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CART mitigates oxidative stress and DNA damage in
memory deficits of APP/PS1 mice via upregulating
p-amyloid metabolism-associated enzymes
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Abstract. Alzheimer's disease (AD) is the most common form
of dementia that is primarily characterized by progressive
cognitive deficits. The toxicity of amyloid -protein (Ap) serves
an important role in the progression of AD, resulting in neuronal
loss via a number of possible mechanisms, including oxidative
stress, mitochondrial dysfunction, energy depletion, apoptosis
and neuroinflammation. Previous studies have reported that
cocaine amphetamine regulated transcript (CART) treatment
improves memory and synaptic structure in APP/PS1 mice.
Therefore, the present study aimed to investigate whether
CART served a protective role against memory deficits in AD.
APP/PS1 mice were treated with CART or PBS. Spatial memory
was assessed using the Morris water maze. Oxidative stress and
DNA damage were compared among wild-type, APP/PS1 and
CART-treated APP/PS1 mice. The mRNA and protein expres-
sion levels of AP metabolism-associated enzymes, including
neprilysin (NEP), insulin-degrading enzyme (IDE), receptor
for advanced glycation end products (RAGE) and low-density
lipoprotein receptor-related protein 1 (LRP-1), in the hippo-
campus were measured via reverse transcription-quantitative
PCR and western blotting, respectively. CART improved the
memory impairment of APP/PS1 mice by reducing oxidative
stress, inhibiting DNA damage and protecting against mito-
chondrial dysfunction in the cerebral cortex and hippocampus.
CART also reduced cell senescence and oxidative stress in
AP1-42-exposed primary cortical neurons in APP/PSI mice.
Moreover, CART promoted A degradation via modulating AP
metabolism-associated enzymes, including IDE, NEP, LRP-1
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and RAGE. Collectively, the present study indicated that CART
improved the learning and memory capacity of APP/PS mice,
thus may have potential to serve as a novel therapeutic agent for
AD.

Introduction

Alzheimer's disease (AD) is a common neurodegenerative
disease that occurs in the elderly population and is character-
ized by progressive memory loss, mental decline and behavioral
abnormalities (1). Along with an increased aging population, the
global incidence of AD has increased rapidly in recent years,
affecting the health of patients (2). Previous statistics have indi-
cated that the prevalence of AD in elderly patients >80 years
old is 30%, and the number of patients with AD worldwide is
estimated to be ~26 million (3).

The regions of the brain most frequently involved in the
characteristic pathological alterations associated with AD
include those required for advanced cognitive functions, espe-
cially the neocortex and hippocampus (4). At present, senile
plaque (SP) formation, neurofibrillary tangles, neuronal loss (5),
and the formation, metabolism and toxicity of B-amyloid
protein (AP) are considered to be the core of AD pathogen-
esis (6). Recent data from cellular and animal models proposed
that AP deposition is preceded by intraneuronal accumulation
of the direct precursor of Af, C99 (7). Previous studies have
suggested that Af may lead to neuronal damage via neurotoxic
excitotoxicity, mitochondrial dysfunction, abnormal energy
metabolism, calcium homeostasis and apoptosis (8). Moreover,
it has been reported that oxidative stress serves a vital role in the
pathological processes of AD, causing damage to the body when
the generation of oxygen free radicals exceeds the limits of the
antioxidant system in the pathological environment (9). The
available treatment strategies for AD function via suppressing
the formation of AP, preventing the accumulation of A to
form SPs, reducing the amount of lysis in the brain and depoly-
merizing SPs (10-12). Transcription factor EB, which regulates
C99 accumulation in AD cellular models, serves as a potential
strategy to prevent the accumulation of this early neurotoxic
catabolite (7). Furthermore, certain Af-associated enzymes
can regulate the metabolism of plaques, including neprilysin
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(NEP) (13), insulin-degrading enzyme (IDE) (14), receptor for
advanced glycation end products (RAGE) (15) and low-density
lipoprotein receptor-related protein 1 (LRP-1) (16).

