
Aging Cell. 2021;20:e13286.	 		 	 | 1 of 16
https://doi.org/10.1111/acel.13286

wileyonlinelibrary.com/journal/acel

Received:	31	March	2020  | Revised:	19	September	2020  | Accepted:	2	October	2020
DOI:	10.1111/acel.13286		

O R I G I N A L  P A P E R

Antiallergic drug desloratadine as a selective antagonist of 
5HT2A receptor ameliorates pathology of Alzheimer's disease 
model mice by improving microglial dysfunction

Jian Lu1  |   Chuzhao Zhang1 |   Jianlu Lv1 |   Xialin Zhu1 |   Xingwu Jiang2 |   
Weiqiang Lu2 |   Yin Lu1 |   Zongxiang Tang1 |   Jiaying Wang1 |   Xu Shen1

This	is	an	open	access	article	under	the	terms	of	the	Creative	Commons	Attribution	License,	which	permits	use,	distribution	and	reproduction	in	any	medium,	
provided the original work is properly cited.
©	2020	The	Authors.	Aging Cell	published	by	the	Anatomical	Society	and	John	Wiley	&	Sons	Ltd

Abbreviations: 5HT2AR,	5HT2A	receptor;	AAV,	adeno-associated	virus;	AD,	Alzheimer's	disease;	Aβ,	amyloid-β;	CQ,	Chloroquine;	DLT,	desloratadine;	GPCR,	G	protein-coupled	receptor;	
GR,	glucocorticoid	receptor;	H1R,	Histamine	1	receptor;	LTP,	long-term	potentiation;	NFTs,	neurofibrillary	tangles;	SYP,	synaptophysin;	TLR2/4,	toll-like	receptors	2	and	4.

1Jiangsu	Key	Laboratory	for	Pharmacology	
and	Safety	Evaluation	of	Chinese	Materia	
Medica	and	State	Key	Laboratory	
Cultivation Base for TCM Quality and 
Efficacy,	Nanjing	University	of	Chinese	
Medicine,	Nanjing,	China
2Shanghai	Key	Laboratory	of	Regulatory	
Biology,	Institute	of	Biomedical	Sciences	
and	School	of	Life	Sciences,	East	China	
Normal	University,	Shanghai,	China

Correspondence
Jiaying	Wang	and	Xu	Shen,	Nanjing	
University	of	Chinese	Medicine,	Nanjing	
210023,	China.
Emails:	wangjy@njucm.edu.cn	(J.W.);	
xshen@njucm.edu.cn	(X.S.)

Funding information 
This	work	was	supported	by	National	
Science	&	Technology	Major	Project	“Key	
New	Drug	Creation	and	Manufacturing	
Program”,	China	(2018ZX09711002),	the	
National	Natural	Science	Foundation	for	
Young	Scientists	of	China	(81703806),	
Postgraduate	Research	&	Practice	
Innovation	Program	of	Jiangsu	Province	
(KYCX18_1600),	the	Open	Project	
Program	of	Jiangsu	Key	Laboratory	for	
Pharmacology	and	Safety	Evaluation	of	
Chinese	Materia	Medica	(JKLPSE201801),	
the	Project	of	the	Priority	Academic	
Program	Development	of	Jiangsu	Higher	
Education	Institutions	(PAPD),	Priority	
Academic	Program	Development	of	
Jiangsu	Higher	Education	Institutions	
(Integration	of	Chinese	and	Western	
Medicine),	and	Innovative	Research	Team	
of	Six	Talent	Peaks	Project	in	Jiangsu	
Province	(TD-SWYY-013).

Abstract
Alzheimer's	disease	(AD)	is	a	progressively	neurodegenerative	disease	characterized	
by	cognitive	deficits	and	alteration	of	personality	and	behavior.	As	yet,	 there	 is	no	
efficient	treatment	for	AD.	5HT2A	receptor	(5HT2AR)	is	a	subtype	of	5HT2 receptor 
belonging	 to	 the	serotonin	 receptor	 family,	and	 its	antagonists	have	been	clinically	
used	 as	 antipsychotics	 to	 relieve	 psychopathy.	 Here,	 we	 discovered	 that	 clinically	
first-line	 antiallergic	 drug	 desloratadine	 (DLT)	 functioned	 as	 a	 selective	 antagonist	
of 5HT2AR	and	efficiently	ameliorated	pathology	of	APP/PS1	mice.	The	underlying	
mechanism	 has	 been	 intensively	 investigated	 by	 assay	 against	 APP/PS1	mice	with	
selective 5HT2AR	knockdown	in	the	brain	treated	by	adeno-associated	virus	(AAV)-
ePHP-si-5HT2AR.	DLT	reduced	amyloid	plaque	deposition	by	promoting	microglial	Aβ 
phagocytosis	and	degradation,	and	ameliorated	innate	immune	response	by	polarizing	
microglia	 to	 an	 anti-inflammatory	 phenotype.	 It	 stimulated	 autophagy	process	 and	
repressed neuroinflammation through 5HT2AR/cAMP/PKA/CREB/Sirt1	pathway,	and	
activated	glucocorticoid	receptor	(GR)	nuclear	translocation	to	upregulate	the	tran-
scriptions	of	phagocytic	receptors	TLR2	and	TLR4	in	response	to	microglial	phagocy-
tosis	stimulation.	Together,	our	work	has	highly	supported	that	5HT2AR antagonism 
might	be	a	promising	therapeutic	strategy	for	AD	and	highlighted	the	potential	of	DLT	
in the treatment of this disease.
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1  |  INTRODUC TION

Alzheimer's	disease	(AD)	is	a	progressively	neurodegenerative	dis-
ease	characterized	by	deficit	of	cognition	and	alteration	of	person-
ality and behavior. Despite the enormous efforts in fighting against 
AD	during	the	last	three	decades,	there	has	been	yet	no	effective	
medication	to	treat	this	disease	(Brambilla,	2017).	The	histopathol-
ogy	of	AD	is	mostly	defined	by	the	accumulation	of	amyloid-β	(Aβ)	
plaques	 and	 formation	 of	 neurofibrillary	 tangles	 (NFTs)	 in	 brains	
(Vijayraghavan	 et	 al.,	 2018).	 Extracellular	 amyloid	 plaques	 are	
mainly	formed	by	Aβ	aggregation,	which	is	believed	to	be	a	key	step	
in	the	pathogenesis	of	AD	(Parhizkar	et	al.,	2019).	Data	from	preclin-
ical and clinical studies have indicated that the unbalance between 
Aβ	 generation	 and	 clearance	 is	 tightly	 associated	with	AD	patho-
genesis,	and	the	microglia-mediated	neuroinflammation	induced	by	
Aβ directly causes neuronal damage including neuron and synapse 
loss,	which	is	one	of	the	leading	causes	of	AD	progression	(Zhong	
et	al.,	2019).

Microglia as the main immune cells in the brain participate in 
normal	function	and	defense	of	central	nervous	system.	Similar	to	
periphery	macrophages,	microglia	 respond	to	micro-environmen-
tal disturbance by drastically altering phenotypes and functions 
(Chen	 et	 al.,	 2014).	 In	 the	 pathogenesis	 of	 AD,	microglia	 cluster	
around	 amyloid	 plaques	 and	phagocytize	 the	 extracellular	 harm-
ful	 proteins	 through	 phagocytic	 receptors	 (e.g.,	 Toll-like	 recep-
tors,	scavenger	receptors,	and	TREM2)	and	further	degrade	them	
through	 lysosomal-dependent	 ways	 including	 autophagy	 (Lee	
et	al.,	2018).	At	the	same	time,	microglia	provoke	the	conversion	
of	 a	 ‘resting’	 type	 into	 an	 anti-inflammatory	 phenotype	 involv-
ing	 homeostasis,	 regeneration,	 and	 neuroprotection	 (Lee	 et	 al.,	
2018).	 However,	 once	 the	 phagocytosis	 and	 degradation	 func-
tion	 of	 microglia	 is	 destroyed,	 excessive	 endogenous	 toxic	 pro-
teins	transform	microglia	 from	anti-inflammatory	phenotype	to	a	
pro-inflammatory	phenotype	that	is	associated	with	inflammation	
response,	neuronal	damage,	and	death	(Currais	et	al.,	2014).	Thus,	

it is suggested that improving microglial dysfunction to prevent mi-
croglia-mediated	 inflammation	 should	be	a	potential	 strategy	 for	
treating	AD	(Zhong	et	al.,	2019).

