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ABSTRACT: Microglial dysfunction is involved in the patho-
logical cascade of Alzheimer’s disease (AD). The regulation of
microglial function may be a novel strategy for AD therapy. We
previously reported the discovery of AD16, an antineuroinflamma-
tory molecule that could improve learning and memory in the AD
model. Here, we studied its properties of microglial modification in
the AD mice model. In this study, AD16 reduced interleukin-1β
(IL-1β) expression in the lipopolysaccharide-induced IL-1β-Luc
transgenic mice model. Compared with mice receiving placebo, the
group treated with AD16 manifested a significant reduction of
microglial activation, plaque deposition, and peri-plaques microgliosis, but without alteration of the number of microglia surrounding
the plaque. We also found that AD16 decreased senescent microglial cells marked with SA-β-gal staining. Furthermore, altered
lysosomal positioning, enhanced Lysosomal Associated Membrane Protein 1 (LAMP1) expression, and elevated adenosine
triphosphate (ATP) concentration were found with AD16 treatment in lipopolysaccharide-stimulated BV2 microglial cells. The
underlying mechanisms of AD16 might include regulating the microglial activation/senescence and recovery of its physiological
function via the improvement of lysosomal function. Our findings provide new insights into the AD therapeutic approach through
the regulation of microglial function and a promising lead compound for further study.
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Alzheimer’s disease (AD) is an age-associated neuro-
degenerative disorder associated with irreversible neural

death and progressive cognitive decline.1 Although great efforts
toward drug discovery have been made in recent years, there is
no new drug for AD therapy that has been approved since
2004 and more than 400 failed clinical trials were performed in
the last 15 years.2 The majority of efforts to develop new
therapeutics have thus far focused on targeting aggregated
amyloid-β (Aβ) and neurofibrillary tangles, which are two
hallmarks for AD.1 Unfortunately, these approaches have failed
in several phase III trials during the last three years.3−5 For this
reason, it is extremely important to identify new targets that
could potentially offer novel disease-modifying therapies.
Genome-wide association studies (GWAS) have recently

identified complement component [3b/4b] receptor 1,
Clusterin,6 Cluster of Differentiation 33 (CD33), adenosine
triphosphate (ATP)-binding cassette transporter A7,7 and
triggering receptor expressed on myeloid cells 28 as the risk
genes for late-onset AD. This implies that dysregulation of the
immune system may be involved in the pathological cascade of
AD. Neuroinflammation is an innate immune response in the
central nervous system (CNS) by which the brain and spinal
cord react to danger signals, such as diverse pathogens or
endogenous host-derived signals released during cellular
damage.9 Inflammation is necessary for eliminating invading
agents, clearing damaged cells, and promoting tissue repair, but

excessive inflammatory response causes or contributes to tissue
damage and has negative effects on the pathogenesis of
degenerative diseases, such as AD, Parkinson’s disease (PD),
and amyotrophic lateral sclerosis.9−11 As resident macrophage-
like cells of the CNS, microglia are the main cell type involved
in innate immune response in the brain. Activated microglia
produce a wide range of proinflammatory cytokines and
neurotoxic mediators, including interleukin-1β (IL-1β), IL-6,
tumor necrosis factor-α (TNF-α), and nitric oxide (NO).12

Chronic inflammatory response plays an essential role in
cellular senescence, which may exacerbate age-related
phenotypes and promote aging-associated disorders.13,14 The
clearance of senescent glial cells prevents tau-dependent
pathology and cognitive decline in the AD model.15 Therefore,
suppression of microglial activation and senescence could be a
strategy to treat AD.11

Previously, we identified a synthetic compound called AD16
(also named GIBH130, PubChem CID: 50938773) (Figure
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1A) which significantly decreased IL-1β expression in N9 cells
and IL-6 expression in AD animals.16 The possible molecular
mechanisms that underlie the anti-inflammatory effects of
AD16 may link to the inhibition of kinase activity, indicted by
the similar chemical structure of AD16 to a p38α MAPK
inhibitor.17 Behaviorally, it restored cognition in Aβ-injected
mice and APPswe/PS1ΔE9 (APP/PS1) mice.16 These events
raise the possibility that AD16 alters microglial function in the
brain of AD. In this study, first we confirmed the in vivo anti-
inflammatory effect of AD16 using the lipopolysaccharide
(LPS) induced IL-1β-Luc transgenic mice model. Then, we
studied whether AD16 altered microglial function in APP/PS1
mice as well as the underlying mechanisms.

