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As a central feature of neuroinflammation, microglial dysfunction
has been increasingly considered a causative factor of neurodegen-
eration implicating an intertwined pathology with amyloidogenic
proteins. Herein, we report the smallest synthetic molecule (N,N′-
diacetyl-p-phenylenediamine [DAPPD]), simply composed of a ben-
zene ring with 2 acetamide groups at the para position, known to
date as a chemical reagent that is able to promote the phagocytic
aptitude ofmicroglia and subsequently ameliorate cognitive defects.
Based on our mechanistic investigations in vitro and in vivo, 1) the
capability of DAPPD to restore microglial phagocytosis is responsible
for diminishing the accumulation of amyloid-β (Aβ) species and sig-
nificantly improving cognitive function in the brains of 2 types of
Alzheimer’s disease (AD) transgenic mice, and 2) the rectification of
microglial function by DAPPD is a result of its ability to suppress the
expression of NLRP3 inflammasome-associated proteins through
its impact on the NF-κB pathway. Overall, our in vitro and in vivo
investigations on efficacies andmolecular-level mechanisms dem-
onstrate the ability of DAPPD to regulate microglial function, sup-
press neuroinflammation, foster cerebral Aβ clearance, and
attenuate cognitive deficits in AD transgenic mouse models. Dis-
covery of such antineuroinflammatory compounds signifies the
potential in discovering effective therapeutic molecules against
AD-associated neurodegeneration.

small molecule | antineuroinflammation | microglial phagocytosis |
amyloid-β clearance | cognitive function

Neurodegeneration is defined as a progressive loss of neu-
ronal structure and function (1). Increasing epidemio-

logical evidence suggests that neuroinflammation, an innate
immune mechanism of the central nervous system (CNS), is
a major pathological contributor in neurodegeneration (2–5).
Microglia play a key role in this process, as they are the resident
phagocytes in the CNS responsible for identifying and elimi-
nating pathogens (2, 6–12). Under normal conditions, the
microglial immune response balances opposing roles in which
they can either excrete proinflammatory mediators, involved
in cellular recruitment and removal of impaired neurons, or
produce antiinflammatory mediators, capable of promoting
neuronal proliferation and synaptic plasticity (2, 10, 11). In
contrast, the persistent presence of pathologic triggers (e.g.,
neuronal injury and protein aggregates) results in the chronic
activation and impairment of microglia (2, 7). Microglial

dysfunction is often characterized by 1) the elevated expres-
sion of neurotoxic proinflammatory mediators; 2) the decreased
production of neurotrophic antiinflammatory mediators; and 3)
the impaired ability to remove pathogens through the loss
of phagocytic capacity (2, 7, 9, 10). The combined effects of such
microglial anomalies incite negative neuronal consequences (10),
amplified through self-propagation and positive-feedback loops (2,
7). Therefore, microglial dysfunction is a potential target for drug
discovery and may offer a therapeutic opportunity against neuro-
degenerative diseases, including Alzheimer’s disease (AD) (2, 7),
Parkinson disease (3), and amyotrophic lateral sclerosis (4).
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chemical reagents for this purpose have been very limited.
Herein, we report a compact synthetic molecule capable of re-
storing microglial dysfunction and improving cognitive function.
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treatment of neurodegenerative disorders.

Author contributions: M.H.P., H.K.J., J.-s.B., and M.H.L. designed research; M.H.P., M.L.,
M.K., J.K., B.J.C., M.S.J., K.H.P., W.H.H., E.T., M.S.K., Y.L., Y.-H.L., I.-S.S., M.-K.C., J.-Y.L.,
H.K.J., and J.-s.B. performed research; M.L., M.K., and J.L. contributed new reagents/
analytic tools; M.H.P., M.L., G.N., M.K., J.K., B.J.C., M.S.J., K.H.P., W.H.H., E.T., M.S.K.,
Y.L., Y.-H.L., I.-S.S., M.-K.C., J.-Y.L., H.K.J., J.-s.B., and M.H.L. analyzed data; and M.L.,
G.N., M.K., J.K., and M.H.L. wrote the paper.

The authors declare no competing interest.

This article is a PNAS Direct Submission. L.-H.T. is a guest editor invited by the
Editorial Board.

Published under the PNAS license.

Data deposition: All data discussed in the paper are included in SI Appendix and Movies
S1–S8.
1To whom correspondence may be addressed. Email: hkjin@knu.ac.kr, jsbae@knu.ac.kr, or
miheelim@kaist.ac.kr.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1916318116/-/DCSupplemental.

First published November 4, 2019.

23426–23436 | PNAS | November 19, 2019 | vol. 116 | no. 47 www.pnas.org/cgi/doi/10.1073/pnas.1916318116

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
14

, 2
02

1 

http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1916318116&domain=pdf
https://www.pnas.org/site/aboutpnas/licenses.xhtml
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916318116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916318116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916318116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916318116/-/DCSupplemental
mailto:hkjin@knu.ac.kr
mailto:jsbae@knu.ac.kr
mailto:miheelim@kaist.ac.kr
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916318116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916318116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1916318116


www.manaraa.com

AD is the most common form of dementia, accounting for
approximately 47 million cases in 2016, and the number of AD
patients is projected to reach almost 131 million by 2050 (13).
The multifaceted etiopathology of AD involves a variety of path-
ological factors, such as neuroinflammation and amyloidogenic
proteins, including amyloid-β (Aβ) (14). Moreover, the intertwined
pathology between neuroinflammation and Aβ has been recog-
nized to be critical toward the development of AD (7, 15). Loss
of the phagocytic ability upon microglial dysfunction signifi-
cantly decreases Aβ clearance, and the subsequent elevation of
Aβ levels can induce microglial impairment through chronic
activation (2, 9, 16). This malignant cycle is a strong driving force
of neurodegeneration (17). Thus, the restoration of microglial
function is able to reestablish neuronal homeostasis in AD.
Mounting research efforts have been dedicated to modulating

