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Progressive cognitive dysfunction is a central characteristic of diabetic encephalopathy

(DE). With an aging population, the incidence of DE is rising and it has become

a major threat that seriously affects public health. Studies within this decade

have indicated the important role of risk factors such as oxidative stress and

inflammation on the development of cognitive impairment. With the recognition of the

two-way communication between gut and brain, recent investigation suggests that

“microbiota-gut-brain axis” also plays a pivotal role in modulating both cognition function

and endocrine stability. This review aims to systemically elucidate the underlying impact

of diabetes on cognitive impairment.

Keywords: advanced glycation end products, diabetic encephalopathy, hypothalamic-pituitary-adrenal axis,
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INTRODUCTION

Diabetic neuropathy refers to a series of neurological dysfunction caused by diabetes. With the
duration of the disease, the nerve damage may occur throughout the body of diabetic patient.
In Miles and Root (1922) noticed that diabetes can cause central nervous system lesions which
will finally result in cognitive dysfunction. In Reske-Nielsen et al. (1966) proposed the concept
“diabetic encephalopathy (DE)” when they studied the brain tissues from 16 young diabetic patients
who died of vascular complications. Due to the lack of uniform diagnostic criteria, epidemiological
survey concerning DE is very difficult, but it is suggested that the incidence of cognitive impairment
in the diabetic population may reach as high as 40%. A clinical cohort study suggested that
brain atrophy is significantly and positively correlated with type 2 diabetes (Wisse et al., 2014).
Progressive cognitive impairment is a central characteristic of DE. A recent meta-analysis that
included 1,148,041 cases found that diabetes can increase the risk of cognitive impairment by about
2 times (Gudala et al., 2013). To date, progressive cognitive dysfunction has been recognized as a
typical signs and symptoms in diabetic population (van den Berg et al., 2010).

With an aging population, the incidence of diabetes is rising; more importantly, more and more
DE cases are found in younger population. The damage attributed to diabetes on cognitive function
has become a major threat that seriously affects the quality of life. Therefore, speeding up the study
of the pathogenesis of diabetic cognitive impairment (DCI) and establishing an effective prevention
strategy is urgent. There is a study found that cognitive dysfunction may occur in the early stage of
diabetes and will progress with the disease, and this progression is much faster in type 2 diabetes
than that in type 1 patients (Brands et al., 2007). In this sense, early intervention is very important.
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As a metabolic disease, the development of diabetes is dually
controlled and regulated by neuroendocrine factors and digestive
system. With the deepening of the study, it is suggested that
gut-brain crosstalk may play a key role in this process. Gut-
brain crosstalk is a very complex network system; it maintains
the stability of gastrointestinal tract on the one hand and affects
the emotion and cognition function on the other hand, and this
network is known as “gut-brain axis (GBA)” (Rhee et al., 2009).
Recent studies indicated that there is a two-way communication
between gut and brain. Bercik et al. (2011) demonstrated that gut
microbes can affect the level of rat brain-derived neurotrophic
factor; Dinan and Cryan (2012) found stress may in turn activate
the hypothalamus by affecting the intestinal microbial activity—
pituitary—adrenal axis which will lead to depression. Another
research conducted in animals also observed that germ-free can
impair memory function (Gareau et al., 2011). At present, it
is believed that gut microbes-gut-brain axis (MGBA) may be
an ideal target for understanding and treating DCI (Foster and
McVey Neufeld, 2013).

THE PATHOGENESIS OF DIABETIC
ENCEPHALOPATHY

Diabetic cognitive impairment (DCI) refers to cognitive
impairment and brain physiological and structural changes
caused by diabetes. Both type 1 and type 2 diabetes can induce
and promote DCI development (Biessels et al., 2002a). There
is a study observed that the characteristics of neurobiology and
neuroradiological imaging of DCI is very similar to that of
brain aging (Biessels et al., 2002b), suggesting DCI shares similar
mechanisms with the brain aging process.

The pathogenesis of DCI has not yet been entirely clarified,
but it is found that cerebral ischemia, oxidative stress, and
non-enzymatic protein glycosylation, low grade inflammation
and calcium homeostasis changes, etc., may play a role in the
development of DCI.

Cerebral Vascular Dysfunction
Blood-brain barrier (BBB) is located on the nerve endometrial
capillaries, including peripheral nerve microvascular endothelial
cells (PnMECs), pericytes of endoneurial microvascular origin,
and basement membrane (Poduslo et al., 1994; Abbott et al.,
2006). The physiological function of BBB is realized by physical
barrier and the ionic charge on the cerebral vascular endothelial
cells, and any changes will lead to BBB dysfunction. At present,
the hypertrophy of basementmembrane and the lysis of BBB have
been recognized as characteristic changes in diabetic neuropathy
(Giannini and Dyck, 1995; Shimizu et al., 2011).

In fact, BBB damage has now been considered as a key factor
for DCI (Biessels et al., 2008). It has been demonstrated that
pathological changes associated with type 2 diabetes can damage
BBB integrity, increase the permeability of BBB and lead to the
easy permeation of limited substances into brain parenchyma
(Dai et al., 2002; Hawkins et al., 2007; Kamada et al., 2007).
A recent research demonstrated that BBB breakdown promotes
the macrophage infiltration and cognition impairment in mice

(Stranahan et al., 2016), suggesting BBB dysfunction is closely
related with diabetic cerebral inflammation.

Physical Barrier of BBB
The physical barrier of BBB is composed of two components,
i.e.,: vascular endothelial cells and basement membrane. Studies
have demonstrated that diabetes and continuous high blood
glucose will directly and finally induce dramatic damage of
endothelial cells in both cerebral and peripheral vascular system
(Xu et al., 2010; Li et al., 2016), and chronic untreated diabetes
would also impair BBB by reducing tight junction proteins (e.g.,
ZO-1 and claudin-5) expressions and thus cause a series of
cerebral dysfunction (Yoo et al., 2016). This is confirmed from a
research that diabetes will significantly increase cerebral vascular
permeability (Fouyas et al., 2003).

Enough blood supply plays a pivotal role in maintaining
the normal function of brain. Diabetes can significantly induce
cerebral vascular endothelial dysfunction and increase platelet
aggregation, reduce cerebral blood flow, and cerebral vascular
surface area, and finally lead to vascular endothelial proliferation
and plasma viscosity increment (Dalal and Parab, 2002; Fouyas
et al., 2003). Recently, Yu et al. (2016) found in diabetic patients
that the disruption of BBB is significantly associated with acute
stroke. Therefore, protecting the integrity of cerebral vascular
endothelial cells should have important effects on reducing
diabetic damage to the brain.

