis in cardiomyocytes

⋅ Reduced inflammation by downregulating the translocation of NF-кB from cytoplasm to

nucleas, reduced level of TNF-α, IL-1β and IL‐6

⋅ Enhance AKT phosphorylation

⋅ Improved body weight with reduced fasting blood glucose

⋅ Improved oral glucose and insulin tolerance

⋅ Restores pancreatic pathology and β cells after diabetic insults

⋅ Reduced apoptosis in pancreatic cells

⋅ Reduced inflammation as evident by reduced IL-1β, IL-6 and TNF-α

⋅ Reduced oxidative stress by increasing SOD and downregulating MDA

⋅ Improved body weight with reduced fasting blood glucose

⋅ Improved oral glucose and insulin tolerance

⋅ Reduced inflammation as evident by reduced IL-1β, IL-10 and TNF-α

⋅ Reduced oxidative stress by increasing GSH and downregulating MDA

⋅ Restores pancreatic pathology and β cells after diabetic insults

⋅ Enhanced expression of AKT, PI3K and reduced expression of caspase 3
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is available at paper online (http://www.pibb.ac.cn or

http://www.cnki.net).
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摘要 2型糖尿病（T2DM）通常影响老年人群，也是世界上最普遍的糖尿病类型 . 临床研究表明，T2DM与认知损害，尤

其是学习记忆能力下降有关 . 与正常人群相比，T2DM患者继发痴呆症的风险较高 . 本文综述了近年来有关 T2DM患者认知

损害和动物模型方面的研究，包括相关机制和中药治疗的可能性，以期对T2DM并发认知损害有更深入的认识 .
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