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Epidemiological data suggest an increased risk of developing Alzheimer’s disease
(AD) in individuals with type 2 diabetes (T2D). AD is anatomically associated with an
early progressive accumulation of Aβ leading to a gradual Tau hyperphosphorylation,
which constitute the main characteristics of damaged brain in AD. Apart from these
processes, mounting evidence suggests that specific features of diabetes, namely
impaired glucose metabolism and insulin signaling in the brain, play a key role in AD.
Moreover, several studies report a potential role of Aβ and Tau in peripheral tissues
such as pancreatic β cells. Thus, it appears that several biological pathways associated
with diabetes overlap with AD. The link between peripheral insulin resistance and
brain insulin resistance with concomitant cognitive impairment may also potentially be
mediated by a liver/pancreatic/brain axis, through the excessive trafficking of neurotoxic
molecules across the blood-brain barrier. Insulin resistance incites inflammation and
pro-inflammatory cytokine activation modulates the homocysteine cycle in T2D patients.
Elevated plasma homocysteine level is a risk factor for AD pathology and is also closely
associated with metabolic syndrome. We previously demonstrated a strong association
between homocysteine metabolism and insulin via cystathionine beta synthase (CBS)
activity, the enzyme implicated in the first step of the trans-sulfuration pathway, in
Goto-Kakizaki (GK) rats, a spontaneous model of T2D, with close similarities with human
T2D. CBS activity is also correlated with DYRK1A, a serine/threonine kinase regulating
brain-derived neurotrophic factor (BDNF) levels, and Tau phosphorylation, which are
implicated in a wide range of disease such as T2D and AD. We hypothesized that
DYRK1A, BDNF, and Tau, could be among molecular factors linking T2D to AD. In this
focused review, we briefly examine the main mechanisms linking AD to T2D and provide
the first evidence that certain circulating AD biomarkers are found in diabetic GK rats.
We propose that the spontaneous model of T2D in GK rat could be a suitable model to
investigate molecular mechanisms linking T2D to AD.
Keywords: diabetes, Alzheimer’s disease, GK rat, BDNF, Dyrk1A, plasma biomarkers, tau
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INTRODUCTION

insulin or its action may link T2D to AD by modification of Aβ
production and degradation.
Beyond its role in glucose metabolism in the body, insulin
plays an important neurotrophic role in the nervous system
[review in (12, 13)]. Numerous studies have demonstrated the
implication of insulin and its signaling in neuronal survival and
synaptic function and plasticity (25, 26). In vitro, insulin has been
shown to promote neurite outgrowth in a population of dorsal
root ganglions neurons (27).
Areas of the central nervous system such as the hippocampus,
which are important for memory, have high expression of
insulin receptor (28, 29). Therefore, impaired insulin levels
or signaling in the brain can lead to neuronal and synaptic
loss, and thus contribute to the development of AD and other
neurodegenerative diseases.
Insulin can also have indirect effects, by inducing the
expression of other neurotrophic factors. It has been shown that
insulin treatment increases the expression of the brain-derived
neurotrophic factor (BDNF) and tropomyosin receptor kinase B
(TrkB) receptors in the hippocampus of young rats (30).
Some of the effects of insulin might also be mediated through
its binding to insulin-like growth factor (IGF) receptors. IGF1 is
a growth factor exerting trophic effects on neuronal regeneration.
It stimulates protein synthesis in neurons, glia, oligodendrocytes,
and Schwann cells, and favor neuronal survival while inhibiting
apoptosis (31). Finally, insulin can promote neuronal survival by
protecting the brain against neuroinflammation (32).
Inflammation plays a critical role in the pathogenesis of
AD and T2D. AD pathology could be influenced by tissues
involved in T2D (Liver, adipose tissue, pancreas), through
the excessive trafficking of neurotoxic molecules such as proinflammatory mediators, generated by the diabetic condition,
across the blood-brain barrier. Thus, periphery-derived proinflammatory molecules could aggravate AD pathogenesis in the
central nervous system (Figure 1) (15, 16, 33).
However, despite intense research efforts, our knowledge
of the cellular and molecular pathways linking AD and
metabolic disorders remains incomplete. The understanding of
the common molecular mechanisms associated with both AD
and diabetes, are crucial because it could ultimately lead to
the identification of common therapeutic targets for these two
interconnected conditions.

Type 2 diabetes (T2D) and Alzheimer disease (AD) are both
age-related, degenerative diseases, with increasing prevalence.
Epidemiological data show strong association between AD and
T2D (1). Although AD patients are not routinely evaluated
for T2D or hyperinsulinemia (2), it is estimated that T2D
nearly doubles the risk of dementia (3), cognitive dysfunction
and AD (4). Despite the large body of epidemiological
evidence linking AD to T2D, the precise molecular mechanisms
underlying this association are yet unknown. Clinically, AD
is a progressive neurodegenerative disease that begins with a
subtle decline in the ability to encode new memories, and
follows by more profound cognitive and behavioral/personality
deterioration (5, 6). AD is anatomically associated with an early
progressive accumulation of β-amyloid peptides (Aβ), leading
to a gradual Tau hyperphosphorylation, which constitute the
main characteristics of damaged brain in AD (7, 8). Apart
from these processes, mounting evidence suggests that specific
features of diabetes, namely impaired glucose metabolism and
insulin signaling, play a key role in the brain during AD. This
concept is supported by human postmortem studies showing that
brain insulin resistance is consistently present in AD brains and
worsens with disease progression (1, 9). The discovery of brainspecific insulin signaling deficiencies in the early stages of AD
pathogenesis has led to the designation of AD as “type 3 diabetes”
(10). Thus, AD lies on an intricate crosstalk between age-related
metabolic, vascular, and hormonal changes that goes beyond its
traditional central nervous system boundaries (6, 11).

THE CONNECTION BETWEEN T2D AND AD
There are several hypotheses in support of mechanistic links
between AD and T2D. Numerous reviews have detailed the
main and consolidated mechanisms linking these two conditions
[review in (12–16)]. Some of the most documented mechanisms
include defective insulin signaling and inflammation.
Importantly, T2D and AD might have a bi-directional
relationship, showing both causative and consequential
implications in their mutual development (Figure 1). Indeed,
studies have shown that AD patients have an increased risk
of developing T2D (17, 18). Studies in animal models of AD
revealed increased susceptibility to develop metabolic disorders
(19, 20). Several biological pathways associated with diabetes
overlap with AD (21, 22). Similar to AD, pathological changes
in insulin production and action occur years before patients
receive a diagnosis of T2D (5, 6, 23). T2D is characterized by
the association of peripheral insulin resistance and pancreatic β
cell failure (24). The main organs involved in T2D development
include the endocrine pancreas, liver, skeletal muscle, and
adipose tissue, but also brain and small intestine. Emerging
data suggest that insulin resistance (diabetic milieu) can either
contribute to or serve as co-factor in its pathogenesis (1, 10). In
the brain, insulin regulates peripheral Aβ and tau metabolism
which influences the Aβ release in the brain by regulating
amyloid precursor protein (APP) metabolism to modulate the
balance between Aβ anabolism and catabolism (10). Lack of
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SHARED MOLECULAR PATHWAYS
LINKING T2D TO AD
Abnormalities in insulin/IGF signaling pathways have been
shown in brains with AD (34, 35). These abnormalities were
associated with reduced levels of insulin receptor substrate
(IRS) mRNA, tau mRNA, IRS-associated phosphotidylinositol
3-kinase, and phospho-Akt. They also increased glycogen
synthase kinase-3β (GSK3β) activity, an enzyme involved in Tau
phosphorylation, and APP mRNA expression (36). Hence, the
disruption of insulin functions in diabetic condition interrupts
insulin signaling involved in the clearance of Aβ plaques and
in neurofibrillary tangles (NFTs) pathology. This participates
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FIGURE 1 | The vicious circle between type 2 diabetes and Alzheimer’s disease. Type 2 diabetes is associated with relative insulin deficiency and insulin resistance.
Peripheral tissues generate proinflammatory and oxidative stress mediators which can reach the central nervous system. Impaired insulin action and the excess of
neurotoxic agents may lead to neuronal loss and impaired synaptic plasticity, thus participating to the cognitive and memory loss characteristics of AD. In turn,
deterioration of brain areas important for glucose and energy metabolism such as the hypothalamus and hippocampus may contribute to peripheral metabolic
dysfunction, thus aggravating the diabetic condition.