■ RESULTS AND DISCUSSION
AD16 Administration Reduces IL-1β Expression and

Microglial Activation. AD16 (Figure 1A) was identified by
phenotype screening with the capacity to decrease IL-1β
expression in N9 microglial cells.16 IL-1β is an important pro-
cytokine which is mainly produced by microglia in the brain.
High concentrations of IL-1β can be detected in the brains of
patients with AD.11 To further elucidate the in vivo effects of
AD16 on IL-1β production, we conducted a detailed analysis
in cHS4I-hIL-1βP-Luc transgenic mice using a luciferase
expression detection. High dose AD16 administration could
decrease LPS-induced luciferase expression at 3 h (p =

0.03549), 6 h (p = 0.035612) and 48 h (p = 0.047503) after
LPS injection, and low dose AD16 also decreased IL-1β
expression but only at 6 h (p = 0.027806) (Figure 1B,C).
Then, we investigated the effects of AD16 on microglial

activation in APP/PS1 mice. Microgliosis was evident in APP/
PS1 mice, as previously observed by others.18,19 In the
hippocampus, we observed the area of ionized calcium binding
adapter molecule 1 (Iba-1) positive microglia in AD16-
administered AD mice was decreased by 71.0% compared to
that of the control group (p = 0.0007, Figure 2).

AD16 Treatment Reduces Amyloid Plaque Deposi-
tion in AD Mice. Aβ aggregates into insoluble clusters, or
plaques, in the AD brain as the disease progresses.20 The
formation of such plaques in the cortical and hippocampal
regions is directly related to learning and memory deficits in
AD.20 In the cortex and hippocampus of AD mice, we
observed numerous plaques at 12 months of age. Total
numbers and areas of plaques in whole brains of AD16-
administered AD mice were notably decreased compared to
those with the vehicle administration. This trend was
consistent in both the cortical (number, decreased by 44.1%,
p = 0.0007; area, decreased by 47.3%, p = 0.00025) and
hippocampal (number, decreased by 67.6%, p = 0.0002; area,
decreased by 69.3%, p = 0.00049) regions (Figure 3). These
findings demonstrate that AD16 treatment alleviated the Aβ
burden.

Figure 1. AD16 administration reduces IL-1β expression in cHS4I-hIL-1βP-Luc transgenic mice. Male cHS4I-hIL-1βP-Luc transgenic mice were
randomized to receive vehicle or AD116 for 6 days, and LPS was injected into the intraperitoneal cavity on day 3. In vivo bioluminescent imaging
was performed using an IVIS imaging system. The structures of AD16 (A). Representative photomicrographs display IL-1β production in cHS4I-
hIL-1βP-Luc transgenic mice using luciferase expression detection (B). Quantification of the luciferase expression at 3, 6, 48, and 72 h after LPS
injection (n = 5 per group) with or without AD16 treatment (C). Statistical comparisons were performed by one-way ANOVA. Post hoc group-
wise comparisons were conducted using the Tukey test. Data are represented as mean ± SD.
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AD16 Alleviates Microglial Activation Close to
Amyloid Deposition but Does Not Alter Microglia
Number. A striking feature of the microglia in the AD brain
is marked clustering around Aβ deposition.21 Plaque-associated
microglia display an activated and polarized morphology which
has a close interaction with Aβ.21 We analyzed the area of
microglia close to amyloid deposition (the area of amyloid
deposition as control). AD16 treatment down-regulated the
area of Iba-1 positive microglia by 56.0% (p = 0.00033)
(Figure 4A−C; Supporting Information, Figures S1,S2).
However, the number of microglia around amyloid deposition
was not affected by AD16 treatment (Figure 4D). Recently,
Pluvinage and colleagues identified that blocking microglial
CD22 restores homeostasis in the aging brain and promotes
the clearance of Aβ in vivo.22 In our study, with the treatment
of AD16, CD22-positive cells were significantly decreased by
64.4% (p = 0.026) in the hippocampus of APP/PS1 mice
(Figure S3). The finding implies that AD16 may promote Aβ
clearance by microglia.
AD16 Administration Reduces Cell Aging in the