microglial dysfunction with synthetic and repurposed chemical
reagents (18–21). Among the candidates, a synthetic molecule,
MCC950, exhibited the restorative efficacy toward microglial
dysfunction as an inhibitor against NLRP3 (NACHT, LRR,
and PYD domains-containing protein 3) inflammasome, pro-
moting Aβ phagocytosis and improving cognitive function
in vivo (22, 23). The aforementioned studies suggest that small
molecules could be effective for regulating microglial dys-
function; however, practical working examples are exceedingly

rare. We report the smallest synthetic molecular entity, N,N′-
diacetyl-p-phenylenediamine (DAPPD), known to date as a
neuroprotective compound capable of restoring cognitive defects
to a significant extent by enhancing the microglial phagocytic
clearance of Aβ species in the brains of AD transgenic mice (Fig.
1A). The structure of DAPPD is composed of a benzene ring only
with 2 acetamide groups at the para position (Fig. 1A). Our
mechanistic investigations indicate that DAPPD down-regulates
the constituent proteins of NLRP3 inflammasome via the sup-
pression of the NF-κB pathway and subsequently lowers the pro-
duction of the proinflammatory mediators, caspase-1 and IL-1β,
leading to the recovery of microglial function. Our overall studies
substantiate the possibility of designing small and simple molecules
for rectifying microglial dysfunction and boosting microglial
phagocytic aptitude. The neuroprotective reagent, DAPPD, is a
promising prototype of a remedial agent that can regulate
neurodegenerative inflammation.

Results
Selection Rationale and Characterization of DAPPD. A small mole-
cule, DAPPD (Fig. 1A and SI Appendix, Fig. S1), was selected as
an antineuroinflammatory agent based on its molecular struc-
ture and previous research. A very recent study of the small mol-
ecule, benzene-1,4-diamine, demonstrated its in vivo efficacy to

CIintf

Fig. 1. Selection rationale and characterization of DAPPD. (A) Chemical structure and working principle of DAPPD. (B) Representative chromatograms and
values from the brain-uptake studiesa ofDAPPD and acetaminophen (AAP) in the plasma, whole brain, and CSF 5 min after i.p. injection. aC57BL/6 mice; 10 mg/kg;
i.p.; 5-min administration. bMean (n = 3). cStandard deviation. dCoefficient of variation. n.d., not detected. (C) Metabolic stability; human liver microsomes.
eHalf-life (t1/2).

fIntrinsic clearance (CIint). (D) Cytotoxicity of DAPPD. Cell viability (%) of N2a neuroblastoma cells incubated with various concentrations of DAPPD
for 24 h was measured by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay (MTT assay). The cell viability (%) was calculated relative to cells
treated with an equivalent amount of dimethyl sulfoxide (1% vol/vol). All error bars indicate SEM.
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improve cognitive deficits in AD transgenic mice (24). In vitro
experiments revealed that these effects of the molecule were
associated with its modulative reactivity against metal-free Aβ
and metal-bound Aβ. Aromatic amines are reported to induce
hepatotoxicity and undergo acetylation by N-acetyltransferases in
biological systems (25). As expected, metabolic studies in vivo
revealed the formation ofDAPPD upon administration of benzene-
1,4-diamine, indicating the physiological significance of its chemical
structure. The studies of DAPPD, herein, indicated that the mol-
ecule could noticeably improve cognitive defects in AD trans-
genic mice (vide infra). DAPPD, however, was not able to directly
interact with metal-free Aβ or metal-bound Aβ and, as a result,
showed no influence on their aggregation pathways (vide infra).
Therefore, based on its structural similarity to acetaminophen
(AAP) (Fig. 1A), an antipyretic and analgesic drug exhibiting
mild antineuroinflammatory activity (26, 27), the antineuroin-
flammatory effects of DAPPD were investigated as shown in
this study. The compact and symmetric structure of DAPPD pre-
sents its synthetic ease and ideal properties, including lipophilicity,
which in turn promotes the molecule’s ability to penetrate the
blood–brain barrier (BBB) (28). The chemical structure of DAPPD
is composed of a phenylacetamide and an additional acetamide
moiety (Fig. 1A). The phenylacetamide structure ofDAPPD can be
found in AAP. Previous studies have indicated the neuroprotective
effects of AAP stemming from its effect on the inflammatory
pathways in lipopolysaccharide-induced cognitive impairment
in mice (29). In addition, in the structure of DAPPD, the ad-
ditional acetamide functionality could exhibit an improved
enzymatic and metabolic stability under physiologically relevant
conditions (30, 31). Taken together, DAPPD could be an ideal
candidate as an antineuroinflammatory compound in vivo.
Prior to in vivo evaluation, DAPPD’s properties, such as meta-