to the accelerated formation of neurotoxic Aβ and NFTs via
various mechanisms including GSK3β and the dual-specificity
tyrosine-(Y)-phosphorylation regulated kinase DYRK1A (37).
Thus, insulin resistance and T2D can interact with key pathways
involved in AD pathology.
Hyperphosphorylated Tau protein is the main constituent
of NFTs, which alongside amyloid β plaques, have long
been considered as key histopathological hallmarks of AD.
Interestingly, amyloid deposition (amylin) and abnormal Tau
processing may provide yet another link between diabetes and
AD. Indeed, studies report a potential role of Aβ and Tau in
peripheral tissues. In humans, pancreatic amyloid deposition,
similar to its damaging effect in brain during AD, is associated
with β cell loss and global dysmetabolism (38). High levels of
phosphorylated Tau were found in pancreas from T2D patients
(39). GSK3β is involved in the formation of both Aβ deposits and
NFTs. GSK3β induces Tau hyperphoshorylation to form NFTs
through PI3K/Akt/GSK3β signaling pathway (40). Importantly,
GSK3β is also involved in many aspects of T2D pathogenesis.
As a negative effector of the insulin signaling pathway, GSK3β is
involved in insulin resistance (41). GSK3β expression and activity
were shown to be increased in muscle of diabetic patients and
was implicated in muscle insulin resistance (42). Furthermore,
we and others have reported that beyond its implication in
insulin resistance in target tissues, GSK3β acts as a negative
regulator of β-cell growth and function, thus further implicating
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this enzyme in the relative insulin deficiency associated with
T2D (43–46).
Peripheral insulin resistance, a hallmark of T2D, can cause
brain insulin resistance via a liver/pancreas/brain axis. Elevated
plasma homocysteine (Hcy) level is a risk factor for AD
pathology and is also closely associated with metabolic syndrome
(47–49). Elevated Hcy levels have been linked with gray and
white matter volume reduction among individuals with mild
cognitive impairment and AD (50). Plasma Hcy is highly
dependent on intracellular Hcy metabolism in the liver and
kidney, but it may also reflect one-carbon metabolism in a
number of other cell types, notably in pancreas and brain.
Hepatic insulin resistance during T2D leads to inflammation
which could in turn results in excessive Hcy production.
Cytotoxic Hcy generated in liver, traffics through the circulation
following injury or cell death, and can cross the bloodbrain barrier and exert neurotoxic effects by impairing central
insulin signaling and activating pro-inflammatory cytokines.
These abnormalities establish or help propagate a cascade
of neurodegeneration associated with oxidative stress, which
exacerbate brain insulin resistance, cell death, and neuroinflammation (51) (Figure 1).
Another potentially important player in AD pathogenesis
is DYRK1A (52). DYRK1A interacts with APP and APP
processing by direct phosphorylation of APP at Thr-668
and indirect phosphorylation of the presenilin 1 (PS1) at
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Thr-354, promoting the pathological Aβ pathway (53, 54).
Increased expression of DYRK1A seems to promote brain
β-amyloidosis by enhancing the phosphorylation and the
amyloidogenic cleavage of APP, increasing the amyloidogenic
levels of Aβ40 and Aβ42 (54). It also promotes neurofibrillary
degeneration directly through hyperphosphorylation of tau and
indirectly through phosphorylation of alternative splicing factor,
therefore participating to neurodegeneration and neuronal
loss appearing in AD (54–56). Moreover, we have shown
that AD patients exhibited a positive correlation between
plasma DYRK1A levels and CSF tau and phosphorylated-tau
proteins (57).
In recent years, increasing interest has been drawn to the
role of DYRK1A in β cell biology, making it another possible
molecular link between AD and T2D. Several studies show that
inhibition of DYRK1A alone (58, 59) or associated with the
inhibition of GSK3β (60), or with SMAD and Trithorax pathways
(61) induces human β cell proliferation.
However, other data in mice model of DYRK1A
overexpression showed expansion of β cell mass through
increased proliferation and cell size (62), suggesting a positive
effect of DYRK1A on β cell growth in this model, which contrasts
with the data on human β cells cited above.

DYRK1A has been demonstrated to be involved in the
cycle of Hcy (63, 64), and its overexpression was linked with
BDNF reduction (65). BDNF, the most widely distributed
neurotrophin in the central nervous system, has a pivotal
role in maturation, synaptic connection, neuronal repair,
and plasticity of the central nervous system (66). Loss of
BDNF in neurodegenerative disorders is a key mediator
of synaptic dysfunction, neurodegeneration and subsequent
cognitive decline (67). AD subjects show reduced BDNF levels in
the serum and brain as compared with healthy elderly controls
(68–70). Interestingly, there was a notable increase in plasma
Hcy level and significant decrease in serum BDNF level in
amnestic mild cognitive impairment patients that converts to AD,
especially in those with the APOE ε4 allele (71).
Higher expression of BDNF slows down cognitive decline
in the elderly, especially in the setting of advancing AD
neuropathology, indicating that the brain BDNF level could
be used as a novel marker for evaluating AD progression
(68, 72). Combined assessment of DYRK1A and the related
markers BDNF and Hcy has been validated by our team,
by logistic regression analysis as diagnostic marker for AD
in two unrelated AD patient cohorts with age-matched
controls (73).

FIGURE 2 | Age-dependent changes in plasma Dyrk1A levels. Blood was collected at the tail vein of Wistar and GK rats of 3 and 6 months of age, at 9:00 a.m.
Analyses were performed in plasma. (A) Schematic representation of Dyrk1A with distinct epitopes recognized by different antibodies. Plasma levels of full-length
Dyrk1A form (B) and full-length and truncated forms of Dyrk1A (C). The DYRK1A levels were assessed by a solid phase immobilized epitope- immunoassay set up for
antibody 7D10 (Abnova; immunogen: 674 aa ∼763 aa) and antibody D1694 (Sigma; immunogen: 32 aa ∼51 aa) (73). After removal of unbound conjugates, bound
enzyme activity was assessed by use of a chromogenic substrate for measurement at 450 nm by a microplate reader (Flex Station 3, Molecular Device, San Diego,
CA, USA). All the assays were performed in duplicate. For multiple pairwise comparisons between genotypes and ages, statistical analysis was done with two-way
ANOVA followed by Fisher’s post-hoc test using Statview software. The results are expressed as means ± SEM (standard error of the mean). n = number of rats. Data
were considered significant when p < 0.05.
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ANIMAL MODELS OF COMBINED AD
AND T2D

