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Abstract

Recent studies have shown the therapeutic potential of curcumin in Alzheimer’s disease (AD). In 2014, our lab found
that curcumin reduced A40, AB42 and AB-derived diffusible ligands in the mouse hippocampus, and improved learning
and memory. However, the mechanisms underlying this biological effect are only partially known. There is considerable
evidence in brain metabolism studies indicating that AD might be a brain-specific type of diabetes with progressive
impairment of glucose utilisation and insulin signalling. We hypothesised that curcumin might target both the glucose
metabolism and insulin signalling pathways. In this study, we monitored brain glucose metabolism in living APPswe/
PSIdE9 double transgenic mice using a micro-positron emission tomography (PET) technique. The study showed an
improvement in cerebral glucose uptake in AD mice. For a more in-depth study, we used immunohistochemical (IHC)
staining and western blot techniques to examine key factors in both glucose metabolism and brain insulin signalling
pathways. The results showed that curcumin ameliorated the defective insulin signalling pathway by upregulating insulin-
like growth factor (IGF)-IR, IRS-2, PI3K, p-PI3K, Akt and p-Akt protein expression while downregulating IR and IRS-I.
Our study found that curcumin improved spatial learning and memory, at least in part, by increasing glucose metabolism
and ameliorating the impaired insulin signalling pathways in the brain.
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Introduction

Alzheimer’s disease (AD) is the most common neu-
rodegenerative disease among seniors.! Clinically,

AD patients display short-term memory impair-
ment in the early stages and progressively develop
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other cognitive disabilities, personality changes
and, ultimately, become completely dependent on
others. Pathologically, AD is characterised by hall-
marks such as senile plaques (SPs) and neurofibril-
lary tangles (NFTs).2 The amyloid-p (AP) cascade
has been a well-accepted hypothesis for AD.34
Recent studies in neuronal energy metabolism,
however, suggest that AD could be conceptualised
as a metabolic disease, with progressive impair-
ment of the brain’s capacity to utilise glucose and
compromised response to insulin and insulin growth
factor 1 (IGF-1).>¢

The association between disruptions in glucose
metabolism, insulin resistance and neuronal disor-
ders has been well documented. In the early 1900s,
it was noted that diabetes might also affect cogni-
tion.” Other studies have confirmed that insulin
may play an important role in the regulation of
energy balance and glucose homeostasis, in asso-
ciation with other nutrition and adiposity sig-
nals.?-12 It has been shown that energy metabolism
impairment in neurons can trigger a cascade of
pathological processes including oxidative stress,
reactive oxygen generation, abnormal protein syn-
thesis, cell membrane ion pump dysfunction, sig-
nal transduction impairment and neurotransmitter
deficiency as well as abnormal degradation of AP
precursor protein, A accumulation and tau protein
phosphorylation. These processes eventually lead
to neuronal loss or death.®? Studies have indicated
that AD shares some characteristics of diabetes
such as dysfunction of insulin beta cell, glucose
transporter (GLUT) changes'? and cholesterol and
insulin concentration changes.!!-12

Although a connection between AD and diabe-
tes was suggested a long time ago, only recently
have studies have started to reveal the underlying
mechanisms of brain insulin resistance and its con-
tribution to the cognitive deficit in patients with
AD. Reduced levels of insulin and insulin receptor
(IR) molecules have been found in AD brains.! In
2012, Talbot et al. demonstrated that, in AD cases
without diabetes, the responses to insulin signal-
ling in the IR/IRS-1/PI3K signalling pathway and
responses to IGF-1 in the IGF-1R/IRS-2/PI13K sig-
nalling pathway were markedly reduced. Long-
Smith et al. discovered that distinctive alterations
in the localisation and distribution of IR molecules
and increased levels of insulin receptor substrate
(IRS)-1 phosphorylated at serine 616 (IRS-1
pS616), a key marker of insulin resistance, are

associated with AP plaque pathology in the frontal
cortex of a mouse model of AD, APPSWE/
PS1dE9.! Treatment with liraglutide, an approved
type 2 diabetes drug, was able to decrease IR aber-
rations in conjunction with a concomitant decrease
inamyloid plaque load and levels of IRS-1 pS616.14

Collectively, these findings indicate that glucose
intolerance and impaired insulin signalling may
play a key role in the development of AD, and that
targeting these underlying pathways may serve as a
novel therapy and preventative measure for
Alzheimer’s-related dementia.