Dentate Gyrus. Cellular senescence is accelerated in the
brain of AD compared to normal aging.23 Senescent cells lose/
alter their physiological function, release proinflammatory
mediators, and impair adjacent tissue.24,25 The ability of Aβ
clearance in senescent microglial cells is markedly decreased.26

To assess whether AD16 influences cell aging, we performed
SA-β-gal staining, which is a classic marker for cellular
senescence. The SA-β-gal activity was increased in the brain
tissue of APP/PS1 mice compared to WT mice both in the
cortex and hippocampus (Figure 5A). Compared to the vehicle
treatment group, AD16 treatment reduced the area of SA-β-gal
positive cells by 27.5% in the hippocampus (p = 0.037), 28.0%
in dentate gyrus (DG) (p = 0.017) and 84.9% (p = 0.033) in
the hilus of the DG part (Figure 5B−E). SA-β-gal positive cells
were mainly distributed in dentate hilus and molecular layers
of the hippocampus (Figure 5B) and were identified as
microglia that were immunoreactive for Iba-1 (a marker for
microglia) but not for NeuN (a marker for neuron) (Figure
5F,G).

AD16 Alters Lysosomal Distribution in BV2 Microglial
Cells. Lysosomes play a central role in cellular homeostasis by
regulating the cellular degradative machinery.27 Multiple cell
functions are affected by different lysosomal positioning, such
as autophagosome formation.28 The abnormal lysosomes are
often clustered in the juxtanuclear area, as documented in
PD,29 neuronal ceroid lipofuscinosis type 3,30 and mucolipi-
dosis type IV.31 LPS treatment induced lysosomal clustering,
which inhibited phagolysosome fusion in dendritic cells but
not macrophages.32 Similar to macrophages, LPS did not
induce lysosomal clustering in BV2 microglial cells. However,
with AD16 treatment Lysosomal Associated Membrane
Protein 1 (LAMP-1)-positive organelles showed less peri-
nuclear distribution in BV2 microglial cells (Figure 6A,B).
These were also confirmed with lysotracker staining (Figure
S4). Furthermore, the Western blot study suggested that LPS
treatment reduced the expression of LAMP1, and AD16
enhanced its expression with LPS stimulation (Figure 6C, D;
Figure S5). Previous studies suggest that the lysosomal
position coordinates cellular nutrient responses,33 so we
detected the ATP level in BV2 cells. In our study, the
intracellular ATP level in LPS-activated BV2 cells was
increased by 25.7% with AD16 treatment (Figure 6E). These
results taken together indicate that AD16 may improve
lysosomal function by altering their position.
Here, we report that (a) AD16 treatment decreases IL-1β

expression in cHS4I-hIL-1βP-Luc transgenic mice induced by
LPS and reduces microglial activation in the hippocampus of
AD mouse; (b) AD16 reduces amyloid plaques and microglia
area in proximity to amyloid deposition, but does not alter the
microglia number per plaque; (c) AD16 reduces the number of
senescent cells in the hippocampus of AD mice, further
identified as microglia; (d) AD16 treatment alters lysosomal
positioning, enhances LAMP1 expression, and elevates ATP
concentration in LPS-stimulated BV2 cells.
In our study, we observed that AD16 inhibited the

