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Abstract

Diabetes mellitus (DM), one of the most prevalent metabolic diseases in the world

population, is associated with a number of comorbid conditions including obesity,

pancreatic endocrine changes, and renal and cardio‐cerebrovascular alterations,

coupled with peripheral neuropathy and neurodegenerative disease, some of these

disorders are bundled into metabolic syndrome. Type 1 DM (T1DM) is an

autoimmune disease that destroys the insulin‐secreting islet cells. Type 2 DM

(T2DM) is diabetes that is associated with an imbalance in the glucagon/insulin

homeostasis that leads to the formation of amyloid deposits in the brain, pancreatic

islet cells, and possibly in the kidney glomerulus. There are several layers of

molecular pathologic alterations that contribute to the DM metabolic pathophysiol-

ogy and its associated neuropathic manifestations. In this review, we describe the

general signature metabolic features of DM and the cross‐talk with neurodegenera-

tion. We will assess the underlying molecular key players associated with DM‐
induced neuropathic disorders that are associated with both T1DM and T2DM. In

this context, we will highlight the role of tau and amyloid protein deposits in the

brain as well in the pancreatic islet cells, and possibly in the kidney glomerulus.

Furthermore, we will discuss the central role of mitochondria, oxidative stress, and

the unfolded protein response in mediating the DM‐associated neuropathic

degeneration. This study will elucidate the relationship between DM and

neurodegeneration which may account for the evolution of other neurodegenerative

diseases, particularly Alzheimer’s disease and Parkinson’s disease as discussed later.
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1 | INTRODUCTION

The brain is only 2% of the body weight. However, its
function depends on 20% of total oxygen consumption and
25% of total body glucose.1 Over 80% of Alzheimer’s disease
(AD) patients comorbid with Type 1 diabetes mellitus

(T1DM) and impaired fasting glucose.2 Parkinson’s disease
(PD) occurs at just under a 2:1 ratio in patients with DM, and
diabetes is a risk factor for several other neurological
disorders, including Huntington’s diseases (HD), amyo-
trophic lateral sclerosis (ALS), and cerebral ischemic stroke.3

In addition, there are over 5 million people with AD in the
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United States, and it is expected to increase by half by 2025.4

The main hypothesis of the cause of DM is either β‐cell
destruction (T1DM) or hyperinsulinemia (T2DM) with
sequela. But hyperinsulinemia also has a role in the
development of AD and other degenerative disorders. We
first consider the role of hyperinsulinemia in both DM and
AD, PD, and other degenerative diseases. We then consider
the link between disrupted insulin/glucagon homeostasis.
Finally, we probe into the relationship of disruption of
glucose homeostasis with oxidative stress and the pro-
grammed cell death response leading to the neurodegenera-
tive diseases.

2 | HYPERGLYCEMIA SEQUELA

The natural evolution of T2DM is hyperglycemia leading to
islet cell stress and loss of glucagon/insulin homeostasis.
Hyperglycemia is related to oxidative stress accompanied by
insulin resistance, insulin‐like growth factor (IGF) signaling
mechanisms, and disturbances in acetylcholine homeostasis.5

This leads to the eventual loss of memory in both AD and
PD. AD is characterized by loss of neurons in the frontal
lobe, amygdala, and hippocampus. It features chronic
oxidative stress and DNA damage associated with the
development of neurofibrillary tangles, amyloid precursor
protein amyloid‐β (APP‐Aβ) deposits, accompanied by
signaling pathways and of prodeath genes that drive
apoptosis, and impaired energy metabolism related to
mitochondrial dysfunction.5 There is a feature of brain
diabetes characterized by cognitive impairment and mole-
cular and pathological features that mimic AD in humans
that were produced by administration of intracerebral
injection of streptozotocin (STZ) in rats. These results were
inhibited by peroxisome proliferator‐activated receptor ago-
nists, which are used to treat T2DM.5 The intracerebrovas-
cular injection of STZ in rats caused deficits in spatial
learning and memory, along with brain insulin resistance,
brain insulin deficiency, and AD‐type neurodegeneration but
not DM.6 This led to the use of the term T3DM.5,6 However,
in contrast to low STZ doses of intracerebral vascular STZ
administration producing neurochemical and brain glucose
metabolism changes, as well as long‐term and progressive
deficit in learning, memory, and cognitive behavior that
resemble those found in the brain of patients with AD,
peripheral STZ administration induces T1DM in rats.3