Curcumin is an active compound extracted from
the root of the herb Curcuma longa and is the prin-
cipal curcuminoid in the popular Indian spice, tur-
meric. A number of studies have demonstrated
curcumin’s therapeutic potential in cancer, diabe-
tes and metabolic, autoimmune, infectious, neo-
plastic and neurodegenerative diseases.!>"!7 In
vitro and in vivo studies have shown that curcumin
can bind to A and reduce existing SPs in AD.!3-2!
In our lab, using an APPswe/PS1dE9 double trans-
genic mouse model, we found that three months
after administration, curcumin significantly
increases AP degradation enzymes insulin-degrad-
ing enzyme (IDE) and neprilysin and decreases
y-secretase PS2 subunit; however, the change in
IDE is the most obvious. Curcumin also signifi-
cantly decreases AP40, AP42 and aggregation of
AB-derived diffusible ligands (ADDLs) expression
in the hippocampus CA1 area, and spatial learning
and memory ability were improved.?? Studies have
shown that aggregation of ADDLs impairs the
insulin signalling pathway in AD brains.?3-2

Rosiglitazone (RSG), a medicine designed to
treat type 2 diabetes, can improve AD patient
cognitive function?¢-28 and was used as a positive
control.

Given the link between a defective brain insulin
signalling pathway and cognitive deficits in AD, it
is reasonable to hypothesise that curcumin might
improve learning and memory by ameliorating
glucose intolerance and attenuating the defective
insulin signalling pathway. This study is the cohort
analysis from our 2014 publication. We used the
same set of tissues from the mice which were
examined for AP deposition and comparative cog-
nitive testing.

In this study, we were able to monitor the brain
glucose metabolism in living AD mice, using a
micro-PET technique. The study showed that
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curcumin improved cerebral glucose uptake in
AD mice. We investigated key factors in both glu-
cose metabolism and brain insulin signalling
pathways including GLUT1, GLUT3, IR, insulin-
like growth factor-1 receptor (IGF-1R), IRS-1,
IRS-2, phosphatidylinositol-3-kinase (PI3K) and
serine-threonine kinase (Akt) using IHC staining
and western blot techniques. We anticipate that
our study will provide a partial understanding of
the mechanisms through which curcumin exe-
cutes its therapeutic and preventative biological
effects on AD.

Experimental procedures
Materials

Curcumin (cat. no. C1386) was purchased from
Sigma-Aldrich. Rosiglitazone Maleate (cat. no.
09060108) was obtained from GlaxoSmithKline
Ltd. Co. (Tianjin, China). The following primary
antibodies were all purchased from Abcam (Hong
Kong): GLUTI (rabbit anti-mice, cat. no. ab652,
diluted 1:250 for IHC staining and 1:500 for west-
ern blot analysis); GLUT3 (rabbit anti-mice, cat.
no. ab41525, diluted 1:50 for IHC staining and
1:500 for western blot analysis); IR (rabbit anti-
mice, cat. no. ab75998, diluted 1:50 for IHC stain-
ing and 1:100 for western blot analysis); IGF-1R
(rabbit anti-mice, cat. no. ab39675, diluted 1:50 for
IHC staining and 1:500 for western blot analysis);
IRS-1 (rabbit anti-mice, cat. no. ab52167, diluted
1:50 for IHC staining and 1:500 for western blot
analysis); PI3K (rabbit anti-mice, cat. no. ab74136,
diluted 1:50 for IHC staining and 1:500 for western
blot analysis); p-PI3K (rabbit anti-mice, cat. no.
ab61801, diluted 1:50 for IHC staining and 1:500
for western blot analysis), Akt (rabbit anti-mice,
cat. no. ab8805, diluted 1:200 for IHC staining and
1:500 for western blot analysis); and p-Akt (rabbit
anti-mice, cat. no. ab38513, diluted 1:50 for IHC
staining and 1:2000 for western blot analysis. The
Strept Actividin-Biotin Complex and 3,3’-diamin-
obenzidine (DAB) development kits were obtained
from Wuhan Boster Bio-engineering Ltd. Co.
(Wuhan, China). The ECL western blot substrate
kit was purchased from Shangbo Beijing
Biomedical Technology (cat. no. WBKLS 0100).
The PVDF membrane was purchased from
Millipore (cat. no. IDVH 00010). All other chemi-
cals were purchased from the Beijing Huanyataike
Biomedical Technology Company.

The Mini-PROTEAN® 3 gel electrophoresis
instrument was purchased from Bio-Rad. The PET
radiotracer 18F-FDG (fludeoxyglucose) was pro-
vided by the PET Department of the People’s
Liberation Army (PLA) General Hospital. The
PET imaging system (Inveon PET//computed
tomography [CT]) was purchased from Siemens,
Germany. The system detector material was lute-
tium oxyorthosilicate crystal. It provides an axial
field of vision of 12.7 cm and delivers less than 1.7
mm axial spatial resolution at 1 cm from the centre
of the field of vision, with a time resolution less
than 1.5 ns. A CT scan was applied for attenuation
correction. The CT correction scan time was about
5 min; the PET scan time was 10 min. Images were
analysed by the Motic Digital Medical Image
Analysis System 6.0 (China).