bolic stability, BBB permeability, and cytotoxicity, were evaluated
for its biological applicability. Two distinct assays were performed to
determine the molecule’s 1) stability in plasma and 2) ability to bind
to plasma proteins. First, DAPPD indicated notable stability in hu-
man plasma with 97% of the compound remaining after 120 min of
incubation. Second, DAPPD exhibited significantly low plasma
protein binding (0% bound, relative to 69 and 99% for dexameth-
asone and warfarin, respectively). These results suggest that DAPPD
is stable in plasma and is relatively well distributed upon adminis-
tration. Furthermore, the metabolic stability of DAPPD was in-
vestigated in vivo for identifying the possibility for its chemical
transformation to AAP. To validate the brain accessibility and the
metabolism of DAPPD, the compound (10 mg/kg) was intraperito-
neally administered in C57BL/6 mice. Liquid chromatography–mass
spectrometry analyses led to the detection of DAPPD in the plasma,
cerebrospinal fluid (CSF), and brain after treatment of the com-
pound, while AAP was not observed in these samples (Fig. 1B).
These results confirm that DAPPD is able to cross the BBB without
being metabolized to AAP in vivo. In addition, the oral adminis-
tration of DAPPD (10 mg/kg) in vivo indicated its brain uptake (SI
Appendix, Table S1). The in vitro metabolic studies of DAPPD using
human liver microsomes revealed its moderate metabolic stability
(half-life [t1/2] > 60 min; intrinsic clearance [Clint] = 3.9; Fig. 1C).
Moreover, the selectivity profiling of DAPPD was carried out
against traditional pharmacological targets through the CEREP
Safety-screen44 panel. The results from the screening (SI Appendix,
Table S2) confirmed that DAPPD did not have notable activities
(>50% inhibition) against the 44 targets tested. Lastly, no significant
toxicity was observed in murine Neuro-2a (N2a) neuroblastoma
cells treated with DAPPD at concentrations up to 500 μM (Fig. 1D).
Together, DAPPD was identified to be suitable for in vivo assess-
ment of its neuroprotective activity. Furthermore, the detailed
mechanisms regarding DAPPD’s ability to attenuate microglial
dysfunction under elevated neuroinflammatory conditions in AD
transgenic mice were identified (vide infra).

Attenuation of Cognitive Deficits and Aβ Accumulation in DAPPD-
Treated AD Transgenic Mice. In vivo efficacies of DAPPD were
evaluated in 2 AD transgenic mice: 1) APP/PS1 mice, an AD
double transgenic mouse model that contains both mutant am-
yloid precursor protein (APP) and presenilin-1 (PS1) transgenes,
characterized by increased production and accumulation of Aβ
aggregates as well as notable cognitive impairment (32); and 2)
5×FAD mice, an AD transgenic mouse model overexpressing
mutant human APP695 (K670N/M671L [Swedish], I716V [Florida],
and V717I [London]) and PS1 (M146L and L286V) that indicates
the rapid onset of AD pathology and behavioral decline (33–35).
Administration of DAPPD in the 2 AD transgenic mouse models
took place in distinct manners with varying treatment periods and
dosages. Based on preliminary experiments and the physiological
characteristics of each model, APP/PS1 and 5×FAD mice un-
derwent a 2- and 1-mo treatment period, respectively. More
specifically, APP/PS1 mice show a less aggressive form of AD
with a slower onset. Treatment of DAPPD in 7.5-mo-old APP/
PS1 mice for 2 mo presents a potential prophylactic method
against the progression and development of AD. On the other
hand, the 5×FAD mouse model is a sensitive and fragile model
of AD with the rapid development of severe AD pathology and
cognitive dysfunction. Administrating 5×FAD mice with DAPPD
for 1 mo indicates a potential therapeutic measure against a
preexisting case of AD. The shorter administration interval
applied to 5×FAD mice, compared to that of APP/PS1 mice,
was a limitation in the study stemming from the fragility of this
AD mouse model.
Wild-type (WT) and APP/PS1 mice (7.5 mo of age) were sub-

ject to intraperitoneal (i.p.) administration ofDAPPD or vehicle at
2 mg/kg/day for 2 mo. After 30 d of treatment, the Morris Water
Maze (MWM) test was performed to examine the spatial learning
and memory of vehicle- or DAPPD-treated WT and APP/PS1
mice. As shown in Fig. 2 A and B, DAPPD did not affect the
survival and the body weight of both WT and APP/PS1 mice
during the treatment period. MWM tests demonstrated that the
vehicle-treated APP/PS1 mice, relative to vehicle- and DAPPD-
added WT mice, exhibited noticeably longer escape latencies and
traveled longer distances to the platform. DAPPD-administrated
APP/PS1 mice were able to locate the escape platform at earlier
time points, and they traveled shorter distances to the platform
in a manner comparable to those of WT mice. Such differences
on escape latency and distance traveled were especially notable
on the fifth and seventh days of training, at which point, the
escape latencies of vehicle- and DAPPD-treated APP/PS1 mice
deviated by approximately 2-fold (Fig. 2 C–E). In the probe
trials conducted after 10 d of training, DAPPD-added APP/PS1
mice stayed in the target quadrant for longer periods than
nontarget quadrants and traversed the target location more
frequently compared to APP/PS1 mice injected with vehicle
(Fig. 2 F–H). Interestingly, DAPPD-administrated APP/PS1
mice showed the similar results to WT mice. There were no
notable differences in the distance traveled and swim speed of
mice between the vehicle- or DAPPD-treated APP/PS1 mice in
the probe trials (Fig. 2 I and J), indicating that DAPPD did not
affect the motor function of APP/PS1 mice. These results
suggest that DAPPD effectively improves the cognitive deficits
in APP/PS1 mice.
Moving forward, to verify the effects of DAPPD on Aβ ag-

gregate deposition, correlated to cognitive impairment in AD
(36), the hippocampal and cortical accumulation of Aβ aggre-
gates in the brains of APP/PS1 mice was monitored after a 2-mo
period of compound administration. The deposition of Aβ plaques
in APP/PS1 mice, detected by thioflavin-S (ThS) (37) and 6E10
(anti-Aβ antibody) (16), was reduced by approximately 6- and
2-fold, respectively, upon treatment of DAPPD relative to their
vehicle-added counterparts (Fig. 2K).
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The ability of DAPPD to restore cognitive function in AD
transgenic mice was further confirmed employing 5×FADmice. In
a fashion similar to APP/PS1 mice, 3-mo-old 5×FAD mice treated
with DAPPD for 1 mo (1 mg/kg/day; i.p.) exhibited enhanced spatial
learning and memory in the MWM test (SI Appendix, Fig. S2 A and
B). Moreover, the percentage area of 4G8-immunoreactive amyloid
plaques was diminished in the brains of DAPPD-treated 5×FAD
mice by approximately 40% compared to those of the vehicle-treated
group (SI Appendix, Fig. S2C). In addition, the total, soluble, and
insoluble levels of Aβ40 were lowered by approximately 40, 20,
and 50%, respectively (as for Aβ42, approximately 30, 35, and
20% decreases were observed, respectively) (SI Appendix, Fig.
S2D). Levels of soluble oligomeric Aβ, recognized as toxic Aβ
species (38), were subject to a 30% reduction. The amount of
congophilic amyloid plaques was also alleviated by 10%. Overall,
our investigations with 2 AD transgenic mouse models demon-
strate that DAPPD significantly improves cognitive defects and
mitigates the accumulation of Aβ species.