The basement membrane of BBB is composed of extracellular
matrix adhesion proteins (e.g., type IV collagen) and fibronectin,
and is strictly regulated by matrix metalloproteinases (MMPs);
studies found MMP-2 and MMP-9 can degrade type IV collagen
and fibronectin (Tilling et al., 2002; Chang, 2016). In a most
recently published clinical study, Garro et al. (2017) found
that the blood MMP-2 is lower while MMP-9 is higher in
children with diabetic ketoacidosis (DKA) compared with levels
in children without DKA, strongly suggesting the important role
of BBB in the development of DE.

Charge Barrier Changes in BBB under Diabetic

Condition
Concerning the charge barrier changes under diabetes, amounts
of studies have demonstrated that there is negative relation
between blood glucose and anionic charge levels on the cell
membrane. This relation is most obvious in patients with diabetic
nephropathy (Márquez et al., 2015). As well known, heparan
sulfate is a negatively charged polysaccharide that is abundantly
expressed in all layers of the glomerular filtration barrier (GFB),
therefore, it is believed to play a central role in the development of
diabetic proteinuria (Garsen et al., 2014). In fact, more and more
studies have also reported this correlation in DCI. Previously,
Briani et al. (2002) found that titers of heparin sulfate antibodies
are elevated in neurological associated disease and concluded that
it might associate with the breakdown of BBB. Recent studies
confirmed that heparan sulfate proteoglycan agrin accumulation
is related with the maturation of BBB during embryogenesis, and
agrin contributes to brain endothelium tight junctions (Steiner
et al., 2014) and endfoot membrane integrity of astrocytes (Noell
et al., 2009).
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Nitrogen/Oxygen Stress and
Non-enzymatic Glycosylation
Oxidative Stress Damage of DCI
Glucose metabolism disorder is one of the basic reasons for
diabetic damage. Blood glucose is the main energy source of the
brain and mitochondria is the most important place for glucose
aerobic oxidation in the brain. Under chronic and persistent
high glucose condition, mitochondria will produce large amounts
of reactive oxygen species (ROS) and leads to the oxidative
stress, which will impair mitochondrial function and finally affect
brain function (Liu et al., 2006; Cardoso et al., 2013). Reports
have confirmed that hippocampus and cerebral cortex show a
significant oxidative stress in DCI (Grillo et al., 2003; Mastrocola
et al., 2005) and anti-oxidative stress treatment is believed to have
a positive effect on ameliorating cognitive impairment (Kuhad
and Chopra, 2007).

Chronic and sustained high glucose and ROS stimulation can
directly stimulate apoptosis of neuronal cells (Liu et al., 2003).
As discussed above, changes in BBB, including the integrity
of the BBB damage and increased permeability, may cause
diabetic cognitive dysfunction. In fact, ROS can increase the BBB
permeability by down-regulating expression of tight junction
proteins and remodeling cerebral vascular structure. A research
demonstrated in human-source highly immortalized brain
endothelial cell line hCMEC/D3 that ROS can activate PI3K-PKB
pathway, induce cytoskeletal actin rearrangement and spatial
redistribution, suppress tight junction proteins expression, and
finally increase cerebral endothelial cell permeability and alter the
integrity of BBB (Schreibelt et al., 2007).

On the other hand, oxidative stress can also impair
neurogenesis. There are two locations existing immortalized
neural stem cells in the brain of mammalian species: namely
the subventricular zone (SVZ) and the subgranular zone
(SGZ). The nerve cells generated from these two sites can
be integrated into the local nervous loop and participate in
learning and memory processes. Study from Edgardo and
colleagues (Alvarez et al., 2009) confirmed that the learning
and memory ability is dramatically decreased in STZ-induced
diabetic mice compared with normal mice; the DCX-positive
cells, which reflect the amounts of new-born neurons, are
significantly reduced in diabetic animal; and the lipofuscin
deposition in SVZ and SGZ is dramatically increased, indicating
oxidative stress contributed to the development of neurogenesis
disorders.

Non-enzymatic Protein Glycosylation
As discussed above, the excessive oxidative stress has been
recognized as one of themost important pathogenesis of diabetes.
Studies indicated that the process of oxidative stress is strictly
associated with protein glycosylation, and these two synergic
factors contribute to the worsening of diabetes and diabetic
complications, including diabetic cerebral vascular damage and
cognitive obstacles (Vlassara and Palace, 2003). It has been well
recognized that the severity of diabetic neuropathy is closely
related with the history of diabetes and the level of hyperglycemia
(Dahl-Jørgensen et al., 1986). Chronic and sustained high glucose
environment will increase the generation of advanced glycation

end products (AGEs). Studies suggest that AGEs participate in
the whole process of the pathophysiology of diabetic neuropathy.
In a prospective clinical study that lasted for 27 years, researchers
found that the degree of neuropathy is related with HbA1c and
AGEs (Sveen et al., 2013).

AGEs are a broad class of non-enzymatic products of
reactions between proteins or lipids and aldose sugars (Singh
et al., 2001) characterized by fluorescence, brown color, and
intra- and inter-molecular cross-linking and are formed by the
process of nonenzymatic glycation, in which reducing sugars
such as glucose react non-enzymatically with amino groups
of proteins and other macromolecules. In addition to glucose,
other reactive dicarbonyls, such as methylglyoxal (Mgx), glyoxal
(Gx), and deoxyglucosones, are also known to generate AGEs
(Brownlee et al., 1984; Wautier and Guillausseau, 1998). So far,
only a few AGE structures have been identified in vivo, such
as Nε-(carboxymethyl)lysine (CML), pentosidine, imidazolones,
and oxalic acid monolysinylamide (OMA) et al. Although
AGEs can be continuously produced and accumulated under
high glucose circumstance in the body, western diet which is
accompanied with high AGEs in the food will dramatically
accelerate this process, as about 10% of oral consumed AGEs
can be absorbed into the circulation system (Uribarri et al.,
2011; Vlassara and Striker, 2011; Illien-Jünger et al., 2015).
When studying the relation between Maillard reaction products
and Alzheimer’s disease, Smith et al. (1994) observed that the
level of AGEs at neurofibrillary tangles and senile plaques is
significantly increased in the patients. More importantly, AGEs
are found to be co-localized with astrocytes and microglia in
these patients (Takeda et al., 1998), strongly suggesting the
important role of AGEs in DCI development. The composition
of AGEs is very complex. There is a study demonstrated that
CML, one of the major components of AGEs, is accumulated
in the nervous system of diabetic patients (Sugimoto et al.,
1997).