accumulation of Aβ deposits in AD mice. Microglia, the first
responder to Aβ accumulation, can uptake extracellular Aβ,
which are then degraded via the autophagic/lysosomal
system.24,34 Activated microglia contributes to the formation
and growth of Aβ plaques. Inflammatory milieu is known to
impair the ability of microglia to properly internalize and
degrade Aβ during AD progression.35 As a neuroinflammation
inhibitor, the mechanism of AD16 in reducing plaques may be
due to the altered microglia function. Several groups
discovered that anti-inflammatory therapy enhanced microglial
Aβ clearance directly. The anti-inflammatory drugs Cromolyn
and Rutin reduce levels of Aβ by promoting microglial
phagocytosis.36,37 N,N′-diacetyl-p-phenylenediamine restores
microglial phagocytosis and attenuates cognitive deficits in AD
transgenic mouse model through its suppression of neuro-
inflammation.38 Hickman et al. found that proinflammatory
cytokines treatment could decrease gene expressions involved
in Aβ clearance (such as Aβ-binding scavenger receptors
scavenger receptor A and CD36) and reduce Aβ uptake.39 It
may be the underlying mechanism of anti-inflammatory
therapy resulted in the lower number of plaques in AD mice.
In our study, AD16 reduced the area of plaque-associated
microglia but did not affect their numbers, suggesting
microglial hypertrophy and activation was decreased. Activated
microglia marker, such as F4/F80, was not used in this study,
which should be considered as a limitation of this study. It will
be used in future mechanism studies. Consistent with the

Figure 2. AD16 Reduces Microglial Area in the Brain of APP/PS1
Mice. Nine-month-old male APP/PS1 mice were either orally dosed
with vehicle or AD16 for 3 months. Representative immunostaining of
Iba-1 in the hippocampus of APP/PS1 group (A) and AD16 treated
group (B). Quantification of the area of Iba-1 positive microglia in the
brain of AD mice (n = 5 per group) receiving AD16 or vehicle (C).
Scale bar: 200 μm. Statistical comparisons were performed by
unpaired Student’s t test. Data are presented as means ± SD; ***p <
0.001.
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observations above, our results showed that AD16 might
attenuate the Aβ burden in APP/PS1 mice by promoting

microglial phagocytosis. The reduction of Aβ plaque may also
be due to the lower level of Aβ production with the treatment

Figure 3. AD16 treatment reduces amyloid plaque deposition in AD mice. Nine-month-old male APP/PS1 mice were either orally dosed with
vehicle or AD16 for 3 months. Representative staining of ThS positive amyloid plaque in the cortex (A) and hippocampus (B) of the APP/PS1
group and AD16 treated group. Quantification of total areas (C,D) and numbers (E,F) of plaques in whole brains of AD mice receiving AD16 or
vehicle in the hippocampus and cortex (n = 5 per group). Scale bar: 200 μm. Statistical comparisons were performed by unpaired Student’s t test.
Data are presented as means ± SD; ***p < 0.001.
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of AD16. To exclude this possibility, the BACE activity or APP
levels should be detected in animals and cell culture in the
future.
The administration of AD16 reduced the number of

senescent cells in the DG and molecular layer of the
hippocampus of AD mice, especially in the dentate hilus.
The senescent cells in these regions mainly are microglia
confirmed by stained with Iba-1 antibody. Cellular senescence
is an elaborate stress response among cell types within different
types of tissues, promoting a variety of age-related diseases.40

Multiple cell types seem to demonstrate senescent-like
alterations in AD.26 For example, microglia from AD patients
possess shorter telomeres compared with age-matched
controls.41 With aging, microglial cells exhibit dystrophic
changes, which are thought to be distinct from their typical
reactive morphology.23 Senescent microglial cells show func-
tional impairments, such as reduced engulfment of Aβ,42

increased activation and enhanced release of inflammatory
cytokines,43 as well as the loss of neuroprotective potential.44