Interestingly, several reports also documented an
association between plasma BDNF and systemic or peripheral
inflammatory conditions, notably T2D (74). Plasma BDNF
levels were found to be decreased in T2D patients (75–78).
Interestingly, the relationship between T2D, BDNF and
dementia was reported in one study which demonstrated
lower plasma BDNF levels in patient group with both
T2D and dementia than in non-diabetic patients with
dementia (79).
Treatments to alleviate brain insulin resistance, such as
intranasal insulin administration, have been evaluated in mice
models and AD patients (80–84). Insulinotropic hormones
such as glucagon-like peptide-1 (GLP-1), have also been
proposed as a treatment for neurodegenerative disorders. Indeed,
exenatide, a glucagon-like peptide-1 (GLP-1) agonist used
for the treatment of T2D led to improvements in motor
assessments in patients with Parkinson’s disease (85). The
potential relevance of this drug for other neurodegenerative
disorders (e.g., AD) has being assessed in pre-clinical studies.
Exenatide was tested in different mice models of AD, in
3xTg-AD mice on a high-fat diet, in APP/PS1 mice, and
in adult wild-type mice as a model of mid-life brain aging.
Results demonstrate a beneficial effect of drug treatment
not only on cognition but also on BDNF neurotrophic
axis (86–88).

Several animal models, mostly in rodents, have been designed
to study the interconnection between AD and T2D. These
models include high fat died-induced insulin resistance,
streptozotocin-induced diabetes or monosodium glutamate
(MSG)-treated rodents (89, 90). A variety of cognitive/behavioral
impairments and/or histopathological defects have been reported
in these studies, thus providing the experimental basis for the
epidemiological data that link T2D to AD. However, most of
available models have back draws since they do not replicate
the progressive characteristics of T2D with a silent phase
followed by the development of insulin resistance and relative
insulin deficiency.
The Goto–Kakizaki (GK) rats is a spontaneous model of T2D
with close similarities with human T2D (91). The chronology
of the infra-clinical and clinical phases in the GK rat, ranging
from primary defects in the endocrine pancreas, as early as
the fetal stage, followed by a neonatal phase of pre-diabetes,
and finally the occurrence of overt hyperglycemia in adult
individuals has been extensively described by our team (91, 92).
The relevance of the GK rat as a T2D model lies in the fact
that it is a spontaneous model without genetic manipulation,
in which diabetes develops through a gradual process following
a well-characterized phase of pre-diabetes (93), similar to the
human T2D pathology. We have previously demonstrated in
GK rats, a strong association between Hcy metabolism and
insulin via cystathionine beta synthase (CBS) activity, the enzyme
implicated in the first step of the trans-sulfuration pathway
(94). In addition to several metabolic defects, GK rats also
display impairment in their learning abilities and memory
capabilities. Interestingly, cognitive dysfunction in GK rats was
correlated with their insulin resistance index (95). Another
study have reported significant decrease in phosphorylation of
Akt, as well as reduced expression of CREB, an important
regulator in the expression of functional proteins associated with
learning and memory in this model of T2D (96). Studies using
transgenic models of AD have generated mounting evidence
supporting alteration in neurogenesis (97). Previous studies
by our group and other’s showed that chronic hyperglycemia
impairs hippocampus neurogenesis in adult diabetic GK rats
(98, 99), showing similarity with defects reported transgenic mice
models of AD.
TABLE 1 | Correlations between plasma levels of Dyrk1A, BDNF, and Tau
determined by Spearman’s rank correlation.

FIGURE 3 | Age-dependent changes in plasma BDNF. Blood was collected at
the tail vein of Wistar and GK rats of 3 and 6 months of age, at 9:00 a.m.
Analyses were performed in plasma. BDNF was assessed using sandwich
ELISA (ELISA E-Max, Promega, Madison, WI, USA). After removal of unbound
conjugates, bound enzyme activity was assessed by use of a chromogenic
substrate for measurement at 450 nm by a microplate reader (Flex Station 3,
Molecular Device, San Diego, CA, USA). All the assays were performed in
duplicate. For multiple pairwise comparisons between genotypes and ages,
statistical analysis was done with two-way ANOVA followed by Fisher’s
post-hoc test using Statview software. The results are expressed as means ±
SEM (standard error of the mean). n = number of rats. Data were considered
significant when p < 0.05.
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Full-length Dyrk1A

BDNF

Full-length and
truncated forms
of Dyrk1A

BDNF

r = −0.58
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Tau46
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r = 0.758

r = −0.646

p < 0.0007

p < 0.005

r = 0.571

r = 0.646

r = −0.646

p < 0.01

p < 0.002

p < 0.005
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FIGURE 4 | Age-dependent changes in plasma Tau. Blood was collected at the tail vein of Wistar and GK rats of 3 and 6 months of age, at 9:00 a.m. Analyses were
performed in plasma. (A) Schematic representation of Tau with distinct epitopes recognized by different antibodies (Tau5 and Tau46) used for the truncation detection
at D421. Plasma relative intensities of (B) Tau5 (1/1000, ThermoFisher/ AHB0042; immunogen 210 aa ∼230 aa) and (C) Tau46 (1/1000, ThermoFisher/13-6400;
immunogen 404 aa ∼441 aa). (D) The relative intensities of Tau46 were normalized to those of Tau5. Data were normalized to the mean of wild-type rats at 3 months.
For multiple pairwise comparisons between genotypes and ages, statistical analysis was done with two-way ANOVA followed by Fisher’s post-hoc test using Statview
software. The results are expressed as means ± SEM (standard error of the mean). n = number of rats. Data were considered significant when p < 0.05.

sequence, a signal peptide for protein degradation via calpain
(101, 102). Recently, Souchet et al. found that this DYRK1A
cleavage is a consequence of the amyloid pathology (103).
Resulting truncated forms accumulate in astrocytes and exhibit
increased affinity toward a regulator of inflammatory process
(103). Here, we analyzed these different forms by the use of two
different antibodies, one recognizing the full-length form, and the
other the full-length and truncated forms of Dyrk1A (Figure 2A)
in plasma of control Wistar (WT) and GK rats. No difference
was found between WT and GK rats at 3 months (Figures 2B,C),
while an increase of full-length and the truncated forms was
found in GK rats at 6 months (Figure 2C). The full-length form
was also increased at 6 months in WT rats compared to 3 months
old WT rats (Figure 2B), suggesting an age-related effect.
BDNF levels were decreased in plasma of GK rats at 3
and 6 months, compared to age-matched WT rats (Figure 3).
This was in keeping with studies showing decreased plasma

Based on the literature described above, the spontaneous
GK model of T2D appears as a valuable tool to investigate the
relationship between T2D and AD.