Cocaine and amphetamine regulated transcript (CART)
is a hypothalamic neuropeptide that is involved in feeding,
locomotor activity and conditioned place preference (17).
CART is widely expressed in central and peripheral neurons,
as well as in endocrine cells (18). The known expression
sites include the brain, adrenal gland, pancreas and gastro-
intestinal tract. In the brain, CART serves an important
role in physiological and pathological processes, including
eating, stress and drug dependence, and it has been used as
an effective treatment for a variety of central nervous system
diseases (4,19). In the pancreas, CART serves a physiological
role in regulating both endocrine and exocrine pancreatic
secretions (20). CART also regulates islet hormone secre-
tion (21) and gastrointestinal tract motility (22). A previous
study demonstrated that CART is positively associated with
oxidative stress (23). However, the potential molecular mech-
anism underlying the central role of CART is not completely
understood.

Our previous studies confirmed that CART improved
memory and synaptic structures, and modulated the expres-
sion of AP metabolism-associated enzymes in an AD mouse
model in APP/PS1 mice (4,24). In the present study, whether
CART improved cognitive function by inhibiting oxidative
stress in an AD mouse model in APP/PS1 mice was inves-
tigated with the aim of identifying a potential therapeutic
strategy for AD.

Materials and methods

Animals and treatment. A total of 30 male APP/PSI transgenic
mice (25-30 g; 8 months old) and wild-type (WT) control mice
(25-30 g; 8 months old) were purchased and housed in the
Model Animal Research Center of Nanjing University. Mice
were housed at 23-28°C with 30-60%, 12-h light/dark cycles,
and free access to food and water.

All mice were of the C57BL/6J genetic background. CART
peptides were synthesized by Phoenix Pharmaceuticals Inc.
Mice were treated with CART peptides treated as previ-
ously described (4,24) with a slight modification. Briefly,
APP/PS1 and age-matched B6 control mice were randomly
divided into CART-treated or normal saline-treated groups
(10 mice per group). CART was injected via the tail vein daily
for 10 days at a dose of 0.5 pug/kg, and then injected daily
intraperitoneally for 20 days. All experimental procedures
were approved by the Nanjing University's Committee of
Experimental Animal Administration (Nanjing, China).

Cell culture. Primary cortical neurons were isolated and
cultured as previously described (25). Dissociated cortical
cells were seeded (2x10° cells/ml) into 6-well plates. Cells were
cultured in DMEM (Gibco; Thermo Fisher Scientific, Inc.)
supplemented with 10% FBS (Gibco; Thermo Fisher Scientific,
Inc.) and 1% penicillin/streptomycin (Gibco; Thermo Fisher
Scientific, Inc.) and exposed to CART peptide (0.4 nM;
Phoenix Pharmaceuticals, Inc.) for 1 h at 37°C, followed by
incubation with AB1-42 (2 uM; MedChemExpress) for 24 h
at 37°C.

Cell viability. Cell viability was assessed by performing the
Cell Counting Kit-8 (CCK-8) assay (cat. no. GB707; Dojindo
Molecular Technologies, Inc.) according to the manufacturer's
protocol. Briefly, 10 ul CCK-8 solution was added to each well
of a 96-well plate. Following incubation for 4 h, absorbance
was measured at a wavelength of 450 nm using a microplate
reader. The effect of CART on cell viability was determined
by calculating the cell viability percentage of CART treated
cells compared with saline-treated cells.

Morris water maze (MWM). The MWM test was performed
to evaluate spatial memory as previously described (26). On
the 9th day of administration, mice underwent the MWM
directional navigation test, which lasted for 5 days. Each day,
mice were placed into the water from the midpoint of the pool
wall in the order of I-IV quadrants. The time required for the
mice to enter the platform from the water within 60 sec was
recorded as the escape incubation period. If the mice could
not find the platform within 1 min, the experimenter led the
mice to the platform, recording an escape incubation period of
60 sec. Each training interval was 60 sec. For the cruise test,
the platform was removed and mice were placed in the pool in
the order of I-IV quadrants. Subsequently, the swimming time
and the crossing times in each quadrant were recorded within
60 sec. The experimental data were recorded and analyzed
using a camera and MWM software (version 1.0; Shanghai
Information Technology Co., Ltd.).

Intracellular reactive oxygen species (ROS), 8-hydroxy-
2'-deoxyguanosine (8-OhdG) and neurotrophin-3 (3-NT)
analysis. Following sacrifice by cervical dislocation, the cere-
bral cortex and hippocampus were isolated from each mouse
and were homogenized in 2% SDS containing a protease
inhibitor cocktail (Sigma-Aldrich; Merck KGaA) and phospha-
tase inhibitors (Calbiochem; Merck KGaA). The homogenized
mixes were centrifuged at 100,000 x g for 1 h at 4°C. The
supernatant was stored as soluble fraction to detect ROS
(cat.no.E004-1-1; Nanjing Jiancheng Bioengineering Institute),
8-OhdG (cat. no. H165; Nanjing Jiancheng Bioengineering
Institute) and 3-NT (cat. no. 267-N3; R&D Systems, Inc.)
according to the manufacturer's instructions (4).