Animals

The APPswe/PS1dE9 double transgenic mice and
wild-type C57/BL6J mice were purchased from
the Institute of Laboratory Animal Science at the
Chinese Academy of Medical Sciences (SCXK
[Beijing] 2009-0004) and were housed in the
Barrier Environment Animal Lab at the Key
Laboratory of Pharmacology of Dongzhimen
Hospital which is affiliated with Beijing University
of Chinese Medicine (BUCM) (SYXK [Beijing]
2009-0028). All experiments were performed in
compliance with Beijing’s regulations and guide-
lines for the use of animals in research and had
been approved by the Animal Research Ethics
Board of Dongzhimen Hospital. To represent the
whole population, both male and female mice (1:1)
were chosen. They were maintained in a tempera-
ture-controlled vivarium on a 12:12 h light:dark
cycle with food and tap water freely available.
After spending one week acclimating to the new
environment, treatments were started when the
mice were three months old. They were randomly
divided into six groups, with 12 in each group.
Wild-type C57/BL6J mice were used as a normal
control (Wild). APPswe/PS1dE9 double transgenic
mice were used in all other groups: in the control
group (Control), a vehicle was used for treatment.
In the positive control group, 10 mg/kg/day RSG
was used for treatment. The following doses were
used for curcumin treatment: low dose curcumin
group (LDC): 100 mg/kg/day; medium dose cur-
cumin group (MDC): 200 mg/kg/day; high dose
curcumin group (HDC): 400 mg/kg/day.
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Gavage

Curcumin and RSG were dissolved in 0.5% sodium
carboxymethyl cellulose (CMC) and gavaged to
mice at 0.1 mL/10 g body weight for three months.
An equivalent amount of 0.5% CMC was used for
the Wild and the Control groups.

Micro-PET scan

After three months of treatment, three mice from
each of the Wild, Control and MDC groups were
randomly chosen for micro-PET scanning. Blood
was taken to ensure that glucose readings were in
the normal range (7-10.1 mmol/L). Mice were
fasted for 6 h prior to the PET scan. After being
anaesthetised with 2% isoflurane, mice were
injected with 14.8—-16.5 MBq radiotracer 18F-FDG
through the tail vein. A 10-min prone acquisition
scan was performed 45 min after injection. Mice
were maintained under isoflurane anaesthesia for
the duration of the procedure. Dynamic micro-PET
image was reconstructed by using a filtered-back
projection algorithm and a CT attenuation correc-
tion was applied. The acquisition rate of the
dynamic PET image was 30 frames/s. Three-
dimensional regions of interest (ROI) were manu-
ally drawn for the brain (excluding cerebellum) on
horizontal, sagittal and coronal planes, and average
radioactivity per gram of tissue was calculated in
the ROI. The mean and maximum activities were
recorded for the entire ROI. The percentage
injected dose (ID) per gram (% ID/g) was calcu-
lated as follows: % ID/g = ROI activity divided by
injected dose and per gram multiplied by 100%.

Tissue preparation

After the behaviour test, six mice per group were
sacrificed for IHC analysis. To summarise, they
were deeply anaesthetised with 10% chloral
hydrate (400 mg/kg body weight, i.p.) and were
quickly cardio-perfused with 50 mL 0.9% physio-
logical saline, followed by 60 mL of 4% paraform-
aldehyde. After decapitation, brains were removed
and incubated in the same fixative solution until
they sank to the bottom of the jar. After that, the
fixative solution was changed one more time and
paraffin embedding was performed. Serial coronal
sections of the hippocampal CA1 region were cut
at 4 um intervals. Five consecutive sections of the
hippocampal CAl region from each mouse were

analysed under 20x magnification to count the
number of positively stained neurons. Photographs
were taken and analysed with Motic Med 6.0
Image software. Data are expressed as the number
of positive stained cells per group.

A separate set of animals (n = 6/group) were
killed by decapitation. Hippocampal tissue was
dissociated immediately on ice, placed in cryovials
and stored in liquid nitrogen until needed for west-
ern blot analysis.

Western blot analysis

Western blot procedures were performed as
described previously.?? Hippocampal tissue was
put into whole cell lysis buffer (50 mL/g tissue)
with the following composition: 50 mM Tris-HCl
(pH 7.5), 0.1 mM EDTA, 0.1 mM EGTA, 1 mM
DTT, 0.2% NP40, 5 mg/L leupeptin, 2 ml/L
aprotintin and 50 mg/L soybean trypsin inhibitor.
Cell lysates were homogenised and centrifuged at
12,000 r.p.m. for 5 min at 4°C. Proteins were
quantified by bicinchoninic acid assay.?* Protein
samples were heated in boiling water for 5 min
and separated with SDS-PAGE under 120 V. They
were subsequently transferred electrophoretically
to a polyvinylidene difluoride membrane by
applying a 200-mA current at 4°C for 2 h. The
membrane was pre-stained with Ponceau stain and
was then washed three times for 5 min with phos-
phate buffered saline-Tween 20 (PBST). After
blocking with 5% skimmed milk for 3 h, the mem-
brane was hybridised with primary antibodies?’
overnight at 4°C. They were then rinsed with
PBST for 3-5 min, incubated with horseradish
peroxidase (HRP)-conjugated IgG secondary anti-
body (1:5000, Jackson ImmunoResearch, Beijing,
China) for 1 h and examined by enhanced chemi-
luminescence (Beijing Dingguo Biotechnology
Inc., Beijing, China) for 3 min. After stripping, the
same membrane was then used to detect -actin
(1:5000). The protein bands were quantified with
NIH Image J software and B-actin was used as the
internal control.

