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ABSTRACT

Alzheimer's disease (AD) is associated with the accumulation and deposition of a beta-amyloid (AB) peptide in the
brain, resulting in increased neuroinflammation and synaptic dysfunction. Intranasal delivery of targeted drugs to
the brain represents a noninvasive pathway that bypasses the blood-brain barrier and minimizes systemic
exposure. The aim of this study was to evaluate the therapeutic effect of intranasally delivered 9-cis retinoic acid
(RA) on the neuropathology of an AD mouse model. Herein, we observed dramatically decreased AB deposition in
the brains of amyloid precursor protein (APP) and presenilin 1 (PS1) double-transgenic mice (APP/PS1) treated
intranasally with 9-cis RA for 4 weeks compared to that in the brains of vehicle-treated mice. Importantly,
intranasal delivery of 9-cis RA suppressed Ap-associated astrocyte activation and neuroinflammation and
ultimately restored synaptic deficits in APP/PS1 transgenic mice. These results support the critical roles of AB-
associated neuroinflammation responses to synaptic deficits, particularly during the deposition of AB. Our
findings provide strong evidence that intranasally delivered 9-cis RA attenuates neuronal dysfunction in an AD
mouse model and is a promising therapeutic strategy for the prevention and treatment of AD.

INTRODUCTION

Alzheimer's disease (AD), the most prevalent
neurodegenerative disorder, is characterized by the
presence of extracellular amyloid plaques composed of
amyloid-B (AP) and intracellular neurofibrillary tangles
[1, 2]. Mounting evidence indicates that A accumulation
and aggregation are associated with a toxic cascade
triggered by neuroinflammation, which further results in
synaptic loss and cognitive dysfunction [3]. The levels of
AP in the brain are regulated by an innate immune

response [4, 5], and AP activates an inflammatory
response that ultimately drives its uptake and clearance
from astrocytes and microglia in the brain [6]. Because
astrocytes are key regulators of the brain’s inflammatory
response [7], elucidating the mechanisms by which AP
initiates this inflammatory cascade is crucial to
understand the interplay between astrocytes and neuronal
viability in AD.

9-cis Retinoic acid (RA), a biologically active
derivative of vitamin A, has been shown to control a
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wide range of biological processes, including cell
proliferation, differentiation, and morphogenesis [8]. It
is well known that 9-cis RA regulates the activity of
target cells via their nuclear receptors RA receptors
(RARs) and retinoid X receptors (RXRs) [9, 10]. In
vitro studies have indicated that 9-cis RA exerts
immunomodulatory and anti-inflammatory effects on
various cell types [8, 11, 12]. Mice that carry mutated
versions of RAR and/or RXRs also show deficits in
spatial learning and memory [13]. The impairment of
spatial learning and memory and depression of synaptic
plasticity that occur in vitamin A-deprived rodents
also occur as rodents age [14]. Importantly, clinical
evidence has shown defective retinoid transport and
functions in the AD brain, suggesting that increasing the
availability of RA in the brain may prevent or decrease
Ap-associated neurodegeneration [15]. However, to
date, no conclusive experimental evidence obtained
from AD animal models shows a therapeutic effect of 9-
cis RA on AD.

In the present study, we examined the effects of
intranasally delivered 9-cis RA on amyloid precursor
protein (APP) and presenilin 1 (PS7) double-transgenic
mice (4APP/PSI). Six-month-old APP/PS1 mice were
intranasally treated with 20 pg of 9-cis RA for 4 weeks,
which effectively reduced the AP burden. More
intriguingly, 9-cis RA treatment significantly alleviated
astroglial activation and synaptic loss in the brains of
APP/PSI mice.

RESULTS

9-cis RA reduces AP deposition in an amyloid mouse
model

To determine whether intranasal delivery of 9-cis RA
affects amyloid pathology, we treated 6-month-old
APP/PSI mice for a period of 4 weeks, as these mice
are known to develop amyloid plaques at 5 to 6
months [16]. The brain sections were immunostained
with an anti-Af antibody (82E1), and the extent of
AP deposition in the cortical and hippocampal brain
regions of APP/PSI mice was captured by confocal
microscopy (Figure 1A). Treatment of APP/PSI
mice with 9-cis RA significantly reduced the
plaque burden in the cortical and hippocampal
regions. Immunohistochemical analysis of 82E1
immunoreactive plaques in cortical slices from
APP/PSI mice revealed an ~40% reduction in the
total areas of AP deposits compared with those in
cortical slices from their vehicle-treated APP/PSI
littermates (Figure 1B). More importantly, the
number of total plaques was also reduced in the
cortex and hippocampus of 9-cis RA-treated
APP/PSI mice by ~45% and ~43%, respectively

(Figure 1C). These data demonstrate that 9-cis RA
reduces the levels of AP deposition in the brains of
APP/PSI mice.