Reduction of Neuroinflammation in APP/PS1 Mice upon Administration
of DAPPD. To determine whether the antiinflammatory effects of
DAPPD caused the decrease in the levels of Aβ species, microglia
and astrocytes, the 2 major resident immune cells involved in the
inflammatory response (2, 7), were histologically monitored using
anti-Iba1 and anti-GFAP antibodies (16) in the brains of APP/PS1
mice (2 mg/kg/day, i.p.; 2 mo; 7.5 mo old). As shown in Fig. 3 A
and B, the increased glial activation in APP/PS1 mice, induced by
chronic neuroinflammation, was reduced by DAPPD. Activation of
microglia in both the cortex and hippocampus was decreased by
approximately 50% with the treatment of DAPPD compared to
vehicle-added APP/PS1 mice. Note that the activation of astro-
cytes was lowered by approximately 30%. In addition, the ex-
pression of proinflammatory markers (i.e., Tnf-α, Il-1β, Il-6, and
iNos) (16) and immunoregulatory cytokine (i.e., Il-10) (16), ele-
vated in the cortices of vehicle-treated APP/PS1 mice, declined to
levels comparable to those of WT mice upon administration of
DAPPD in APP/PS1 mice (Fig. 3C). On the other hand, the

A

B

C

D

E

F G

H I J

K

Fig. 2. In vivo efficacy of DAPPD in APP/PS1 mice. (A and B) Survival and body weight of vehicle- or DAPPD-treated WT and APP/PS1 mice during the
treatment period. (C and D) Escape-latency time and distance traveled of each group in the MWM test. (E) Representative swimming paths on the 10th day of
training. (F and G) Time spent in target platform and quadrants and representative swimming paths from the probe trials. (H–J) Number of times each animal
entered the target zone (H), distance traveled (I), and swim speed (J) during the 60-s probe trial. (K) Analysis of the amounts of Aβ plaques, detected by ThS or
6E10, after the daily treatments of DAPPD for 2 mo (2 mg/kg/day; i.p.) in APP/PS1 mice starting at 7.5 mo of age. (Scale bars, 200 μm.) Animal number: A, D, F,
and H–J: n = 10 per group; K, n = 4 per group. *P < 0.05; **P < 0.01; ***P < 0.001 by Student’s t test or repeated-measures ANOVA, Tukey’s post hoc test. All
error bars indicate SEM.
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amounts of antiinflammatory markers (i.e., Il-4, Tgf-β, and Arg1)
(16), down-regulated in APP/PS1 mice introduced with vehicle,
were enhanced in the DAPPD-treated group. Therefore, our his-
tological and biochemical experiments support that DAPPD is able
to lower the chronic activation of microglia and astrocytes under
neuroinflammatory conditions.

Antineuroinflammatory Effects of DAPPD Originated from Microglia.
In the brain, diverse types of cells are associated in the inflammation

process (2, 7). During the immune mechanism, the signaling
molecules (e.g., cytokines) released from cells play a role in
intercellular communication and controlling the inflammation
process (2, 7, 10). To identify the cellular source of DAPPD’s
antiinflammatory activity in the brain, we cultured 3 types of pri-
mary murine brain cells (i.e., microglia, astrocytes, and neurons).
We first determined the toxicity of DAPPD against these cells by
the 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-
tetrazolium (WST-1) and terminal deoxynucleotidyl transferase

A

B

C

E

F

D

G

Fig. 3. Change in neuroinflammation upon treatment of DAPPD in WT and APP/PS1 mice. (A and B) Representative images and quantification of activated
microglia (Iba1) and astrocyte (GFAP) from the cortices and hippocampi of the brains of vehicle- and DAPPD-treated WT and APP/PS1 mice. (Scale bars, 50 μm.)
(C and D) Analysis of the alteration in mRNA levels of pro- and antiinflammatory cytokines in the cortices (C) and microglia isolated from the cortices (D) after
administration of vehicle or DAPPD in WT and APP/PS1 mice. Proinflammatory marker: Tnf-α, Il-1β, Il-6, and iNos; immunoregulatory cytokine: Il-10; antiin-
flammatory marker: Il-4, Tgf-β, and Arg1. (E) Analysis of the changes in mRNA levels of MGnD microglia genes and M0-homeostatic microglia genes by treatment
of vehicle orDAPPD toWT and APP/PS1mice (n = 4 per group). (F and G) Representative images and quantification of CLEC7A and P2RY12 (n = 4 per group). (Scale
bars, 50 μm.) Animal number: A–G, n = 4 per group. *P < 0.05; **P < 0.01 by one-way analysis of variance, Tukey’s post hoc test. All error bars indicate SEM.
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dUTP nick end labeling (TUNEL) assays. DAPPD did not exhibit
its notable cytotoxicity or induce apoptosis in the abovementioned
cell types (SI Appendix, Fig. S3 A and B). Next, Aβ-induced al-
terations in the in vitro expression of inflammatory markers
were examined in these cells with and without the treatment
of DAPPD (SI Appendix, Fig. S3C). The conditioned media
(CM) containing a secreted mixture of diverse signaling mediators
(39) from these 3 types of cells were collected and treated to either
astrocytes (CM from microglia) or microglia (CM from astrocytes
or neurons). In the presence of Aβ42 (SI Appendix, Fig. S3D),
microglia exhibited elevated levels of proinflammatory markers
(i.e., Tnf-α, Il-1β, Il-6, and iNos) (16) and immunoregulatory cy-
tokine (i.e., Il-10) (16), as well as reduced amounts of antiin-
flammatory markers (i.e., Il-4, Tgf-β, and Arg1) (16), relative to the
control (i.e., microglia without Aβ42 incubation). The concurrent
introduction of DAPPD and Aβ42 to microglia could noticeably
restore the expression of inflammatory markers to the levels
comparable to those of the control (SI Appendix, Fig. S3D), in-
dicating that DAPPD mitigated the Aβ-mediated inflammatory
response in microglia. The CM from Aβ-treated microglia trig-
gered an inflammatory response in astrocytes, evidenced by the
changes in the expression of inflammatory markers (SI Appendix,
Fig. S3E). Astrocytes incubated in the CM from DAPPD-treated
microglia expressed inflammatory markers at the levels compara-
ble to those of the astrocytes incubated with the CM from the
control group.
In contrast, the direct treatment of DAPPD did not abate the