Recently, the in vivo effect of D-ribose (Rib) on glycosylation
has attractedmore andmore interests (Wei et al., 2012). Rib exists
in all kinds of cells and is a key component of many important
biological molecules (Keller et al., 1988). There is a clinical study
involving type 2 diabetes patients reported that the urine level of
Rib in these patients is abnormally high (Tao et al., 2013), and this
elevation participates in cognitive dysfunction in these patients
(Han et al., 2014). This finding is further demonstrated by animal
experiments that intraperitoneal injection of Rib to mice can
significantly increase the plasma glycated proteins and AGEs
content, while with less impact on blood sugar (Wei et al., 2012);
moreover, this treatment significantly increases brain levels of
AGEs, and contributes to learning and memory decline (Han
et al., 2011).

AGEs can alter protein features and affect cell function
via multiple pathways (Duran-Jimenez et al., 2009). Although
the underlying pathogenesis is very complex, receptor pathway
may play a major role in it. The receptor for AGEs, namely
RAGE, is an immunoglobulin superfamily which can combine
with a plurality of ligands. RAGE is expressed in different cell
types, including neurons in the whole nervous system. The
accumulation of AGEs and the activation of RAGE can lead
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to oxidative stress, activate NF-κB pathway and up-regulate
the target genes expression, trigger inflammation, and result in
neuronal cell damage. Animal experiments show that oxidative
stress can hinder neurogenesis, increase AGEs production and
promote the neuron cell apoptosis (Jing and Zhang, 2011).
Therefore, oxidative stress and AGEs accumulation constitute a
vicious cycle. There are studies found in STZ-induced diabetic
rats that the level of plasma ROS is as high as two times of
that in normal rats, which accompanies with AGEs accumulation
and RAGE up-regulation; and anti-oxidative stress treatment
significantly reduces levels of AGEs and RAGE, thereby prevents
neuron damage (Aragno et al., 2005). Toth et al. (2006)
reported that knockout of RAGE can dramatically ameliorate
neurodegenerative changes in diabetic rats, indicating the
significant role of AGEs and RAGE in the development of DCI.
Besides RAGE-mediated damage, a recent study reports that the
accumulation of AGEs can cause hypertrophy of BBB basement
cells, stimulate the production, and secretion of transforming
growth factor-β (TGF-β) from the outer membrane, promote the
release of vascular endothelial growth factor and MMP-2 from
cerebral vascular endothelial cells, and lead to the destruction of
BBB (Shimizu et al., 2013).

Nitric Oxide Stress
Nitric oxide (NO) is considered to be a bridge that connects
diabetic neuropathy and the organismmetabolism. Studies found
in DM rats that diabetes will increase nitric oxide synthase (NOS)
activity in the brain, and excessive NO will lead to learning and
memory dysfunction (Xue et al., 2009; Talarowska et al., 2012).
There are three types of NOS, namely neuronal NOS (nNOS),
endothelial NOS (eNOS), and inducible NOS (iNOS). The
activation of nNOS and eNOS depends on Ca2+ and calmodulin
(CaM), and small amount of NO can be generated under normal
circumstances; iNOS is a non-calcium-dependent enzyme with
little or no expression under normal conditions, however, factors
including hyperglycemia, AGEs, oxidative stress, ischemia, and
hypoxia etc. can activate the enzyme and induce a large amount
of NO production. Under physiological conditions, NO can act
as a vasodilator and a messenger that mediates information
transmission; but at pathological state, as a free radical, it can
damage the biomolecules and lead to neurons apoptosis or
necrosis (Tokuno et al., 2002; Kim et al., 2010).

There are further studies found that NO stress will influence
the synaptic plasticity of the hippocampus. As well known,
hippocampus is an important sites that managing learning
and memory via long-term potentiation (LTP) induction and
maintenance. NO plays an important role in LTP and NOS
inhibition can lead to learning and memory dysfunction.
Research indicated that sustained hyperglycemia can cause an
increase of glutamate, N-methyl-D-aspartate receptor (NMDA)
receptor dysfunction, and Ca2+/CaM-dependent nNOS activity
increase, and the overproduction of NO would result in the
enhancement of LTP (Yang et al., 1999; Biessels et al., 2002a). Liu
et al. (2003) found that the content and activity of hippocampal
NOS is negatively correlated with learning and memory ability
in diabetic rats, but this relationship is converse in healthy rats.
This can be explained in that excessive NO will hide its LTP

enhancing effects by directly inducing neuron damage, thus
damaging memory process.

Inflammation
There is a saying that hyperglycemia is a major cause of DCI,
while chronic inflammation can build a bridge between them
(Kamboj et al., 2008). Studies have demonstrated that type 2
diabetes is actually a low level chronic inflammatory disease.
In Hotamisligil et al. (1993) found in diabetic animals for
the first time that the inflammatory cytokines are abnormally
increased, and neutralizing inflammatory cytokines by antibodies
can increase glucose uptake in peripheral tissues and reduce
insulin resistance. Thereafter, amounts of studies found in both
animal disease model and diabetic population that type 2 diabetes
is accompanied by the elevation of blood lipopolysaccharides
(LPS), C-reactive protein (CRP), interleukin (IL)-6, and IL-1,
etc. (Yudkin et al., 1999; Cani et al., 2007a; Zhao et al., 2012),
further confirmed the low-grade inflammation nature of diabetes.
With study progressing, this nature has been recognized to play
an important role in the development of DCI. There is a study
demonstrated that macrophage activation and infiltration in the
nervous system can lead to chronic degenerative disease of the
central nervous system (Kierdorf et al., 2010), and blockade
the activation of macrophage can significantly decrease levels of
malondialdehyde, catalase and superoxide-positive cells in the
brain (Wang et al., 2015).

There is currently lack of large cohort study involving
inflammatory factors and cognitive impairment risk in diabetic
population. A cohort study that included 5,217 cases and
followed up for 10 years found that high IL-6 levels in middle
age will increase the risk of cognitive decline by as high as
1.81 times (Singh-Manoux et al., 2014), and this was further
demonstrated by another study that the negative effects of high
IL-6 on cognition will not change concerning use or non-use
of statins (Wichmann et al., 2014). TNF-α is closely related
with the activity of hippocampus. The increase of TNF-α would
specifically damage the spatial memory capacity of animal and
decrease the expression of nerve growth factor, thus interference
the growth and function of hippocampus (Golan et al., 2004); it
was demonstrated in African American patients who have high
risk of cardiovascular events that elevated TNF-α dramatically
reduces the processing and acting speed of the brain (Windham
et al., 2014). Adhesions molecules play an important role in
mediating inflammatory cell infiltration and activation. Baydas
et al. (2003) reported that the expression of adhesion molecules
are significantly increased in the hippocampus of STZ-induced
diabetic rats and this elevation is related with memory and
learning defects in rats. Study found that the presence of
inflammatory cytokines and the activation of NF-κB can directly
lead to neuronal dysfunction (Mattson and Camandola, 2001; Liu
et al., 2013), and this dysfunction can be relieved by the inhibition
of inflammatory signaling pathways (Hofmann et al., 1999).