Immunohistochemical staining and
quantification

Details of the IHC procedures have been
described elsewhere.?! Briefly, paraffin sections
underwent deparaffinisation in a 56°C oven for 1
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Figure |. Glucose metabolism analysed by PET. The same colour code was used for all images, with high to low glucose

metabolism shown from top to bottom. The results showed that the average glucose metabolism in the MDC group was higher
than that of both the Wild and the Control groups. The I8F-FDG uptake ratio in different areas of the mice brain, including whole
brain, frontal lobe and temporal lobe, was analysed using PET. In all tested locations, the 18F-FDG uptake ratio in the MDC group

was significantly higher than in the Control group (P <0.05, n = 3).

h, then were submersed in p-xylene 1 and
p-xylene 2 for 20 min, followed by sequential
washes with 100%, 95%, 80% and 70% alcohol
for 3—5 min each respectively. Finally, the slices
rested in distilled water for 5 min. Subsequently,
sections were incubated in 3% H,O, (hydrogen
peroxide) in absolute methanol for 15 min and
were washed with PBST for 5 min. The sections
were then treated with 5% goat serum for 30 min
on an orbital shaker to block non-specific anti-
body binding. Overnight incubation with primary
antibody in humidified boxes at 4°C ensued. The
following day, sections were again rinsed three
times in PBST (5 min/time) and were incubated
with reagent 1 (Polymer Helper, Ready-to-use
PV-9001 or PV-9002, ZSGB-BIO, Beijing,
China) at 37°C for 1 h. Afterward, they were
rinsed three more times with PBST for 3—5 min/
time and then were incubated with HRP-reagent
2 (poly-HRP anti-Rabbit IgG or anti-Mouse IgG,
Ready-to-use PV-9001or PV-9002, ZSGB-BIO,
Beijing, China) at 37°C for 1 h. After a final set
of 3—5 min rinses with PBST, staining was devel-
oped with 3,3'-diaminobenzidine (DAB) sub-
strate for 5-10 min. Sections were mounted,
dehydrated, cover slipped and examined under a
microscope. The primary antibodies used were
described earlier in the ‘Materials’ section.

To verify the specificity of antibodies, negative
controls with rabbit serum instead of primary anti-
bodies were included in each test. Two sections per
mice were used for each staining, for a total of 12
sections from each group. Positively stained neu-
rons in the hippocampal CA1 region were counted
at 10x magnification and photographs were taken
and analysed with Motic Med 6.0 Image software.
Data are expressed as the number of positively
stained cells per group.

Statistical analysis

All data were analysed with SPSS 15.0 software
and presented as mean + standard deviation (SD).
One-way analysis of variance (ANOVA) and non-
parametric tests were used for analysis and post-
hoc comparisons were madeusing aleast-significant
difference test. Data were considered statistically
significant at P <0.05.

Results
PET analysis

Figure 1 shows the glucose metabolism as ana-
lysed by PET. The same colour code was used for
all images. The images indicate that three months
after treatment, the average glucose metabolism of
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Figure 2. Effect of curcumin on GLUT| expression in the hippocampal CAl region. The top panel shows the GLUT| IHC staining
images with the yellow-tan positive staining of GLUT | localised in the cytomembrane of the hippocampal CAl region, as indicated
in the big circular and oval-shaped cell bodies. Quantification results of the IHC staining are shown on the bottom left panel. The
bottom right panel shows the western blot images and quantification results. Both IHC and western blot testing show that there is
significantly more GLUT | protein expression in the RSG (P <0.01), HDC and MDC groups (P <0.05) than in the Control group.
*indicates the difference from wild-type mice: ** indicates significance of p <0.01 and *indicates significance of p <0.05; 2indicates the difference
from the Control group; 24indicates significance of p <0.01 and 2indicates significance of p <0.05. Scale Bar=50 pm.

the mice in the MDC group was higher than that of
the glucose metabolism of the mice in the Wild and
Control groups.

We then analysed the 18F-FDG uptake ratio in
different areas, including the whole brain, frontal
lobe and temporal lobe. In all the locations we
tested, the 18F-FDG uptake ratio in the MDC
group was significantly higher than in the Wild and
Control groups (Figure 1; P <0.05, n = 3).