Measurement of mitochondrial membrane potential.
Mitochondria were isolated from the hippocampus and cortex
sections using the Mitochondria Isolation kit (cat. no. G0O06-1-1;
Nanjing Jiancheng Bioengineering Institute) according to the
manufacturer's instructions. The mitochondrial membrane
potential was detected using a mitochondrial membrane potential
assay kit (cat. no. GO09-1-3; Nanjing Jiancheng Bioengineering
Institute) according to the manufacturer's instructions (9).

Histology experiments. Cerebral cortex and hippocampus
samples were isolated and frozen slices (40-um thick; -20°C)
were prepared. Briefly, mice were anesthetized intra-perito-
neally with 1% pentobarbital at a dose of 50 mg/kg and fixed
on their back. The chest was opened to expose the heart
and an infusion needle was inserted into the left ventricle,
then the right atrial appendage was cut. Mice were perfused
with 0.9% physiological saline for 10 min and then rapidly
perfused with 4% precooled paraformaldehyde (pH 7.4) for
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30 min. The brain was exposed by performing a craniotomy
and fixed with 4% precooled paraformaldehyde at room
temperature overnight. After 24 h, the samples were rinsed
with PBS for 4-5 h and incubated overnight at 4°C. Samples
were dehydrated with a 20 and 30% sucrose gradient, then
sliced with a cryostat. Sections were stained using an anti-Af
antibody (cat. no. 8243; 1:200; Cell Signaling Technology,
Inc.) as previously described (4). Briefly, tissue sections were
dewaxed and hydrated, and antigen retrieval was performed
with boiling citrate. Following washing three times with
PBS for 5 min each time, tissue sections were incubated with
3% H,0,-PBS for 30 min and washed three times with PBS for
5 min each time. Subsequently, tissue sections were incubated
with 0.5% BSA-PBS (Sigma-Aldrich; Merck KGaA) at room
temperature for 2 h followed by incubation with the primary
antibody (1:200 in 0.5% BSA-PBS) overnight at 4°C. Tissue
sections were maintained at room temperature for 30-60 min,
washed three times with PBS for 5 min each time, then
incubated with an HRP-labeled sheep anti-mouse/rabbit IgG
polymer (1:10,000; cat. no. ab6795; Abcam) at room tempera-
ture for 1-2 h. Following washing three times with PBS for
5 min each time, tissue sections were stained with hematoxylin
at room temperature for 3 min. Then, 1% hydrochloric acid
alcohol was extracted twice, rinsed with running water for
3 min, incubated with gradient alcohol and xylene for 2 min.
Finally, the slides were sealed and stained samples were visu-
alized using a fluorescent microscope (magnification, x10).

Western blotting. Total protein was isolated from the cere-
bral cortex and hippocampus samples using RIPA buffer.
Subsequently, western blotting was performed as previously
described (27).Primary antibodies targeted against the following
were used: IDE (cat. no. ab133561; 1:2,000; Abcam), NEP
(cat. no. ab227195; 1:2,000; Abcam), LRP-1 (cat. no. sc-57352;
1:2,000; Santa Cruz Biotechnology Inc.), superoxide dismutase
(SOD)-1 (cat.no. 10269-1-AP; 1:2,000; ProteinTech Group, Inc.),
SOD-2 (cat. no. 66474-1-Ig; 1:2,000; ProteinTech Group, Inc.),
v-H2A histone family member X (y-H2A.X; cat. no. ab2893;
1:2,000; Abcam), peroxiredoxin 1 (Prdx1; cat.no. 8499; 1:2,000;
Cell Signaling Technology, Inc.), polycomb complex protein
(Bmi-1; cat. no. 10832-1-AP; 1:2,000; ProteinTech Group, Inc.),
pl6 (cat. no. 80772; 1:2,000; Cell Signaling Technology, Inc.),
TNFa (cat. no. 11948; 1:2,000; Cell Signaling Technology, Inc.),
IL-1p (cat. no. 16806-1-AP; 1:2,000; ProteinTech Group, Inc.)
and P-actin (cat. no. BS6007M; 1:2,000; Bioworld Technology,
Inc.). Briefly, gels were placed into the electrophoresis tank,
electrophoresis solution was added, protein and marker were
added, the lid was covered and the gel was removed after elec-
trophoresis. As for the transfer solution, the sponge, filter paper,
gel and PVDF were pressed on the splint membrane, followed
by filter paper and sponge. The membrane was placed into the
transfer film tank with an ice pack and transfer solution, the lid
was covered and the tank was maintained at a constant pressure
of 0.28A for 2 h. All experiments were performed in at least
triplicate.