9-cis RA decreases amyloid-associated
neuroinflammation in an amyloid mouse model

Abnormal activation of astrocytes has been observed in
the brains of AD patients and APP transgenic mouse
models [17, 18]. To determine the extent of Af-
mediated astrogliosis upon 9-cis RA treatment, we
examined GFAP-positive reactive astrocytes by
immunofluorescence staining and western Dblot.
Interestingly, 9-cis RA-treated APP/PSI mice displayed
significantly fewer GFAP-positive astrocytes in the
cortex (Figure 2A) and hippocampus (Figure 2B) than
the vehicle-treated mice, indicating that 9-cis RA had an
anti-inflammatory effect on AB-mediated
neuroinflammation. Next, we evaluated astroglial
reactivity surrounding amyloid deposits in both 9-cis
RA- and vehicle-treated APP/PSI animals. Treatment
with 9-cis RA significantly reduced the levels of GFAP-
immunoreactive  astrocytes  surrounding amyloid
plaques in transgenic animals at 7 months old, as
determined by immunostaining (Figure 3A).
Quantitative analysis of amyloid-associated astrocyte
processes (Figure 3B) and body area (Figure 3C)
revealed that 9-cis RA treatment dramatically reduced
the level of reactive astrocytes associated with Af-
positive plaques in the brains of 7-month-old APP/PS1
mice. These data suggest that 9-cis RA treatment can
reduce amyloid deposition through its anti-
inflammatory function.

Treatment with 9-cis RA rescued synaptic integrity
in an amyloid mouse model

Synaptic loss occurs early during AD progression and is
one of the first signs of the neurodegenerative process [19,
20]. To further understand how 9-cis RA affects synaptic
changes associated with AP, we examined the levels of
pre- and postsynaptic markers in the brains of APP/PSI
mice. The level of postsynaptic density 95 (PSD-95)
(Figure 4A, 4B), but not that of synaptophysin (Figure 4C,
4D), was significantly increased in the 9-cis RA-treated
mice, suggesting that 9-cis RA might ameliorate AP-
associated synaptic impairment.

9-cis RA decreased the levels of proinflammatory
cytokines in an amyloid mouse model

Proinflammatory cytokines released by microglia are
thought to have a «central role in the AD
neuroinflammation [21, 22]. Activated astrocytes serve
as functional barriers and have the potential to release
diverse molecules [23, 24]. To examine the effect of
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Figure 1. Treatment with 9-cis RA reduced the level of AB deposition in APP/PS1 mice compared with vehicle-treated control
mice. (A) Representative images of AB staining in the frontal cortex and hippocampus of APP/PS1 mice treated with vehicle as a control (left)
or 9-cis RA (right). Scale bars, 500 um. (B) Stereological quantification of the AR volume in the cortex (left) and hippocampus (right). (C)
Stereological quantification of the AB numbers in the cortex (left) and hippocampus (right). Values from multiple images of each section that
cover most of the region of study were averaged per animal per experiment. Data represent the mean + SEM (n=6). **, p<0.01.
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Figure 2. 9-cis RA reduced AB-associated gliosis. (A, B) The levels of GFAP in the cortex (n=4/group) and hippocampus (n=4/group)

were examined by western blotting. Data represent the mean + SEM.
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9-cis RA on proinflammatory cytokines, we analyzed
the levels of proinflammatory cytokines in the brain.
We found that 9-cis RA decreased the levels of IL-6,
IL-1B, and TNF-a compared with those in the vehicle
control group (Figure 5A-5C). Consistent with the
effects of 9-cis RA on amyloid deposition, the levels of
proinflammatory cytokines were significantly reduced
in the mice treated with 9-cis RA. These results indicate
that 9-cis RA reduces the activation of astrocytes by
decreasing proinflammatory cytokine expression.

DISCUSSION

Excessive accumulation and aggregation of Ap in senile
plaques are the first events leading to AD-related
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dementia [6, 25]. Numerous pharmacological
approaches and mechanical strategies to prevent and
treat AD have targeted AP production, accumulation,
and/or aggregation and have most recently focused on
presymptomatic patients who are likely to develop AD
[26, 27]. Neuroinflammation occurs in the brains of
patients with symptomatic AD and has a critical impact
on the neurodegenerative pathology of the disease [23].
Targeting Ap-induced neuronal cell death has been
demonstrated to play an important therapeutic role in
modifying AD progression [28]. We previously found
that 9-cis RA decreases cell-associated AP levels in
astrocytes, which is beneficial for accelerating AP
clearance [10]. In this study, we examined the effects of
9-cis RA delivered intranasally on AD pathogenesis in
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Figure 3. 9-cis RA suppressed the activation of astrocytes in APP/PS1 mice. (A) Representative images of GFAP and 82E1
immunochemistry in coronal sections from 7-month-old APP/PS1 animals treated with 9-cis RA (bottom) or vehicle (upper). (B) Quantification
of amyloid-associated astrocyte processes compared with the Ctrl (vehicle). (C) Quantification of amyloid-associated astrocyte bodies
compared with the Ctrl (vehicle). Scale bars, 50 um. Data represent the mean + SEM (n=6). **, p<0.01.
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APP/PSI mice, as this route is a minimally invasive
way to repeatedly deliver drugs to animals. Although
the blood-brain barrier is impaired in AD, it can still
prevent exogenous compounds from entering the brain
parenchyma [29]. Small molecules administered
intranasally can pass through the blood-brain barrier,
avoid first-pass metabolism, and reduce nonselective
effects in the periphery [30, 31]. Our findings indicated
that 9-cis RA treatment, for as little as 4 weeks,
inhibited and possibly reversed the accumulation of AP
deposits in APP/PSI double-transgenic mice. The 9-cis
RA-treated APP/PSI mice showed significantly
decreased levels of activated astrocyte markers and
proinflammatory cytokines and elevated levels of
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synaptic markers in the cortex and/or hippocampal
regions compared with those in the vehicle-treated
APP/PSI mice.