In a recent study it was found that, in response to repeated
lipopolysaccharide administration (mimicking chronic inflam-
mation), cultured BV2 microglial cells displayed several signs
of senescence, including growth arrest, enhanced SA-β gal
activity, and senescence-associated heterochromatin foci.45

Furthermore, senescent astrocytes and oligodendrocyte pro-

genitor cells could also be found surrounding the amyloid
plaques.46,47 Xia et al. proposed that inhibition of astrocyte
senescence could be a therapeutic strategy for the treatment of
age-associated neurodegenerative diseases.48 More experiments
should be performed in the future to determine whether AD16
could inhibit astrocyte and oligodendrocyte progenitor cell
senescence.
Lysosomal defects, influencing degradative capacity and

leading to the accumulation of dysfunctional proteins, have
been associated with the pathogenesis of a neurodegenerative
disorder such as AD.49 Enhancing lysosomal function leads to
increased lysosomal degradation of Aβ, decreased microglial
inflammation and alleviated cellular senescence.50−52 Erie et al.
found that the peri-nuclear accumulation of lysosomes was
increased in a cellular model of Huntington’s disease, leading
to premature fusion of lysosomes with autophagosomes.29 LPS
treatment induces lysosomal clustering and inhibits phagoly-
sosome fusion in dendritic cells.32 However, no clustering of
lysosomes was evident after 16 h of LPS treatment in
macrophages. As the resident macrophages of the CNS,
microglia also did not display the increase of lysosomal
clustering with LPS treatment in our study. AD16 treatment
reduced lysosomal peri-nuclear distribution and enhanced
LAMP1 expression in BV2 microglial cells, suggesting AD16
may improve lysosomal function, such as promotion of

Figure 4. AD16 alleviates microglial activation close to amyloid deposition but does not alter microglia number. Nine-month-old male APP/PS1
mice were either orally dosed with vehicle or AD16 for 3 months. Representative costaining of Iba-1 and ThS positive amyloid plaque in the
hippocampus of APP/PS1 group (A) and AD16 treated group (B). Quantification of area (C) and number (D) of Iba-1 positive microglia close to
amyloid deposition (n = 5 per group). Scale bar: 50 μm. Statistical comparisons were performed by unpaired Student’s t test. Data are presented as
means ± SD; ***p < 0.001.
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phagolysosome fusion. This may be the reason why AD16
treatment decreases plaque number and microglial activation/
senescence in the brain of APP/PS1 mice. However, the link
between lysosomal position and Aβ phagocytosis was not
established in this study. In the future, to elucidate whether
AD16 enhances microglial phagocytosis, the markers of
phagocytosis (e.g., CD68) and receptors involved in Aβ
clearance (e.g., Aβ-binding scavenger receptors scavenger
receptor A and CD36) in treated cells and/or APP/PS1
mice should be stained. Furthermore, Aβ stimulated BV2 cells
were not used in our in vitro study, which should be considered

as a limitation of this study. The direct mechanism of AD16
will be studied future work, and the direct target in Aβ
stimulated BV2 cells or primary microglial cells will be
explored.
In conclusion, our results demonstrated that AD16 could

reduce amyloid plaques and modify microglia in the hippo-
campus of APP/PS1 mice. However, the underlying mecha-
nisms of the antiamyloidogenic effects of AD16 still need to be
further clarified. Our findings provide new insights into the AD
therapeutic approach through the regulation of microglial
function and a promising lead compound for further study.