Besides inflammatory cytokines, amounts of evidences have
indicated that metabolic factors also contribute to inflammatory
DCI. As discussed above, Rib is elevated in diabetic patients,
recent study observed that it can activate RAGE, thereafter
activate NF-κB pathway and damage the brain (Han et al., 2014).
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Meta-analyses have proposed that overweight will increase the
risk of cognitive dysfunction (Anstey et al., 2011; Loef and
Walach, 2013); in fact, obesity will also induce a low-grade
inflammation state and aggravate cognitive impairment in these
patients (Nguyen et al., 2014).

A key feature during the inflammatory process is the
appearance of Danger Associated Molecular Patterns (DAMP)
(Bianchi, 2007). Among DAMPs, a particular molecule that
is associated with nerve damage and deserves concern is
high mobility group protein box-1 (HMGB-1) (Andersson and
Tracey, 2011). HMGB-1 is a nuclear protein that can bind to
DNA and regulate gene expression. Abundant evidences suggest
that HMGB-1 plays a pivotal role in the tissue repair response,
involves in inflammation process, and actively participates in the
process of chronic neuropathic disorders (Feldman et al., 2012).
Although HMGB-1-related cell signal transduction mechanism
is not so clear, it has been recognized that RAGE and TLR2/4
are important receptors mediating its function. Ligand binding
studies showed that the affinity of HMGB-1 to bind with RAGE
is about 7 times higher than that of AGEs. When HMGB-1
is released into the cytoplasmic, it will exist at all-thiol state
(at-HMGB-1) and bind with RAGE to function (Huttunen
et al., 2002); there is report suggesting that at-HMGB-1 can
also form a complex with CXCL12 and play a role via CXCR4
(Venereau et al., 2013). While in oxidative stress environment,
HMGB-1 may experience disulfide reaction and produce the
disulfide isoform of HMGB-1 (ds-HMGB-1); ds-HMGB1 mainly
participates in the generation of inflammatory cytokine via toll-
like receptor 4 (TLR4) (Venereau et al., 2013).

Glucose and Lipid Metabolic Disorder
High blood glucose is a characteristic of diabetes. The prolonged
latency of neuron evoked potentials is a common phenomenon
in both type 1 and type 2 diabetes. Study found that the course
of diabetes and the level of HbA1c can extend the latency period
and insulin therapy can alleviate this change (den Heijer et al.,
2003). Moreover, diabetes can also damage the hippocampus
structure and result in its dysfunction (Kamal et al., 1999;
Gaspar et al., 2010a). A prospective cohort study that included
127,209 people and followed up for 8 years observed that the
risk of occurring cognitive impairment in diabetic patients who
did not underwent oral hypoglycemic agents treatment will
increase to 2.41 times compared with healthy population, while
oral hypoglycemic agents treatment can decrease this risk to
1.61 (Hsu et al., 2011). Although hyperglycemia has no effect
on the number and concentration of mitochondria and in
neurons of hippocampus, it will increase KIF1A, VGluT-1, and
synaptotagmin-1 expression, while decrease KIF5B, SNAP 25 and
synaptophysin expression (Gaspar et al., 2010b; Baptista et al.,
2013), indicating diabetes may have an impact on the neuronal
axonal transport at hippocampus.

Diabetic patients are often accompanied with lipid
metabolism disorders, manifesting with high cholesterol,
high triglycerides, high density lipoprotein and low high-density
lipoprotein in the blood. As well known, the brain is an organ
rich in cholesterol; however, the brain cholesterol levels are
relatively independent of blood cholesterol levels due to the

existence of BBB. Although the risk of blood high cholesterol
on cognitive impairment is still controversial (Wood et al.,
2014), amounts of studies from animal experiments concluded
that elevated blood cholesterol levels will promote Aβ amyloid
precursor protein production (Posse de Chaves, 2012; Maulik
et al., 2013). Brain cholesterol transport between neurons
and glial cells is mainly through clusterin/apolipoprotein J
and apolipoprotein E (ApoE). However, as ApoE participates
in the clearance of Aβ, it is now believed to be involved
in the genesis of cognitive impairment. Liao et al. (2014)
found that when the Alzheimer’s disease mice are treated
with ApoE monoclonal antibody, the behavior is improved
and accompanies with brain Aβ deposition reduction. In
this respect, anti-ApoE antibody may be developed as a
potential treatment toward cognitive impairment. Low-density
lipoprotein receptor families (LDLR) also play an important
role in the pathogenesis of cognitive dysfunction in the
brain. Abnormal endocytosis, abnormal lipoproteins signaling
pathways and synaptic dysfunction caused by abnormalities
of LDLR will impair brain function (Lane-Donovan et al.,
2014). In addition, there are a large number of clinical studies
have found reduced HDL will increase the risk of cognitive
impairment. Therefore, lipid metabolic disorder in diabetic
patients plays a role in the pathogenesis of brain cognitive
dysfunction.

Calcium Homeostasis Imbalance
As well known, calcium (Ca2+) homeostasis plays a pivotal role
in maintaining the normal function of the organism. It has been
well recognized that diabetes and its complications can damage
Ca2+ homeostasis in neurons, induce degenerative changes of
the neuron, and eventually lead to neuronal dysfunction and
cell death. Biessels and Gispen (1996) pointed out that ischemia,
oxidative stress, and non-enzymatic protein glycation etc. will
finally induce Ca2+ homeostasis imbalance and lead to nerve
degeneration.

Plenty of studies have investigated the involvement of Ca2+

homeostasis in DCI. Researchers found that the learning and
memory ability of diabetic mice are significantly decreased, and
the mRNA and protein expressions of calcium channel protein
CaV1.2 in the brain are increased, indicating the synaptic calcium
uptake capacity is enhanced; and L-type calcium channel blocker
nimodipine can reverse the abnormal expression, improve the
Ca2+- dependent changes in synaptic plasticity, and ameliorate
cognitive dysfunction of the mice (Manschot et al., 2003; Singhal
and Sandhir, 2015).

There are many mechanisms that mediate diabetic Ca2+

influx, the most important mechanisms lie in the following
two pathways: (1) calcium channel excitability enhancement.
Calcium channel is commonly activated via the activation of
G protein; report demonstrated that the dysfunction of Ca2+

channels mediated by G proteins is an important mechanism
that leads to Ca2+ influx in diabetes (Hall et al., 2001). (2) Ca2+-
Mg2+-ATP enzyme, which is an important regulator that control
intracellular Ca2+ concentration, the activity of the enzyme
in diabetic neuropathy patients is reported to be abnormally
enhanced (Migdalis et al., 2000).
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The abnormal Ca2+ influx would induce Ca2+ overloading,
and finally result in the apoptosis of the concerned cells.
Besides inducing apoptosis process, Ca2+ influx can also activate
phospholipase, prevent mitochondrial electron transport, release
free radicals, and finally lead to cell death (Muranyi et al., 2003).