RNA extraction and reverse transcription-quantitative PCR
(RT-gPCR). Total RNA was extracted from cells and tissues
using TRIzol® reagent (Invitrogen; Thermo Fisher Scientific,
Inc.). Total RNA was reverse transcribed into cDNA using

Table I. Sequences of primers used in the present study.

Gene Sequence (5'—3")
IDE (mouse) : CAAACACTGTTTATGGACTG
: TGCTGAATTGAATGTGTACC

: ATCCCCACTTAATGTGTGTCCT
: CTTGCTGGTCTCCAAGTAACG
: AACTCTTTCGGTCGTACCCC

: GCGTGCTTGAGCTGAAGCTA

: CGAAGACTACAGTTCTGCCATT
: GACGTTTCAGAGGTTCTCAGAG

Bmi-1 (mouse)
p16 (mouse)

IL-1a (mouse)

Sirt] (mouse) : GCTGACGACTTCGACGACG

: TCGGTCAACAGGAGGTTGTCT
NEP (mouse) : GAAGACCGAAATGACCCA

: CGGATGTAGTCCCGTAAA
IL-6 (mouse) : CCAAGAGGTGAGTGCTTCCC

: CTGTTGTTCAGACTCTCTCCCT
GAPDH (mouse) : TGGATTTGGACGCATTGGTC

: TTTGCACTGGTACGTGTTGAT
RAGE (mouse) : TCTTGGTGCCTTTTGTGTGAC

: CTCTTCCTCGTTTTTGCTCTC

: CGTGTATTGTTCGTTACCTGGA

: TTCAGTAGTGGTCTGGTCTTGT

: GCGTAAACGCTTCGAGATGTT

: TTTTTATGGCGGGAAGTAGACTG
: TCTTGGTGCCTTTTGTGTGAC

: CTCTTCCTCGTTTTTGCTCTC

: AACCAGTTGTGTTGTCAGGAC

: CCACCATGTTTCTTAGAGTGAGG
: CAGACCTGCCTTACGACTATGG

: CTCGGTGGCGTTGAGATTGTT

: TCTTGGAGTAAGTCGAGAAGTGT
: GTTGAAACTGAGCGAAAAAGGC

Bmi-1 (human)

p53 (mouse)

LRP-1 (mouse)

SOD1 (mouse)

SOD2 (mouse)

Nrf2 (mouse)

AT AT AT AT AT AT AT AT AT AT AT AT IO IR

IDE, insulin-degrading enzyme; Bmi-1, polycomb complex protein;
RANKL, receptor activator of NF-«B ligand; NEP, neprilysin; RAGE,
receptor for advanced glycation end products; LRP-1, low-density
lipoprotein receptor-related protein 1; SOD, superoxide dismutase;
Nrf2, nuclear factor, erythroid 2 like 2; Txnrd1, thioredoxin reduc-
tase 1; F, forward; R, reverse.

the PrimeScript RT Reagent Kit (Takara Bio, Inc.) according
to the manufacturer's instructions. Subsequently, qPCR was
performed as previously described (28). The sequences of the
primers used for qPCR are listed in Table I.

Statistical analysis. All experiments were repeated at least
three times in a blinded manner. Data are presented as the
mean = SEM. Comparisons between groups were analyzed
using one-way ANOVA followed by Bonferroni's post hoc test.
P<0.05 was considered to indicate a statistically significant
difference. All data were analyzed using SPSS software,
version 18.0 (SPSS, Inc.).
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Figure 1. Exogenous CART supplements improve the memory impairment of APP/PS1 mice. WT, APP/PS1 and CART-treated APP/PS1 mice (age, 8 months)
were used. (A) Escape latency in hidden platform task. (B) Time spent in target quadrant, the probe test session was performed 24 h after the training trials.
(C) Number of platform crossings during the probe trial. Data are presented as the mean £ SEM (n=6 per group). “P<0.01 and ““P<0.001 vs. control; “*P<0.05
and "P<0.01 vs. APP/PS1. CART, cocaine amphetamine regulated transcript; WT, wild-type.