3 | FEATURES OF T2DM IN
NEURODEGENERATIVE
DISORDERS OTHER THAN AD

Sixty‐two percent of patients having PD have dementia.
Thirty percent of these had impaired glucose tolerance,

among whom 5.6% were newly diagnosed T2DM and 26%
were insulin resistant. DM occurred more frequently still in
the group with PD and dementia after adjustment for
disease duration and motor disability.7 The study found
that PD patients with dementia are twice more likely to
have insulin resistance than patients with PD alone.7

Another study finds the patients with Wolfram’s syndrome
have glucose toxicity as an accelerating feature in the
progression of their disease with endoplasmic reticulum
(ER) stress‐mediated decline of β cells earlier than T1DM
(5.4638 vs 7.9642 years; P = 0.001) with a lower prevalence
of ketoacidosis.8 Moreover, diabetes and insulin resistance
increase the risk of AD, and also the risk of the clinically
isolated syndrome, cognitive decline, and dementia.3

PD features progressive and massive loss of midbrain
dopaminergic (DA) neurons of the substantia nigra pars
compacta. This results in loss of motor function because of
degeneration of neuron terminals and DA depletion in the
striatum.7 The presence of intracellular inclusions called
Lewy bodies is a hallmark of PD and related synucleino-
pathies, characterized by aggregates of the presynaptic
soluble protein called α‐synuclein. It has been noted that
mitochondrial dysfunction, ER stress, inflammation, and
alterations in metabolism may lead to insulin resistance
and, ultimately, to diabetes and/or neurodegeneration.9

HD patients are seven times as likely to have diabetes
over the proband’s non‐HD relatives. In addition, normo-
glycemic HD patients have not only impaired insulin
secretion accompanied by a decrease in insulin sensitivity
with an increase in insulin resistance.3 ALS is a devastating
neurodegenerative disorder characterized by progressive
paralysis as a result of loss of motor neurons in the motor
cortex, brainstem, and spinal cord. Motor neuron loss is
related to mutations of the Cu/Zn superoxide dismutase
(SOD1) gene in this neurodegenerative disease. It pro-
gresses to progressive paralysis related to loss of a gain of
function instead of a loss of activity.3 Moreover, ALS‐linked
Cu/Zn‐SOD mutation predisposes neurons to excitotoxicity
while also exacerbating ischemic brain injury with impaired
cerebral synaptic glucose and glutamate transport. These
patients have increased free fatty acid levels, a key
determinant of insulin resistance.

4 | AMYLOID DEPOSITS AND
AMYLIN IN β ‐TYPE ISLET CELLS

Hyperglycemia induces the synthesis and packaging of
amylin within the golgi apparatus and cosecreted within
the secretory granule by the islet β cell.10 Toxic amyloid
particles to the β cell instigate a β‐cell defect leading to a
relative deficiency or loss of insulin secretion. The islet
A‐type β cell synthesizes the A β‐40 and 42 amino acid
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polypeptide monomer in AD, which is formed from
amylin, the 37 amino acid polypeptide which forms the
monomeric unit of polymerized, aggregated, and
β‐pleated sheet structure of islet amyloid. It has been
proposed that amyloid deposit in the basement mem-
branes forms an envelope around the β‐islet capillary
endothelium as a result of an intense redox stress
associated with the unfolding of amylin’s native second-
ary structure.10 The implication is that amylin is the third
pancreatic islet cell hormone involved in DM with
insulin and glucagon. It inhibits gastric emptying and
inhibits hepatic release and production of glucose in the
postprandial period. It also inhibits glucagon secretion
and somatostatin.10 The authors list several toxicities for
the β cell that are associated with oxidative stress. They
are amylin, protein kinase C (PKC) induced by angio-
tensin II, free fatty acids, lipids, and insulin. These
toxicities are reduced by angiotensin‐converting enzyme
(ACE) inhibitors, pravastatin, and statins, which reduce
peripheral glucose, hyperhomocysteinemia, and the
oxidative stress that drives remodeling of matrix and of
the arterial vessel wall.10