RA has been considered a regenerative molecule in
peripheral organs, as it is generated in multiple forms
(all-trans, 9-cis, and 13-cis) from retinol by two
sequential reactions after uptake [32-34]. 9-cis RA
mainly interacts with RXRs to regulate the transcription
of several target genes by binding RA response
elements (RAREs) in DNA to maintain lipid
metabolism and glucose homeostasis [35]. Exogenous
9-cis RA has been shown to play multiple roles, such as
increasing neurite outgrowth from cultured adult
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Figure 4. 9-cis RA rescued amyloid-associated synaptic loss. The levels of the postsynaptic marker PSD-95 (A, B) and presynaptic
marker synaptophysin (Syp) (C, D) in the cortex (left) and hippocampus (right) were examined by western blotting. Data represent the mean

+ SEM (n=4). *, p<0.05.
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Figure 5. 9-cis RA reduced amyloid-associated neuroinflammation. (A—C) The levels of IL-1B, IL-6, and TNF-a in the cortex of APP/PS1
were examined by ELISA. Data represent the mean + SEM (n=6). *, P < 0.05.
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Lymnaea neurons and accelerating remyelination in
the injured central nervous system (CNS) through
the proliferation of immortalized hippocampal
progenitor cells [36, 37]. An in vitro study showed that
9-cis RA inhibits lipopolysaccharide (LPS)-induced
inflammatory responses in human adherent monocytes
[11]. Taken together, these data suggest that 9-cis RA
has neurotrophic properties and may be potentially
useful for AD.

In our AD mouse model, reactive astrocytes were
intimately associated with amyloid plaques. Astrocytes
can secrete inflammatory cytokines and generate
toxicity, thus damaging and killing bystander neurons
[7]. GFAP expression is associated with activated
astrocytes, representing the inflammatory state of the
CNS [38, 39]. We herein found decreased astrocyte
activation in 9-cis RA-treated mice compared with
vehicle-treated mice, indicating that astrocytes
contributed to the reduced AP load in the treated mice.
Compared to those in the control mice, the AP deposits
in 9-cis RA-treated mice were associated with
substantially less processing of activated astrocytes.
Furthermore, the astrocytes in the 9-cis RA-treated
mice were smaller than those in the control mice.
Together, these results suggest that the AP in the
plaques exhibited altered aggregation kinetics. Finally,
it should be noted that the number of AP deposits was
also significantly reduced in the brains of 9-cis RA-
treated mice compared with control mice, indicating
that fewer new deposits were formed during the four
weeks of treatment.

AP deposition triggers a neuroinflammatory state,
which plays a significant role in the progression of AD
[23, 40]. Inflammatory components related to AD
neuroinflammation include brain cells such as
microglia and astrocytes, the complement system, and
cytokines and chemokines [5]. Proinflammatory
cytokines, such as IL-1B, IL-6, and TNF-a, play an
important role in the development of AD [41, 42]. An
in vitro study demonstrated that 9-cis RA suppresses
the production of specific proinflammatory cytokines
from activated primary glial cells [8]. However, how
9-cis RA affects the levels of proinflammatory
cytokines in an AD mouse model remains unclear. In
this study, we found that 9-cis RA, as an anti-
inflammatory drug, decreased the levels of IL-1p, IL-
6, and TNF-o in APP/PSI mice, suggesting that it
could relieve the activation of astrocytes by reducing
proinflammatory cytokine levels.

In addition, neuroinflammatory components may
contribute to synapse loss and dysfunction in AD. PSD-
95 is the most abundant scaffolding protein in the
excitatory postsynaptic density, and its expression has

been proven to decrease with the progression of
memory loss in AD [43]. Treatment with 9-cis RA
significantly increased the PSD-95 levels in both the
cortices and hippocampi of APP/PSI mice compared to
the vehicle-treated controls, reflecting the restoration of
postsynaptic damage.

Overall, the data reported herein represent the first
preliminary experimental evidence of the therapeutic
effect of intranasally delivered 9-cis RA on AD.
Additionally, we have provided a mechanism by which
9-cis RA modulates AB-related pathology in a mouse
model. We have shown a mechanistic linkage between
reactive astrocytes and proinflammatory cytokines,
which has not been previously documented in the brain,
that facilitates amyloid deposition and accelerates
synaptic loss. These data suggest that 9-cis RA, as an
anti-inflammatory  drug, represents a promising
therapeutic approach for AD.