Currently,	several	kinds	of	clinical	drugs	against	AD	are	avail-
able	 (e.g.,	 cholinesterase	 inhibitors	 and	 N-methyl-D-aspartate	
receptor	 antagonists),	 but	 they	 can	 only	 relieve	 the	 patholog-
ical	 symptoms	 of	 the	 disease.	 As	 approximately	 30%–50%	 of	
AD	 patients	 are	 accompanied	 by	 neuropsychiatric	 symptoms	 in-
cluding	 depression	 and	 agitation,	 some	 antipsychotics	 are	 also	
commonly	used	as	concomitant	drugs	for	AD	patients	 (Wilkins	&	
Sambamoorthi,	2011).	Although	 it	was	concluded	 that	continued	
long-term	 treatment	with	 antipsychotics	may	 reduce	 the	 rate	 of	
dementia	in	AD	patients,	the	underlying	mechanism	is	still	unclear	
(Moraros	et	al.,	2017).

5HT2A	receptor	(5HT2AR)	is	a	subtype	of	5HT2 receptor belong-
ing	to	the	serotonin	receptor	family	(Lippold	&	Dewey,	2017).	As	a	
type	of	G	protein-coupled	receptor	(GPCR)	primarily	coupling	to	Gαq	
signal	 transduction	pathway,	5HT2AR expresses widely throughout 
the central nervous system and participates in varied brain func-
tions,	 such	 as	 appetite	 control,	 thermoregulation,	 and	 sustained	
attention	 (Zhang	 &	 Stackman,	 2015).	 Notably,	 5HT2AR also func-
tions	 potently	 in	 cognitive	 and	 noncognitive	 behaviors	 of	AD	 and	
its inverse agonists and antagonists as antipsychotics ameliorate 
cognitive	dysfunction	and	psychopathy.	For	example,	5HT2AR antag-
onist	 Pimavanserin	was	 recently	 reported	 to	 present	 positive	 top-
line	results	by	its	Phase	3	HARMONY	study	at	clinical	trials	against	
AD	([Internet]	ACADIA	Pharmaceuticals	Announces	Pivotal	Phase	3	
HARMONY	Trial	Stopped	Early	for	Positive	Efficacy	as	Pimavanserin	
Meets	 the	 Primary	 Endpoint	 in	 Patients	 with	 Dementia-Related	
Psychosis.	 https://www.busin	esswi	re.com/news/home/20190	
90900	5286/en/ACADI	A-Pharm	aceut	icals	-Annou	nces-Pivot	al-
Phase	-3-HARMONY).

In	 the	 current	 work,	 we	 reported	 that	 clinically	 antiallergic	
drug	desloratadine	(DLT,	Figure	1a)	functioned	as	a	selective	an-
tagonist of 5HT2AR	and	efficiently	ameliorated	AD	pathology	of	

F I G U R E  1 DLT	treatment	ameliorated	the	pathological	behavior	of	APP/PS1	mice	by	antagonizing	5HT2AR.	(a)	Calcium	assay	results	
indicated	that	DLT	dose-dependently	inhibited	5HT2AR in the presence of 10 μM	of	5HT	(IC50	=	3.48	μM)	in	CHO-K1	cells.	(b)	Schedule	of	
animal	treatments	and	behavior	tests,	male	WT,	and	APP/PS1	mice	were	used	in	the	test.	APP/PS1	mice	were	treated	with	DLT	(20	mg/
kg/day)	at	the	age	of	seven	months	or	injected	with	AAV-ePHP-si-5HT2AR through tail vein injection at the age of six and a half months. 
The	animal	experiments	were	performed	at	the	age	of	ten	months	of	APP/PS1	mice	(n	=	8).	(c)	Assay	result	of	new	object	recognition	test	
indicated	that	treatment	of	DLT	or	AAV-si-5HT2AR	ameliorated	the	short-term	working	memory	defect	in	APP/PS1	mice	(n	=	8).	(d)	Times	
spent	in	the	target	quadrant	in	probe	trials	(n	=	8).	(e)	Results	of	Y-maze	test	indicated	that	treatment	of	DLT	or	AAV-si-5HT2AR ameliorated 
the	spatial	working	memory	defect	in	APP/PS1	mice	(n	=	8).	(f)	Results	of	escape	latency	during	platform	trials	indicated	that	treatment	of	
DLT	or	AAV-si-5HT2AR	ameliorated	the	learning	performance	defect	in	APP/PS1	mice	(n	=	8).	(g)	Representative	tracing	graphs	of	the	probe	
trials.	(h)	Times	of	platform	crossing	in	probe	trials	(n	=	8).	(i)	Changes	in	fEPSP	slope	were	recorded	following	high	frequency	stimulation	
(4	×	100	Hz)	in	hippocampal	DG	region	of	APP/PS1	mice,	and	treatment	of	DLT	or	AAV-si-5HT2AR	effectively	ameliorated	LTP	impairment	
in	that	region	(brain	slice,	n	=	2	brain	slices	per	animal;	animal,	n	=	2).	(j)	Golgi–Cox	staining	assay	and	(k)	its	quantification	results	indicated	
that	treatment	of	DLT	or	AAV-si-5HT2AR	reversed	the	spine	deficiency	of	hippocampal	neuron	in	APP/PS1	mice.	Scale	bar:	50	µm,	10	µm,	
respectively	(brain	slice,	n	=	3;	cell,	n	=	10).	(l)	Jess	assay	and	(m)	its	quantification	results	demonstrated	that	treatment	of	DLT	or	AAV-
si-5HT2AR	reversed	the	suppression	of	synapse-related	proteins,	including	PSD95,	synaptophysin,	and	VAMP2	in	the	brains	of	APP/PS1	
mice	(n	=	4).	(n)	Immunofluorescence	assay	against	PSD95	and	(o)	its	quantification	demonstrated	that	treatment	of	DLT	or	AAV-si-5HT2AR 
efficiently	reversed	PSD95	protein	deficiency	in	the	hippocampal	neurons	of	APP/PS1	mice	(n	=	4).	Scale	bar:	50	µm.	All	values	were	
presented	as	mean	±	SEM.	Data	were	obtained	from	three	independent	experiments.	##p < 0.01 ###p	<	0.001	compared	with	WT	group	by	t 
test. *p	<	0.05,	**p	<	0.01,	***p	<	0.001	compared	with	APP/PS1	group	by	two-way	ANOVA

https://www.businesswire.com/news/home/20190909005286/en/ACADIA-Pharmaceuticals-Announces-Pivotal-Phase-3-HARMONY
https://www.businesswire.com/news/home/20190909005286/en/ACADIA-Pharmaceuticals-Announces-Pivotal-Phase-3-HARMONY
https://www.businesswire.com/news/home/20190909005286/en/ACADIA-Pharmaceuticals-Announces-Pivotal-Phase-3-HARMONY
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APP/PS1	mice.	 The	 underlying	mechanism	 has	 been	 intensively	
investigated	 by	 assay	 against	 the	 APP/PS1	 mice	 with	 5HT2AR 
knockdown	selectively	 in	 the	brain	 treated	by	adeno-associated	
virus	 (AAV)-ePHP-si-5HT2AR.	 Our	 work	 has	 strongly	 supported	
that 5HT2AR antagonism is a promising therapeutic strategy for 
AD	and	highlighted	the	potential	of	DLT	in	the	treatment	of	this	
disease.