Results

CART treatment attenuates spatial memory impairment.
MWM tests were performed to determine whether treat-
ment with CART improved the spatial memory abilities of
AD model (APP/PS1) mice. The escape latencies (Fig. 1A),
time spent in the target quadrant (Fig. 1B) and the number
of platform crossings (Fig. 1C) were significantly decreased
in APP/PS1 mice compared with WT control mice, but were
significantly increased in CART-treated APP/PS1 mice
compared with untreated APP/PS1 mice. The results suggested
that CART treatment significantly improved memory deficits
in APP/PSI mice.

CART modulates Ap metabolism-associated enzyme expres-
sion in the hippocampus and cerebral cortex. To investigate
the mechanism underlying CART-mediated improvements in
the spatial memory abilities of AD model mice, immunohis-
tochemistry staining for AP was performed. AP expression
was significantly increased in APP/PS1 mice compared with
WT control mice, but significantly decreased in CART-treated
APP/PS1 mice compared with untreated APP/PS1 mice
(Fig. 2A and B). To investigate the mechanism underlying
the effects of CART on Af expression, the expression levels
of AP metabolism-associated enzymes were detected via
RT-qPCR and western blotting. The protein and mRNA
expression levels of IDE, NEP, and LRP-1 in the hippo-
campus (Fig. 2C-E) and cortex (Fig. 2F-H) were significantly

decreased in APP/PS1 mice compared with WT control mice,
but were significantly increased in CART-treated APP/PS1
mice compared with untreated APP/PS1 mice. Compared with
WT control mice, RAGE mRNA expression was increased in
untreated mice, and decreased in CART treated mice.

CART attenuates mitochondrial dysfunction by reducing
oxidative stress and DNA damage in the cortex. The roles
of CART treatment on the functional status of mitochondria,
oxidative stress and DNA damage levels in WT, APP/PS1 and
CART-treated APP/PS1 were assessed. 8-OHdG (Fig. 3A),
3-NT (Fig. 3D) and ROS (Fig. 3C) levels in the cerebral cortex
tissues were significantly increased in APP/PS1 mice compared
with WT control mice, but were significantly decreased
in CART-treated APP/PS1 mice compared with untreated
APP/PS1 mice. The mitochondrial membrane potential of the
cerebral cortex tissues was significantly decreased in APP/PS1
mice compared with WT control mice, but was significantly
increased in CART-treated APP/PS1 mice compared with
untreated APP/PS1 mice (Fig. 3B).