As discussed above, the pathogenesis of DCI is very complex,
and its mechanism is not yet entirely clear. At present, it is
recognized that the pathogenesis of DCI is closely related with
risk factors of diabetes (Figure 1).

GUT DYSBACTERIOSIS CONTRIBUTES TO
DCI

Microbiota-Gut-brain axis (MGBA) is a two-way adjustment
shaft. Amounts of studies have demonstrated that MGBA
plays a key role in maintaining the body’s metabolism and
neuroendocrine stability (Rhee et al., 2009). Although the
adjustment factors of MGBA axis is very complex, recent studies
indicated that the microbiota and neuroactive peptides are the

core, and they may closely related with the development of DCI.
Gut dysbacteriosis has been demonstrated to play a role in many
psychiatric disorders (Collins et al., 2012; Cryan andDinan, 2012;
Bienenstock et al., 2015).

The specific composition of microbiota is very complex
and differs from individuals, but the relative abundance and
distribution of the microbiota in healthy population is similar,
and the most important two are Firmicutes and Bacteroides,
which account for at least three-quarters of the total microbiota
in the organism (Eckburg et al., 2005). The importance of
microbiota on health has been recognized in this decade,
however, the dialogue pathway and the specific mechanism
between gut bacteria and distant organs (such as the brain) has
just started. Most recent studies observed that major changes
concerning the composition of the microbiota are associated
with the occurrence of diabetes (Qin et al., 2012; Forslund
et al., 2015), and systematic studies concerning the relationship
between microbiota and diabetes have confirmed that gut
dysbacteriosis and type 2 diabetes have a direct relationship (Qin
et al., 2012; Karlsson et al., 2013), and microbiota may deeply

FIGURE 1 | Proposed pathogenesis of diabetic encephalopathy. Hyperglycemia, insulin resistance and metabolic disorder are characteristics of diabetes; they

may promote dysfunction of blood brain barrier, induce neuron loss, hamper synaptic transmission, and thereafter contribute to the development of diabetic cognitive

impairment.
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influence the development of diabetes and DCI. Mechanisms
including endocrine, immune and neural signaling etc. have been
indicated to connect microbiota and brain function (Cryan and
Dinan, 2012). Studies observed that germ free mice exhibit a
series of spontaneous brain changes including hyperactivity of
hypothalamus-pituitary-adrenal axis (Sudo et al., 2004), blood-
brain barrier (BBB) permeability increment (Braniste et al.,
2014), axon hypermyelination (Hoban et al., 2016), and cognition
impairment (Gareau et al., 2011).

Mass Effect of Microbiota
The specific mechanism of microbiota imbalance involves
diabetes has not been fully elucidated. A study from Cani
et al. (2007a) found in mice that high fat diet will increase
the amount of toxin-productive Gram-negative bacteria and
decrease probiotics (e.g., Lactobacillus and Bifidobacterium)
numbers; on the other hand, stimulating the proliferation of
probiotics by adding oligofructose in the food can ameliorate
diabetic symptoms (Cani et al., 2007b). In Wu et al. (2010)
investigated the stool samples from type 2 diabetic patients and
found that the amounts of probiotics is negatively correlated
with the level of blood glucose, and hypoglycemic treatment can
dramatically increase probiotics level to normal. It is believed that
the decrease of gut probiotics will induce the impaired glucose
tolerance, reduce sugar-induced insulin secretion, increase the
symptoms of endotoxemia, and finally lead to type 2 diabetes
(Cani et al., 2007b).

Co-metabolism Products between
Microbiota and Gut Play a Pivotal Role in
Maintaining the Body in a Healthy State
It is conventionally believed that probiotics may protect the
intestinal mucosa against pathogen’s attack and guarantee
normal intestinal permeability mainly through its “mass effect.”
However, recent studies unveiled that the “mass effect” may play
only a small role and most of the probiotics’ effects are achieved
through the “co-metabolism” mechanism between probiotics
and the body (Figure 2). Microbiota derived metabolic products
have been observed in the blood and in central nervous system,
and these products are indicated to be important regulators in
gut-brain cross-talk (Leclercq et al., 2017).

The most important metabolic products are small chain
fatty acids (SCFAs), including butyric acid, propionic acid,
and acetic acid et al. (Miles and Root, 1922; Macfarlane and
Macfarlane, 2003). SCFAs are mainly derived from dietary fibers.
It is found that SCFAs have neuroactive properties that could
directly influence brain function and behavior (MacFabe et al.,
2011), promote the development and stability of the nervous
system (Stilling et al., 2014) and strengthen the tight connections
of intestinal epithelial cells (Reske-Nielsen et al., 1966; Ait-
Belgnaoui et al., 2014). Dietary factors can seriously affect the
production of gut SCFAs. There are reports demonstrated that
rodents fed with western food had reduced levels of SCFAs
(Berger et al., 2014; Ojo et al., 2016), compared with controls
fed with low-fat diet; and if the body lacks a butyrate-producing
bacteria, it is easy to develop type 2 diabetes, while healthy

population have more butyrate-producing bacteria than that
of diabetic population (Karlsson et al., 2013). More and more
studies indicate that SCFAsmay influence the body frommultiple
pathways:

(1) Receptor-mediated pathway: SCFAs can regulate the energy
balance of the host via the G protein coupled receptor GPR41
and GPR43 (Brown et al., 2003). The combination between
SCFAs and GPR41/43 can promote the release of PYY
from the intestine, thereby inhibiting intestinal peristalsis
and increase SCFAs absorption (Samuel et al., 2008).
Another report demonstrated that SCFAs can stimulate
GLP-1 secretion via GPR41/43 pathway (Tolhurst et al.,
2012), which was shown to help in attenuating pancreatic
islet hypertrophy and improving sensitivity (Hwang et al.,
2015).

(2) Energy source and anti-inflammatory effects: SCFAs can
also be utilized by the intestinal epithelial cells as
important energy sources, thus affect the epithelial cell
proliferation, differentiation and apoptosis. On the other
hand, SCFAs also impact functions of dendritic cells
function, influences the proliferation of T cell, inhibits
NF-κB activation (Hamer et al., 2008; Maslowski et al.,
2009; Qin et al., 2012; Trompette et al., 2014; Andrade-
Oliveira et al., 2015), therefore show anti-inflammatory
property.