Figure 5. AD16 administration reduces cell aging in the dentate gyrus. Nine-month-old male APP/PS1 mice were either orally dosed with vehicle
or AD16 for 3 months. The SA-β-gal activity was increased in the brain tissue of APP/PS1 mice compared to WT mice both in the cortex and
hippocampus (A). Representative staining of SA-β-gal in the hippocampus of the APP/PS1 group and AD16 treated group (B). Quantification of
the area of SA-β-gal positive cells in the total hippocampus (C), dentate gyrus (DG) of the hippocampus (D), and hilus of the DG part (E) in the
brain of AD mice receiving AD16 or vehicle (n = 5 per group). SA-β-gal positive cells were identified through immunostaining with the Iba-1
antibody (F) or NeuN antibody (G). Scale bar: 200 μm. Statistical comparisons were performed by unpaired Student’s t test. Data are presented as
means ± SD; *p < 0.05.
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■ MATERIALS AND METHODS

IL-1β Expression in cHS4I-hIL-1βP-Luc Transgenic
Mice. All the animal studies complied with the ARRIVE
guidelines. The experimental procedures for the use and care
of the animals were approved by the Ethics Committee of
Guangzhou Medical University. Male cHS4I-hIL-1βP-Luc
transgenic mice were purchased from Shanghai Biomodel
Organism Science & Technology Development Company
(Shanghai, China) and randomized to five groups (n = 5 per
group), group 1 = AD16 high dose group (5 mg/kg), group 2
= AD16 middle dose group (1 mg/kg), group 3 = AD16 low
dose group (0.2 mg/kg), group 4 = dexamethasone group (3
mg/kg), and group 5 = saline group. All of the drugs were
administered intragastrically daily for 6 days. LPS was injected
into the intraperitoneal cavity at a dose of 3 mg/kg on day 3. In

vivo bioluminescent imaging was performed using an IVIS
imaging system (Xenogen, CA, USA) as previously
described.53 Potassium luciferin (GoldBio, MO, USA) was
intraperitoneally injected into mice at a dose of 150 mg/kg.
Then, mice were anesthetized with isoflurane/oxygen and
maintained in the imaging chamber. Twelve min after luciferin
injection, mice were imaged. Photons emitted were quantified
using LivingImage software (Xenogen, CA, USA) and results
were presented in photons emitted per second. Imaging
analysis was performed on hour 0, 3, 6, 24, 48, and 72 after
LPS injection.

AD Animals. The transgenic mice which carry two
transgenes, the mouse/human chimeric APPswe and human
PS1ΔE9 were purchased from Nanjing Biomedical Research
Institute of Nanjing University. Animals were kept on

Figure 6. AD16 alters lysosomal distribution in BV2 microglial cells. BV2 cells were treated with or without AD16 for 24 h in serum-free Opti-
MEM medium incubated with LPS (100 ng/mL). Lysosomal distributions were detected through the staining of LAMP1 in BV2 microglial cells
treated with AD16 or vehicle (A). Quantification of LAMP1 distribution in BV2 microglial cells (n = 3) (B). Immunoblot assays against LAMP1
protein are shown (C). Statistical data of the expressions of LAMP1 from three independent experiments are shown (n = 3). Protein blots were
analyzed using ImageJ and bands were normalized to their respective β-actin loading controls. Data are representative of the average fold change
with respect to control for three independent experiments. (D). ATP levels were detected in LPS-activated BV2 cells with AD16 or vehicle (n = 3)
(E). Scale bar: 20 μm. Statistical comparisons were performed by two-way ANOVA. Post hoc group-wise comparisons were conducted using the
Sidak’s multiple comparisons test. Data are presented as means ± SD; *p < 0.05, **p < 0.01.
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standardized food pellets and water ad libitum. Heterozygous
females were bred with wild-type C57BL/6 males bought
locally. As sex differences were observed in the pathologic
features of APP/PS1 mice,54 offspring male heterozygous mice
were used within all animal experiments to avoid the influence
of gender. Nine-month-old male mice were randomized to two
groups (n = 5 per group), one receiving AD16 (0.25 mg/kg;
dissolved in 0.5% CMC-Na as the vehicle) and the control
group receiving vehicle via gavage until 12 months of age.
Fixation and Tissue Processing. After the mice were