2  |  RESULTS

2.1  |  DLT was a selective antagonist of 5HT2AR

5HT2AR antagonist was randomly screened by Calcium flux assay 
in	 CHO-K1	 cells	 against	 the	 laboratory	 in-house	 commercial	
FDA-approved	 drug	 library,	 and	 antiallergic	 drug	 DLT	 was	 finally	
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determined	 to	 be	 capable	 of	 inhibiting	 5HT-induced	 calcium	 flow	
activation	by	IC50	of	3.48	μM	(Figure	1a).

In	addition,	results	of	calcium	flow	assays	against	primary	neu-
rons	and	microglia	 showed	 that	DLT	dose-dependently	 inhibited	
calcium	 flow	 in	 neurons	 and	microglia	 by	 IC50	 at	 9.177	 μM and 
0.3185 μM,	respectively	(Figure	S1A,B).	Moreover,	5HT2AR knock-
down	deprived	DLT	of	 its	capability	 in	regulating	calcium	flow	in	
neurons	 and	 glia	 (Figure	 S1A,B).	 Thus,	 all	 results	 verified	 that	
DLT	 repressed	 calcium	 flow	 inhibition	 by	 its	 antagonism	 against	
5HT2AR.

Finally,	 selectivity	 of	 DLT	 against	 5HT2AR over other 5HTR 
subtypes and monoamine receptors was evaluated as depicted in 
Figure	S10A–H.	The	results	demonstrated	that	DLT	was	a	selective	
antagonist of 5HT2AR.

2.2  |  DLT treatment ameliorated pathological 
behavior of APP/PS1 mice by antagonizing 5HT2AR

In	an	attempt	to	evaluate	the	capability	of	DLT	in	ameliorating	mem-
ory	and	cognitive	impairments	of	APP/PS1	mice,	the	models	of	new	
object	recognition,	Y-maze,	and	Morris	water	maze	were	applied	(for	
each	test,	n	=	8).

In	 addition,	 to	 verify	 that	 DLT	 ameliorated	 the	 patho-
logical	 behavior	 of	 APP/PS1	 mice	 by	 antagonizing	 5HT2AR,	
the	 assays	 were	 also	 performed	 against	 the	 APP/PS1	 mice	
with selective 5HT2AR knockdown in the brain by injecting 
AAV-ePHP-si-5HT2AR.

2.2.1  |  New	object	recognition	test

This	test	was	performed	to	evaluate	the	short-term	working	memory	
of	mice.	As	 indicated	 in	Figure	1c,	DLT-	or	AAV-si-5HT2AR-treated	
APP/PS1	 mice	 (APP/PS1+DLT	 or	 APP/PS1+AAV-si-5HT2AR	 mice)	

spent	more	time	around	the	new	object	than	vehicle-treated	APP/
PS1	mice	(APP/PS1	mice)	(F3,21	=	3.583,	p	=	0.0310).

2.2.2  |  Y-maze	test

This test was used to assess the spatial working memory mediated 
by	hippocampus	and	prefrontal	cortex.	As	indicated	in	Figure	1d,e,	
the	 time	 spent	 (F3,21	 =	 2.860,	 p	 =	 0.0613)	 and	 distance	 travelled	
(F3,21	=	1.863,	p	=	0.1668)	on	new	arm	for	APP/PS1+DLT	or	APP/
PS1+AAV-si-5HT2AR mice were apparently ameliorated compared 
with	those	for	APP/PS1	mice.

2.2.3  | Morris	water	maze	test

This	test	was	used	to	assess	spatial	learning	and	long-term	memory	of	
mice.	As	indicated	in	Figure	1f,	APP/PS1	+	DLT	or	APP/PS1	+	AAV-si-
5HT2AR	mice	exhibited	a	decrease	 in	 the	 time	 required	 to	 reach	 the	
platform	compared	with	APP/PS1	mice.	This	result	thus	indicated	the	
improvement	of	 the	 learning	 impairment	of	APP/PS1	+	DLT	or	APP/
PS1	+	AAV-si-5HT2AR	mice	compared	with	APP/PS1	mice	(F3,336	=	14.96,	
p	 <	 0.0001).	 In	 addition,	 during	 the	 test	 in	 thirteenth	 day,	 APP/
PS1	+	DLT	or	APP/PS1	+	AAV-si-5HT2AR mice spent more time stay-
ing	in	the	target	quadrant	(F3,21	=	1.501,	p	=	0.2434)	and	crossed	the	
target	quadrant	(F3,21	=	3.157,	p	=	0.0461)	more	frequently	compared	
with	APP/PS1	mice	(Figure	1g,h).	There	was	no	difference	in	swimming	
speed	among	the	mice	(Figure	S3C)	(F3,21	=	1.094,	p	=	0.3736).

Notably,	no	significant	difference	was	observed	in	the	amelioration	of	
any	behavior	tests	(New	object	recognition	test,	Y-maze	test,	and	Morris	
water	maze	test)	between	DLT-treated	AAV-si-5HT2AR-injected	APP/PS1	
mice	(APP/PS1	+	AAV-si-5HT2AR+DLT	mice)	and	vehicle-treated	AAV-si-
5HT2AR-injected	APP/PS1	mice	(APP/PS1	+	AAV-si-5HT2AR	mice).

Taken	 together,	 all	 results	 demonstrated	 that	DLT	 ameliorated	
pathological	behavior	of	APP/PS1	mice	by	antagonizing	5HT2AR.

F I G U R E  2 DLT	promoted	microglial	phagocytosis	of	Aβ	in	the	hippocampus	of	APP/PS1	mice	through	5-HT2AR-mediated	TLR2/4	
upregulation.	(a)	Levels	of	senile	plaque	and	Aβ	plaque	in	the	hippocampus	(CA1	region)	of	APP/PS1	mice	were	detected.	(b)	Thioflavin	
S	staining	assay	and	(c)	its	quantification	results	demonstrated	that	treatment	of	DLT	or	AAV-si-5HT2AR	reduced	level	of	senile	plaque	in	
the	hippocampus	CA1	region	of	APP/PS1	mice	(n	=	4).	Scale	bar:	100	µm.	(b)	Immunofluorescence	assay	and	(d)	its	quantification	results	
demonstrated	that	treatment	of	DLT	or	AAV-si-5HT2AR	reduced	Aβ	plaque	in	the	hippocampus	CA1	region	of	APP/PS1	mice	(n	=	4).	
Scale	bar:	100	µm.	(e)	Jess	assay	and	(f)	its	quantification	results	demonstrated	that	treatment	of	DLT	or	AAV-si-5HT2AR rendered no 
influences	on	APP	protein	level	in	the	brains	of	APP/PS1	mice	(n	=	4).	(g-i)	Microglia	in	the	hippocampus	(CA1	region)	of	APP/PS1	mice	
were	identified	by	IBa1	antibody.	(g)	Immunofluorescence	assay	and	(h,	i)	its	quantification	results	demonstrated	that	treatment	of	DLT	or	
AAV-si-5HT2AR	increased	the	(h)	number	of	plaque-associated	microglia	and	(i)	ratio	of	microglia	colocalized	with	Aβ in the hippocampus of 
APP/PS1	mice	(n	=	4).	Scale	bar:	10	µm.	(j-l)	Levels	of	TLR2/4	in	microglia	of	hippocampus	(CA1	region)	in	APP/PS1	mice	were	detected	by	
immunofluorescence	assay.	(j)	Immunofluorescence	assay	and	(k,	l)	its	quantification	results	demonstrated	that	treatment	of	DLT	or	AAV-si-
5HT2AR	increased	TLR2/4-positive	area	in	microglia	of	APP/PS1	mice	(n	=	4).	Scale	bar:	10	µm.	(m)	Jess	assay	and	(n)	its	quantification	results	
demonstrated	that	treatment	of	DLT	or	AAV-si-5HT2AR	increased	TLR2/4	protein	levels	in	the	brains	of	APP/PS1	mice	(n	=	4).	(o-r)	Live	cell	
imaging	assay	was	performed	to	detect	the	microglial	phagocytosis	process	of	o-Aβ42.	(o,	q)	Real-time	detection	of	live	cell	imaging	assay	and	
(p,	r)	its	quantification	(levels	of	Aβ	phagocytosis	within	four	hours)	results	demonstrated	that	co-treatment	of	TLR	inhibitor	CQ	effectively	
abolished	the	phagocytosis	effect	induced	by	treatment	of	DLT	or	si-5HT2AR	(n	=	3).	All	values	were	presented	as	mean	±	SEM.	#p	<	0.05,	
##p	<	0.01,	###p	<	0.001	compared	with	WT	group	by	t	test,	*p	<	0.05,	**p	<	0.01,	***p	<	0.001	compared	with	APP/PS1	group	by	two-way	
ANOVA
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2.3  |  DLT treatment ameliorated synaptic 
plasticity and integrity in the hippocampus of APP/
PS1 mice by antagonizing 5HT2AR