(3) Neuroprotective effects: SCFAs reach the brain through
circulation (Macfabe, 2012) and posses neuroprotective
effects (Sun et al., 2015). Reports demonstrate that butyrate,
an important component of SCFAs, can improve the
age-related memory decline (Reolon et al., 2011) and
possess anti-anxiety and anti-depressant effect (Gundersen
and Blendy, 2009; Zhu et al., 2009), indicating the
positive role of SCFAs in the regulation of central
nervous system dysfunction. Studies indicated that SCFAs
may influence brain function by regulating neuropeptides
secretion. It is found that SCFAs can stimulate the
sympathetic nervous system (Kimura et al., 2011), promote
the secretion of GABA, serotonin, and dopamine (Grider
and Piland, 2007; Lyte, 2011), affect angiogenesis and
neurogenesis in the brain (Yoo et al., 2011), influence
the cognitive process of learning and memory (Levenson
et al., 2004; Li W. et al., 2009; Stefanko et al., 2009)
and improve memory performance in the novel object
recognition task (Yoo et al., 2015). It is well-known
that PYY and glucagon-like peptide type 1 (GLP-1) can
not only inhibit intestinal motility and improve glucose
metabolism, but also induce satisfy feeling and behavior
changes. Researchers found that SCFAs can promote
the neuropeptide PYY release from intestinal mucosal
epithelial type L cells, and increase GLP-1 and GLP-2
production (Holst, 2007; Samuel et al., 2008; Holzer et al.,
2012). Study from Li and colleagues indicated that GLP-
1 signaling can promote hippocampal neural plasticity
and improve memory function (Li et al., 2012). Besides
promoting neuropeptides secretion, SCFAs also play a role
in neuron proliferation and differentiation. For instance,
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FIGURE 2 | The two-way cross-talk of MGBA. In healthy population, the glucose metabolism is strictly controlled by both neuropeptides originated from the brain

and endocrine factors secreted from the digestive system. CRF and cortisol modulates the secretion of insulin from islet β cells and maintains blood glucose at

reasonable level. Microbiota in the gut digest dietary fiber and “co-metabolize” with gut epithelial cells to keep gut epithelial cell barrier and promote the secretion of

neuropeptides, SCFAs originated from Microbiota and neuropeptides generated from the epithelial cells will further circulate to the brain and affect brain function.

ACTH, adrenocorticotrophin hormone; AGEs, advanced glycation end products; BBB, blood brain barrier; CRF, corticotropin releasing factor; GABA, γ-aminobutyric

acid; ROS, reactive oxygen species; SCFAs, short chain fatty acids.
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SCFAs can directly increase the expression of brain-derived
neurotrophic factor (BDNF) and glia-derived neurotrophic
factor (GDNF) and inhibit histone deacetylase (HDAC) (Wu
et al., 2008).

(4) Hippocamp preserving effects: By investigation on
the relation between dietary factors and microbiota
(Noble et al., 2017), the influence of microbiota on
cognition health has been further defined (Fröhlich
et al., 2016). Evidences from animal (Kanoski and
Davidson, 2011) and human (Baym et al., 2014)
have observed the positive relation between SCFAs
withdrawn and the impairment of hippocampal-
dependent learning and memory function as early as 3
days (Kanoski and Davidson, 2010) after the experiment
beginning.

Due to the important role of SCFAs, it has become a hot
research topic in the field of diabetes, and some scholars indicated
that the co-metabolism between microbiota and the organism
may be a potential target for drug treatment and design (Huang
et al., 2016; Obrenovich et al., 2016).

Dysbacteriosis Induced Endotoxemia
Leads to Inflammatory State of the Body
and Brain
In 2007, Remy Burcelin research group from France firstly
proposed that “endotoxemia” originated from intestinal flora
is an important factor that triggers inflammatory responses
in type 2 diabetes (Cani et al., 2007a). They observed that the
composition of intestinal flora in diabetic mice is significantly
changed compared with normal mice, beneficial bacteria (e.g.,
Bifidobacterium) which plays a pivotal role in protecting gut
barrier is strikingly decreased, the intestinal permeability is
increased, and blood toxins (e.g., LPS) are significantly increased
(Cani et al., 2007b). Exogenous LPS administration not only
lead to weight gain in mice, but also increase the levels of other
inflammatory factors in animal (Cani et al., 2007a); and once
the animals are treated with antibiotics, with the composition of
intestinal flora changes, the intestinal permeability is restored,
blood endotoxins are decreased, and the body’s inflammatory
response is ameliorated (Cani et al., 2008). Although the
mechanism of intestinal flora mediated “endotoxemia” is
not fully understood, the two interrelated factors may be
involved: (1) intestinal dysbacteriosis induced production of
endotoxins and inflammatory cytokines, and (2) intestinal
dysbacteriosis induced intestinal epithelial permeability
increase.

Diabetes has been recognized as a low-grade inflammatory
disease, and gut dysbacteriosis will appear under this setting.
Inflammatory cells play a pivotal role against gut-derived
bacterial products entering the blood circulation. Reports
revealed that LPS can stimulate the activation of inflammatory
cells (Steenbergen et al., 2015). On the other hand, gut microbiota
can also directly stimulate the generation of inflammatory
cytokines (Heumann et al., 1994). It is found that intravenous
injection of LPS to healthy humans will increase serum
levels of inflammatory cytokines and cortisol and decrease

memory performance (Krabbe et al., 2005). The findings that
inflammatory cytokines are able to reach the brain (Schedlowski
et al., 2014) further demonstrate these cytokines may be
an important regulator between gut-brain cross-talk. Studies
demonstrated that cytokines can increase the expression of
serotonin and GABAwithin the hippocampus (Wang et al., 2012;
Jin et al., 2013), thus inhibit brain function. Clinical reports have
indicated a positive association between inflammatory cytokines
and cognitive decline (Sellbom and Gunstad, 2012). In fact,
SCFAs have been demonstrated to inhibit diabetic inflammation.
It is found that butyrate has anti-inflammatory actions by
preventing LPS-induced activation of inflammatory cells and
suppresses nuclear translocation of NF-κB (Segain et al., 2000).

Dysbacteriosis Induced Intestinal Barrier
Dysfunction
An important mechanism of microbiota-mediated GBA lies
in its effects on intestinal barrier, mainly including the cell
barrier and immune barrier. Patients with dysbacteriosis have
been observed with higher intestinal permeability, while healthy
population without microbial alterations did not (Leclercq et al.,
2014), indicating the importance of microbiota in preserving gut
barrier.