MATERIALS AND METHODS
Animals

All animal care protocols and procedures were
performed in accordance with the Animal Scientific
Procedures Act and were approved by Harbin Medical
University. APPswe/PS1Ae9 (4APP/PS1) transgenic
mice [B6C3-Tg (APPswe, PSEN1dE9)85Bdo/J] were
obtained from the Model Animal Research Center of
Nanjing University, China [44]. Briefly, 20 pg of 9-cis
RA (1 pg/pl, ab141023, Abcam) or vehicle (10%
DMSO in saline) was administered to 6-month-old
APP/PSI mice intranasally every 2 days for 4 weeks as
previously described [45]. The animal brains were then
harvested, and one hemisphere was fixed and processed
for immunohistochemistry. The hippocampus and
cortex were dissected from the other hemisphere, snap-
frozen and stored at 80°C until protein extraction.
Approximately equal numbers of male (n=16) and
female (n=16) transgenic mice were used for all
experiments.

Immunohistochemistry

Postfixed hemispheres were sectioned (20 pm) on a
cryostat and stored in PBS/glycerol (50:50) until use.
Alternate sections were blocked with 5% BSA and
stained with the appropriate primary antibody: anti-
amyloid (82E1, 1:1000, Immunobiological
Laboratories) and anti-GFAP (1:1000, Millipore). The
sections were incubated with the appropriate Alexa
Fluor-conjugated secondary antibodies, and images
were captured on a confocal laser scanning fluorescence
microscope (model LSMS510 invert; Carl Zeiss,
Germany).
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Western blot analysis

Protein concentrations in brain extracts were measured
using the BCA method (Pierce), and equal amounts of
protein from the homogenized lysates were loaded onto
SDS-PAGE gels and transferred to PVDF membranes.
After the membranes were blocked, proteins were
detected with one of the following primary antibodies:
anti-GFAP (1:500, Millipore), anti-PSD-95 (1:200, Cell
Signaling Technology), or anti-synaptophysin (1:200,
Millipore). The membranes were probed with LI-COR
IRDye secondary antibodies, and proteins were detected
using the Odyssey infrared imaging system (LI-COR).

ELISA quantification

The concentrations of IL-1B, IL-6, and TNF-o were
measured using commercial kits (Biolegend) according
to the manufacturers’ instructions. Briefly, plates were
coated with a capture antibody, incubated overnight at
4°C, washed, and blocked for 1 hour at room
temperature. Standard and experimental samples were
added to the plate for 2 hours at room temperature.
After washing, the plates were incubated with a
detection antibody for 1 hour and then washed and
incubated with an Avidin-HRP solution for 30 minutes.
After washing the plates, substrate solution and stop
solution were added to each well, and the absorbance
was read at 450 nm and 570 nm.

Statistical analysis

All quantified data represent an average of samples.
Statistical analyses were performed with Excel or
GraphPad Prism software. Statistical significance was
determined by either Student’s t-test or one-way
analysis of variance (ANOVA) with Tukey’s post hoc
test using GraphPad Prism 5. P < 0.05 was considered
statistically significant. The levels of significance are
indicated as follows: *P < 0.05, **P < 0.01.

Data and materials availability

Data from these experiments are available from the
corresponding author upon reasonable request.

CONFLICTS OF INTEREST
The authors have no conflicts of interest to declare.
FUNDING

This study was supported by the Natural Science
Foundation of Heilongjiang Province (no. LC2016033),
the WuLianDe Foundation of Harbin Medical University
(no. WLDQN1711), the National Nature Scientific

Foundation of China (nos. 81500917, 81771328,
81571203), the China Postdoctoral Science Foundation
(no. 2015M581475), the Fourth Hospital of Harbin
Medical University Foundation (nos. HYDSYJQ201501
and HYDSHJ201904), the Heilongjiang Postdoctoral
Foundation (nos. LBH-Q19033, LBH-Z15133), the
Municipal Human Resources Development Program for
Outstanding Leaders in Medical Disciplines in Shanghai
(no. 2017BRO51), and The Key Specialty Construction
Project of the Shanghai Municipal Commission of Health
and Family Planning (no. ZK2019A08).