Given	 the	 potency	 of	 synapse	 in	 cognition	 and	 mental	 activity	
(Moriguchi	et	al.,	2018),	we	 inspected	 the	potential	of	DLT	 in	ame-
liorating	synapse	plasticity	and	integrity	in	the	hippocampus	of	APP/
PS1	mice.

2.3.1  |  DLT	treatment	ameliorated	LTP	in	APP/PS1	
mice	by	antagonizing	5HT2AR

The	long-term	potentiation	(LTP)	in	hippocampal	DG	region	was	ex-
amined	to	evaluate	synapse	plasticity	in	APP/PS1	mice.	As	indicated	
in	Figure	1i,	DLT	or	AAV-si-5HT2AR treatment effectively improved 
LTP	induction	and	maintenance	in	hippocampal	DG	region	of	APP/
PS1	mice	(F3,1400	=	261.5,	p	<	0.0001).

F I G U R E  3 DLT	treatment	promoted	microglial	Aβ	clearance	in	the	hippocampus	of	APP/PS1	mice	through	5-HT2AR-mediated	autophagy	
stimulation.	(a)	Immunofluorescence	assay	and	(b,	c)	its	quantification	results	demonstrated	that	treatment	of	DLT	or	AAV-si-5HT2AR 
increased	the	number	and	area	of	LC3	positive	puncta	in	the	hippocampus	of	APP/PS1	mice	(n	=	4).	Scale	bar:	100	µm.	(d)	An	overexpression	
vector	encoding	mTagRFP-mWasabi-LC3	was	applied	in	primary	microglia	to	verify	the	promotion	of	DLT	on	autophagic	flux.	The	green	
and	red	puncta	indicated	mWasabi-LC3	and	autolysosomes,	respectively,	and	merged	puncta	(yellow)	of	green	and	red	fluorescent	signals	
indicated	autophagosomes.	The	results	of	autophagic	flux	demonstrated	that	both	treatment	of	DLT	and	si-5HT2AR stimulated autophagy in 
primary	microglia	(n	=	4).	Scale	bar:	10	µm.	(e,	g)	Real-time	detection	results	of	live	cell	imaging	assay	and	(f,	h)	its	quantification	(levels	of	Aβ 
degradation	within	twenty	hours)	demonstrated	that	co-treatment	of	autophagy	inhibitor	3-MA	effectively	abolished	the	promotion	of	Aβ 
clearance	induced	by	DLT	or	si-5HT2AR	treatment	(n	=	3).	All	values	were	presented	as	mean	±	SEM.	For	animal	tissue	assays,	###p < 0.001 
compared	with	WT	group	by	t	test,	*p	<	0.05,	**p	<	0.01,	***p	<	0.001	compared	with	APP/PS1	group	by	two-way	ANOVA.	For	cell	assays,	
*p	<	0.05	compared	with	DMSO	or	si-Ctrl	by	one-way	ANOVA
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F I G U R E  4 DLT	treatment	repressed	microglial	neuroinflammation	in	APP/PS1	mice	by	antagonizing	5-HT2AR.	(a,	b)	ELISA	results	
demonstrated	that	treatment	of	DLT	or	AAV-si-5HT2AR	reduced	the	protein	levels	of	TNF-α	and	IL-6	in	the	brains	of	APP/PS1	mice	(n	=	5).	(c,	
d)	RT-PCR	results	demonstrated	that	treatment	of	DLT	or	AAV-si-5HT2AR	reduced	the	mRNA	levels	of	TNF-α	and	IL-6	in	the	brains	of	APP/
PS1	mice	(n	=	5).	(e)	Immunofluorescence	assay	and	(f,	g)	its	quantification	results	demonstrated	that	treatment	of	DLT	or	AAV-si-5HT2AR 
increased	the	area	and	number	of	NLRP3-positive	puncta	in	the	hippocampus	(CA1	region)	of	APP/PS1	(n	=	4).	Scale	bar:	100	µm.	(h)	
Immunofluorescence	assay	and	(i)	its	quantification	results	demonstrated	that	treatment	of	DLT	and	AAV-si-5HT2AR suppressed the nuclear 
translocation	rate	of	NF-κB	in	hippocampal	microglia	of	APP/PS1	(brain	slice,	n	=	4;	cell,	n	=	12).	Scale	bar:	10	µm.	(j)	Flow	cytometry	was	
performed	to	detect	the	M1/M2	microglial	polarization	in	the	brain	of	APP/PS1,	and	NOS2-PE	antibody	and	CD206-APC	antibody	were	
used	to	mark	M1	and	M2	microglia,	respectively.	The	results	of	flow	cytometry	showed	that	treatment	of	DLT	or	AAV-si-5HT2AR promoted 
the	M1	to	M2	microglial	polarization	in	the	brain	of	APP/PS1	mice	(n	=	2;	sample	size	=	4).	All	values	were	presented	as	mean	±	SEM.	
#p	<	0.05,	##p	<	0.01	compared	with	WT	group	by	t test. *p	<	0.05,	**p	<	0.01,	***p	<	0.001	compared	with	APP/PS1	group	by	two-way	
ANOVA
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2.3.2  |  DLT	ameliorated	synaptic	integrity	in	APP/
PS1	mice	by	antagonizing	5HT2AR

In	 addition,	 Golgi-Cox	 staining	 assay	 was	 also	 performed	 to	 de-
tect	 synapse	 integrity	of	hippocampal	neurons	of	mice.	As	 shown	
in	Figure	1j,k,	DLT	or	AAV-si-5HT2AR treatment obviously reversed 
the	 spine	 deficiency	 of	 hippocampal	 neurons	 in	 APP/PS1	 mice	
(F3,27	=	89.82,	p	<	0.0001).

In	addition,	as	shown	in	Figure	1l,m	and	Figure	S3E,	DLT	or	AAV-
si-5HT2AR treatment increased the protein levels of synaptic associ-
ated	proteins	PSD95,	VAMP2,	and	synaptophysin	(SYP)	(F4,45	=	13.53,	
p	<	0.0001)	(F4,45	=	17.76,	p	<	0.0001)	in	the	brains	of	APP/PS1	mice.	
Moreover,	synaptic	marker	protein	PSD95	was	also	detected	by	im-
munofluorescence assay for its crucial function in neurotransmission 
and	 synaptic	 plasticity.	 As	 shown	 in	 Figure	 1n,o,	 DLT	 or	 AAV-si-
5HT2AR	 treatment	 efficiently	 reversed	 PSD95	 protein	 deficiency	 in	
the	hippocampal	neuron	of	APP/PS1	mice	(F3,9	=	4.749,	p	=	0.0299).

Notably,	no	significant	difference	was	observed	in	the	ameliora-
tion	of	synaptic	plasticity	and	integrity	between	APP/PS1	+	AAV-si-
5HT2AR+DLT	mice	and	APP/PS1	+	AAV-si-5HT2AR mice.