5 | RELATIONSHIP OF BECLIN 1
TO APP

Beclin 1 (BECN1) complex and its binding partner
phosphoinositide 3‐kinase, class 3 initiate autophagy.
Activation of autophagy is associated with the reduc-
tion of APP, and the cell cycle regulator B‐cell
lymphoma 1 (Bcl‐1; cyclin D1) deficiency is associated
with development of AD in a mouse model.11 Likewise,
the levels of APP and its metabolites were increased by
knockdown of Bcl‐1. APP and APP C‐terminal frag-
ments accumulate with autophagosomal reduction.
BECN1 has a role in the assembly of an interactome
consisting of diverse proteins responsible for the
initiation of autophagocytosis and distinct phases in
endocytosis.12 Impaired autophagy triggers inflamma-
some activation because antiapoptotic Bcl‐2 family
members interact with BECN1, and thus, nuclear
factor kabba B (NF‐κB)‐driven antiapoptotic Bcl‐2
proteins repress the BECN1‐dependent autophagy.
STZ diabetic mice showed significantly decreasing
abilities in spatial memory and conditioned fear
memory (all P < 0.05) and the increasing tendency of
depression (P < 0.05).13 The affected mice had cerebral
microvascular disease involving hippocampal atrophy,
ventricular dilatation, and leukoaraiosis, and decreased
glucose metabolism in the amygdala and hippocampus
(P < 0.05). The level of the polyubiquitin‐binding
protein p62 was also increased in the STZ‐induced

diabetic mice hippocampus and striatum, and BECN1
protein expression with normal aged mice (P < 0.05).14

On the other hand, berberine (a natural isoquinoline
alkaloid) promoted Aβ clearance and inhibited Aβ
production in the triple‐transgenic mouse model of AD
(3xTg‐AD), exhibiting a neuroprotective effect on 3xTg‐
AD mice.13

6 | ROLE OF MITOCHONDRIA
AND OXIDATIVE STRESS AND
IMPAIRED SIGNALING

T2DM and impaired cognitive and motion disorders
share features in common, such as oxidative stress,
mitochondrial dysfunction, disturbances in brain signal-
ing mechanisms, and the onset of cognitive or motor
neuron impairment.3,6 It has been proposed that AD
represents a form of DM that selectively afflicts the
brain.5 Moreover, neurodegenerative diseases are accom-
panied by significant activation of inflammatory media-
tors, oxidative stress, DNA damage, and mitochondrial
dysfunction, which also contribute to the degenerative
cascade by exacerbating insulin/IGF resistance.5,6 In this
respect, the afferent arteriole of the islet enters centrally
and within the islet, the efferent venules are located on
the outer mantle, and the capillaries simulate the renal
glomerulus.10 Oxidative stress within the islet then
results in the production of ROS, and to the unfolding
of the native secondary conformational structure of the
amylin polypeptide molecule.10 Deficits in energy meta-
bolism result from impairments in brain insulin/IGF
signaling, which leads to the activation of pro‐APP‐Aβ‐
mediated neurodegeneration cascades.10 This consists of
a feedback loop by which insulin resistance drives
APP‐Aβ accumulation, and APP‐Aβ fibril toxicity drives
brain insulin resistance.14 The same authors propose that
chronic low‐level nitrosamine exposures through diet,
smoking, and agriculture, plus excessive caloric intake of
fats and simple sugars, are responsible for the insulin
resistance diseases epidemic.10