STATEMENT OF HYPOTHESIS: PLASMA
LEVELS OF DYRK1A, BDNF, AND TAU ARE
MODIFIED IN GOTO-KAKIZAKI RATS
Taking advantage of the characteristics of this model, we sought
to analyze the circulating levels of some of the biomarkers of
AD, which could potentially be related to T2D, namely DYRK1A,
BDNF and Tau, in 3 and 6 months old diabetic GK rats.
Jin et al. have reported that DYRK1A was truncated in the
brains of AD patients resulting in formation of truncated forms
due to increased calpain activity (100), associated with a decrease
of the full-length form (Figure 2A). DYRK1A contains a PEST
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levels of BDNF in diabetic patients (75–78). There is also
solid evidence demonstrating a reduction in BDNF mRNA and
protein levels in AD cortex and hippocampus (104, 105), and
decreased BDNF levels contribute to cognitive dysfunction in
AD (66). A significant decrease in BDNF serum concentration
has been found in AD patients compared with healthy controls
(106). Correlations were determined by using Spearman’s rank
correlation, as data were not normally distributed according to
Shapiro-Wilk test. A negative correlation was found between
plasma BDNF and full-length and truncated forms of Dyrk1A
levels (Table 1). As Dyrk1A is involved in controlling numerous
pathways, this result emphasizes the role of this kinase on
BDNF signaling pathways, as previously suggested by our
team (65, 73).
Tau protein truncated at amino acid D421 has been detected
in AD (Figure 4A). This C-terminal truncation introduces a
conformational change contributing to aggregation (107, 108).
We therefore measured the levels of centrally-situated Tau
epitope (Figure 4B) and levels of Tau 46 (Figure 4C), to evaluate
the index of truncation. The index of C-terminal truncation was
provided by the ratio of Tau46/Tau5 (Figure 4D). Tau levels
(Tau5 immunoreactivity) increased in plasma of GK rats at 3
and 6 months, compared to age-matched WT rats. There was
no difference of Tau levels between WT rats at 3 and 6 months
(Figure 4A). Tau levels are correlated positively with full-length
and truncated forms of Dyrk1A levels (Table 1) and negatively
with BDNF levels (Table 1). Interestingly, we previously found a
positive correlation between plasma Dyrk1A levels and CSF Tau
proteins in AD patients (57).
An increased Tau46 immunoreactivity and Tau46/Tau 5
was found in plasma of GK rats as early as 3 months and
persisted at 6 months of age compared to age-matched WT
rats (Figures 4C,D). Interestingly, Tau46 immunoreactivity and
Tau46/Tau5 ratio increased in an age-dependent manner within
the WT group (Figures 4C,D). The Tau46 immunoreactivity
also correlated positively with full-length form of Dyrk1A levels
(Table 1), full-length and truncated forms of Dyrk1A levels
(Table 1), and negatively with BDNF levels (Table 1). These
results indicate that Tau undergoes increased C-terminal cleavage
as early as 3 months in the GK rats, while this effect appears in
non-diabetic Wistar rats only at 6 months.

BDNF and the index of C-terminal truncation of Tau could
be considered as early biomarkers, while plasma Dyrk1A could
represent a late biomarker. As a spontaneous model of T2D with
gradual progression, the GK rat is acknowledged as a valuable
tool to study the pathogenesis of diabetes. Here we propose
that the GK rat could be a new model to investigate the link
between T2D and AD. It could therefore be a useful tool for
pre-clinical studies to assess drug efficacy in the onset of the
disease. Currently, we are addressing the question of possible
abnormalities in the expression/activity of the above markers
in the brain and the pancreas of the GK rat, to validate the
relevance of this model as a model of T2D-associated AD. These
results need to be compared with those described in validated
rodent models of AD with different grade pathology. Further
longitudinal studies of metabolic and cognitive parameters with
pharmacological intervention are warranted to comprehend the
causal relationship underlining the progression of AD and T2D.

CONCLUSION

FUNDING

In this paper we used the type 2 diabetic GK rat as a tool
to assess circulating biomarkers for AD. We show that plasma

This work was supported by Lagafe Association and Fondation
Jérome Lejeune (grant number 2017a-1634).

DATA AVAILABILITY
The raw data supporting the conclusions of this manuscript will
be made available by the authors, without undue reservation, to
any qualified researcher.

ETHICS STATEMENT
All procedures were carried out in accordance with the ethical
standards of French and European regulations (European
Communities Council Directive, 86/609/EEC). Official
authorization from the French Ministry of Agriculture
was granted to perform research and experiments on
animals (authorization number B-75-13-17) and the
experimental protocol was approved by the institutional
animal care and use committee of the Paris Diderot
University (CEEA40).

AUTHOR CONTRIBUTIONS
JM and NJ designed the study, made the review of the
literature, and wrote the manuscript. ED, JL, and YG performed
experiments. All authors read and approved the manuscript.

REFERENCES

3. Huang C-C, Chung C-M, Leu H-B, Lin L-Y, Chiu CC, Hsu C-Y, et al. Diabetes mellitus and the risk of
Alzheimer’s
disease:
a
nationwide
population-based
study.
PLoS
ONE.
(2014)
9:e87095.
doi:
10.1371/journal.pone.00
87095
4. Vieira MNN, Lima-Filho RAS, De Felice FG. Connecting
Alzheimer’s disease to diabetes: underlying mechanisms and
potential therapeutic targets. Neuropharmacology. (2018) 136:160–71.
doi: 10.1016/j.neuropharm.2017.11.014

1. Steen E, Terry BM, Rivera EJ, Cannon JL, Neely TR, Tavares R, et al. Impaired
insulin and insulin-like growth factor expression and signaling mechanisms
in Alzheimer’s disease–is this type 3 diabetes? J Alzheimers Dis. (2005)
7:63–80. doi: 10.3233/JAD-2005-7107
2. Haan MN. Therapy Insight: type 2 diabetes mellitus and the risk of
late-onset Alzheimer’s disease. Nat Clin Pract Neurol. (2006) 2:159–66.
doi: 10.1038/ncpneuro0124

Frontiers in Neurology | www.frontiersin.org

7

June 2019 | Volume 10 | Article 649

Movassat et al.