Thus,	all	abovementioned	results	demonstrated	that	DLT	treat-
ment protected against the loss of synaptic plasticity and integrity in 
APP/PS1	mice	by	antagonizing	5HT2AR.

2.4  |  DLT promoted microglial phagocytosis of 
Aβ in the hippocampus of APP/PS1 mice through 
5HT2AR-mediated TLR2/4 upregulation

Considering that hippocampus as an essential brain region for de-
clarative memory and cognition is tightly related to the onset and 
development	of	AD	and	CA1	region	as	the	main	area	of	hippocam-
pal uptake of serotonin is much vulnerable to damage by inflam-
mation	 and	 oxidative	 stress	 (Teixeira	 et	 al.,	 2018;	Wang,	Wang,	
et	al.,	2014),	CA1	region	should	function	potently	in	5HT-mediated	
hippocampus	function	 in	AD	progress.	As	such,	 the	hippocampal	
CA1	region	(Figure	2a)	was	here	selected	as	the	main	area	for	in-
vestigating the mechanism underlying the regulation of 5HT2AR 
antagonism	against	AD.

2.4.1  |  DLT	reduced	senile	plaque	and	Aβ	plaque	
levels	in	CA1	region	of	hippocampus	in	APP/PS1	mice	
by	antagonizing	5HT2AR

Given	 that	 senile	 plaque	 is	 a	main	 hallmark	 of	AD,	 levels	 of	 se-
nile	plaque	 and	Aβ	 plaque	 (including	Aβ37,	Aβ38,	Aβ39,	Aβ40,	 and	
Aβ42)	 in	CA1	 region	of	 hippocampus	of	APP/PS1	mice	were	de-
tected	by	Thioflavin	S	staining	and	immunofluorescence	assay.	As	
shown	 in	Figure	2b-d,	DLT	or	AAV-si-5HT2AR treatment reduced 
the	levels	of	senile	plaque	(F3,9	=	31.50,	p	<	0.0001)	and	Aβ	plaque	
(F3,6	=	27.22,	p	=	0.0007).	Notably,	no	significant	difference	was	
determined	in	the	levels	of	senile	plaque	and	Aβ	plaque	between	

APP/PS1	 +	 AAV-si-5HT2AR+DLT	 mice	 and	 APP/PS1	 +	 AAV-si-
5HT2AR mice.

Thus,	all	abovementioned	results	indicated	that	DLT	reduced	lev-
els	of	senile	plaque	and	Aβ	plaque	in	CA1	region	of	hippocampus	in	
APP/PS1	mice	by	antagonizing	5HT2AR.

2.4.2  |  DLT	suppressed	Aβ level independent of 
amyloidogenic pathway

Given	that	5HT2AR was ever reported to participate in the regulation 
of	amyloid	precursor	protein	(APP)	ectodomain	secretion	and	Aβ gen-
eration	(Nitsch	et	al.,	1996),	we	investigated	whether	DLT	reduced	Aβ 
level	 involving	APP	protein	suppression	by	Jess	assay.	As	 indicated	
in	Figure	2e,f	and	Figure	S4A,	DLT	or	AAV-si-5HT2AR treatment ren-
dered	no	 influences	on	APP	protein	 level	 in	 the	brains	of	APP/PS1	
mice	(F4,15	=	1.804,	p	=	0.1806)	(F4,15	=	1.400,	p	=	0.2815).	Moreover,	
DLT	or	AAV-si-5HT2AR	treatment	has	no	impacts	on	BACE1,	sAPPβ,	
or	p-APP	(F3,36	=	1.779,	p	=	0.1686)	(F3,36	=	7.470,	p	=	0.0005)	in	the	
brains	of	APP/PS1	mice	(Figure	S4B-D),	thereby	indicating	that	DLT	
suppressed	Aβ level independent of amyloidogenic pathway.

2.4.3  |  DLT	promoted	microglial	phagocytosis	of	Aβ 
by	antagonizing	5HT2AR

In	 AD	 brain,	 over-aggregated	 Aβ	 is	 phagocytized	 by	 microglia	 and	
then	 degraded	 by	 intracellular	 auto-degradation	 procedures	 such	 as	
autophagy	 (Lee	 et	 al.,	 2018).	With	 these	 facts,	we	 at	 first	 inspected	
the	regulation	of	DLT	against	microglial	phagocytosis	of	Aβ in the hip-
pocampus of the mice.

In	the	assay,	coronal	sections	of	brain	from	APP/PS1	mice	were	
stained	with	Aβ	 and	 IBa1	 antibodies,	microglia	were	 identified	 by	
IBa1	antibody	and	the	number	of	IBa1-positive	microglia	in	the	vicin-
ity	of	an	Aβ	plaque	was	quantified.	As	indicated	in	Figure	2g–i,	DLT	
or	AAV-si-5HT2AR	treatment	increased	the	number	of	plaque-asso-
ciated	microglia	 (F3,6	=	18.80,	p	=	0.019)	and	the	ratio	of	microglia	
colocalized	with	Aβ	(F3,6	=	14.84,	p	=	0.0006)	in	the	hippocampus	of	
APP/PS1	mice.	Notably,	no	significant	difference	was	found	in	the	
regulation	of	either	of	 these	 two	 items	between	APP/PS1	+	AAV-
si-5HT2AR+DLT	mice	and	APP/PS1	+	AAV-si-5HT2AR	mice.	Thus,	all	
results	demonstrated	that	DLT	promoted	microglial	phagocytosis	of	
Aβ	by	antagonizing	5HT2AR.

2.4.4  |  DLT	treatment	promoted	microglial	
phagocytosis	of	Aβ through 5HT2AR-mediated	TLR2/4	
upregulation

Given	that	5HT2AR antagonist was ever reported to regulate phago-
cytosis-related	receptors	Toll-like	receptor	2	and	4	(TLR2/4)	(Hung	
et	 al.,	 2016),	 we	 next	 inspected	 whether	 DLT	 or	 AAV-si-5HT2AR 
treatment	promoted	microglial	phagocytosis	of	Aβ	through	TLR2/4	
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signaling	 by	 antagonizing	 5HT2AR.	 As	 shown	 in	 Figure	 2j–n	 and	
Figure	S5A,	immunofluorescence	and	Jess	assays	results	indicated	
that	DLT	 or	 AAV-si-5HT2AR	 treatment	 enhanced	 TLR2/4-positive	
area	(F3,6	=	11.48,	p	=	0.0067)	(F3,6	=	9.864,	p	=	0.0099)	in	micro-
glia,	 and	 protein	 levels	 (F3,24	 =	 19.04,	p	 <	 0.0001)	 (F3,24	 =	 18.66,	
p	 <	 0.0001)	 in	 the	 brains	 of	 APP/PS1	 mice.	 Notably,	 there	 was	
no	 significant	 difference	 in	 TLR2/4	 regulation	 between	 APP/
PS1	 +	 AAV-si-5HT2AR+DLT	 mice	 and	 APP/PS1	 +	 AAV-si-5HT2AR 
mice,	thus	demonstrating	that	DLT	treatment	upregulated	TLR2/4	
signaling	by	antagonizing	5HT2AR.

Moreover,	 as	 shown	 in	 Figure	 2o–r,	 treatment	 of	 DLT	 or	 si-
5HT2AR	enhanced	FAM-o-Aβ42	 level	 in	microglia,	but	co-treatment	
of	TLRs	 inhibitor	Chloroquine	 (CQ)	 (Zhu	et	 al.,	 2012)	with	DLT	or	
si-5HT2AR	effectively	abolished	such	an	enhancement	(F3,32	=	2.768,	
p	=	0.0583)	(F4,40	=	1.329,	p	=	0.2758).	Therefore,	all	results	demon-
strated	 that	 TLR2/4	 signaling	was	 responsible	 for	DLT	 or	 AAV-si-
5HT2AR-mediated	promotion	on	microglial	phagocytosis	of	Aβ.