Cellular differentiation is dependent on signaling from
the mitochondrion to the nucleus or cytosol.15 The brain is
densely populated by mitochondria, which generate reac-
tive oxygen and nitrogen species (ROS/RNS) and are critical
in controlling apoptotic cell death.15 Redox signaling,
through the Kelch‐like ECH‐associated protein 1 interac-
tion with NF‐E2‐related factor 2 (Keap1/Nrf2) pathway and
its regulation of inflammation, ubiquitinoylation, and
degradation of targeted proteins depend on the activity of
the proteasome pathway. Proteins form 4‐hydroxy‐2‐none-
nal (HNE)‐protein adducts, or the toxic HNE‐DNA adducts
as a result of the oxidation of reactive allylic carbons in
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polyunsaturated fatty acids, such as linoleic acid and
arachidonic acid, which produces HNE.15 HNE is con-
jugated to reduced glutathione (GSH) to form GS‐HNE,
which is subsequently removed by the enzyme aldose
reductase. GS‐HNE forms GS‐hydroxy‐2‐nonenoic acid,
preventing further interaction of HNE with potential
targets. Specifically, the normal control of the trafficking
between biogenesis and protein turnover is disrupted when
the levels of oxidative stress disrupt the signaling necessary
to control the autophagy pathway, which then results in the
accumulation of damaged proteins.15

Altered functional status of thiamine metabolism and
brain insulin resistance and brain hypoglycemia are tied to
mitochondrial dysfunction and cerebral glucose metabolic
abnormality, which lies in the decreased activities of
mitochondrial thiamine–dependent enzymes that are pro-
minent manifestations in AD. This is inherent in insulin
resistance that is a characteristic of both T2DM and AD.2

This pathophysiological pathway precedes any cognitive
dysfunction. Three key mitochondrial enzymes in tricar-
boxylic acid cycle and the pentose phosphate pathway‐
pyruvate dehydrogenase complex, a‐ketoglutarate dehydro-
genase complex, and transketolase are linked to common
coenzyme, thiamine diphosphate (TDP), are essential for
normal brain function. Mitochondrial dysfunction is
characterized by a decrease in the enzyme activities of
TDPase by 28% and 62% in frontal and temporal cortex, and
31% and 64% for thiamine monophosphatase in these two
regions, respectively.2 This is associated with overproduc-
tion of superoxide anion O( )2

•− by the mitochondrial
electron transport chain.3 In addition, there is enhanced
polyol activity, increased formation and accumulation of
advanced glycation end products (AGEs), activation of
PKC, and increased hexosamine pathway flux.3

Oxidative damage occurs as a result of the production
of electron donors (NADH and succinate) by the
tricarboxylic cycle when free radical intermediates of
coenzyme Q (ubiquinone) accumulate, which reduces
molecular oxygen (O2) to singlet oxygen (O2

−). The
cognitive deficits arise in relation to the oxidative damage
in the cerebral cortex and hippocampus, activating four
major biochemical pathways: polyol and hexosamine
pathways, the formation of AGEs and activation of PKC
isoforms occur as result of overproduction of O2

− by the
mitochondrial electron transport. Ultimately, damage to
mitochondrial and cellular membranes result in cell
degeneration and death3 by oxidation of proteins, lipids,
and DNA. This is also associated with altered phosphoi-
nositide and diacylglycerol metabolism, which is asso-
ciated with perturbations of Ca2+ homeostasis affecting
the activity of protein kinases. Specifically, hyperglyce-
mia‐associated oxidative and nitrosative stress decreased
the activity of complexes III, IV, and V of the respiratory

chain and adenosine triphosphate (ATP) synthesis in
mitochondria isolated from the brain of STZ rats
contributed to mitochondrial dysfunction.3 This was
related to a decrease in the activities of the antioxidants
SOD and catalase.