Aβ-triggered inflammatory response in astrocytes (SI Appendix,
Fig. S3F). The CM from astrocytes incubated with Aβ42 and
DAPPD induced an inflammatory response in microglia (SI Ap-
pendix, Fig. S3G), suggesting that DAPPD could not divert the
astrocyte-mediated modulation of inflammatory signaling in
microglia. Moreover, DAPPD could not prevent Aβ-induced
changes in the expression of neuronal “off” signals (i.e., Bdnf,
Cd47, and Cd200) and a majority of the “on” signals (i.e.,
Cxcl10 and Ccl21) (SI Appendix, Fig. S3H), responsible for
sustaining the resting state and eliciting the activation of microglia,
respectively (16, 40). Similar to the CM from Aβ-treated neurons,
the CM from DAPPD-added neurons provoked an inflammatory
response in microglia (SI Appendix, Fig. S3I). Together, these
observations indicate that DAPPD is capable of directly dimin-
ishing the Aβ-induced inflammatory response of microglia among
the 3 types of cells tested in this study. Moreover, through indirect
effects prompted by microglia, DAPPD may be able to prevent the
secondary inflammatory response, a propagated reaction resulting
from the microglial secretion of inflammatory markers, in astro-
cytes. To identify the changes of microglia-specific inflammatory
cytokines at the cellular level, we confirmed the expression of pro-
and antiinflammatory cytokines in microglia isolated from the
cortices of WT and APP/PS1 mice with and without treatment
of DAPPD. These results (Fig. 3D) were consistent with the
histological analysis of the cortices (Fig. 3C). Thus, the anti-
inflammatory effects of DAPPD could stem from its direct in-
fluence against microglia, responsible for the propagation of
inflammatory signaling.
Microglia present a homeostatic functional signature expressing

M0-homeostatic microglia genes, such as P2ry12, Tmem119,
Tgfßr1, and Sall1, in the healthy brain. During the course of
neurodegeneration, microglia lose their homeostatic molecular
signature and exhibit a disease-associated phenotype by up-
regulating inflammatory molecules, including Clec7a, Trem2,
Apoe, and Gpnmb (MGnD microglia genes) (41–45). Based on
previous studies, we investigated the mRNA levels of M0-
homeostatic microglia genes and MGnD microglia genes in WT
or APP/PS1 mice with or without administration of DAPPD.
Clec7a, Trem2, Apoe, and Gpnmb were up-regulated in microglia
derived from the cortices of vehicle-treated APP/PS1 mice, com-
pared to those of vehicle-treated WT mice. Levels of these genes

were reduced in DAPPD-administrated APP/PS1 mice relative to
the vehicle-treated APP/PS1 mice (Fig. 3E). Moreover, the ex-
pression of M0-homeostatic microglial genes, down-regulated in
the APP/PS1 mice relative to WT mice, was noticeably increased
by treatment of DAPPD (Fig. 3E). Our immunofluorescence ex-
periments demonstrated that the protein levels of CLEC7A and
P2RY12A, up-regulated and down-regulated in APP/PS1 mice,
respectively, underwent noticeable reductions and augmentations
in DAPPD-treated APP/PS1 mice, compared to vehicle-added
APP/PS1 mice (Fig. 3 F and G). These results support that DAPPD
attenuates neuroinflammation by regulating functional phenotypes of
microglia in APP/PS1 mice.

Promotion of Phagocytic Capacity of Microglia under Chronic
Neuroinflammation by DAPPD. The phagocytic capability of
microglia poses an important aspect of the inflammatory response
against external stimuli, such as Aβ, the persistent presence of
which can induce chronic microglial activation (2, 7). With con-
firmation that the antiinflammatory activity of the molecule orig-
inates from microglia (SI Appendix, Fig. S3), the influence of
DAPPD toward microglial phagocytosis, defective under AD-
related pathological conditions (7, 16), was analyzed in vivo
using confocal microscopy. Volumetric quantification of the
overlapping fluorescence regions through 3-dimensional recon-
struction conferred a numerical representation of the microglial
phagocytic process.
Images of the brain slices coimmunostained with anti-Iba1