(1) Cell barrier: The cell barrier is mainly composed of
enterocytes and tight junctions between neighboring cells
(Gallo andHooper, 2012). Toll like receptors (TLRs) involves
in the proliferation and repair process of intestinal epithelial
cells (Rakoff-Nahoum et al., 2004). A most recent study
reported that microbiota can also affect the activation
of TLRs (Caesar et al., 2015), showing the importance
of microbiota on the integrity of epithelial cell. LPS
and pro-inflammatory cytokines have been demonstrated
to down-regulate tight junctions expression and cause
disruption of the gut barrier (Al-Sadi et al., 2009, 2014;
Guo et al., 2016). The importance of microbiota on
protecting the intestinal barrier has been verified in
human patients. Previously, a study showed that when
the hepatic encephalopathy patients are administrated
with oral antibiotics, their brain dysfunction can be
ameliorated (Morgan, 1991), indicating antibiotics treatment
rebalances the composition and enhances the integrity of
intestinal barrier and BBB, thus decreases the permeability
of harmful substances across gut epithelial cells and
BBB. Recently, there is a research demonstrated that
butyrate can stabilize hypoxia-inducible factor (HIF; Kelly
et al., 2015), which is critical for preserving gut barrier
integrity.

(2) Immune barrier: Numerous immune cells in the gut
lumen play a key role in defending the body against
invading bacteria (Gallo and Hooper, 2012). Studies in
sterile animals demonstrated that the microbiota is crucial
for the occurrence of gut associated lymphoid tissue
(GALT), which plays an pivotal role in the normal secreting
of immunoglobulin IgA and effective controlling of the
inflammatory response (Quigley, 2008).
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Gut Dysbacteriosis Increased the
Permeability of BBB
The direct influence of microbiota on BBB has not yet been
fully explored. But findings have indicated the importance of
normal gut flora on the stability of BBB. Recently, Braniste et al.
(2014) demonstrated that gut microbiota plays an important
role in modulating the integrity of BBB; they observed that the
permeability of BBB is strikingly increased in germ-freemice, and
this is attributed to the down-regulation of tight junction proteins
(e.g., occludin and claudin 5) in the brain endothelial cells; once
the GF mice are “conventionalized” with flora from pathogen-
free mice, the integrity of the BBB is dramatically enhanced,
and the authors attributed this to microbiota metabolites, i.e.,:
SCFAs. A study from Kanoski et al. (2010) found in rats that low-
fiber diet will increase the leaky of BBB in the hippocampus by
reducing the tight junction proteins expression; and BBB damage
was positively associated with cognitive impairment (Davidson
et al., 2012), strongly indicating the importance of microbiota
and its metabolic products SCFAs on the integrity of BBB. Besides
the effects of SCFAs as discussed above, it is found that SCFAs
can also increase the electrical resistance on the epithelial cells
and decrease the paracellular permeability (Suzuki et al., 2008);
however, the role of SCFAs on ionic charge on BBB still needs to
be clarified, the exact mechanisms underlying SCFAs-modulated
BBB integrity remains unknown, and study in this area may lead
to a new direction toward the treatment of neuro-dysfunction
diseases.

Gut Dysbacteriosis Related with Insulin
Resistance
Insulin, produced in pancreatic beta cells, plays a central
role in modulating blood glucose metabolism, and insulin
resistance is one of the characteristic of diabetes. Circulating
insulin can cross the BBB and insulin receptors are found
to be expressed in synapses (Zhao and Alkon, 2001) and
particularly concentrated in the hippocampus (Havrankova et al.,
1978). Recent studies revealed insulin signaling in the central
nervous system participated in the cognition and neuronal
plasticity (Biessels and Reagan, 2015). A research demonstrated
that SCFAs deficiency can induce peripheral insulin resistance
and cognition impairment in both animals (Gao et al., 2015)
and humans (Rönnemaa et al., 2008). The mechanisms are
complex. It is found that insulin can activate α-amino-3-
hydroxy-5-methyl-4- isoxazolepropionic acid (AMPA) receptors
and leads to increased hippocampal long-term potentiation (LTP;
Adzovic and Domenici, 2014). Another mechanism involving
insulin modulated cognition is via inflammation pathway.
Besides possessing peripheral anti-inflammatory effects against
endotoxin (Jeschke et al., 2004), recent observation indicated
insulin in the central nervous system can attenuate brain
inflammation and preserve memory function (Adzovic et al.,
2015).

Due to the above important findings, healthy microbiota
transfer has been experimentally applied to patients with insulin
resistance and received satisfactory outcome (Vrieze et al., 2012).
This is demonstrated in low-fiber diet fed rats that antibiotic

treatment to these rats helps to improve insulin sensitivity
(Suárez-Zamorano et al., 2015) by depleting bad micribiota in
the gut.

CROSS-TALK BETWEEN MICROBIOTA
AND HPA AXIS IN THE DEVELOPMENT OF
DCI

As discussed above, the development of diabetes is dually
controlled and regulated by neuroendocrine factors and digestive
system. The most important regulatory pathway of human
neuroendocrine pathway is hypothalamic-pituitary-adrenal
(HPA) axis (Dinan et al., 2006). It was found that HPA is
excessively activated in germ-free animal (Sudo et al., 2004). As
well known, corticotropin releasing factor (CRF) released from
the hypothalamus plays a key role in the HPA axis. More recently,
a research reported that diabetes can lead to hyperactivity of
the HPA axis and cause functional hypercortisolism (Tirabassi
et al., 2016). In fact, CRF has now been believed to be a
messenger that modulates microbiota-gut-brain axis (MGBA)
(Holzer and Farzi, 2014). Studies found that in germ-free
animals the body’s CRF and adrenocorticotrophin hormone
(ACTH) levels are significantly increased, while brain-derived
neurotrophic factor (BDNF) and N-methyl-D-aspartic acid
receptor subtypes 2α (NMDAR-2α) are strikingly reduced
(Sudo et al., 2004; Crumeyrolle-Arias et al., 2014), indicating
microbiota plays an important role in modulating HPA axis
and in the process of the neural development. Recent studies
indicate hypercortisolism under diabetic state may exacerbate
dysbacteriosis-attributed DCI.