7 | INSULIN SIGNALING

The activation of PI3K signaling pathway occurs as a
result of insulin binding to insulin receptor (IR).
Phosphorylation of the IR substrates (IRs) is triggered
by activation of tyrosine kinase. Subsequently,
glycogen synthase kinase 3 (GSK‐3) is phosphorylated
and then inhibits PI3K activation by protein kinase B.
GSK‐3 is involved in the activation of apoptotic
cascade, inhibition of activation of several cell survival
transcription factors, tau protein hyperphosphoryla-
tion, and APP maturation and processing.3 GSK‐3 is
required for the initiation of apoptosis, inhibition of
cell survival transcription factors, tau protein hyper-
phosphorylation, and APP maturation and processing.
NF‐κB activation by hyperglycemia is also associated
with neuronal apoptosis and cognitive impairment
related to oxidative stress.3 This is because of interac-
tion between the AGEs and their receptors (RAGE) in
response to inflammatory stimuli, related to the
generation of ROS, increases the inhibitor of NF‐κB
(IκB) kinase‐(IKK). In addition, cerebral glucose
hypometabolism is accompanied by decreased produc-
tion of acetyl coenzyme A (CoA) and ATP, both
required for synaptic activity and plasticity.3 Acetyl‐
CoA levels generated by oxidative phosphorylation
depend on insulin. In this manner, damage to insulin
and/or IGF‐1 signaling cascade serves to increase tau
hyperphosphorylation and subsequent formation of
neurofibrillary tangles in AD. In AD Aβ oligomers
bind to hippocampal neurons and trigger the removal
of dendritic IRs from the plasma membrane making
the brain become insulin resistant.15 Cyclin‐dependent
kinase 5 (Cdk5) is a protein kinase that plays a critical
role in brain development and is associated with
neurogenesis.16 Extracellular amyloid loading results
in tau hyperphosphorylations when Cdk5 and/or
GSK‐3 are reduced. The Cdk5/p35 complex regulates
neurite outgrowth in mature cortical neurons, and it
has been shown to be essential for adult neurogen-
esis.16 Proteolytic cleavage of APP by β‐ and
γ‐secretase results in the generation of the Ab1‐42
monomer, which under pathological conditions can
assemble into potentially toxic oligomers. The authors
propose that toxic Aα species may contribute to
deregulation of signaling pathways (Fyn, FAK, GSK3b,
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and Cdk5) resulting in alterations to cytoskeletal and
synaptic proteins and subsequent synaptic and
neuronal damage.16

It is important to note that the contributing factors to the
impairment of mitochondria, oxidative damage, apoptosis,
neuroinflammation, excitotoxicity, and proteasomal dys-
function are also involved in the pathology of PD. A
significant decrease in mitochondrial DNA (mtDNA) copy
number or multiple deletions in mtDNA occur in PD with
mutations in the polymerase γ (POLG1) gene and thereby
result in aberrant replication and impaired maintenance of
mitochondrial DNA.4 These mutations have been associated
with heterogeneous dominant or recessive phenotypes. A
significant association of variants of the POLG1 CAG repeat,
encoding a polyglutamine tract with idiopathic sporadic PD
in several populations. In addition, mitochondrial function
is impaired, oxidative stress increases, and nigral pathology
is enhanced by overexpression of α‐synuclein.4

Respiratory transport chain activity is reduced in HD
brains. This conclusion is drawn from the observation that
complex‐II inhibitor, 3‐nitropropionic acid, induces striatal
degeneration and movement disorders resembling those of
HD in rodents and primates. On the other hand, neurons
expressing mutant Huntingtin (HTT) gene overexpress
complex‐II subunits. Mutant HTT gene increases mito-
chondrial sensitivity to calcium‐induced mitochondria
permeabilization and cytochrome c release. Mutant HTT
may alter the assembly and function of fission and fusion
complexes in a manner that causes bioenergy failure,
HD‐linked neuronal dysfunction, and cell death.17

8 | CEREBRAL MICROVASCULAR
LESIONS AND GLUCOSE
HYPOMETABOLISM

Cerebral microvascular disease is a common occurrence in
T2DM. There are also microvascular structures that are
termed microbleeds (MBs) in AD.18 More than 60% of
autopsied patients with AD have deep white matter
changes. These MBs are small, round, hypointense foci
on T2DM (or gradient echo)‐weighted magnetic resonance
inference scans. They correspond to hemosiderin deposits
surrounding small vessels. Evidence suggests that micro-
angiopathy may play a role in the clinical progression of
the cognitive and affective symptoms of AD subjects. The
severity of cerebral microangiopathy appears to be related
to MBs, lacunar lesions, and white matter hyperintensities,
and lacuna are indicative of late stage AD. The regional
distribution of reduced synaptic activity and density and
regional hypometabolism in AD measured using [18F]2‐
deoxy‐2‐fluoro‐D‐glucose positron emission tomography
(FDG‐PET) reflects specific cognition impairment.2 This