and 6E10 antibodies (16) or anti-Iba1 antibody and ThS (37)
showed that Aβ-associated microglial recruitment was increased in
DAPPD-treated APP/PS1 mice (2 mg/kg/day, i.p.; 2 mo; 7.5 mo
old), compared to vehicle-added APP/PS1 mice (Fig. 4A and
SI Appendix, Fig. S4A). To examine the phagocytic aptitude of
microglia more closely, Lamp1, a membrane protein expressed in
microglial lysosomes (16, 46), was monitored, along with Iba1+/
6E10+ or Iba1+/ThS+ amyloid plaques. Overlaying regions of the 3
fluorescence images presented that the volumes of microglial
phagolysosomes, Aβ-associated phagolysosomes, and microglia oc-
cupied by Aβ-loaded phagolysosomes were increased by approxi-
mately 2.8-, 1.3-, and 2.3-fold, respectively, inDAPPD-administrated
APP/PS1 mice relative to those in vehicle-treated APP/PS1 mice
(Fig. 4B and SI Appendix, Fig. S4B).
Additionally, the morphology of microglia, closely related to

its function (16, 47), was analyzed to confirm the effects of DAPPD
on the phagocytic function of microglia. The amoeboid morphol-
ogy of Aβ-associated microglia in DAPPD-treated APP/PS1 mice
indicated that the compound could enhance the microglial phago-
cytosis of Aβ (Fig. 4C and SI Appendix, Fig. S4C). Quantification of
the morphological parameters confirmed the transition of DAPPD-
incubated microglia toward its phagocytic state (16). Treatment of
DAPPD decreased microglial volume, dendrite length, as well as the
number of segments, terminal points, and branch points and in-
creased cell body size (Fig. 4 C, Right and SI Appendix, Fig. S4 C,
Right). Lastly, DAPPD-administrated APP/PS1 mice exhibited the
increased levels of smaller Aβ species (<25 μm) and decreased the
amounts of larger Aβ aggregates (25–50 μm, >50 μm), compared to
those of the vehicle-treated APP/PS1 mice (Fig. 4D and SI Ap-
pendix, Fig. S4D). Therefore, it can be inferred that the enhanced
phagocytic capacity of DAPPD-treated microglia led to the en-
hancement in the degradation of larger Aβ species. Overall, our
immunohistological studies demonstrate that DAPPD can restore
the phagocytic activity of microglia, defective in APP/PS1 mice (16,
48), as evidenced by the increased colocalization of Aβ plaques and
lysosomes within microglia, the shifts in microglial morphology, and
the changes in the size distribution of Aβ aggregates.

DAPPD-Induced Down-Regulation of the NLRP3 Inflammasome
Proteins through the Suppression of the NF-κB Pathway. The
NLRP3 inflammasome is a signaling mediator composed of
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NLRP3, ASC (apoptosis-associated speck-like protein containing
CARD), and procaspase-1 (22, 49). The activated NLRP3
inflammasome is responsible for cleaving procaspase-1 to pro-
duce caspase-1, which subsequently promotes the maturation of
IL-1β, a representative proinflammatory cytokine (49). Recent

studies have demonstrated NLRP3 inflammasome’s association
with Aβ-induced inflammation. Moreover, the expression of
NLRP3 in microglia reportedly affected the cerebral Aβ de-
position and cognitive function in AD transgenic mice (49).
Thus, the regulation of NLRP3 inflammasome formation in

A B

C

D

E F

Fig. 4. Effects of DAPPD toward the microglial phagocytosis of Aβ and the expression of NLRP3 inflammasome-related proteins mediated by the NF-κB or
cathepsin B pathways. (A) Immunostaining images of the colocalization of microglia (Iba1, red) with Aβ aggregates (6E10, green) and quantification of Aβ
positive cells and microglia. (Scale bars, 10 μm.) (B) Immunofluorescence images of Aβ aggregates (6E10, green) encapsulated within phagolysosomes (Lamp1,
blue) in microglia (Iba1, red) from the brains of vehicle- or DAPPD-treated APP/PS1 mice. Quantification of the microglial volume occupied by Lamp1+

phagolysosomes, percentage of the microglia containing Aβ-loaded phagolysosome, and Aβ encapsulated in phagolysosomes. (Low magnification: scale bars,
10 μm; high magnification: scale bars, 10 μm.) (C) Morphology of microglia (Iba1, red) surrounded by Aβ (6E10, green) in the cortices of vehicle- or DAPPD-
treated APP/PS1 mice. (Scale bars, 10 μm.) Three-dimensional reconstruction from confocal image stacks. (D) Morphometric analysis of Aβ plaques in vehicle-
or DAPPD-treated APP/PS1 mice. (E and F) Effects of DAPPD on the expression of the proteins related to NLRP3 inflammasome, NF-κB signaling, and cathepsin
B in the cortices of WT and APP/PS1 mice. Animal number: A–F, n = 4 per group. Three-dimensional reconstruction from confocal image stacks for A–C. *P <
0.05; **P < 0.01 by one-way analysis of variance, Tukey’s post hoc test. All error bars indicate SEM.
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microglia has received attention as a promising strategy to di-
minish neuroinflammation in AD (22, 49).
To comprehend DAPPD’s antiinflammatory activity, its influ-

ence on the expression of NLRP3 inflammasome-associated
proteins, i.e., NLRP3, ASC, and IL-1β, in APP/PS1 mice was
investigated by gel electrophoresis with Western blotting (gel/
Western blot). As presented in Fig. 4E, DAPPD down-
regulated the production of NLRP3, ASC, and IL-1β. More-
over, a notable decrease in the ratio of cleaved caspase-1 to
procaspase-1 was observed upon treatment of DAPPD. These
results suggest that the suppressed generation of NLRP3 and
ASC by DAPPD may reduce the activation of caspase-1 and,
consequently, IL-1β. Note that no noticeable direct interaction
between DAPPD and NLRP3 was observed, monitored by nu-
clear magnetic resonance spectroscopy (SI Appendix, Fig. S5).
A major upstream process involved in NLRP3 inflammasome