Alzheimer’s-Related Biomarkers in GK Rats

25. Lee S-H, Zabolotny JM, Huang H, Lee H, Kim Y-B. Insulin in the nervous
system and the mind: functions in metabolism, memory, and mood. Mol
Metab. (2016) 5:589–601. doi: 10.1016/j.molmet.2016.06.011
26. McNay EC, Recknagel AK. Brain insulin signaling: a key component
of cognitive processes and a potential basis for cognitive impairment
in type 2 diabetes. Neurobiol Learn Mem. (2011) 96:432–42.
doi: 10.1016/j.nlm.2011.08.005
27. Lázár BA, Jancsó G, Pálvölgyi L, Dobos I, Nagy I, Sántha P. Insulin confers
differing effects on neurite outgrowth in separate populations of cultured
dorsal root ganglion neurons: the role of the insulin receptor. Front Neurosci.
(2018) 12:732. doi: 10.3389/fnins.2018.00732
28. Broughton S, Partridge L. Insulin/IGF-like signalling, the central nervous
system and aging. Biochem J. (2009) 418:1–12. doi: 10.1042/BJ20082102
29. Bondy CA, Cheng CM. Signaling by insulin-like growth factor 1 in brain. Eur
J Pharmacol. (2004) 490:25–31. doi: 10.1016/j.ejphar.2004.02.042
30. Haas CB, Kalinine E, Zimmer ER, Hansel G, Brochier AW, Oses JP, et al.
Brain insulin administration triggers distinct cognitive and neurotrophic
responses in young and aged rats. Mol Neurobiol. (2016) 53:5807–17.
doi: 10.1007/s12035-015-9494-6
31. Bianchi VE, Locatelli V, Rizzi L. Neurotrophic and neuroregenerative effects
of GH/IGF1. Int J Mol Sci. (2017) 18:E2441. doi: 10.3390/ijms18112441
32. Bortoluzzi Canteiro P, Casagrande Antero D, Dos Santos Tramontin N,
Ugioni Simon K, Mendes C, Anastácio Borges Correa ME, et al. Insulin
treatment protects the brain against neuroinflammation by reducing cerebral
cytokines and modulating mitochondrial function. Brain Res Bull. (2019)
149:120–8. doi: 10.1016/j.brainresbull.2019.04.011
33. De Felice FG. Alzheimer’s disease and insulin resistance: translating
basic science into clinical applications. J Clin Invest. (2013) 123:531–9.
doi: 10.1172/JCI64595
34. Moloney AM, Griffin RJ, Timmons S, O’Connor R, Ravid R, O’Neill C.
Defects in IGF-1 receptor, insulin receptor and IRS-1/2 in Alzheimer’s
disease indicate possible resistance to IGF-1 and insulin signalling. Neurobiol
Aging. (2010) 31:224–43. doi: 10.1016/j.neurobiolaging.2008.04.002
35. Talbot K, Wang H-Y, Kazi H, Han L-Y, Bakshi KP, Stucky A, et al.
Demonstrated brain insulin resistance in Alzheimer’s disease patients is
associated with IGF-1 resistance, IRS-1 dysregulation, and cognitive decline.
J Clin Invest. (2012) 122:1316–38. doi: 10.1172/JCI59903
36. Chen Z, Zhong C. Decoding Alzheimer’s disease from perturbed cerebral
glucose metabolism: implications for diagnostic and therapeutic strategies.
Prog Neurobiol. (2013) 108:21–43. doi: 10.1016/j.pneurobio.2013.06.004
37. Yang Y, Song W. Molecular links between Alzheimer’s disease
and
diabetes
mellitus.
Neuroscience.
(2013)
250:140–50.
doi: 10.1016/j.neuroscience.2013.07.009
38. Jarosz-Griffiths HH, Noble E, Rushworth JV, Hooper NM. Amyloid-β
receptors: the good, the bad, and the prion protein. J Biol Chem. (2016)
291:3174–83. doi: 10.1074/jbc.R115.702704
39. Miklossy J, Qing H, Radenovic A, Kis A, Vileno B, Làszló F,
et al. Beta amyloid and hyperphosphorylated tau deposits in the
pancreas in type 2 diabetes. Neurobiol Aging. (2010) 31:1503–15.
doi: 10.1016/j.neurobiolaging.2008.08.019
40. Gao C, Hölscher C, Liu Y, Li L. GSK3: a key target for the development of
novel treatments for type 2 diabetes mellitus and Alzheimer disease. Rev
Neurosci. (2011) 23:1–11. doi: 10.1515/rns.2011.061
41. Eldar-Finkelman H. Glycogen synthase kinase 3: an emerging
therapeutic
target.
Trends
Mol
Med.
(2002)
8:126–32.
doi: 10.1016/S1471-4914(01)02266-3
42. Nikoulina SE, Ciaraldi TP, Mudaliar S, Mohideen P, Carter L, Henry
RR. Potential role of glycogen synthase kinase-3 in skeletal muscle
insulin resistance of type 2 diabetes. Diabetes. (2000) 49:263–71.
doi: 10.2337/diabetes.49.2.263
43. Figeac F, Uzan B, Faro M, Chelali N, Portha B, Movassat J. Neonatal
growth and regeneration of beta-cells are regulated by the Wnt/beta-catenin
signaling in normal and diabetic rats. Am J Physiol Endocrinol Metab. (2010)
298:E245–56. doi: 10.1152/ajpendo.00538.2009
44. Figeac F, Ilias A, Bailbe D, Portha B, Movassat J. Local in vivo GSK3β
knockdown promotes pancreatic β cell and acinar cell regeneration in 90%
pancreatectomized rat. Mol Ther J Am Soc Gene Ther. (2012) 20:1944–52.
doi: 10.1038/mt.2012.112

5. Ballard C, Gauthier S, Corbett A, Brayne C, Aarsland D, Jones
E. Alzheimer’s disease. Lancet Lond Engl. (2011) 377:1019–31.
doi: 10.1016/S0140-6736(10)61349-9
6. Neth BJ, Craft S. Insulin resistance and Alzheimer’s disease: bioenergetic
linkages. Front Aging Neurosci. (2017) 9:345. doi: 10.3389/fnagi.2017.00345
7. Huang H-C, Jiang Z-F. Accumulated amyloid-beta peptide and
hyperphosphorylated tau protein: relationship and links in Alzheimer’s
disease. J Alzheimers Dis. (2009) 16:15–27. doi: 10.3233/JAD-2009-0960
8. Saha P, Sen N. Tauopathy: a common mechanism for
neurodegeneration and brain aging. Mech Ageing Dev. (2019) 178:72–9.
doi: 10.1016/j.mad.2019.01.007
9. Bello-Chavolla OY, Antonio-Villa NE, Vargas-Vázquez A, ÁvilaFunes JA, Aguilar-Salinas CA. Pathophysiological mechanisms linking
type 2 diabetes and dementia: review of evidence from clinical,
translational and epidemiological research. Curr. Diabetes Rev. (2019).
doi: 10.2174/1573399815666190129155654. [Epub ahead of print].
10. de la Monte SM. Contributions of brain insulin resistance and deficiency
in amyloid-related neurodegeneration in Alzheimer’s disease. Drugs. (2012)
72:49–66. doi: 10.2165/11597760-000000000-00000
11. Kandimalla R, Thirumala V, Reddy PH. Is Alzheimer’s disease a type 3
diabetes? A critical appraisal. Biochim Biophys Acta Mol Basis Dis. (2017)
1863:1078–89. doi: 10.1016/j.bbadis.2016.08.018
12. Wijesekara N, Gonçalves RA, De Felice FG, Fraser PE. Impaired peripheral
glucose homeostasis and Alzheimer’s disease. Neuropharmacology. (2018)
136(Pt B):172–81. doi: 10.1016/j.neuropharm.2017.11.027
13. Cole GM, Frautschy SA. The role of insulin and neurotrophic factor signaling
in brain aging and Alzheimer’s Disease. Exp Gerontol. (2007) 42:10–21.
doi: 10.1016/j.exger.2006.08.009
14. Rad SK, Arya A, Karimian H, Madhavan P, Rizwan F, Koshy S, et al.
Mechanism involved in insulin resistance via accumulation of β-amyloid and
neurofibrillary tangles: link between type 2 diabetes and Alzheimer’s disease.
Drug Des Devel Ther. (2018) 2:3999–4021. doi: 10.2147/DDDT.S173970
15. Ferreira LSS, Fernandes CS, Vieira MNN, De Felice FG. Insulin
resistance in Alzheimer’s disease. Front Neurosci. (2018) 13:830.
doi: 10.3389/fnins.2018.00830
16. de la Monte SM. Insulin resistance and neurodegeneration: progress towards
the development of new therapeutics for Alzheimer’s disease. Drugs. (2017)
77:47–65. doi: 10.1007/s40265-016-0674-0
17. Janson J, Laedtke T, Parisi JE, O’Brien P, Petersen RC, Butler PC. Increased
risk of type 2 diabetes in Alzheimer disease. Diabetes. (2004) 53:474–81.
doi: 10.2337/diabetes.53.2.474
18. Matsuzaki T, Sasaki K, Tanizaki Y, Hata J, Fujimi K, Matsui
Y, et al. Insulin resistance is associated with the pathology of
Alzheimer disease: the Hisayama study. Neurology. (2010) 75:764–70.
doi: 10.1212/WNL.0b013e3181eee25f
19. Jiménez-Palomares M, Ramos-Rodríguez JJ, López-Acosta JF, PachecoHerrero M, Lechuga-Sancho AM, Perdomo G, et al. Increased Aβ production
prompts the onset of glucose intolerance and insulin resistance. Am J Physiol
Endocrinol Metab. (2012) 302:E1373–80. doi: 10.1152/ajpendo.00500.2011
20. Ruiz HH, Chi T, Shin AC, Lindtner C, Hsieh W, Ehrlich M, et al. Increased
susceptibility to metabolic dysregulation in a mouse model of Alzheimer’s
disease is associated with impaired hypothalamic insulin signaling and
elevated BCAA levels. Alzheimers Dement J Alzheimers Assoc. (2016) 12:851–
61. doi: 10.1016/j.jalz.2016.01.008
21. Hao K, Di Narzo AF, Ho L, Luo W, Li S, Chen R, et al. Shared genetic etiology
underlying Alzheimer’s disease and type 2 diabetes. Mol Aspects Med. (2015)
43–4:66–76. doi: 10.1016/j.mam.2015.06.006
22. Sims-Robinson C, Kim B, Rosko A, Feldman EL. How does diabetes
accelerate Alzheimer disease pathology? Nat Rev Neurol. (2010) 6:551–9.
doi: 10.1038/nrneurol.2010.130
23. Dankner R, Chetrit A, Shanik MH, Raz I, Roth J. Basal-state
hyperinsulinemia in healthy normoglycemic adults is predictive of type
2 diabetes over a 24-year follow-up: a preliminary report. Diabetes Care.
(2009) 32:1464–6. doi: 10.2337/dc09-0153
24. Portha B, Lacraz G, Kergoat M, Homo-Delarche F, Giroix M-H, Bailbé
D, et al. The GK rat beta-cell: a prototype for the diseased human
beta-cell in type 2 diabetes? Mol Cell Endocrinol. (2009) 297:73–85.
doi: 10.1016/j.mce.2008.06.013