Effects of curcumin on GLUT| expression in
the hippocampal CA| region

IHC staining showed that the yellow-tan positive
staining of GLUT] localised in the cytomembrane of

the hippocampal CA1 region, with big circular or
oval-shaped cell bodies (Figure 2). Quantification
results showed that, in contrast to the wild-type mice,
the number of GLUT]I positively stained cells was
significantly lower in the Control group (P <0.01).
Compared with the Control group, the number of
positively stained cells was significantly higher in the
RSG (P <0.01), HDC and MDC groups (P <0.05).
Western blot analysis showed that GLUTI
expression was significantly reduced in the Control
group compared with the Wild group (P <0.01).
RSG, MDC and HDC treatments, however, signifi-
cantly increased protein expression of GLUTI1 (P
<0.01 for RSG and P <0.05 for MDC and HDC)
compared with the Control group (Figure 2).
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Figure 3. Effect of curcumin on GLUT3 expression in the hippocampal CAl region. Both the IHC testing and western blot analysis
show that HDC (P <0.05), RSG and MDC (P <0.01) treatment significantly improved GLUT3 expression compared with that of
vehicle treatment in the Control group. Western blot analysis of LDC treatment showed a significant (P <0.05) improvement in

GLUT3 expression compared with that of the Control group.

Effects of curcumin on GLUT3 expression in
the hippocampal CA| region

The results of the GLUT3 staining were similar to
those of the GLUT1 staining. Compared with the
Wild group, there were fewer GLUT3-positive
cells in the mice in the Control group (P <0.01).
The number of positively stained cells in the HDC
group was significantly (P <0.05) higher than in
the Control group. The difference was even more
significant in the RSG and MDC treatment groups
(P <0.01) (Figure 3).

Western blot analysis showed that GLUT3
expression was significantly lower in the transgenic

mice (Control) compared with the Wild group (P
<0.01). HDC and LDC treatment significantly
increased protein expression of GLUT3 compared
with the Control group (P <0.05). The difference in
GLUT3 expression between the Control group and
RSG and MDC treatment groups was even more
significant (P <0.01) (Figure 3).

Effects of curcumin on IR expression in the
hippocampal CA| region

IHC staining showed that, in the hippocampal CA 1
region, IR antibody positively stained the cytomem-
brane and cytoplasma parts; the staining was most
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Figure 4. Effect of curcumin on IR expression in the hippocampal CAl region. IHC analysis revealed that curcumin treatment
showed a significant difference in the RSG and MDC groups (P <0.05) compared with the Control group. However, western blot
analysis indicated a significant difference between the RSG and MDC groups (P <0.01) and HDC group (P <0.05) compared with the

Control group.

obvious in the Control group. Quantification
showed that the number of IR positive cells in the
Control group was significantly higher than in the
Wild group (P <0.05). Compared with the Control
group, the numbers of positively stained cells in
the RSG and MDC groups were significantly lower
(P <0.05) (Figure 4).

Western blot analysis showed that there was
more IR expression in the Control group than in
the Wild group (P <0.01). Compared with the
Control group, the bands from all treatment groups
were narrower. Quantification showed that IR pro-
tein expression was significantly reduced in the
HDC group (P <0.05) compared with the Control

group; the difference was particularly significant
(P <0.01) in the RSG and MDC groups (Figure 4).

Effects of curcumin on IGF-IR expression in the
hippocampal CA| region

IHC staining revealed that there were significantly
less IGF-1R positively stained cells in the Control
group than in the Wild group (P <0.01). RSG and
curcumin treatments reversed this trend.
Quantification results showed that the RSG, HDC
and MDC groups contained significantly more
IGF-1R positively stained cells than the Control
group (P <0.01) (Figure 5).
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Figure 5. Effect of curcumin on IGF-IR expression in the hippocampal CAl region. This figure shows IGF-IR expression in the
hippocampal CAl region using IHC analysis. Compared with the Control group, there are significantly more IGF- IR positive stained

cells in the RSG, HDC and MDC groups (P <0.01).

Effects of curcumin on IRS-1 expression in the
hippocampal CA| region

IHC staining of the hippocampal CAl region
showed that IRS-1 proteins were located primarily
in the cytomembrane and cytoplasm. In the Wild
group, IRS-1 positive neurons were only lightly
stained and were distributed sparsely, primarily in
the cytomembrane. In the Control group, the cyto-
plasm was strongly stained and the number of posi-
tively stained neurons was significantly higher
compared with the Wild group (P <0.01). In con-
trast to the Control group, IRS-1 positive neurons
were more sparsely distributed and staining was
lighter in all treatment groups. There were signifi-
cantly (P <0.05) fewer positively stained neurons
in the LDC group than in the Control group. The
difference was particularly significant (P <0.01)

for the RSG positive control and the HDC and
MDC treatment groups (Figure 6).

Western blot analysis showed that IRS-1 expres-
sion in the Control group was significantly higher
than in the Wild group (P <0.01). Compared with
the Control group, IRS-1 protein expression was
significantly lower in the RSG, MDC and HDC
groups (P <0.01 for RSG and MDC and P <0.05
for HDC) as indicated by the thinner bands and
paler staining (Figure 6).