formation is the NF-κB pathway (50). Previous studies reported
that the activation of NF-κB signaling could induce the up-
regulation of NLRP3, leading to an increase in the level of
NLRP3 inflammasome (51). NF-κB is a protein complex com-
posed of the P50 and P65 dimer that is involved in cell survival,
inflammation, and immune response (52). Under normal con-
ditions, the NF-κB dimer is inactive and retained in the cyto-
plasm by binding to specific inhibitor proteins known as IκB (53).
When NF-κB is activated by extracellular or intracellular path-
ogens, the NF-κB dimer is separated from the IκB protein.
The dissociation of the NF-κB dimer from the IκB protein
inhibitor results in the translocation of the NF-κB dimer from
the cytoplasm into the nucleus, where it binds to DNA and
activates the downstream gene transcription of NLRP3 and
inflammatory cytokines (54–56). Another upstream process
regulating NLRP3 inflammasome is associated with endosomal
rupture and the release of cathepsin B (57). In AD, intracel-
lular Aβ fibrils could induce the disruption of phagolysosomes
and the activation of the NLRP3 inflammasome upon release
of cathepsin B (55, 58).
Based on the aforementioned studies, the NF-κB and ca-

thepsin B pathways were investigated as potential upstream
processes associated with DAPPD-mediated regulation against
NLRP3 inflammasome. First, WT and APP/PS1 mice (7 to 7.5
mo of age) were subject to i.p. administration of vehicle or
DAPPD at 2 mg/kg/day for 2 mo. Thereafter, the cortices were
collected for the gel/Western blot. The cortices from vehicle-
treated APP/PS mice showed the elevated levels of pNF-κB
p50, pNF-κB p65, and pIκB. Treatment of DAPPD reduced
the expression of these NF-κB–related proteins. Oppositely,
there was no significant difference in the expression of cathepsin
B upon administration of DAPPD in APP/PS1 mice (Fig. 4F).
Furthermore, both the NF-κB and cathepsin B pathways were
studied in vitro using human microglia treated with Aβ. The
in vitro experiments further supported the ability of DAPPD to
suppress the activation of NF-κB signaling by Aβ. On the other
hand, 2 structural analogs of DAPPD, N,N′-(1,4-phenylene)bis(N-
methylacetamide) (PBMA) (2 N-methyl groups on DAPPD; SI
Appendix, Fig. S6) and AAP, did not noticeably alter the NF-κB
signaling and the release of cathepsin B in human microglia (Fig. 5
A and B). Taken together, our in vivo and in vitro results indicate
thatDAPPD is able to affect the expression of NLRP3 via its impact
on the NF-κB pathway.

Improvement of Microglial Dysfunction in Vitro AD Environment by
DAPPD. To evaluate the microglial effects of DAPPD, we de-
termined the DAPPD-mediated regulation of microglial function
in vitro employing human microglia. In addition to DAPPD,
PBMA and AAP were treated to microglia to investigate their
effects as well as a brief structure–activity relationship. Human
microglia were incubated with Aβ for 24 h and then were treated
with DAPPD, PBMA, or AAP for 24 h. NLRP3 and ASC were

up-regulated in human microglia added with Aβ, leading to the
increased secretion of cleaved caspase-1 and IL-1β in the su-
pernatant. Treatment of DAPPD reduced the production of
NLRP3 and ASC and the secretion of cleaved caspase-1 and
IL-1β. PBMA or AAP also induced the down-regulation of cleaved
caspase-1 and IL-1β in human microglia; however, the extent of
their effects was far weaker than that of DAPPD (Fig. 5A).
Moreover, DAPPD suppressed the Aβ-induced activation of NF-
κB signaling but not the release of cathepsin B, while PBMA or
AAP did not show these effects (Fig. 5B). These observations
indicate that DAPPD can effectively alter the NF-κB pathway in
microglia leading to the down-regulation of NLRP3. Based on
the weaker microglial effects induced by PBMA and AAP, the
acetamide groups of DAPPD may be important in the molecule’s
efficacy in restoring microglial function.
Next, the expression of pro- and antiinflammatory cytokines as

well as M0-homeostatic and MGnD microglia genes was analyzed
in human microglia treated with or without Aβ in the presence of
DAPPD, PBMA, or AAP. Aβ-treated human microglia showed up-
regulated proinflammatory cytokines and down-regulated antiin-
flammatory cytokines, while the administration of DAPPD re-
stored these changes of inflammatory cytokines (Fig. 5C). The
expression of M0-homeostatic and MGnD microglia genes also
presented similar results (Fig. 5D). PBMA and AAP had less ef-
fects on restoration of the abnormal expression of inflammatory
and microglia genes by Aβ. These results suggest that DAPPD
is able to restore neuroinflammation by regulating NLRP3
inflammasome and functional phenotypes of microglia in vitro
AD environment. Finally, the impact of DAPPD on microglial
phagocytosis was verified. Aβ-treated human microglia took
noticeably longer to phagocytose fluorescein isothiocyanate
(FITC) beads and exhibited an overall reduction in phagocytic
capacity, represented by the decrease in the total number of
phagocytosed FITC beads (Fig. 5E and Movies S1–S8). The
treatment of DAPPD restored the deficient phagocytic capacity
of Aβ-treated human microglia, while human microglia added
with PBMA and AAP did not exhibit these restorative effects on
microglial phagocytosis (Fig. 5E and Movies S1–S8). There-
fore, these results suggest the ability of DAPPD to attenuate
the microglial dysfunction caused by Aβ.
AAP is known to suppress inflammation by inhibiting the ac-

tivity of cyclooxygenase 1 (COX-1) or 2 (COX-2) in microglia (26,
59, 60). To further confirm whether the antineuroinflammatory
effects of DAPPD are a result of its influence on COX, the ex-
pression of COX-1 and COX-2 was monitored in microglia upon
treatment of DAPPD. Aβ was observed to up-regulate the ex-
pression of COX-1 and COX-2 in microglia. AAP effectively
inhibited the Aβ-induced up-regulation of both COX-1 and COX-2.
DAPPD and PBMA, however, had no effect on the expression
of COX (SI Appendix, Fig. S7). In addition, DAPPD showed a
very weak inhibitory activity against COX-2 in vitro, with a half
maximal inhibitory concentration (IC50) value of 22 ± 1 mM. These
results further support that DAPPD-mediated restoration of
microglial function occurs through the regulation of NLRP3
inflammasome and functional phenotypes of microglia without
affecting the expression or activity of COX.