Frontiers in Neurology | www.frontiersin.org

8

June 2019 | Volume 10 | Article 649

Movassat et al.

Alzheimer’s-Related Biomarkers in GK Rats

64. Noll C, Hamelet J, Matulewicz E, Paul J-L, Delabar J-M, Janel N. Effects of red
wine polyphenolic compounds on paraoxonase-1 and lectin-like oxidized
low-density lipoprotein receptor-1 in hyperhomocysteinemic mice. J Nutr
Biochem. (2009) 20:586–96. doi: 10.1016/j.jnutbio.2008.06.002
65. Tlili A, Hoischen A, Ripoll C, Benabou E, Badel A, Ronan A, et al. BDNF
and DYRK1A are variable and inversely correlated in lymphoblastoid cell
lines from Down syndrome patients. Mol Neurobiol. (2012) 46:297–303.
doi: 10.1007/s12035-012-8284-7
66. Diniz BS, Teixeira AL. Brain-derived neurotrophic factor and Alzheimer’s
disease: physiopathology and beyond. Neuromolecular Med. (2011) 13:217–
22. doi: 10.1007/s12017-011-8154-x
67. Bathina S, Das UN. Brain-derived neurotrophic factor and
its clinical implications. Arch Med Sci. (2015) 11:1164–78.
doi: 10.5114/aoms.2015.56342
68. Beeri MS, Sonnen J. Brain BDNF expression as a biomarker for cognitive
reserve against Alzheimer disease progression. Neurology. (2016) 86:702–3.
doi: 10.1212/WNL.0000000000002389
69. Laske C, Stransky E, Leyhe T, Eschweiler GW, Maetzler W, Wittorf A,
et al. BDNF serum and CSF concentrations in Alzheimer’s disease, normal
pressure hydrocephalus and healthy controls. J Psychiatr Res. (2007) 41:387–
94. doi: 10.1016/j.jpsychires.2006.01.014
70. Lee JG, Shin BS, You YS, Kim JE, Yoon SW, Jeon DW, et al. Decreased serum
brain-derived neurotrophic factor levels in elderly korean with dementia.
Psychiatry Invest. (2009) 6:299–305. doi: 10.4306/pi.2009.6.4.299
71. Zheng L, Kong X, Cui Y, Wei Y, Zhang J, Wei W. Conversion
from MCI to AD in patients with the APOE ε4 genotype: prediction
by plasma HCY and serum BDNF. Neurosci Lett. (2016) 626:19–24.
doi: 10.1016/j.neulet.2016.05.018
72. Buchman AS, Yu L, Boyle PA, Schneider JA, De Jager PL, Bennett
DA. Higher brain BDNF gene expression is associated with slower
cognitive decline in older adults. Neurology. (2016) 86:735–41.
doi: 10.1212/WNL.0000000000002387
73. Janel N, Alexopoulos P, Badel A, Lamari F, Camproux AC, Lagarde J,
et al. Combined assessment of DYRK1A, BDNF and homocysteine levels as
diagnostic marker for Alzheimer’s disease. Transl Psychiatry. (2017) 7:e1154.
doi: 10.1038/tp.2017.123
74. Suwa M, Kishimoto H, Nofuji Y, Nakano H, Sasaki H, Radak Z, et al.
Serum brain-derived neurotrophic factor level is increased and associated
with obesity in newly diagnosed female patients with type 2 diabetes mellitus.
Metabolism. (2006) 55:852–7. doi: 10.1016/j.metabol.2006.02.012
75. Fujinami A, Ohta K, Obayashi H, Fukui M, Hasegawa G, Nakamura
N, et al. Serum brain-derived neurotrophic factor in patients with
type 2 diabetes mellitus: relationship to glucose metabolism and
biomarkers of insulin resistance. Clin Biochem. (2008) 41:812–7.
doi: 10.1016/j.clinbiochem.2008.03.003
76. Krabbe KS, Nielsen AR, Krogh-Madsen R, Plomgaard P, Rasmussen P,
Erikstrup C, et al. Brain-derived neurotrophic factor (BDNF) and type 2
diabetes. Diabetologia. (2007) 50:431–8. doi: 10.1007/s00125-006-0537-4
77. Li B, Lang N, Cheng Z-F. Serum levels of brain-derived neurotrophic
factor are associated with diabetes risk, complications, and obesity: a Cohort
Study from Chinese Patients with Type 2 Diabetes. Mol Neurobiol. (2016)
53:5492–9. doi: 10.1007/s12035-015-9461-2
78. Zhen YF, Zhang J, Liu XY, Fang H, Tian LB, Zhou DH, et al. Low
BDNF is associated with cognitive deficits in patients with type 2 diabetes.
Psychopharmacology. (2013) 227:93–100. doi: 10.1007/s00213-012-2942-3
79. Passaro A, Dalla Nora E, Morieri ML, Soavi C, Sanz JM, Zurlo A, et al.
Brain-derived neurotrophic factor plasma levels: relationship with dementia
and diabetes in the elderly population. J Gerontol A Biol Sci Med Sci. (2015)
70:294–302. doi: 10.1093/gerona/glu028
80. Hölscher C. First clinical data ofthe neuroprotective effects of nasal insulin
application in patiens with Alzheimer’s disease. Alzheimers Dement. (2014)
10:S33–7. doi: 10.1016/j.jalz.2013.12.006
81. Claxton A, Baker LD, Hanson A, Trittschuh EH, Cholerton B, Morgan A,
et al. Long-acting intranasal insulin detemir improves cognition for adults
with mild cognitive impairment or early-stage Alzheimer’s disease dementia.
J Alzheimers Dis. (2015) 44:897–906. doi: 10.3233/JAD-141791
82. Craft S, Claxton A, Baker LD, Hanson AJ, Cholerton B, Trittschuh EH,
et al. Effects of regular and long-acting insulin on cognition and Alzheimer’s