Effects of curcumin on IRS-2 expression in the
hippocampal CA| region

IHC staining showed that, in contrast to the wild-
type mice, the transgenic mice in the Control group
had significantly less IRS-2 positive cells (P
<0.01). Compared with the Control group, there
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Figure 6. Effect of curcumin on IRS-I expression in the hippocampal CAl region. The IHC analysis indicated that there are
significantly more IRS-| positive cells in the treatment groups (RSG, HDC and MDC groups: P <0.01; LDC: P <0.05) than in the
Control group. Western blot analysis showed that, compared with the Control group, the RSG, HDC and MDC treatment groups
(RSG and MDC groups: P <0.01; HDC: P <0.05) showed significant increases in the number of IRS-I proteins.

were significantly more IRS-2 positive cells in the
mice in both the RSG and MDC groups (P <0.05)

(Figure 7).

Effects of curcumin on PI3K expression in the
hippocampal CA| region

Positive staining of PI3K was shown in cytoplasm
and the cytomembrane, appearing as yellowy-
brown stained particles in plasma. Positively
stained neurons in the hippocampal CA1 region
have big circular or oval-shaped cell bodies.
Quantification showed that the number of PI3K

positive cells in the Control group was signifi-
cantly lower than in the Wild group (P <0.05). In
contrast with the Control group, the numbers of
PI3K positively stained cells in the RSG and MDC
groups were significantly higher (P <0.05).
Treatment with high and low dose curcumin also
showed an obvious increase, but was not statisti-
cally significant (Figure 8).

Western blot analysis of PI3K showed that there
was less PI3K protein expression in the Control
group than in the Wild group (P <0.01). Compared
with the Control group, RSG, HDC and MDC
treatment significantly increased the amount of
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Figure 7. Effect of curcumin on IRS-2 expression in the hippocampal CAl region. IHC staining of IRS-2 in the hippocampal CAI
region showed that, compared with the Control group, both the RSG and MDC groups showed a significant increase in IRS-2

expression (P <0.05).

PI3K (P <0.01 for RSG and MDC and P <0.05 for
HDC) (Figure 8).

Effects of curcumin on p-PI3K expression in the
hippocampal CA| region

IHC staining of p-PI3K showed that the number of
p-PI3K positively stained neurons was significantly
lower in the Control group than in the Wild group (P
<0.01). Compared with the Control group, all inter-
vention groups showed a significant increase in the
number of p-PI3K positive cells (P <0.05) (Figure 9).

Similar results were found in the western blot
analysis. The amount of p-PI3K protein in the
Control group was significantly lower than in the
wild-type mice (P <0.01). RSG and MDC treat-
ment significantly increased the amount p-PI3K
protein compared with the Control group (P <0.01).

The effect of HDC treatment was less significant
(P <0.05) and LDC treatment showed no statistical
difference when compared with the Control group
(Figure 9).

Effects of curcumin on AKT expression in the
hippocampal CA| region

IHC staining showed that there were less Akt posi-
tively stained cells in the Control group than in the
Wild group (P <0.05). In contrast to the Control
group, the number of Akt positive cells in the RSG,
HDC and MDC groups was significantly higher (P
<0.05) (Figure 10).

Western blot analysis showed that Akt protein
expression in the Control group was significantly
lower than in the Wild group (P <0.01). In contrast
to the Control group, the amount of Akt protein in
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Figure 8. Effect of curcumin on PI3K expression in the hippocampal CAl region. Compared with the vehicle treatment in the
Control group, IHC analysis showed that RSG and MDC treatment significantly increased the number of PI3K positive cells
(P <0.05), while western blot analysis showed that RSG, HDC and MDC treatments significantly improved PI3K expression

(HDC: P <0.05; RSG and MDC: P <0.01).

the RSG and MDC treatment groups was signifi-
cantly higher (P <0.01). The effect of HDC was
less significant (P <0.05) and LDC treatment
showed no statistical difference when compared
with the Control group (Figure 10).

Effects of curcumin on p-Akt expression in the
hippocampal CA| region

IHC staining showed that the number of p-Akt
positive cells in the Control group was lower
than in the Wild group (P <0.01). In contrast to
the Control group, there were more Akt positive
cells in RSG, MDC and HDC groups (P <0.01

for RSG and MDC and P <0.05 for HDC)
(Figure 11).

Western blot analysis showed that p-Akt protein
expression in the Control group was significantly
lower than in the Wild group (P <0.01). In contrast
to the Control group, p-Akt protein expression in
the RSG, MDC and HDC groups was significantly
higher (P <0.01 for the RSG and MDC groups and
P <0.05 for the HDC group) (Figure 11).