In addition, the western blotting results indicated that
protein expression levels of Bmi-1, SODI and PrdxI in the
cortex were significantly decreased in APP/PS1 mice compared
with WT control mice, but were significantly increased in
CART-treated APP/PS1 mice compared with untreated
APP/PS1 mice (Fig. 3E and F). Additionally, RT-qPCR
demonstrated that mRNA expression levels of Bmi-1, SODI,
Sirtl and nuclear factor erythroid 2 like 2 (Nrf2) in the cortex
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Figure 2. Exogenous CART supplements reduce Af protein accumulation by downregulating Af} metabolism-associated enzymes in APP/PS1 mice. WT,
APP/PS1 and CART-treated APP/PS1 mice (age, 8 months) were used. (A) Representative micrographs of the brain with immunohistochemical staining for
AR (scale bar, 200 ym). (B) Counts of total AP plaque numbers (N/um). Relative protein expression levels of IDE, NEP and LRP-1 in the cerebral cortex were
(C) determined via western blotting and (D) semi-quantified. (E) Relative mRNA expression levels of IDE, NEP, LRP-1 and RAGE in cerebral cortex extracts
were measured via RT-qPCR. GAPDH was used as the internal control. Relative protein expression levels of IDE, NEP and LRP-1 in the hippocampus were
(F) determined via western blotting and (G) semi-quantified. (H) Relative expression levels of IDE, NEP, LRP-1 and RAGE in hippocampus extracts were
measured via RT-qPCR. GAPDH was used as the internal control. Data are presented as the mean + SEM (n=6 per group). "P<0.05, “P<0.01 and “"P<0.001
vs. control; #P<0.05, #P<0.01 and *#P<0.001 vs. APP/PS1. CART, cocaine amphetamine regulated transcript; AB, f-amyloid protein; WT, wild-type; IDE,
insulin-degrading enzyme; NEP, neprilysin; LRP-1, low-density lipoprotein receptor-related protein 1; RAGE, receptor for advanced glycation end products;
RT-qPCR, reverse transcription-quantitative PCR.
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Figure 3. Exogenous CART supplements reduce oxidative stress and mitochondrial dysfunction in the cerebral cortex of APP/PS1 mice. WT, APP/PS1 and
CART-treated APP/PS1 mice (age, 8 months) were used. (A) 8-OHdG level in 10% cerebral cortex tissue homogenate. (B) The mitochondrial membrane
potential (JC-1) in the cerebral cortex tissue. (C) ROS levels in cerebral cortex cells. (D) 3-NT levels in 10% cerebral cortex tissue homogenate. Relative protein
expression levels of Bmi-1, SODI, Prdx1 and y-H2A X in the cerebral cortex were (E) determined via western blotting and (F) semi-quantified. (G) Relative
mRNA expression levels of SODI, Sirtl, Bmi-1 and Nrf2 in cerebral cortex extracts were measured via reverse transcription-quantitative PCR. GAPDH
was used as the internal control. Data are presented as the mean + SEM (n=6 per group). "P<0.05, “P<0.01 and ““P<0.001 vs. control; “P<0.05, #P<0.01 and
"1P<0.001 vs. APP/PS1. CART, cocaine amphetamine regulated transcript; WT, wild-type; 8-OHdG, 8-hydroxy-2'-deoxyguanosine; 3-NT, neurotrophin-3;
ROS, reactive oxygen species; Bmi-1, polycomb complex protein; SODI1, superoxide dismutase; Prdx1, peroxiredoxin 1; y-H2A.X, y-H2A histone family
member X; Sirtl, sirtuin 1; Nrf2, nuclear factor erythroid 2 like 2.

were significantly decreased in APP/PS1 mice compared in the cortex were significantly increased in APP/PS1 mice
with WT control mice, but were significantly increased in  compared with WT control mice, but were significantly
CART-treated APP/PS1 mice compared with untreated decreased in CART-treated APP/PS1 mice compared with
APP/PSI mice (Fig. 3G). y-H2A X protein expression levels  untreated APP/PS1 mice (Fig. 3E and F).
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Figure 4. CART supplements inhibit oxidative stress and DNA damage in the hippocampus of APP/PS1 mice. WT, APP/PS1 and CART-treated APP/PS1 mice
(age, 8 months) were used. (A) 8-OHdG level in 10% cerebral hippocampus homogenate. (B) The mitochondrial membrane potential (JC-1) in the hippocampus
tissue. (C) 3-NT level in 10% hippocampus tissue homogenate. (D) ROS level in the hippocampus cells. Relative protein expression levels of SOD1, SOD2 and
v-H2A X in the hippocampus were (E) determined via western blotting and (F) semi-quantified. (G) Relative mRNA expression levels of SODI1, SOD2, Bmi-1
and Nrf2 in hippocampus extracts were measured via reverse transcription-quantitative PCR. GAPDH was used as the internal control. Data are presented as
the mean = SEM (n=6 per group). ‘P<0.05 and ““P<0.001 vs. control; “P<0.01 and *"P<0.001 vs. APP/PS1. CART, cocaine amphetamine regulated transcript;
WT, wild-type; 8-OHdG, 8-hydroxy-2'-deoxyguanosine; ROS, reactive oxygen species; SOD, superoxide dismutase; y-H2A.X, y-H2A histone family member
X; Bmi-1, polycomb complex protein; Nrf2, nuclear factor, erythroid 2 like 2.