REFERENCES

1. Jucker M, Walker LC. Pathogenic protein seeding in
Alzheimer disease and other neurodegenerative
disorders. Ann Neurol. 2011; 70:532-40.
https://doi.org/10.1002/ana.22615
PMID:22028219

2. Zhao N, Liu CC, Qiao W, Bu G, Apolipoprotein E.
Apolipoprotein E, Receptors, and Modulation of
Alzheimer’s Disease. Biol Psychiatry. 2018; 83:347-57.
https://doi.org/10.1016/j.biopsych.2017.03.003
PMID:28434655

3. Allaman |, Gavillet M, Bélanger M, Laroche T, Viertl D,
Lashuel HA, Magistretti PJ. Amyloid-beta aggregates
cause alterations of astrocytic metabolic phenotype:
impact on neuronal viability. J Neurosci. 2010;
30:3326-38.
https://doi.org/10.1523/JINEUROSCI.5098-09.2010
PMID:20203192

4. Grinan-Ferré C, Sarroca S, Ivanova A, Puigoriol-lllamola
D, Aguado F, Camins A, Sanfeliu C, Pallas M. Epigenetic
mechanisms underlying cognitive impairment and
Alzheimer disease hallmarks in 5XFAD mice. Aging
(Albany NY). 2016; 8:664—84.
https://doi.org/10.18632/aging.100906
PMID:27013617

5. Rubio-Perez JM, Morillas-Ruiz JM. A review:
inflammatory process in Alzheimer’s disease, role of
cytokines. ScientificWorldJournal. 2012; 2012:756357.
https://doi.org/10.1100/2012/756357
PMID:22566778

6. Gandy S. The role of cerebral amyloid beta
accumulation in common forms of Alzheimer disease. J
Clin Invest. 2005; 115:1121-29.
https://doi.org/10.1172/JCI25100
PMID:15864339

7. Pekny M, Pekna M. Astrocyte reactivity and reactive
astrogliosis: costs and benefits. Physiol Rev. 2014;
94:1077-98.
https://doi.org/10.1152/physrev.00041.2013
PMID:25287860

www.aging-us.com 5475

AGING


https://doi.org/10.1002/ana.22615
https://www.ncbi.nlm.nih.gov/pubmed/22028219
https://doi.org/10.1016/j.biopsych.2017.03.003
https://www.ncbi.nlm.nih.gov/pubmed/28434655
https://doi.org/10.1523/JNEUROSCI.5098-09.2010
https://www.ncbi.nlm.nih.gov/pubmed/20203192
https://doi.org/10.18632/aging.100906
https://www.ncbi.nlm.nih.gov/pubmed/27013617
https://doi.org/10.1100/2012/756357
https://www.ncbi.nlm.nih.gov/pubmed/22566778
https://doi.org/10.1172/JCI25100
https://www.ncbi.nlm.nih.gov/pubmed/15864339
https://doi.org/10.1152/physrev.00041.2013
https://www.ncbi.nlm.nih.gov/pubmed/25287860

10.

11.

12.

13.

14.

15.

Xu J, Drew PD. 9-Cis-retinoic acid suppresses
inflammatory responses of microglia and astrocytes. J
Neuroimmunol. 2006; 171:135-44.
https://doi.org/10.1016/j.jneuroim.2005.10.004
PMID:16303184

Zapata-Gonzalez F, Rueda F, Petriz J, Domingo P,
Villarroya F, de Madariaga A, Domingo JC. 9-cis-
Retinoic acid (9cRA), a retinoid X receptor (RXR)
ligand, exerts immunosuppressive effects on
dendritic cells by RXR-dependent activation:
inhibition of peroxisome proliferator-activated
receptor gamma blocks some of the 9cRA activities,
and precludes them to mature phenotype
development. J Immunol. 2007; 178:6130-39.
https://doi.org/10.4049/jimmunol.178.10.6130
PMID:17475839

Zhao J, Fu Y, Liu CC, Shinohara M, Nielsen HM, Dong Q,
Kanekiyo T, Bu G. Retinoic acid isomers facilitate
apolipoprotein E production and lipidation in astrocytes
through the retinoid X receptor/retinoic acid receptor
pathway. J Biol Chem. 2014; 289:11282-92.
https://doi.org/10.1074/jbc.M113.526095
PMID:24599963

Kolseth 1B, Agren J, Sundvold-Gjerstad V, Lyngstadaas
SP, Wang JE, Dahle MK. 9-cis retinoic acid inhibits
inflammatory responses of adherent monocytes and
increases their ability to induce classical monocyte
migration. J Innate Immun. 2012; 4:176-86.
https://doi.org/10.1159/000332375

PMID:22213773

Kraus LF, Scheurmann N, Frenzel DF, Tasdogan A,
Weiss JM. 9-cis-Retinoic acid induces a distinct
regulatory dendritic cell phenotype that modulates
murine delayed-type allergy. Contact Dermatitis. 2018;
78:41-54.

https://doi.org/10.1111/c0d.12868

PMID:28895168

Wietrzych M, Meziane H, Sutter A, Ghyselinck N,
Chapman PF, Chambon P, Krezel W. Working memory
deficits in retinoid X receptor gamma-deficient mice.
Learn Mem. 2005; 12:318-26.
https://doi.org/10.1101/Im.89805

PMID:15897255

Etchamendy N, Enderlin V, Marighetto A, Vouimba RM,
Pallet V, Jaffard R, Higueret P. Alleviation of a selective
age-related relational memory deficit in mice by
pharmacologically induced normalization of brain
retinoid signaling. ) Neurosci. 2001; 21:6423-29.
https://doi.org/10.1523/JNEUROSCI.21-16-06423.2001
PMID:11487666

Maden M. Retinoic acid in the development,
regeneration and maintenance of the nervous system.
Nat Rev Neurosci. 2007; 8:755-65.