Discussion

Glucose is the primary energy source for the brain.
If this fuel is lacking, neurotransmitters are not
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Figure 9. Effect of curcumin on p-PI3K expression in the hippocampal CAl region. IHC analysis showed that all treatment groups
significantly increased the numbers of p-PI3K positive cells compared with the Control group (P <0.05). Western blot analysis
showed that, compared with the Control group, RSG, HDC and MDC treatment groups showed significant increases in p-P13K

expression (HDC: P <0.05; RSG and MDC: P <0.01).

synthesised and communication between neurons
breaks down. Numerous studies have shown that
brain glucose transport and utilisation are impaired
in elderly patients with AD.32-35 It is believed that
the extent of glucose hypometabolism correlates
with the severity of cognitive impairment.3¢ Over
the past two decades, PET has been adopted as a
standard technique to quantify several processes to
monitor cerebral health and function, including
cerebral blood flow, cerebral blood volume and
rate of cerebral glucose metabolism.3” The major-
ity of PET scans in the memory-impaired popula-
tion use 18F-FDG as a radio-labelled tracer. A
multi-centre study comprising ten PET centres

showed that the distinction between controls and
AD patients had a 93% sensitivity and a 93%
specificity.38

In our study, using the micro-PET technique,
we were able to show the mouse brain 18F-FDG
intake conditions, which directly indicated the
rate of glucose metabolism. The images showed
that there were more 18F-FDG accumulations in
the Wild and MDC treatment groups than in the
Control group. Quantification results confirmed
that the whole brain 18F-FDG intake rate was
greater in the Wild and MDC groups than in the
Control group. Studies have shown that the
metabolism of cerebral glucose was impaired in
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Figure 10. Effect of curcumin on Akt expression in the hippocampal CA| region. Compared with the Control group, IHC staining
showed a significant increase (P <0.05) in Akt expression in RSG, HDC and MDC treatment groups. Western blot analysis also revealed
a significant increase in Akt expression in the RSG, HDC and MDC treatment groups (HDC: P <0.05; RSG and MDC: P <0.01).

the neocortical-associated areas of the brain
(including the posterior cingulate, temporopari-
etal and frontalmultimodal cortex), whereas the
primary visual and sensorimotor cortex, basal
ganglia and cerebellum are relatively well pre-
served.?® Based on this information, we investi-
gated the frontal and temporal lobe areas which
are related to memory and learning functions.
The quantification results showed that rate of
glucose metabolism was higher in the Wild and
MDC groups than in the Control group. The PET
analysis concluded that three months of curcumin
treatment improves cerebral glucose intake and
energy metabolism in APP/PS1 mice.

Despite the crucial role glucose plays in brain
function, brain neurons are unable to generate and
store glucose; therefore, glucose must be supplied
continuously from the peripheral system. Glucose
travels via GLUTs from blood to brain through the
blood-brain barrier (BBB).4* The GLUT family is
made up of a large group of membrane proteins,
which employ a saturation mechanism to facilitate
the transportation of glucose from areas where it is
highly concentrated to areas where it is less con-
centrated, and which does not consume energy
during the transfer. Based on their sequence simi-
larities, the GLUT family has been divided into
three different classes. Some isoforms, such as
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Figure 1 1. Effect of curcumin on p-Akt expression in the hippocampal CAl region. In both the IHC and western blot analysis,
RSG, HDC and MDC treatment resulted in significant increases in p-Akt expression (P <0.05 for HDC and P <0.01 for RSG and

MDC, respectively) compared with the Control group.

GLUTI1 and GLUT3, are widely expressed in the
central nervous system and appear to be responsi-
ble for the majority of glucose uptake and utilisa-
tion in brain.*42 GLUT1 was the first glucose
transporter identified in the brain and is expressed
on BBB endothelial cells and cortical mem-
branes.** GLUT1 represents the passageway for
glucose into the brain and regulates the availabil-
ity of metabolic fuels to the neurons.** Because
GLUT3 isoforms are expressed on neurons,
GLUTS3 is also referred to as the neuron-specific
glucose transporter.*> The transportation of glu-
cose from blood to brain requires coordination
from all participants, including endothelial cells,

glia (especially astrocytes) and neurons. The
uptake of glucose by neurons was mediated by
GLUT3.4 Decreased concentrations of GLUTI
and GLUT3 were also found in the brains of
patients with AD.344647 Under normal physiologi-
cal conditions, glucose transportation through the
BBB is not the determining factor in the rate of
glucose utilisation in brains;*® however, under
pathological conditions when GLUT1 and GLUT3
expression are impaired, an insufficient supply of
glucose will lead to metabolic impairments.*3

In this study, using IHC staining and western blot
analysis, we showed that treatment with a medium
dose of curcumin was able to consistently and
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significantly improve GLUT1 and GLUT3 protein
expression (P <0.05) compared with the Control
group. This may explain the high rate of cerebral
glucose metabolism we found in the brains of the
AD mice treated with medium dose curcumin.