glucose hypometabolism may be related to the impair-
ments of insulin signaling and altered thiamine metabo-
lism in AD. The glucose hypometabolism in AD arises
from memory‐related brain regions, like hippocampus and
entorhinal cortex, then to parietal, temporal, and posterior
cingulate cortex. The glucose hypometabolism occurs in
subjects with homozygous apolipoprotein E variant E4
(APOE e4) and presenilin‐1 gene mutant carriers before
development of AD. This is a key feature and a preclinical
event both in familial and sporadic AD. In addition,
comorbid T2DM and impaired fasting glucose exist in 80%
of AD patients. T2DM patients also have brain atrophy in
cortical, subcortical, and hippocampal areas, which has
been demonstrated to be associated with cognitive
impairment.2

9 | VACUOLAR PROTEIN
SORTING

The misprocessing and missorting of intracellular proteins
(APP, α‐synuclein, and tau) within endosomal‐lysosomal
pathways is a feature of a number of neurodegenerative
diseases including AD, PD, and frontotemporal lobar
degeneration (FTLD, or, simply FTD).19 Members of the
vacuolar protein sorting‐10 (VPS10) family of receptors
and core components of the retromer (VPS35 and VPS26)
regulate endosomal sorting as risk factors for neurodegen-
erative diseases. In particular, sortilin related receptor 1,
sortilin related VPS10 domain containing receptor
1 (SORCS1), and VPS35 have been linked to AD, VPS35
has to PD, and sortilin (SORT1) to FTD. On the other
hand, SORCS1 and VPS26α have also been linked to
T2DM, SORT1 has been linked to cardiovascular disease,
and both are independent risk factors for the late‐onset
AD. The Vps10 family members have also been implicated
in neurotrophin signaling through anterograde trafficking
of tyrosine kinase B (Trk) receptors. Trk receptors are the
primary receptors for brain‐derived neurotrophic factor
(BDNF) signaling and they regulate BDNF levels and
proneurotrophin signaling. The VPS10 receptor family
interacts with APOE (APOE gene; apoE, protein), a risk
factor for the late‐onset AD and cardiovascular disease.

The amyloidogenic cascade is dependent on the activity
of BACE1, the e‐site APP cleavage enzyme in an acidic
endosomal compartment.19 Sortilin is a coreceptor for the
p75NTR receptor in proneurotrophin signaling. It func-
tions as a trafficking (Trk) receptor for both Trk receptors
and BDNF. In BDNF trafficking, the soluble sortilin
ectodomain is cleaved of its sorting signals and rescues
BDNF from lysosomal degradation pathways redirecting it
through the secretory pathways. In addition, holosortilin
mediates BDNF endocytosis and targets the lysosome for
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degradation. Progranulin is a sortilin dependent protein
that targets to the endosomal‐lysosomal pathway. Finally,
Vps10 family of receptors regulates trafficking of proteins
central to several neurodegenerative diseases within
endosomal‐lysosomal compartments through their inter-
action with the retromer complex.

10 | THE UNFOLDED PROTEIN
RESPONSE

There is another effect that underpins the progression of the
common mechanism of T2DM and neurodegeneration
diseases. The free radical nitric oxide (NO) is generated by
nitric oxide synthase (NOS), which modulates vasodilation,
in this case endothelial NOS, or signaling in the brain,
neural NOS.

During inflammation, however, the induced iNOS results
in the overproduction of NO and causes damage to healthy
tissues in the vicinity. NO can react with superoxide anion
to yield a strong oxidant peroxynitrite. Oxidation of lipids,
proteins, and DNA by peroxynitrite has a key role in tissue
injury.