16.

17.

18.

19.

20.

21.

22.

23.

https://doi.org/10.1038/nrn2212
PMID:17882253

Li Y, Yuan X, Shen Y, Zhao J, Yue R, Liu F, He W, Wang R,
Shan L, Zhang W. Bacopaside | ameliorates cognitive
impairment in APP/PS1 mice via immune-mediated
clearance of B-amyloid. Aging (Albany NY). 2016;
8:521-33.

https://doi.org/10.18632/aging.100913
PMID:26946062

Malm TM, livonen H, Goldsteins G, Keksa-Goldsteine V,
Ahtoniemi T, Kanninen K, Salminen A, Auriola S, Van
Groen T, Tanila H, Koistinaho J. Pyrrolidine
dithiocarbamate activates Akt and improves spatial
learning in APP/PS1 mice without affecting beta-
amyloid burden. J Neurosci. 2007; 27:3712-21.
https://doi.org/10.1523/JINEUROSCI.0059-07.2007
PMID:17409235

Wyss-Coray T. Inflammation in Alzheimer disease:
driving force, bystander or beneficial response? Nat
Med. 2006; 12:1005-15.
https://doi.org/10.1038/nm1484 PMID:16960575

Selkoe DJ. Alzheimer’s disease is a synaptic failure.
Science. 2002; 298:789-91.
https://doi.org/10.1126/science.1074069
PMID:12399581

Dourlen P, Kilinc D, Malmanche N, Chapuis J,
Lambert JC. The new genetic landscape of
Alzheimer’s disease: from amyloid cascade to
genetically driven synaptic failure hypothesis? Acta
Neuropathol. 2019; 138:221-36.
https://doi.org/10.1007/s00401-019-02004-0
PMID:30982098

Minter MR, Taylor JM, Crack PJ. The contribution of
neuroinflammation to amyloid toxicity in Alzheimer’s
disease. J Neurochem. 2016; 136:457—-74.
https://doi.org/10.1111/jnc.13411

PMID:26509334

Franceschi C, Valensin S, Lescai F, Olivieri F, Licastro F,
Grimaldi LM, Monti D, De Benedictis G, Bonafe M.
Neuroinflammation and the genetics of Alzheimer’s
disease: the search for a pro-inflammatory phenotype.
Aging (Milano). 2001; 13:163-70.
https://doi.org/10.1007/BF03351475

PMID:11442299

Van Eldik U, Carrillo MC, Cole PE, Feuerbach D,
Greenberg BD, Hendrix JA, Kennedy M, Kozauer N,
Margolin RA, Molinuevo JL, Mueller R, Ransohoff RM,
Wilcock DM, et al. The roles of inflammation and
immune mechanisms in Alzheimer’s disease.
Alzheimers Dement (N Y). 2016; 2:99-109.
https://doi.org/10.1016/j.trci.2016.05.001
PMID:29067297

WWww.aging-us.com

5476

AGING


https://doi.org/10.1016/j.jneuroim.2005.10.004
https://www.ncbi.nlm.nih.gov/pubmed/16303184
https://doi.org/10.4049/jimmunol.178.10.6130
https://www.ncbi.nlm.nih.gov/pubmed/17475839
https://doi.org/10.1074/jbc.M113.526095
https://www.ncbi.nlm.nih.gov/pubmed/24599963
https://doi.org/10.1159/000332375
https://www.ncbi.nlm.nih.gov/pubmed/22213773
https://doi.org/10.1111/cod.12868
https://www.ncbi.nlm.nih.gov/pubmed/28895168
https://doi.org/10.1101/lm.89805
https://www.ncbi.nlm.nih.gov/pubmed/15897255
https://doi.org/10.1523/JNEUROSCI.21-16-06423.2001
https://www.ncbi.nlm.nih.gov/pubmed/11487666
https://doi.org/10.1038/nrn2212
https://www.ncbi.nlm.nih.gov/pubmed/17882253
https://doi.org/10.18632/aging.100913
https://www.ncbi.nlm.nih.gov/pubmed/26946062
https://doi.org/10.1523/JNEUROSCI.0059-07.2007
https://www.ncbi.nlm.nih.gov/pubmed/17409235
https://doi.org/10.1038/nm1484
https://www.ncbi.nlm.nih.gov/pubmed/16960575
https://doi.org/10.1126/science.1074069
https://www.ncbi.nlm.nih.gov/pubmed/12399581
https://doi.org/10.1007/s00401-019-02004-0
https://www.ncbi.nlm.nih.gov/pubmed/30982098
https://doi.org/10.1111/jnc.13411
https://www.ncbi.nlm.nih.gov/pubmed/26509334
https://doi.org/10.1007/BF03351475
https://www.ncbi.nlm.nih.gov/pubmed/11442299
https://doi.org/10.1016/j.trci.2016.05.001
https://www.ncbi.nlm.nih.gov/pubmed/29067297

24,

25.