CRF includes large family protein peptides, mainly including
CRF, Urocortin 1 (UCN1), UCN2, and UCN3, etc. CRF family
peptides mainly function through their receptors, namely CRF-
R1 and CRF-R2, in which UCN and CRF can simultaneously
bind with the two receptor types while UCN3 and UCN2
are highly selective for CRFR2. It has been well studied that
CRF family peptides have a wide function on the organism.
Recently, studies found that they play an important role in
the regulation of diabetes and its complications. For instance,
they can inhibit the apoptosis of pancreatic islet cells (Blaabjerg
et al., 2014), regulate the release of insulin from islet β cell
(van der Meulen et al., 2015), and adjust glucose uptake
and utilization of target cells and organs (Chen et al., 2006;
Roustit et al., 2014). In the whole animal study, CRF family
peptides are found to have a positive effect on diabetes and
its complications. Previously, research observed that UCN1 can
decrease the content of AGEs in diabetic animals, ameliorate
plasma levels of creatinine, and urea nitrogen, reduce the
accumulation of glomerular extracellular matrix in the kidney,
inhibit the expression of TGF-1β and VEGF, and improve
renal injury (Li et al., 2008; Li X. et al., 2009). Recently, it is
found that UCN1 can ameliorate diabetic cardiomyopathy via
Akt/GSK-3β pathway (Liu et al., 2015). Therefore, converging
lines indicate that CRF family peptides play a protective
role in the development of diabetes. However, concerning
the development of DCI, a depressive conclusion may be

Frontiers in Aging Neuroscience | www.frontiersin.org 10 April 2017 | Volume 9 | Article 106

http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Aging_Neuroscience/archive


Xu et al. MGBA on DCI

FIGURE 3 | MGBA modulated DCI. In diabetic population, metabolic disorder and hypercortisolism will exacerbate hyperglycemia, promote the generation of AGEs

and inflammatory cytokines in the internal environment; on the other hand, dysbacteriosis in the gut will dramatically increase the production of endotoxin and

decrease the level of SCFAs. Both dysbacteriosis and internal environment disorder will lead to the intestinal barrier and BBB dysfunction, facilitate harmful substance

(e.g., AGEs, endotoxin, pathogens etc.) to access to neurons, and thus contribute to the development of DCI. ACTH, adrenocorticotrophin hormone; AGEs,

advanced glycation end products; BBB, blood brain barrier; CRF, corticotropin releasing factor; GABA, γ-aminobutyric acid; ROS, reactive oxygen species; SCFAs,

short chain fatty acids.
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drawn, and this conclusion can be traced from the following
clues:

Hypercortisolism Contributed Microbiota
Changes
A most recent finding observed that diabetes can lead to
hyperactivity of the HPA axis and cause hypercortisolism
(Tirabassi et al., 2016). Hypercortisolism can result in a series of
dysfunction of or damage to the body, including the composition
changes of microbiota and cognitive dysfunction. Evidence from
a recently published research showed that the changes of HPA
axis in autism patients can lead to a particular structure and
composition transform of microbiota, and the extent of this
change is closely related to the severity of the disease (Mayer et al.,
2014). Another study showed that 2 h of the environmental stress
can change the microbiota (Galley et al., 2014), indicating the
important function of CRF family peptides on themicrobiota. On
the other hand, diabetic dysbacteriosis leads to the dysfunction
of intestinal barrier and BBB and promotes the development
of DCI, hypercortisolism should obviously facilitate effects of
dysbacteriosis on DCI.

Hypercortisolism Aggravates Intestinal
Barrier Abnormal
As discussed above, the intestine and microbiota play an
important role in the development of diabetes. CRF is a
neuropeptide which is closely related to the initiation of stress.
Studies found that the activation of peripheral CRF receptors
may lead to stress-associated physiological function changes
of the intestine (Kiank et al., 2010). Amounts of evidences
indicate that the integrity of the intestinal epithelium, intestinal
mucosal immune system, and microbiota composition can be
affected by the CRF family peptides. The activation of CRF
receptors can directly cause the damage of intestinal barrier
function (Söderholm et al., 2002), increase the trans-intestinal
epithelium ability of the bacteria, and promote the infiltration
of inflammatory cells in the intestinal lamina (Rhee et al., 2009).
Previous study also observed that the activation of CRF receptors
can increase the permeability of the blood vessels and induce
tissue edema via the activating mast cells and histamine H1
receptor (Wu et al., 2006).

Hypercortisolism Leads to the Secretion of
Inhibitory Neurotransmitter
The balance between excitatory and inhibitory neurotransmitters
is very important in maintaining the normal function of brain.
Studies found that hypercortisolism induced imbalance
of microbiota may promote the abnormal secretion of
neurotransmitter such as serotonin (also known as 5-HT)
(Diaz Heijtz et al., 2011), γ-aminobutyric acid (GABA), and
histamine (Saulnier et al., 2013) et al., and finally results in
anxiety symptoms.

Study concerning the role and mechanism of HPA on DCI
is rare. Evidence from existed references depicts us with an
image that the involvement of HPA on DCI is very complex:
it is beneficial to blood metabolism on the one hand, and
hypercortisolism is harmful to brain function on the other hand.
Therefore, strictly controlling the stable state of HPA is very

important, and study concerning this area may bring us with new
understandings of DCI.

Converging lines have suggested that MGBA plays a role
in modulating DCI (Figure 3). On the one hand, microbiota
possess various effects on protecting the organism: it enhances
the integrity of the gut epithelial cells, limits the low
grade inflammation in many chronic disease, improves the
glucose metabolism, reduces the oxidative stress and AGEs
production, mediates the secretion of neuropeptides, influences
the neurogenesis, and affects the activation of HPA. On the other
hand, HPA plays a key role in regulating the neuroendocrine
pathway: it interacts with microbiota (although the specific
mechanism deserves to be elucidated), participates in the
stress process, regulates glucose metabolism, and affects the
permeability of blood vessels etc. The interaction between
microbiota and HPA is complex, the balance between these
two factors is pivotal in maintaining normal function of the
body. Investigating microbiota-HPA mediated MGBA should
have great impact on understanding the development of DCI.

NERVE CONNECTION BETWEEN GUT AND
BRAIN

Vagus nerve, which is widely distributed in the gut, has also
been well-established as a connection among microbiota, the
peripheral nervous system, and the central nervous system
(Layé et al., 1995; Forsythe and Kunze, 2013). It is observed
that gut microbiota can directly activate the enteric nervous
system (Furness, 2012) and further transmit information into
brain via vagus nerve. Besides this “by-pass” pathway, vagus
nerve endings also express receptors for inflammatory cytokines
including IL-1 and prostaglandins (Ek et al., 1998), therefore
can be directly activated by gut-derived inflammatory cytokines.
However, studies concerning this area are relatively few, and
further investigations deserve to be carried out to unveil the
direct connection between microbiota and brain in this aspect of
view.

CONCLUSION

With an aging population worldwide, the incidence of diabetes
and diabetic complications has dramatically increased. One
of an important complication accompanied with diabetes is
cognitive impairment. Evidences within this decade strongly
suggest that risk factors such as oxidative stress, inflammation,
and AGEs, which accounts for the development of diabetes,
may also seriously affect brain function. The most recent
studies concerning gut microbiota elucidated one more possible
mechanism on the progression of DCI. From the discussions
above, we may predict that intervention targets such as reducing
ROS and AGEs generation, inhibiting over-inflammation
impairment or re-balancing gut-sourced health-preserving
effects etc. should help to delay the development of DCI. In
view of irreversible development of diabetes, early intervention
and therapeutic strategies targeting the gut microbiota may
be effective on reducing or ameliorating the progression
of DCI.
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