45. Liu Z, Tanabe K, Bernal-Mizrachi E, Permutt MA. Mice with beta
cell overexpression of glycogen synthase kinase-3beta have reduced
beta cell mass and proliferation. Diabetologia. (2008) 51:623–31.
doi: 10.1007/s00125-007-0914-7
46. Tanabe K, Liu Z, Patel S, Doble BW, Li L, Cras-Méneur C, et al.
Genetic deficiency of glycogen synthase kinase-3beta corrects diabetes
in mouse models of insulin resistance. PLoS Biol. (2008) 6:e37.
doi: 10.1371/journal.pbio.0060037
47. Ala OA, Akintunde AA, Ikem RT, Kolawole BA, Ala OO, Adedeji TA.
Association between insulin resistance and total plasma homocysteine levels
in type 2 diabetes mellitus patients in south west Nigeria. Diabetes Metab
Syndr. (2017) 11(Suppl. 2:S803–9). doi: 10.1016/j.dsx.2017.06.002
48. Farina N, Jernerén F, Turner C, Hart K, Tabet N. Homocysteine
concentrations in the cognitive progression of Alzheimer’s disease. Exp
Gerontol. (2017) 99:146–50. doi: 10.1016/j.exger.2017.10.008
49. Sreckovic B, Sreckovic VD, Soldatovic I, Colak E, Sumarac-Dumanovic
M, Janeski H, et al. Homocysteine is a marker for metabolic
syndrome and atherosclerosis. Diabetes Metab Syndr. (2017) 11:179–82.
doi: 10.1016/j.dsx.2016.08.026
50. Tan B, Venketasubramanian N, Vrooman H, Cheng C-Y, Wong TY,
Ikram MK, et al. Homocysteine and cerebral atrophy: the epidemiology
of dementia in singapore study. J Alzheimers Dis. (2018) 62:877–85.
doi: 10.3233/JAD-170796
51. Kamat PK, Vacek JC, Kalani A, Tyagi N. Homocysteine induced
cerebrovascular dysfunction: a link to Alzheimer’s disease etiology. Open
Neurol J. (2015) 9:9–14. doi: 10.2174/1874205X01509010009
52. Lott IT, Dierssen M. Cognitive deficits and associated neurological
complications in individuals with Down’s syndrome. Lancet Neurol. (2010)
9:623–33. doi: 10.1016/S1474-4422(10)70112-5
53. Coutadeur S, Benyamine H, Delalonde L, de Oliveira C, Leblond B, Foucourt
A, et al. A novel DYRK1A (dual specificity tyrosine phosphorylationregulated kinase 1A) inhibitor for the treatment of Alzheimer’s disease: effect
on Tau and amyloid pathologies in vitro. J Neurochem. (2015) 133:440–51.
doi: 10.1111/jnc.13018
54. Wegiel J, Gong C-X, Hwang Y-W. The role of DYRK1A in neurodegenerative
diseases. FEBS J. (2011) 278:236–45. doi: 10.1111/j.1742-4658.2010.07955.x
55. Branca C, Shaw DM, Belfiore R, Gokhale V, Shaw AY, Foley C, et al. Dyrk1
inhibition improves Alzheimer’s disease-like pathology. Aging Cell. (2017)
16:1146–54. doi: 10.1111/acel.12648
56. Ryoo S-R, Jeong HK, Radnaabazar C, Yoo J-J, Cho H-J, Lee H-W, et al.
DYRK1A-mediated hyperphosphorylation of Tau. A functional link between
Down syndrome and Alzheimer disease. J Biol Chem. (2007) 282:34850–7.
doi: 10.1074/jbc.M707358200
57. Janel N, Sarazin M, Corlier F, Corne H, de Souza LC, Hamelin L, et al. Plasma
DYRK1A as a novel risk factor for Alzheimer’s disease. Transl Psychiatry.
(2014) 4:e425. doi: 10.1038/tp.2014.61
58. Kumar K, Man-Un Ung P, Wang P, Wang H, Li H, Andrews MK, et al.
Novel selective thiadiazine DYRK1A inhibitor lead scaffold with human
pancreatic β-cell proliferation activity. Eur J Med Chem. (2018) 157:1005–16.
doi: 10.1016/j.ejmech.2018.08.007
59. Wang P, Alvarez-Perez J-C, Felsenfeld DP, Liu H, Sivendran S, Bender A,
et al. A high-throughput chemical screen reveals that harmine-mediated
inhibition of DYRK1A increases human pancreatic beta cell replication. Nat
Med. (2015) 21:383–8. doi: 10.1038/nm.3820
60. Shen W, Taylor B, Jin Q, Nguyen-Tran V, Meeusen S, Zhang Y-Q, et al.
Inhibition of DYRK1A and GSK3B induces human β-cell proliferation. Nat
Commun. (2015) 6:8372. doi: 10.1038/ncomms9372
61. Wang P, Karakose E, Liu H, Swartz E, Ackeifi C, Zlatanic V, et al. Combined
inhibition of DYRK1A, SMAD, and Trithorax pathways synergizes to induce
robust replication in adult human beta cells. Cell Metab. (2018) 29:638–52.e5.
doi: 10.1016/j.cmet.2018.12.005
62. Rachdi L, Kariyawasam D, Aïello V, Herault Y, Janel N, Delabar J-M,
et al. Dyrk1A induces pancreatic β cell mass expansion and improves
glucose tolerance. Cell Cycle Georget Tex. (2014) 13:2221–9. doi: 10.4161/cc.
29250
63. Delabar J-M, Latour A, Noll C, Renon M, Salameh S, Paul J-L, et al. Onecarbon cycle alterations induced by Dyrk1a dosage. Mol Genet Metab Rep.
(2014) 1:487–92. doi: 10.1016/j.ymgmr.2014.11.004

Frontiers in Neurology | www.frontiersin.org

9

June 2019 | Volume 10 | Article 649

Movassat et al.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Alzheimer’s-Related Biomarkers in GK Rats