CART attenuates mitochondrial dysfunction by reducing levelsin WT, APP/PS1 and CART-treated APP/PS1 mice were
oxidative stress and DNA damage in the hippocampus. investigated. 8-OHdG (Fig. 4A), 3-NT (Fig. 4C) and ROS
Subsequently, the effects of CART treatment on the functional  (Fig. 4D) levels in the hippocampus tissues were significantly
status of the mitochondria, oxidative stress and DNA damage increased in APP/PS1 mice compared with WT control mice,
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Figure 5. Treatment with CART upregulates the expression of Af metabolism-associated enzymes in AB,_,-exposed primary cortical neurons. (A) CART
significantly increased cell viability in Af-exposed cultured primary cortical neurons. Relative protein expression levels of IDE, NEP and LRP-1 in cultured
primary cortical neurons exposed to Af with or without CART were (B) determined via western blotting and (C) semi-quantified. (D) Relative mRNA
expression levels of IDE, NEP, LRP-1 and RAGE in cultured primary cortical neurons exposed to Af with or without CART were measured via reverse
transcription-quantitative PCR. Data are presented as the mean + SEM (n=6 per group). “P<0.01 and “"P<0.001 vs. control; “P<0.05, "P<0.01 and **P<0.001
vs. APP/PS1. CART, cocaine amphetamine regulated transcript; Af, 3-amyloid protein; IDE, insulin-degrading enzyme; NEP, neprilysin; LRP-1, low-density
lipoprotein receptor-related protein 1; RAGE, receptor for advanced glycation end products; WT, wild-type.

but significantly decreased in CART-treated APP/PS1 mice  mice, but was significantly increased in CART-treated APP/
compared with untreated APP/PS1 mice. The mitochondrial =~ PS1 mice compared with untreated APP/PS1 mice (Fig. 4B).

membrane potential of the hippocampus tissue was signifi- Inaddition, the western blotting results indicated that protein
cantly decreased in APP/PS1 mice compared with WT control  expression levels of SODI and SOD?2 in the hippocampus were
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Figure 6. CART treatment reduces cell senescence and oxidative stress in Af, ,,-exposed primary cortical neurons. Relative protein expression levels of
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(B) semi-quantified. (C) Relative mRNA expression levels of p16, p53, SOD2, IL-6 and IL-1a in cultured primary cortical neurons exposed to Af with or
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vs. control; “P<0.05 and P<0.01 vs. APP/PS1. CART, cocaine amphetamine regulated transcript; AB, f-amyloid protein; SOD, superoxide dismutase;

WT, wild-type.

significantly decreased in APP/PS1 mice compared with WT
control mice, but were significantly increased in CART-treated
APP/PS1 mice compared with untreated APP/PS1 mice
(Fig. 4E and F). Furthermore, RT-qPCR results demonstrated
that SODI1, SOD2, Bmi-1 and Nrf2 mRNA expression levels
in the hippocampus were significantly decreased in APP/PS1
mice compared with WT control mice, but were significantly
increased in CART-treated APP/PS1 mice compared with
untreated APP/PS1 mice (Fig. 4G). y-H2A X protein expres-
sion levels in the hippocampus were significantly increased
in APP/PS1 mice compared with WT control mice, but were
significantly decreased in CART-treated APP/PS1 mice
compared with untreated APP/PS1 mice (Fig. 4E and F).

CART improves the expression of Aff metabolism-associated
enzymes in AB, ,-exposed primary cortical neurons. To vali-
date the hypothesis, primary cortical neurons were isolated and
treated with AP, ,, and CART. CART pretreatment significantly

increased cell viability of cultured primary cortical neurons
exposed to AP, 4, compared with the AP, ,-treated primary
cortical neurons (Fig. 5A). The western blotting results
showed that IDE, NEP and LRP-1 protein expression levels
were significantly decreased in Ap,_,,-treated primary cortical
neurons, but were significantly increased following pretreat-
ment with CART (Fig. 5B and C). Additionally, RT-qPCR
results demonstrated that IDE, NEP, LRP-1 and RAGE mRNA
expression levels were significantly decreased in AP, _,-treated
primary cortical neurons, but were significantly increased
following pretreatment with CART (Fig. 5D).

CART reduces cell senescence and oxidative stress in
AB, ;,-exposed primary cortical neurons. To further inves-
tigate whether the therapeutic effects of CART on AD were
mediated via oxidative stress and DNA damage, western
blotting and RT-qPCR were performed. The western blotting
results indicated that p16, TNFa and IL-1f protein expression
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Figure 7. Model of the mechanism underlying CART-mediated improvements
in memory impairment in Alzheimer's Disease. Af} metabolism-associated
enzymes and oxidative stress are upregulated in Alzheimer's Disease, which
results in AP protein accumulation, and increased oxidative stress, DNA
damage and cell senescence, leading to spatial memory impairment. The
aforementioned processes could be rescued by CART supplements. CART,
cocaine amphetamine regulated transcript; A, f-amyloid protein.

levels were significantly increased in AP, 4, -treated primary
cortical neurons, but were significantly decreased following
pretreatment with CART (Fig. 6A and B). Furthermore,
RT-qPCR results demonstrated that p16, p53, IL-6 and IL-1p
mRNA expression levels were significantly increased in
AP, _4-treated primary cortical neurons, but were significantly
decreased following pretreatment with CART (Fig. 6C). SOD1
protein (Fig. 6A and B) and SOD2 mRNA (Fig. 6C) expres-
sion levels were significantly decreased in the Af, ,,-treated
primary cortical neurons, but were significantly increased
following pretreatment with CART. The model of the mecha-
nism underlying CART-mediated improvements in memory
impairment in AD is presented in Fig. 7.