sacrificed, the brains were dissected and fixed by immersion in
freshly prepared 4% PFA dissolved in PBS (pH 7.5) for 72 h
(with changes of the fixative every 24 h). Fixed brains were
transferred to 10 and 20% sucrose in PBS, subsequently. Brains
were frozen in precooled isopentane and stored at −80 °C.
Serial coronal sections of one hemisphere were cut at 50 μm
on a freezing microtome (Leica, Germany) and placed in 24-
well plates, each well being filled with 1×PBS. For long-term
storage, brain sections were placed into cryoprotectant solution
(30 mL of ethylene glycol, 25 mL of glycerin, and 45 mL of
PBS) and could be stored at −20 °C until further processing.
Thioflavins S (ThS) Staining, SA-β-gal Staining, and

Immunohistochemistry. The sliced brains were stained for
7 min with 500 μM of ThS (Sigma, MO, USA) dissolved in
50% ethanol. The sections were then rinsed with 100, 95, and
70% ethanol and PBS, successively. Finally, the slices were
photographed using a BX71 microscope from Olympus
(Tokyo, Japan) equipped with a motorized stage controller,
and pictures were captured with the program “Cell”
(Olympus). To detect microglia in the presence of plaques,
after being stained with ThS, the slices were incubated with 1%
Triton X-100 for 20 min at room temperature (RT), and then
incubated in 10% blocking solution (0.1 M TBS with 10%
normal goat serum, 0.25% Triton X-100) for 1.5 h at RT. After
being blocked, sections were incubated with a rabbit
monoclonal primary antibody against Iba-1 (cat. no. 019-
19741, Wako, Japan; 1:1000) in 10% blocking solution for 48
h at 4 °C. Subsequently, sections were incubated with goat
antirabbit conjugated with Alexa 568 (cat. no. A-11011,
Invitrogen, CA, USA; 1:2000) as the secondary antibodies in
10% blocking solution at RT for 2 h. DAPI (Sigma, MO, USA;
1:2000) was used for the visualization of nuclei. Images of
microglia staining were captured with an LSM 800 microscope
(Zeiss, Germany).
Brain sections were then immersed in a fixation solution for

15 min and subsequently rinsed with PBS 3 times. Then 1 mL
per well of working solution of β-galactosidase with X-Gal was
placed, and the plate was maintained at 37 °C overnight
(senescence-associated β-galactosidase staining kit from
Beyotime, China). SA-β-gal positive areas were quantified by
counting stained and unstained areas and expressed as the
percent of SA-β-gal-positive area over the total area. After
being stained with a working solution of β-galactosidase with
X-Gal, the sections were incubated with a mouse monoclonal
primary antibody against NeuN (cat. no. Mab377, Chemicon,
CA, USA; 1:1000) or Iba-1 to determine the cell type of SA-
beta-gal positive cells. Subsequently, sections were incubated
with goat antirabbit or mouse IgG (cat. no. A-11004,
Invitrogen, CA, USA; 1:2000) conjugated with Alexa 568
together with DAPI. The images were captured using the BX71
microscope.
For quantification, the area and/or number of amyloid

plaques, Iba-1 positive microglia, and senescent cells were

measured using ImageJ software (NIH, MD, USA). The area
for quantification of amyloid plaques was the cortex and whole
hippocampal formation (without distinguishing between areas
of CA1, CA2, CA3, and DG). The Aβ staining area was
calculated relative to the total area of the analyzed region. The
area for quantification of Iba-1 positive microglia was the
whole hippocampus. The plaque-associated area was identified,
and the average percentage of plaque area in each plaque-
associated area (plaque area/plaque-associated area) was
similar both in vehicle and AD16 treated group. Then, we
analyzed the average area and number of the Iba-1 positive
cells around each plaque (Iba-1 positive area/plaque-associated
area) for each mouse. The senescent cells were counted in the
whole hippocampus, and in the DG/dentate hilus of the
hippocampus specifically. The SA-β-gal staining area was
calculated relative to the total area of the analyzed region.
Quantitative analysis of positive cells was calculated in at least
five random microscopic fields of each section. Three sections
per mouse and five mice per group were chosen for analysis.
Three coronal sections were taken from the anterior, middle,
and posterior hippocampus of the animal, respectively. All of
the counting was performed in a blinded fashion.