98. Beauquis J, Homo-Delarche F, Giroix M-H, Ehses J, Coulaud J, Roig P,
et al. Hippocampal neurovascular and hypothalamic-pituitary-adrenal axis
alterations in spontaneously type 2 diabetic GK rats. Exp Neurol. (2010)
222:125–34. doi: 10.1016/j.expneurol.2009.12.022
99. Lang BT, Yan Y, Dempsey RJ, Vemuganti R. Impaired neurogenesis
in adult type-2 diabetic rats. Brain Res. (2009) 1258:25–33.
doi: 10.1016/j.brainres.2008.12.026
100. Jin N, Yin X, Gu J, Zhang X, Shi J, Qian W, et al. Truncation and activation
of dual specificity tyrosine phosphorylation-regulated Kinase 1A by Calpain
I: a molecular mechanism linked to tau pathology in alzheimer disease. J Biol
Chem. (2015) 290:15219–37. doi: 10.1074/jbc.M115.645507
101. Hamelet J, Noll C, Ripoll C, Paul J-L, Janel N, Delabar J-M.
Effect of hyperhomocysteinemia on the protein kinase DYRK1A
in liver of mice. Biochem Biophys Res Commun. (2009) 378:673–7.
doi: 10.1016/j.bbrc.2008.11.126
102. Latour A, Gu Y, Kassis N, Daubigney F, Colin C, Gausserès B,
et al. LPS-induced inflammation abolishes the effect of DYRK1A on
IkB stability in the brain of mice. Mol. Neurobiol. (2018) 56:963–75.
doi: 10.1007/s12035-018-1113-x
103. Souchet B, Audrain M, Billard J, Dairou J, Fol R, Salvatore Orefice N.
et al. Inhibition of DYRK1A proteolysis modifies its kinase specificity and
rescues Alzheimer phenotype in APP/PS1 mice. Acta Neuropathol. (2019)
7:46. doi: 10.1186/s40478-019-0678-6
104. Ferrer I, Marín C, Rey MJ, Ribalta T, Goutan E, Blanco R, et al. BDNF and
full-length and truncated TrkB expression in Alzheimer disease. Implications
in therapeutic strategies. J Neuropathol Exp Neurol. (1999) 58:729–39.
doi: 10.1097/00005072-199907000-00007
105. Phillips HS, Hains JM, Armanini M, Laramee GR, Johnson SA,
Winslow JW. BDNF mRNA is decreased in the hippocampus of
individuals with Alzheimer’s disease. Neuron. (1991) 7:695–702.
doi: 10.1016/0896-6273(91)90273-3
106. Forlenza OV, Diniz BS, Teixeira AL, Ojopi EB, Talib LL, Mendonça VA,
et al. Effect of brain-derived neurotrophic factor Val66Met polymorphism
and serum levels on the progression of mild cognitive impairment. World
J Biol Psychiatry Off J World Fed Soc Biol Psychiatry. (2010) 11:774–80.
doi: 10.3109/15622971003797241
107. Guillozet-Bongaarts AL, Garcia-Sierra F, Reynolds MR, Horowitz PM,
Fu Y, Wang T, et al. Tau truncation during neurofibrillary tangle
evolution in Alzheimer’s disease. Neurobiol Aging. (2005) 26:1015–22.
doi: 10.1016/j.neurobiolaging.2004.09.019
108. Rissman RA, Poon WW, Blurton-Jones M, Oddo S, Torp R, Vitek MP,
et al. Caspase-cleavage of tau is an early event in Alzheimer disease
tangle pathology. J Clin Invest. (2004) 114:121–30. doi: 10.1172/JCI2004
20640

disease biomarkers: a pilot clinical trial. J Alzheimers Dis. (2017) 57:1325–34.
doi: 10.3233/JAD-161256
Barone E, Tramutola A, Triani F, Calcagnini S, Di Domenico F,
Ripoli C, et al. Biliverdin Reductase-A mediates the beneficial effects of
intranasal insulin in Alzheimer disease. Mol Neurobiol. (2019) 56:2922–43.
doi: 10.1007/s12035-018-1231-5
Hölscher C. Insulin signaling impairment in the brain as a risk
factor in Alzheimer’s disease. Front Aging Neurosci. (2019) 11:88.
doi: 10.3389/fnagi.2019.00088
Athauda D, Maclagan K, Skene SS, Bajwa-Joseph M, Letchford D,
Chowdhury K, et al. Exenatide once weekly versus placebo in Parkinson’s
disease: a randomised, double-blind, placebo-controlled trial. Lancet. (2017)
390:1664–75. doi: 10.1016/S0140-6736(17)31585-4
Bomfim TR, Forny-Germano L, Sathler LB, Brito-Moreira J, Houzel JC,
Decker H, et al. An antidiabetes agent protects the mouse brain from
defective insulin signaling caused by Alzheimer’s disease- associated Aβ
oligomers. J Clin Invest. (2012) 122:1339–53. doi: 10.1172/JCI57256
Bomba M, Granzotto A, Castelli V, Massetti N, Silvestri E, Canzoniero
LMT, et al. Exenatide exerts cognitive effects by modulating the BDNFTrkB neurotrophic axis in adult mice. Neurobiol Aging. (2018) 64:33–43.
doi: 10.1016/j.neurobiolaging.2017.12.009
Bomba M, Granzotto A, Castelli V, Lattanzio R, Cimini AM, Sensi SL.
Exenatide reverts the high-fat-diet-induced impairment of BDNF signaling
and inflammatory response in an animal model of Alzheimer’s disease.
BioRxiv [Preprint]. (2018). doi: 10.1101/487629
Jin L, Li Y-P, Feng Q, Ren L, Wang F, Bo G-J, et al. Cognitive deficits and
Alzheimer-like neuropathological impairments during adolescence in a rat
model of type 2 diabetes mellitus. Neural Regen Res. (2018) 13:1995–2004.
doi: 10.4103/1673-5374.239448
Kimura N. Diabetes mellitus induces Alzheimer’s disease pathology:
histopathological evidence from animal models. Int J Mol Sci. (2016) 17:503.
doi: 10.3390/ijms17040503
Movassat J, Calderari S, Fernández E, Martín MA, Escrivá F, Plachot C,
et al. Type 2 diabetes - a matter of failing beta-cell neogenesis? Clues
from the GK rat model. Diabetes Obes Metab. (2007) 9(Suppl. 2):187–95.
doi: 10.1111/j.1463-1326.2007.00786.x
Portha B, Giroix M-H, Tourrel-Cuzin C, Le-Stunff H, Movassat J. The GK
rat: a prototype for the study of non-overweight type 2 diabetes. Methods
Mol Biol Clifton NJ. (2012) 933:125–59. doi: 10.1007/978-1-62703-068-7_9
Movassat J, Saulnier C, Portha B. Beta-cell mass depletion precedes the onset
of hyperglycaemia in the GK rat, a genetic model of non-insulin-dependent
diabetes mellitus. Diabete Metab. (1995) 21:365–70.
Noll C, Lacraz G, Ehses J, Coulaud J, Bailbe D, Paul J-L, et al. Early reduction
of circulating homocysteine levels in Goto-Kakizaki rat, a spontaneous
nonobese model of type 2 diabetes. Biochim Biophys Acta. (2011) 1812:699–
702. doi: 10.1016/j.bbadis.2011.03.011
Li X-H, Xin X, Wang Y, Wu J, Jin Z, Ma L, et al. Pentamethylquercetin
protects against diabetes-related cognitive deficits in diabetic Goto-Kakizaki
rats. J Alzheimers Dis. (2013) 34:755–67. doi: 10.3233/JAD-122017
Xiang Q, Zhang J, Li C-Y, Wang Y, Zeng M-J, Cai Z-X, et al.
Insulin resistance-induced hyperglycemia decreased the activation of
Akt/CREB in hippocampus neurons: molecular evidence for mechanism
of diabetes-induced cognitive dysfunction. Neuropeptides. (2015) 54:9–15.
doi: 10.1016/j.npep.2015.08.009
Mu Y, Gage FH. Adult hippocampal neurogenesis and its role in Alzheimer’s
disease. Mol Neurodegener. (2011) 6:85. doi: 10.1186/1750-1326-6-85

Frontiers in Neurology | www.frontiersin.org

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2019 Movassat, Delangre, Liu, Gu and Janel. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

10

June 2019 | Volume 10 | Article 649