2.5  |  DLT treatment promoted microglial Aβ 
clearance in the hippocampus of APP/PS1 mice 
through 5HT2AR-mediated autophagy stimulation

2.5.1  |  DLT	treatment	stimulated	microglial	
autophagy	in	the	hippocampus	of	APP/PS1	mice	by	
antagonizing	5HT2AR

To	 investigate	 the	 mechanism	 underlying	 the	 regulation	 of	 DLT	
against	intracellular	Aβ	degradation	in	microglia,	autophagy-related	
study	was	addressed	because	autophagy	as	a	potent	auto-degrada-
tion	process	plays	a	key	 role	 in	Aβ	 clearance	 (Shin	et	al.,	2014).	 In	
the	assay,	we	investigated	the	regulation	of	DLT	against	autophagy	
by immunofluorescence imaging toward autophagy marker protein 
LC3.

As	 shown	 in	 Figure	 3a–c,	 DLT	 or	 AAV-si-5HT2AR treatment 
enhanced	 the	area	 (F3,9	=	8.792,	p	 =	0.0049)	 and	number	of	LC3-
positive	puncta	(F3,9	=	5.186,	p	=	0.0236)	in	the	hippocampus	of	APP/
PS1	mice.	Notably,	there	was	no	significant	difference	in	the	regu-
lation	of	LC3	between	APP/PS1	+	AAV-si-5HT2AR	+	DLT	mice	and	
APP/PS1	+	AAV-si-5HT2AR mice.

Moreover,	an	overexpression	vector	encoding	mTagRFP-mWasa-
bi-LC3	was	applied	in	primary	microglia	to	further	verify	the	promo-
tion	of	DLT	on	autophagy	(Zhou	et	al.,	2012).	As	shown	in	Figure	3d,	
DLT	 or	 si-5HT2AR treatment efficiently increased the amounts of 
autophagosomes	and	autolysosomes,	thus	indicating	that	both	DLT	
and si-5HT2AR stimulated autophagy in microglia.

2.5.2  |  DLT	promoted	microglial	Aβ clearance by 
stimulating autophagy

In	 addition,	 as	 shown	 in	 Figure	 E-H,	 co-treatment	 of	 autophagy	
inhibitor	 3-MA	 (Wang,	 Xu,	 et	 al.,	 2014)	 abolished	 the	 activity	 of	

DLT	or	si-5HT2AR	treatment	in	promoting	Aβ clearance in microglia 
(F4,164	=	3.570,	p	=	0.0144)	(F4,195	=	1.744,	p	=	0.1418),	further	indi-
cating	that	DLT	promoted	Aβ clearance in microglia by stimulating 
autophagy.

Together,	 all	 results	 demonstrated	 that	 DLT	 treatment	 pro-
moted	microglial	Aβ	clearance	in	the	hippocampus	of	APP/PS1	mice	
through	stimulation	of	autophagy	by	antagonizing	5HT2AR.

2.6  |  DLT treatment repressed neuroinflammation 
in APP/PS1 mice by antagonizing 5HT2AR

Given	that	neuroinflammation	induced	by	plaque-associated	micro-
glia	is	tightly	linked	to	AD	progression,	we	detected	the	potential	of	
DLT	treatment	in	suppressing	neuroinflammation.

2.6.1  |  DLT	treatment	repressed	neuroinflammation	
in	the	brains	of	APP/PS1	mice	by	antagonizing	5HT2AR

ELISA	 and	RT-PCR	 assay	 results	 demonstrated	 that	 the	 protein	 and	
mRNA	 levels	 of	 pro-inflammatory	 cytokines	 (TNF-α	 (F3,15	 =	 5.745,	
p	<	0.008)	(F3,15	=	7.064,	p	=	0.0035)	and	IL-6	(F3,15	=	4.334,	p	=	0.0275)	
(F3,15	 =	 4.864,	 p	 =	 0.0147))	 and	 anti-inflammatory	 cytokines	 (IL-4	
(F3,12	 =	 13.36,	 p	 =	 0.0004)	 (F3,15	 =	 3.126,	 p	 =	 0.0531)	 and	 IL-10	
(F3,12	=	9.276,	p	=	0.0019)	(F3,15	=	2.522,	p	=	0.0972))	were,	respectively,	
decreased	(Figure	4a–d)	and	increased	(Figure	S6A–D)	in	APP/PS1+DLT	
or	 APP/PS1+AAV-si-5HT2AR	 mice	 compared	 with	 those	 in	 APP/PS1	
mice.

2.6.2  |  DLT	treatment	repressed	NLRP3	
inflammasome	in	the	hippocampus	CA1	region	of	APP/
PS1	mice	by	antagonizing	5HT2AR

In	 addition,	 we	 also	 inspected	 the	 potential	 of	 DLT	 treatment	 in	
repressing	 NLRP3	 inflammasome	 by	 immunofluorescence	 assay.	
As	 indicated	 in	 Figure	 4e–g,	 treatment	 of	 DLT	 or	 AAV-si-5HT2AR 
obviously	decreased	NLRP3-positive	puncta	number	 (F3,6	=	134.9,	
p	<	0.0001)	and	area	(F3,9	=	9.459,	p	=	0.0038)	in	the	hippocampus	
CA1	region	of	APP/PS1	mice.

2.6.3  |  DLT	treatment	suppressed	microglial	NF-κB 
nuclear	translocation	in	the	hippocampus	of	APP/PS1	
mice	by	antagonizing	5HT2AR

Since	 NF-κB is a nuclear transcription factor regulating the tran-
scription	of	inflammatory	cytokines	and	NLRP3	(Zhong	et	al.,	2019),	
NF-κB nuclear translocation was detected in microglia of hippocam-
pus	CA1	region	of	APP/PS1	mice.	As	shown	in	Figure	4h-i,	DLT	or	
AAV-si-5HT2AR	 treatment	 inhibited	NF-κB nuclear translocation in 
microglia	(F3,6	=	45.33,	p	=	0.0002).
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2.6.4  |  DLT	treatment	promoted	M1	to	M2	
microglial	polarization	in	the	brain	of	APP/PS1	mice	by	
antagonizing	5HT2AR

In	 AD	 pathology,	 Aβ	 promotes	 classical	 M1	 microglial	 polarization	
exacerbating	 neuroinflammation	 and	neuronal	 death,	 and	microglial	
M2	phenotype	is	involved	in	anti-inflammatory	process	(Paasila	et	al.,	
2019).

It	was	noticed	that	microglia	could	not	yet	be	specifically	isolated	
from	 several	CD11b-positive	 cell	 populations	by	magnetic	 activated	
cell sorting due to the high homology between microglia and macro-
phages/monocytes	 (Deininger	 et	 al.,	 2000)	 and	 microglia	 and	 mac-
rophages	share	the	same	marker	proteins	 including	CD206	 (Ji	et	al.,	
2018);	there	is	currently	no	specific	M2	polarized	marker	protein	tar-
geting	only	microglia	and	CD206	has	been	applied	to	 label	M2-type	
microglia.	In	our	assay,	CD206	was	used	to	identify	M2-type	microglia	
from	separated	microglia	by	CD11b	magnetic	beads,	which	might	be	
disturbed by infiltration of peripheral macrophages in the brain but will 
not affect our conclusion.

Here,	we	examined	 the	potential	 of	DLT	 treatment	 in	promot-
ing	M1	microglial	polarization	in	the	brain	of	APP/PS1	mice	by	flow	
cytometry	 assay	with	NOS2-PE	 (M1	 phenotype)	 and	CD206-APC	
(M2	 phenotype)	 antibodies.	 Microglia	 were	 isolated	 with	 CD11b	
magnetic	beads	for	polarization	assay	(Pluvinage	et	al.,	2019;	Ulland	
et	al.,	2017;	Wang	et	al.,	2018).