The oxidative stress that develops from mitochondrial
generated toxicities results in the unfolded protein response
(UPR). Hydrogen peroxide regulates cell signaling and
stimulates cell proliferation at low concentrations but it
triggers apoptosis or necrosis at higher concentrations.
Disulfide bonds (S─S) do not spontaneously form because
SH prevent protein misfolding or aggregation maintained in
the reduced state SH. The action of antioxidant enzymes
and substances, such as GSH, thioredoxin, vitamins E and
C, and enzymes such as SOD, catalase, and the selenium‐
dependent glutathione reductase, as well as thioredoxin
hydroperoxidases, remove ROS.20 NADPH‐dependent
enzymes maintain cell GSH almost completely in its
reduced state. The oxidant exposure changes the ratio of
GSSG/GSH, as also do redox couples such as NADPH/
NADP, NADH/NAD, thioredoxin reduced/thioredoxin
oxidized, dihydrolipoic acid/α‐lipoic acid, and lactate/
pyruvate. These ratios determine the energy status of the
cell, determined by the ratio ATP/ADP+AMP. The most
abundant thiol is GSH, considered a preventative antiox-
idant.20

The protein‐folding environment in mitochondria is
challenged by ROS and the disruption of the electron
transport chain, which is encoded by both the mitochon-
drial and the nuclear genomes. Mitochondria have
dedicated molecular chaperones and proteases that promote
proper protein folding, complex assembly, and quality
control.21 The unfolded protein response of the endoplas-
mic reticulum is essential to understand the mechanisms
that link perturbations in the protein‐folding environment

to the mitochondrial matrix to the expression of nuclear
genes encoding mitochondrial proteins. The principal site
for folding and maturation of transmembrane, secretory,
and ER resident proteins is the ER. Cells activate an
intracellular signaling pathway, the UPR in response to
stress. The UPR transmits information about protein folding
in the ER lumen to the cytoplasm and the nucleus. Studies
of chaperone expression in response to UPR reveals a
conserved signaling paradigm, where signaling is repressed
by free chaperones. Signaling within the unfolded protein
response of the endoplasmic reticulum is necessary for
understanding that the signals are transduced across the ER
membrane to the nucleus. Three ER‐localized transmem-
brane proteins are inositol‐requiring enzyme 1 (IRE1),
protein‐kinase‐like endoplasmic reticulum kinase (PERK),
and activating transcription factor 6 (ATF6), that all
monitor the protein‐folding status in the ER lumen through
direct interactions with the ER binding immunoglobulin
protein (BiP).21 IRE1 is activated by dissociating from BiP
leading to IRE1 oligomerization and activation of its
cytosolic domain, which contains a sequence‐specific RNase
activity that splices the X‐box binding protein 1 (XBP1)
messenger RNA (mRNA). This spliced XBP1 is translated
into a basic leucine zipper (bZip) transcription factor that
traffics to the nucleus. Consequently, it upregulates genes
encoding ER chaperones and the ER‐associated degradation
machinery.

The mechanism of the UPR is described by the cytosolic
chaperone heat‐shock protein 70 (Hsp70) binding to the
transactivating domain of heat‐shock factor 1 (HSF1), thus
repressing its transcriptional activity. Hsp70 preferentially
interacts with the accumulating unfolded proteins and this
releases HSF1. Next, HSF1 trimerizes and activates genes
with promoters containing HSF1 binding sites or heat‐
shock elements, such as those encoding Hsp70 and Hsp90.
IRE1 is activated by its dissociation from the ER chaperone
BiP. It then oligomerizes and activates its cytosolic domain.
The cytosolic domain of IRE1 contains a sequence‐specific
RNase activity that splices and ligates the XBP1 mRNA,
which is translated into a bZip transcription factor that
traffics to the nucleus. In the nucleus, it upregulates genes
encoding ER chaperones and the ER‐associated degradation
machinery.

Mitochondria have dedicated machinery that func-
tions to promote accurate protein folding and complex
assembly. Proteins that fail to fold or assemble correctly
are degraded by proteases localized in the matrix and
inner membrane. The protein‐folding capacity within
mitochondria can be adapted to deal with an increase in
unfolded or misfolded proteins. The protein encoded by
the nucleus are translated in the cytosol and then
directed towards and imported into each mitochondrion,
where they are assembled into stoichiometric complexes
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with proteins that are encoded by the mitochondrial
genome. The UPRmt expands the folding capacity of the
organelle during times of stress to maintain proteins in a
folding or assembly‐competent state.