It is well known that in peripheral tissue, insulin
resistance is a feature of type 2 diabetes. Recent
studies have demonstrated that insulin resistance
also exists in the AD brain.®*° Binding of insulin
and/or IGF-1 to insulin and IGF-1 receptors respec-
tively induces a conformational change of these
tyrosine kinase receptors and promotes receptor
autophosphorylation, thereby recruiting docking
proteins including IRS to the cell membrane.
Thereafter, IRS/PI3K/Akt signal cascades are acti-
vated.’® Reduced response to IGF-1/insulin leads
to the formation of degenerative neurons,”' Af
accumulation and tau phosphorylation,’? and
increases the risk of AD.%5! Treatment with insulin,
however, can improve memory function in both
humans and experimental animals.*3

The IRS family of docking proteins is composed
of six proteins, IRS-1 to IRS-6. Of these family
members, IRS-1 and IRS-2 are responsible for
most of the pleiotropic effects of insulin and IGF-
1.5 IRS molecules are key mediators of insulin
signal transduction and play an important role in
maintaining basic cell functions such as growth,
survival and metabolism. IRS-1 and IRS-2 are the
two main substrates of insulin receptor tyrosine
kinase and IGF receptor kinase and most of the
generation or regulation of insulin signalling is
through IRS-1, IRS-2 or their homologues. Cell
and transgenic mice experiments have indicated
that the mechanism of insulin response is through
the tyrosine and serine phosphorylation of IRS-1
and IRS-2 in conjunction with regulating hormones
and inflammatory cytokines.>>—7

In our previous study using curcumin in an AD
mouse model, we found that curcumin-treated mice
showed significant memory improvement as dem-
onstrated in the water maze behaviour test.?? Given
the established correlation between insulin resist-
ance and AD, we hypothesised that the curcumin-
mediated cognition improvement may have been
the result of ameliorating the impaired insulin sig-
nalling in the IR/IRS-1/PI3K/Akt and IGF-1R/
IRS-2/PI3K/Akt pathways. This study is a continu-
ation of our previous one.?> We used the tissues
from the same group of mice which were examined
in our 2014 publication investigating A deposition

and cognition. In this study, however, we used
western blot and IHC staining methods to examine
the major factors in the insulin/IGF-1 signalling
pathway, including IR, IGF-1R, IRS, PI3K and Akt.

Our results showed increased basal levels of IR
and IRS-1 and decreased basal levels of IGF-1R
and IRS-2, in conjunction with reduced down-
stream PI3K/Akt expression, in the transgenic AD
mice compared with the wild-type mice. We found
that curcumin treatment can ameliorate the impaired
insulin signalling pathway by upregulating IGF-1R,
IRS-2, PI3K, p-PI3K and Akt protein expression.
IR, as demonstrated in both the IHC staining and
western blot testing, was downregulated by cur-
cumin. Of the three dosages tested, the medium
dose of curcumin proved to be the optimal dose as
all tests showed a significant difference between
medium curcumin treatment and vehicle treatment.

Conflicting findings have been reported regard-
ing levels of IR in AD brains. In 2005, Steen found
that IR gene expression was strikingly reduced in
AD;8 using western blot analysis, Liu et al. showed
that IR beta unit was reduced in an AD brain sam-
ple.”® However, Zhao et al. found no changes in
total IR levels in total homogenates from ADDL-
treated neurons as measured by western blots; fur-
ther study revealed no change to intracellular IR
levels in ADDL-treated neurons, but did find a
rapid and substantial loss of neuronal surface
IRs—specifically on dendrites bound by ADDLs—
and increased receptor immunoreactivity in the
cell body.?3¢0 The finding that synapse vulnerabil-
ity to ADDLs is mitigated by insulin suggests that
bolstering brain insulin signaling, which declines
with aging and diabetes, could have significant
potential to slow or deter AD pathogenesis.®® In
our study, IHC staining and western blot testing
both showed that IR was increased in AD mice
compared with wild-type mice. We further ana-
lysed IR mRNA using RT-PCR methodology and
the results showed increased levels of IR mRNA in
AD mice, which supports our findings (unpub-
lished data). Receptor distribution is an important
function; future study focusing on IR distribution
might explain the discrepancy.

As a neuroprotective drug, curcumin is well
known for its anti-inflammatory and antioxidant
effects as well as its ability to reduce plaque deposi-
tion in central nervous system (CNS) and AD mod-
els.61-64 That dietary treatment with fish oil/DHA,
curcumin or a combination of both has the potential
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to improve insulin/trophic signaling and cognitive
deficits in AD.% Emerging data have shown that
brain insulin resistance is associated with the abnor-
mal glucose metabolism in AD.% Our current study
showed that curcumin can promote brain glucose
metabolism and ameliorate insulin signalling path-
ways in AD mice. Our previous study demonstrated
that curcumin reduces AB40, AB42 and AB-derived
diffusible ligands in the mouse hippocampus, and
improving learning and memory. The present study
provides additional evidence of the potential eftfi-
cacy of curcumin therapy in AD.
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