As	 shown	 in	 Figure	 4j,	more	NOS2	 positive	 and	 less	 CD206	
positive	microglia	were	found	in	the	brains	of	APP/PS1	mice	com-
pared	with	those	of	WT	mice,	indicative	of	M1	polarization	in	mi-
croglia.	By	contrast,	less	NOS2	positive	and	more	CD206	positive	
microglia	were	determined	in	the	brains	of	APP/PS1+DLT	or	APP/
PS1	+	AAV-si-5HT2AR	mice	in	comparison	with	those	of	APP/PS1	
mice.

Notably,	 no	 significant	 difference	was	 found	 in	 the	 suppres-
sion	of	 neuroinflammation	 (inflammatory	 factors,	NF-κB nuclear 
translocation,	and	M1/M2	microglial	polarization)	between	APP/
PS1	+	AAV-si-5HT2AR	+	DLT	mice	and	APP/PS1	+	AAV-si-5HT2AR 
mice.

Collectively,	 all	 results	 demonstrated	 that	 DLT	 treatment	 sup-
pressed	neuroinflammation	in	the	brains	of	APP/PS1	mice	by	antago-
nizing	5HT2AR.

2.6.5  |  DLT	ameliorated	AD-like	pathology	
independent of targeting H1 receptor

Additionally,	 given	 that	 DLT	 was	 ever	 reported	 to	 be	 an	 antago-
nist	of	H1	 receptor	 (H1R)	 (M.	Chen	et	 al.,	2015),	 assays	with	H1R	
siRNA	 were	 also	 performed	 in	 primary	 microglia.	 As	 indicated	 in	
Figure	 S7A-G,	 DLT	 ameliorated	 AD-like	 pathology	 (phagocytosis,	
autophagy	and	inflammation.	See	details	in	Appendix	S1)	independ-
ent of H1R targeting.

2.7  |  DLT treatment regulated autophagy and 
inflammation in APP/PS1 mice through 5HT2AR/
cAMP/PKA/CREB/Sirt1 pathway

Sirt1	as	a	deacetylase	plays	a	potent	role	in	regulating	inflammation,	
neuroprotection	 and	 autophagy	 (Donmez	 &	 Outeiro,	 2013),	 and	
5HT2AR	antagonism	promotes	cAMP	accumulation	 leading	to	acti-
vation	of	PKA/CREB	pathway	(Nagatomo	et	al.,	2004).	In	addition,	
cAMP-response	element	binding	protein	(CREB)	as	a	transcriptional	
factor	functions	potently	in	mediating	Sirt1	transcription	and	is	criti-
cal	for	cognitive	improvement	(Fusco	et	al.,	2016).	With	these	facts,	
we investigated the potential mechanisms underlying the regulation 
of	DLT	treatment	against	autophagy	and	inflammation	in	the	brains	
of	APP/PS1	mice.

2.7.1  |  DLT	treatment	regulated	autophagy	and	
inflammation through 5HT2AR/Sirt1	signaling

To	 our	 expect,	 results	 of	 immunofluorescence	 (Figure	 5a,b),	 Jess	
assay	(Figure	5c,d	and	Figure	S8A)	and	quantitative	RT-PCR	(Figure	

F I G U R E  5 DLT	treatment	promoted	autophagy	and	suppressed	inflammation	in	APP/PS1	mice	through	5-HT2AR/cAMP/PKA/CREB/Sirt1	
pathway.	(a)	Immunofluorescence	assay	and	(b)	its	quantification	results	demonstrated	that	treatment	of	DLT	or	AAV-si-5HT2AR increased 
the	protein	level	of	Sirt1	in	the	hippocampus	(CA1	region)	of	APP/PS1	mice	(n	=	4).	Scale	bar:	100	µm.	(c)	Jess	and	(d)	its	quantification	
results	demonstrated	that	treatment	of	DLT	or	AAV-si-5HT2AR	increased	the	protein	level	of	Sirt1	in	the	brains	of	APP/PS1	mice	(n	=	4).	(e)	
The	results	of	autophagic	flux	assay	demonstrated	that	DLT	or	si-5HT2AR-induced	autophagy	stimulation	was	abolished	by	co-treatment	of	
Sirt1	inhibitor	Ex-527	(n	=	4).	Scale	bar:	5	µm.	(f)	Immunofluorescence	assay	and	(g)	its	quantification	results	demonstrated	that	co-treatment	
of	Ex-527	abolished	the	suppression	of	NF-κB	nuclear	translocation	induced	by	treatment	of	DLT	or	si-5HT2AR	in	primary	microglia	(n	=	4).	
Scale	bar:	5	µm.	(h,	i)	RT-PCR	results	demonstrated	that	co-treatment	of	Ex-527	abolished	the	suppression	of	inflammatory	cytokines	
transcription	induced	by	treatment	of	DLT	or	si-5HT2AR	in	primary	microglia	(n	=	3).	(j)	Treatment	of	DLT	or	AAV-si-5HT2AR increased 
cAMP	level	in	the	brains	of	APP/PS1	mice	(n	=	5).	(k)	Jess	assay	and	(l)	its	quantification	results	demonstrated	that	treatment	of	DLT	or	
AAV-si-5HT2AR	increased	the	level	of	phosphorylated	PKA/CREB	in	the	brains	of	APP/PS1	mice	(n	=	4).	(m)	Western	blot	assay	and	(n)	its	
quantification	results	demonstrated	that	co-treatment	of	CREB	inhibitor	666–15	abolished	the	upregulation	of	Sirt1	protein	level	induced	by	
treatment	of	DLT	and	si-5HT2AR	in	BV2	cells	(n	=	3).	(o)	RT-PCR	results	demonstrated	that	co-treatment	of	CREB	inhibitor	666–15	abolished	
the	upregulation	of	Sirt1	mRNA	level	induced	by	treatment	of	DLT	and	si-5HT2AR	in	BV2	cells	(n	=	3).	All	values	were	presented	as	the	
mean	±	SEM.	For	animal	tissue	assays,	#p	<	0.05,	###p	<	0.001	compared	with	WT	group	by	t test. *p	<	0.05	compared	with	APP/PS1	group	
by	two-way	ANOVA.	For	cell	assays,	###p < 0.001 compared with si-Ctrl,	**p	<	0.01,	***p < 0.001 compared with si-Ctrl+o-Aβ25-35	by	one-way	
ANOVA
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S8B)	assays	demonstrated	that	DLT	or	AAV-si-5HT2AR treatment up-
regulated	 the	protein	 (F4,15	=	4.203,	p	=	0.0201)	and	mRNA	 levels	
(F4,25	=	5.659,	p	=	0.0022)	of	Sirt1	 in	 the	brains	of	APP/PS1	mice.	
Notably,	 no	 significant	 difference	 was	 found	 in	 Sirt1	 regulation	
within	 these	 assays	 between	 APP/PS1+AAV-si-5HT2AR+DLT	 mice	
and	APP/PS1+AAV-si-5HT2AR mice.

Moreover,	Sirt1	inhibitor	Ex-527	(Hubbard	&	Sinclair,	2014)	was	
applied	 to	 inspect	 whether	 Sirt1	 regulation	 was	 required	 for	 the	
DLT-mediated	autophagy	stimulation	and	inflammation	suppression	
in	primary	microglia.	As	shown	in	Figure	5e,	co-treatment	of	Ex-527	
efficiently	 blocked	 the	 autophagy	 stimulation	 induced	 by	 DLT	 or	
si-5HT2AR	 treatment.	 Additionally,	 results	 of	 immunofluorescence	
and	 RT-PCR	 assays	 (Figure	 5f–i)	 demonstrated	 that	 co-treatment	
of	Ex-527	abolished	the	activity	of	DLT	or	si-5HT2AR in suppressing 
NF-κB	nuclear	translocation	(F9,110	=	51.65,	p	<	0.0001)	and	pro-in-
flammatory	 cytokine	 (TNF-α	 and	 IL-6)	 transcription	 (F9,20	 =	 72.55,	
p	<	0.0001)	(F9,20	=	59.76,	p	<	0.0001)	in	primary	microglia.