The response to mitochondrial stress requires the
induction of CHOP binding sites along with two other
conserved regions (MURE1 and MURE2). The kinase
just another kinase 2 (JNK2) and the transcription factor
Jun bind to the AP‐1 site within the promoters of the
CHOP and CCAAT/enhancer‐ binding protein beta
(C/EBPb) genes. The upregulation of mitochondrial
chaperone and proteases reestablishes protein‐folding
homeostasis within the organelle. When the signaling
within the matrix exceeds the capacity of the mitochon-
drial chaperones, the mitochondrial UPR (UPRmt)
initiates the unfolded protein load. The AAA+ protease
ClpXP then degrades the unfolded or unassembled
proteins to peptides. Transcriptional upregulation of
mitochondrial chaperone genes leads to their import
into mitochondria and reestablishes homeostasis. A
failure of protein folding or assembly is thought to
contribute to the pathogenesis of several neurodegen-
erative diseases. The authors propose that ClpXP acts as
a stress sensor and ClpXP substrates represent some of
the primary protein‐folding defects within that particu-
lar organelle or specific cell type.21

The signaling from downstream effectors of IRE1,
PERK, and ATF6 activate transcription of UPR target
genes.22 Prolonged UPR activation leads to apoptotic
cell death, in which IRE1 serves a proapoptotic
function. UPR activation induces the PERK and
ATF4 pathways. Attenuation of cyclin D1 translation
through PERK leads to cell cycle arrest during the G1
phase in response to prolonged ER oxidative stress.
This description is highly relevant to neurodegenera-
tive and circulatory disease and is the subject of a
large body of research. The UPR interacts with other
signal transduction pathways in different cell types
and the tissue‐specific roles of the ER stress sensors,
transducers, and effectors under various pathophysio-
logical conditions being investigated.

Elevated blood homocysteine from the demethylation of
methionine and an elevated level of homocysteine is
associated with AD. Homocysteine induces ER stress, and
homocysteine‐induced ER‐stress‐responsive protein has
been shown to enhance presenilin‐mediated amyloid β
production. In addition, protein disulfide‐isomerase (PDI),
an ER‐localized protein involved in the formation of
disulfide is upregulated in response to ER stressors.23

S‐nitrosylated PDI has been suggested to be involved in
protein misfolding and neurodegeneration. S‐nitrosylation
of PDI, which inhibits its activity was found in the brains
of patients with sporadic PD and AD. Further, ER

stress‐induced leptin resistance has been reported, which
is mediated through a nontransmembrane protein tyrosine
phosphatase that has long been studied as a negative
regulator of insulin and leptin signaling (PTP1β) and
homocysteine, which induces ER stress, evokes leptin
(secreted from adipose tissue) resistance, thereby, establish-
ing a role of obesity in T2DM. Oxidative stress and
increased insulin production drive ER stress, protein
misfolding, and induction of the UPR.24 Conformational
changes occur with normal protein processing but a
particular protein’s susceptibility to aggregation may over-
whelm the cell’s quality control mechanisms. In the
circumstance of significant and sustained ER stress, the
cell’s quality control mechanisms prove insufficient. Keep
in mind that islet amyloid polypeptide (IAPP) oligomers are
likely more toxic to β cells than islet amyloid, which is
present at autopsy in as many as 96% of patients with
T2DM. T2DM subjects have accumulations of toxic,
misfolded IAPP oligomers and deposition of crossed β‐
pleated sheets. Thus, the amyloidogenic region of IAPP
provides a toxic conformational structure within islets.24

11 | CONCLUSION

This account is of the relationship of shared features
between T2DM and neurodegeneration by which we see
early evolution of neurodegenerative diseases, particu-
larly AD and PD. There has been a quite complete
elucidation of the evolution of neurodegenerative dis-
eases with (familial) or without T2DM. The most
interesting finding is that neurodegenerative diseases
are in large part endocrine related.
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