Discussion

In the present study, the impact of CART on spatial memory
impairment in AD was investigated. The results indicated that
the mechanism underlying the effects of exogenous CART
supplements may include: i) Reducing Af,_,, protein accu-
mulation by downregulating Af,_,, metabolism-associated
enzymes in APP/PSI mice; ii) mediating oxidative stress,
DNA damage and mitochondrial dysfunction in the cerebral
cortex and hippocampus of APP/PS1 mice; and iii) reducing
cell senescence and oxidative stress in AP, ,,-exposed
primary cortical neurons. The results of the present study
were consistent with previous studies that reported that Ap
protein accumulation, and cholinergic and neuroinflam-
matory oxidative stress serve a vital role in the progress of
AD (29,30).

AD is the most common cause of dementia and is charac-
terized by onset, progressive mental decline, and personality
and affective disorders (31). The pathogenesis of AD is

not completely understood. AP, as a toxic protein, plays a
detrimental role in the pathogenesis of AD (32). Soluble
AP oligomers affect tau protein phosphorylation, affecting
cytoskeletal changes (33), and thereby inducing the loss of
synaptic plasticity and impairing memory function (34).
Previous studies have reported that exogenous CART treat-
ment could ameliorate memory dysfunction (4) and reduced
levels of A, ., and A4, could account for the neuroprotec-
tive effects of CART (24). The present study also indicated
that CART improved the learning and spatial memory
capacity of APP/PS mice, confirming a therapeutic effect for
AD.

Age spots are the most important pathological manifesta-
tion of AD (32). The AD model used in the present study was
established via an intracerebroventricular injection of A,
which simulates the pathological alterations of Ap accumula-
tion and deposition in the brain. Several proteases have been
found to be involved in the generation and turnover of Ap.
IDE, NEP, LRP-1 and RAGE are capable of regulating the A3
levels in both experimental models and patients with AD (35).
Previous reports demonstrated that CART modulated the
levels of NEP (13), IDE (14), RAGE (15) and LRP-1 (16) via
inhibiting MAPK signaling pathways and activating the AKT
signaling pathway (24). Similarly, the results of the present
study suggested that CART regulated AP metabolism-associ-
ated enzymes, including IDE, NEP, LRP-1 and RAGE, thereby
promoting the degradation of AP, which may serve a valuable
role in the treatment of AD.

A series of hypotheses have been proposed for AD, of
which oxidative stress being the most predominant (35-37).
When oxygen free radicals in the body are unbalanced, ROS
or related substances accumulate excessively in the body,
which can cause various toxic effects on the cells, resulting
in reversible or irreversible damage (38). The peroxidation of
lipids can inactivate ribonucleic acid, lead to DNA damage and
trigger DNA mutations. In addition, the peroxidation of lipids
can generate aldehydes that can combine with phosphoric
acid and proteins to form lipofuscin, which when deposited in
the brain leads to impaired mental ability (39,40). Therefore,
oxidative stress-induced damage in the brains of patients with
AD serves an important role in neuronal degeneration, apop-
tosis, necrosis and pathogenesis. A previous study confirmed
that CART activated the Nrf2/heme oxygenase 1 antioxidant
signaling pathway and protected hippocampal neurons in
AD (41). In accordance with a previous report (24), the
present study also concluded that CART attenuated oxidative
stress and maintained mitochondrial integrity, contributing
to improved cognitive capacity. Moreover, CART alleviated
DNA damage and cell senescence. In addition, pathological
staining of AP was performed, which increased the reliability
of the present study.

In conclusion, the present study suggested that CART
attenuated memory dysfunction in APP/PS1 mice by
promoting AP degradation and reducing oxidative stress and
cell senescence. Therefore, CART may serve as a potential
therapeutic drug for the treatment of AD.
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