Cell Culture. BV2 cells were brought from Shanghai
Institutes for Biological Sciences of Chinese Academy of
Sciences (Shanghai, China), and cultured in Dulbecco’s
modified Eagle medium (DMEM) supplemented with 10%
fetal bovine serum (FBS) (Invitrogen, CA, USA) and
antibiotics [100 U/mL penicillin (Invitrogen, CA, USA), 100
μg/mL streptomycin (Invitrogen, CA, USA)]. Cells from
passages 3−5 were used for all assays. The cells were activated
by 0.1 μg/mL LPS (Sigma, MO, USA) with or without AD16
(1 μM) for 24 h in serum-free Opti-MEM medium
(Invitrogen, CA, USA). Appropriate controls included vehicle
control and LPS, but only stimulated cells were included in the
analysis. For immunofluorescence, cells were stained with
lysosomes with primary antibodies detecting LAMP1 (cat. no.
ab208943, Abcam, MA, USA; 1:200) and then were incubated
with goat antirabbit IgG conjugated with Alexa 488 (cat. no. A-
11034, Invitrogen, CA, USA; 1:2000) together with DAPI.

Quantification of the Lysosomal Distribution. To
score lysosomal distribution, a method described by Erie et
al.29 with modifications was used. The nuclear region of a cell
was first outlined based on DAPI staining using ImageJ. The
perinuclear outline was defined as 2 μm away from the nuclear.
The LAMP1 signal was adjusted to saturation to outline the
whole cell. The cells with the perinuclear-dominant lysosomal
pattern were defined as more than 70% of LAMP1-positive
vesicles localized in the perinuclear region. The data are
expressed as a proportion of cells with predominantly
perinuclear lysosomes.

Detection of Cellular ATP Levels. The level of ATP in
BV2 cells was determined using the ATP Bioluminescence
Assay Kit (Beyotime, China). The cells were lysed and
centrifuged at 12 000g for 5 min. A 50 μL aliquot of the
supernatant was mixed with the same volume of luciferase
reagent. Luminance which represents the level of ATP was
measured by a microplate reader (Biotek, VT, USA).

Western Blot. Western blotting was conducted as
described previously.55 Briefly, BV2 cells were prepared, and
40−60 μg of total protein was loaded on a 12% (w/v) sodium
dodecyl sulfate-polyacrylamide gel. The separated proteins
were transferred to a PVDF membrane, and then hybridized
with an anti-LAMP1 monoclonal antibody (cat. no. ab208943,
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Abcam, MA, USA; 1:2000) or anti-β-actin monoclonal
antibody (cat. no. ab8226, Abcam, MA, USA; 1:5000) at 4
°C overnight. Horseradish peroxidase-conjugated secondary
antibodies were used (cat. no. W4011 or W4021, Promega,
CA, USA; 1:5000) for 2 h at RT. Then, the membranes were
examined using an ECL detection reagent (Bio-Rad, CA,
USA).
Statistical Analysis. Data were expressed as mean ±

standard error (SD). Statistical comparisons were performed
by unpaired Student’s t-test, one-way ANOVA, or two-way
ANOVA (SPSS 16.0 software or GraphPad Prism 7.00). Post
hoc group-wise comparisons were conducted using the Tukey
or Sidak’s multiple comparisons test. p-Values of <0.05 were
considered to be statistically significant. The group size in this
study represents independent values. To obtain statistical
power above 95% (α = 0.05, power = 0.95) to determine
existence of statistically significant differences (P < 0.05), we
used a sample size of 5 measurements for the animal
experimental group and 3 or 5 measurements for the in vitro
experimental group.
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