26.

27.

28.

29.

30.

31.

32.

Sofroniew MV. Astrocyte barriers to neurotoxic
inflammation. Nat Rev Neurosci. 2015; 16:249-63.
https://doi.org/10.1038/nrn3898

PMID:25891508

Hardy J, Selkoe DJ. The amyloid hypothesis of
Alzheimer’s disease: progress and problems on the
road to therapeutics. Science. 2002; 297:353-56.
https://doi.org/10.1126/science.1072994
PMID:12130773

Baglietto-Vargas D, Prieto GA, Limon A, Forner S,
Rodriguez-Ortiz CJ, lkemura K, Ager RR, Medeiros R,
Trujillo-Estrada L, Martini AC, Kitazawa M, Davila JC,
Cotman CW, et al. Impaired AMPA signaling and
cytoskeletal alterations induce early synaptic
dysfunction in a mouse model of Alzheimer’s disease.
Aging Cell. 2018; 17:12791.
https://doi.org/10.1111/acel.12791 PMID:29877034

Zhang C. Developing effective therapeutics for
Alzheimer’s disease— emerging mechanisms and
actions in translational medicine. Discov Med. 2017;
23:105-11. PMID:28371613

Heneka MT, Carson MJ, El Khoury J, Landreth GE,
Brosseron F, Feinstein DL, Jacobs AH, Wyss-Coray T,
Vitorica J, Ransohoff RM, Herrup K, Frautschy SA,
Finsen B, et al. Neuroinflammation in Alzheimer’s
disease. Lancet Neurol. 2015; 14:388—405.
https://doi.org/10.1016/51474-4422(15)70016-5
PMID:25792098

Bowman GL, Kaye JA, Moore M, Waichunas D, Carlson
NE, Quinn JF. Blood-brain barrier impairment in
Alzheimer disease: stability and functional significance.
Neurology. 2007; 68:1809-14.
https://doi.org/10.1212/01.wnl.0000262031.18018.1a
PMID:17515542

Erd6 F, Bors LA, Farkas D, Bajza A, Gizurarson S.
Evaluation of intranasal delivery route of drug
administration for brain targeting. Brain Res Bull. 2018;
143:155-70.
https://doi.org/10.1016/j.brainresbull.2018.10.009
PMID:30449731

Grassin-Delyle S, Buenestado A, Naline E, Faisy C,
Blouquit-Laye S, Couderc LJ, Le Guen M, Fischler
M, Devillier P. Intranasal drug delivery: an
efficient and non-invasive route for systemic
administration: focus on opioids. Pharmacol Ther.
2012; 134:366-79.
https://doi.org/10.1016/j.pharmthera.2012.03.003
PMID:22465159

Maden M, Hind M. Retinoic acid, a regeneration-
inducing molecule. Dev Dyn. 2003; 226:237-44.
https://doi.org/10.1002/dvdy.10222

PMID:12557202

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

Bono MR, Tejon G, Flores-Santibafiez F, Fernandez D,
Rosemblatt M, Sauma D. Retinoic Acid as a Modulator
of T Cell Immunity. Nutrients. 2016; 8:349.
https://doi.org/10.3390/nu8060349

PMID:27304965

Campo-Paysaa F, Marlétaz F, Laudet V, Schubert M.
Retinoic acid signaling in development: tissue-specific
functions and evolutionary origins. Genesis. 2008;
46:640-56.

https://doi.org/10.1002/dvg.20444 PMID:19003929

Balmer JE, Blomhoff R. Gene expression regulation by
retinoic acid. J Lipid Res. 2002; 43:1773-808.
https://doi.org/10.1194/jlr.R100015-JLR200
PMID:12401878

Dmetrichuk JM, Carlone RL, Jones TR, Vesprini ND,
Spencer GE. Detection of endogenous retinoids in the
molluscan CNS and characterization of the trophic and
tropic actions of 9-cis retinoic acid on isolated neurons.
J Neurosci. 2008; 28:13014-24.
https://doi.org/10.1523/JINEUROSCI.3192-08.2008
PMID:19036995

Huang JK, Jarjour AA, Nait Oumesmar B, Kerninon C,
Williams A, Krezel W, Kagechika H, Bauer J, Zhao C,
Baron-Van Evercooren A, Chambon P, Ffrench-
Constant C, Franklin RJ. Retinoid X receptor gamma
signaling accelerates CNS remyelination. Nat Neurosci.
2011; 14:45-53.

https://doi.org/10.1038/nn.2702 PMID:21131950

Rossi D. Astrocyte physiopathology: at the crossroads
of intercellular networking, inflammation and cell
death. Prog Neurobiol. 2015; 130:86—120.
https://doi.org/10.1016/j.pneurobio.2015.04.003
PMID:25930681

Haley GE, Kohama SG, Urbanski HF, Raber J. Age-
related decreases in SYN levels associated with
increases in MAP-2, apoE, and GFAP levels in the
rhesus macaque prefrontal cortex and hippocampus.
Age (Dordr). 2010; 32:283-96.
https://doi.org/10.1007/s11357-010-9137-9
PMID:20640549