Investigation of DAPPD’s Effects toward Aβ Aggregation and Aβ-
Degrading Enzymes’ Expression. To validate that the reduction
of Aβ accumulation, observed in the brains of DAPPD-treated
AD transgenic mice, was indeed a product of DAPPD’s anti-
inflammatory activity over direct influence on a decrease in Aβ
deposition, the modulating effects of the compound toward the
aggregation of Aβ40 and Aβ42, 2 major isoforms of Aβ (14, 38,
61, 62), and the expression of Aβ-degrading enzymes were
probed in vitro and in vivo (WT and APP/PS1 mice), respectively.
First, the effects of DAPPD toward inhibition of Aβ aggregate
formation (inhibition experiment; SI Appendix, Fig. S8 A, i) and
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disassembly of preformed Aβ aggregates (disaggregation experi-
ment; SI Appendix, Fig. S8 A, ii) were assessed through gel/
Western blot and transmission electron microscopy. In both in-
hibition and disaggregation experiments, the Aβ species resulted
from incubation with DAPPD did not indicate noticeable changes
in the size distribution and morphology, relative to those gener-
ated without DAPPD (SI Appendix, Fig. S8 B and C). In short,
DAPPD does not modify the aggregation of both Aβ40 and Aβ42,

indicative of no significant direct interaction between the com-
pound and Aβ.
Moreover, expression of the enzymes responsible for Aβ

degradation (i.e., neprilysin [Nep], matrix metallopeptidase 9
[Mmp9], and insulin-degrading enzyme [Ide]) was analyzed in
the brain samples of vehicle- or DAPPD-treated APP/PS1 mice.
As depicted in SI Appendix, Fig. S8D, vehicle-treated APP/PS1
mice, compared to vehicle-treated WT mice, indicated the

Fig. 5. Effects of DAPPD, PBMA, and AAP on microglial function in vitro AD environment. (A and B) Impact of DAPPD, PBMA, and AAP on the ex-
pression of the proteins related to NLRP3 inflammasome, NF-κB signaling, and cathepsin B in human microglia with and without the addition of Aβ.
SUP, supernatant; TCL, total cell lysate. (C and D) mRNA levels of pro- and antiinflammatory cytokines as well as M0-homeostatic and MGnD microglia
genes in human microglia. (E, Top) Representative images from live-cell imaging at various time points after the administration of FITC beads in each
group. (Scale bars, 50 μm.) (E, Bottom) Analysis of the bead uptake: the amount of time taken to phagocytose the first bead (Left), the time between
the phagocytosis of the first and second beads (Middle), and the final number of beads phagocytosed in 120 min (Right) in each group. Animal
number: A–D, n = 4 per group; E, n = 6 per group. *P < 0.05; **P < 0.01; ***P < 0.001 by one-way analysis of variance, Tukey’s post hoc test. All error
bars indicate SEM.
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reduced levels of Nep, Mmp9, and Ide, even with the adminis-
tration of DAPPD (2 mg/kg/day, i.p.; 2 mo; 7.5 mo old). These
observations present that DAPPD has no effect on the production
of Aβ-degrading enzymes. Thus, our studies suggest the restored
microglial phagocytic capacity by the treatment of DAPPD as the
dominant to be responsible for alleviating the accumulation of Aβ
species in the brains of AD transgenic mice.

Discussion
Dysfunction of microglia, a pivotal mediator of neuroinflammation,
has been increasingly recognized as a causative factor in AD; thus,
developing chemical reagents capable of restoring microglial func-
tion is critically important and constitutes a promising but under-
explored therapeutic strategy. In this work, DAPPD was identified
as a compact and simple molecule capable of promoting microglial
phagocytic function. The activity of DAPPD leads to effective at-
tenuation of cognitive deficits in 2 types of AD transgenic mice (i.e.,
APP/PS1 and 5×FAD mice) and noticeable reduction of Aβ ac-
cumulation. Down-regulation of the constituent proteins of NLRP3
inflammasome (i.e., NLRP3 and ASC) through the suppression of
the NF-κB pathway, witnessed in the brains of APP/PS1 mice ad-
ministrated with DAPPD, is most likely responsible for the rescue
from microglial dysfunction. Our studies confirm that the regula-
tion of neuroinflammation in AD through the rectification of
microglial dysfunction using small molecules is a valid therapeutic
approach against AD. Furthermore, neuroprotective small mole-
cules capable of recovering microglial dysfunction with subsequent

elevation of microglial phagocytic function could also serve as in-
vestigative tools to advance our understanding of the role of neu-
roinflammation in the pathologies of neurodegenerative disorders.

Materials and Methods
All chemical reagents were purchased from commercial suppliers and used as re-
ceived unless otherwise stated. DAPPD and AAP were purchased from Alfa Aesar
and Sigma-Aldrich. Aβ40 (DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV)
and Aβ42 (DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA) were pur-
chased from Anaspec or Invitrogen. The buffered solutions were prepared in
doubly distilled water (a Milli-Q Direct 16 system [18.2 MΩ·cm; Merck KGaA]).
The absorbance values were measured by a SpectraMaxM5emicroplate reader
(Molecular Devices). Metabolic stability assay to predict the half-life and
clearance of compounds was evaluated with human liver microsomes (Daegu
Gyeongbuk Medical Innovation Foundation). The gel images were recorded
on a ChemiDoc MP Imaging System (Bio-Rad). The details of experimental
protocols and analytical methods are presented in SI Appendix.
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