Candelario-Jalil E. A role for cyclooxygenase-1 in beta-
amyloid-induced neuroinflammation. Aging (Albany
NY). 2009; 1:350-53.
https://doi.org/10.18632/aging.100039
PMID:20157521

Stamouli EC, Politis AM. [Pro-inflammatory cytokines in
Alzheimer’s disease]. Psychiatriki. 2016; 27:264-75.
https://doi.org/10.22365/jpsych.2016.274.264
PMID:28114090

Wang WY, Tan MS, Yu JT, Tan L. Role of pro-
inflammatory cytokines released from microglia in
Alzheimer’s disease. Ann Trans| Med. 2015; 3:136.

WWww.aging-us.com

5477

AGING


https://doi.org/10.1038/nrn3898
https://www.ncbi.nlm.nih.gov/pubmed/25891508
https://doi.org/10.1126/science.1072994
https://www.ncbi.nlm.nih.gov/pubmed/12130773
https://doi.org/10.1111/acel.12791
https://www.ncbi.nlm.nih.gov/pubmed/29877034
https://www.ncbi.nlm.nih.gov/pubmed/28371613
https://doi.org/10.1016/S1474-4422%2815%2970016-5
https://www.ncbi.nlm.nih.gov/pubmed/25792098
https://doi.org/10.1212/01.wnl.0000262031.18018.1a
https://www.ncbi.nlm.nih.gov/pubmed/17515542
https://doi.org/10.1016/j.brainresbull.2018.10.009
https://www.ncbi.nlm.nih.gov/pubmed/30449731
https://doi.org/10.1016/j.pharmthera.2012.03.003
https://www.ncbi.nlm.nih.gov/pubmed/22465159
https://doi.org/10.1002/dvdy.10222
https://www.ncbi.nlm.nih.gov/pubmed/12557202
https://doi.org/10.3390/nu8060349
https://www.ncbi.nlm.nih.gov/pubmed/27304965
https://doi.org/10.1002/dvg.20444
https://www.ncbi.nlm.nih.gov/pubmed/19003929
https://doi.org/10.1194/jlr.R100015-JLR200
https://www.ncbi.nlm.nih.gov/pubmed/12401878
https://doi.org/10.1523/JNEUROSCI.3192-08.2008
https://www.ncbi.nlm.nih.gov/pubmed/19036995
https://doi.org/10.1038/nn.2702
https://www.ncbi.nlm.nih.gov/pubmed/21131950
https://doi.org/10.1016/j.pneurobio.2015.04.003
https://www.ncbi.nlm.nih.gov/pubmed/25930681
https://doi.org/10.1007/s11357-010-9137-9
https://www.ncbi.nlm.nih.gov/pubmed/20640549
https://doi.org/10.18632/aging.100039
https://www.ncbi.nlm.nih.gov/pubmed/20157521
https://doi.org/10.22365/jpsych.2016.274.264
https://www.ncbi.nlm.nih.gov/pubmed/28114090

43.

https://doi.org/10.3978/].issn.2305-5839.2015.03.49
PMID:26207229

Oakley H, Cole SL, Logan S, Maus E, Shao P, Craft J,
Guillozet-Bongaarts A, Ohno M, Disterhoft J, Van Eldik
L, Berry R, Vassar R. Intraneuronal beta-amyloid
aggregates, neurodegeneration, and neuron loss in
transgenic mice with five familial Alzheimer’s disease
mutations: potential factors in amyloid plaque
formation. J Neurosci. 2006; 26:10129-40.
https://doi.org/10.1523/JINEUROSCI.1202-06.2006
PMID:17021169

44. Zhang H, Gao Y, Qiao PF, Zhao FL, Yan Y. Fenofibrate

45.

reduces amyloidogenic processing of APP in APP/PS1
transgenic mice via PPAR-0/PI13-K pathway. Int J Dev
Neurosci. 2014; 38:223-31.
https://doi.org/10.1016/j.ildevneu.2014.10.004
PMID:25447788

Yu SJ, Airavaara M, Wu KJ, Harvey BK, Liu HS, Yang Y,
Zacharek A, Chen J, Wang Y. 9-cis retinoic acid induces
neurorepair in stroke brain. Sci Rep. 2017; 7:4512.
https://doi.org/10.1038/s41598-017-04048-2
PMID:28674431

WWww.aging-us.com

5478

AGING


https://doi.org/10.3978/j.issn.2305-5839.2015.03.49
https://www.ncbi.nlm.nih.gov/pubmed/26207229
https://doi.org/10.1523/JNEUROSCI.1202-06.2006
https://www.ncbi.nlm.nih.gov/pubmed/17021169
https://doi.org/10.1016/j.ijdevneu.2014.10.004
https://www.ncbi.nlm.nih.gov/pubmed/25447788
https://doi.org/10.1038/s41598-017-04048-2
https://www.ncbi.nlm.nih.gov/pubmed/28674431