Together,	 all	 results	 indicated	 that	 DLT	 treatment	 stimulated	
autophagy	and	suppressed	 inflammation	 in	APP/PS1	mice	through	
5HT2AR/Sirt1	signaling.

2.7.2  |  DLT	treatment	upregulated	Sirt1	by	
regulating 5HT2AR/cAMP/PKA/CREB	pathway

Next,	Western	blot	assay	was	carried	out	 in	the	brain	homogen-
ate	of	 the	mice	 to	detect	 the	potential	 effect	 of	DLT	on	 cAMP/
PKA/CREB	 pathway	 in	 APP/PS1	 mice.	 As	 shown	 in	 Figure	 5j–l,	
DLT	 or	 AAV-si-5HT2AR	 treatment	 efficiently	 upregulated	 cAMP	
level	(F4,9	=	7.041,	p	=	0.0098)	and	p-PKA/p-CREB	(F3,24	=	16.06,	
p	<	0.0001)	in	APP/PS1	mice,	and	there	was	no	significant	differ-
ence	in	the	regulation	of	these	proteins	between	APP/PS1	+	AAV-
si-5HT2AR+DLT	mice	and	APP/PS1	+	AAV-si-5HT2AR mice.

Moreover,	 CREB	 inhibitor	 666-15	 (Xie	 et	 al.,	 2017)	 was	 ap-
plied	 to	 verify	whether	CREB	 signaling	was	 required	 for	 the	DLT-
mediated	Sirt1	upregulation	in	response	to	5HT2AR antagonism by 
Western	blot	and	quantitative	RT-PCR	assays	in	BV2	cells.	As	shown	
in	Figure	5m–o,	treatment	of	666-15	blocked	the	capability	of	DLT	
or si-5HT2AR	 treatment	 in	 promoting	 the	 protein	 (F15,32	 =	 24.83,	
p	<	0.0001)	and	mRNA	levels	(F7,16	=	4.854,	p	<	0.0054)	of	Sirt1.

Taken	 together,	 all	 results	 demonstrated	 that	 DLT	 treatment	
promoted	autophagy	and	suppressed	inflammation	in	APP/PS1	mice	
through 5HT2AR/cAMP/PKA/CREB/Sirt1	pathway.

2.8  |  DLT-mediated 5HT2AR/cAMP/PKA/CREB/GR 
signaling was responsible for microglial phagocytic 
receptor TLR2/4 regulation

Given	 that	 glucocorticoid	 receptor	 (GR)	 as	 a	 nuclear	 transcription	
factor	 is	activated	by	CREB	and	binds	to	a	specific	DNA	sequence	
on	target	genes	including	TLR2/4	for	regulating	gene	transcription	
(Novaes	et	al.,	2017)	and	DLT	treatment	has	been	determined	to	pro-
mote	microglial	phagocytosis	by	upregulating	TLR2/4,	we	next	 in-
spected	whether	CREB/GR	signaling	was	involved	in	DLT-mediated	
TLR2/4	upregulation.

2.8.1  |  DLT	regulated	GR	by	targeting	5HT2AR

Immunofluorescence	assay	results	 (Figure	6a,b)	 indicated	that	DLT	
or	AAV-si-5HT2AR	treatment	promoted	microglial	GR	nuclear	trans-
location	(F3,6	=	9.655,	p	=	0.0103)	 in	the	hippocampus	of	APP/PS1	
mice,	and	no	significant	difference	was	found	in	the	level	of	GR	nu-
clear	 translocation	 between	 APP/PS1	 +	 AAV-si-5HT2AR+DLT	mice	
and	APP/PS1	+	AAV-si-5HT2AR	mice.	Thus,	these	results	implied	that	
DLT	regulated	GR	by	targeting	5HT2AR.

2.8.2  |  DLT	upregulated	TLR2/4	expression	through	
activating	GR

Next,	GR	antagonist	Mifeprex	 (Xu	et	al.,	2018)	was	applied	 in	 the	
assay	against	BV2	cells,	and	the	results	(Figure	6c,d)	demonstrated	
that	co-treatment	of	Mifeprex	efficiently	blocked	the	capability	of	
DLT	or	si-5HT2AR	in	upregulating	TLR2/4	mRNA	level	(F11,24	=	16.26,	
p	<	0.0001)	(F11,24	=	10.56,	p	<	0.0001).	Thus,	all	results	implied	that	
DLT	upregulated	TLR2/4	expression	through	activating	GR.

2.8.3  |  DLT-mediated	CREB	activation	was	 
required	for	GR	nuclear	translocation	and	
transactivation

By	considering	that	DLT	treatment	has	been	determined	to	activate	
cAMP/PKA/CREB	 pathway,	 we	 next	 investigated	 whether	 DLT-
mediated	CREB	regulation	was	required	for	GR	nuclear	translocation	
and transactivation.

F I G U R E  6 DLT	regulated	microglial	phagocytic	receptor	TLR2/4	through	5HT2AR/cAMP/PKA/CREB/GR	signaling.	(a)	
Immunofluorescence	assay	and	(b)	its	quantification	results	demonstrated	that	treatment	of	DLT	or	AAV-si-5HT2AR	stimulated	GR	nuclear	
translocation	in	hippocampal	microglia	of	APP/PS1	mice	(brain	slice,	n	=	4;	cell,	n	=	12).	Scale	bar:	10	µm.	(c,	d)	RT-PCR	results	demonstrated	
that	co-treatment	of	GR	inhibitor	Mifeprex	abolished	the	upregulation	of	TLR2/4	induced	by	the	treatment	of	DLT	or	si-5HT2AR	in	BV2	cells	
(n	=	3).	(e)	Immunofluorescence	assay	and	(f)	its	quantification	results	demonstrated	that	co-treatment	of	CREB	inhibitor	666-15	abolished	
the	promotion	of	GR	nuclear	translocation	induced	by	the	treatment	of	DLT	or	si-5HT2AR	in	GR-U2OS	cells	(n	=	4).	Scale	bar:	100	µm.	(g,	
h)	Results	of	transactivation	and	mammalian	one-hybrid	assays	demonstrated	that	co-treatment	of	666-15	abolished	the	promotion	of	
GR	transactivation	induced	by	the	treatment	of	DLT	or	si-5HT2AR	in	HEK-293	T	cells,	implying	that	the	DLT-mediated	GR	activation	was	
independent	of	the	direct	combination	of	GR	with	DLT	(n	=	3).	All	values	were	presented	as	the	mean	±	SEM.	For	animal	tissue	assays,	
##p	<	0.001	compared	with	WT	group	by	t test. *p	<	0.05,	**p	<	0.01,	***p	<	0.001	compared	with	APP/PS1	group	mice	by	two-way	ANOVA.	
For	cell	assays,	*p	<	0.05,	**p	<	0.01,	***p < 0.001 compared with si-Ctrl	by	one-way	ANOVA



14 of 16  |     LU et aL.

In	 the	 assay,	 the	 GFP-GR-U2OS	 cell	 line	 overexpressing	 GR	
was	at	first	used	for	detecting	GR	nuclear	translocation.	As	shown	
in	Figure	6e,f,	DLT	or	si-5HT2AR	treatment	upregulated	GR	nuclear	
translocation,	but	such	upregulation	was	blocked	by	co-treatment	
of	 CREB	 inhibitor	 666–15	 (F7,88	 =	 19.56,	 p	 <	 0.0001).	 Next,	 GR	
transactivation	activity	(F11,24	=	7.426,	p	=	0.0007)	was	detected	
in	 HEK-293T	 cells.	 As	 indicated	 in	 Figure	 6g,	 DLT	 or	 si-5HT2AR 
treatment	stimulated	luciferase	gene	expression,	indicative	of	the	
promotion	of	GR	transactivation,	but	such	promotion	was	blocked	
by	 co-treatment	of	 666-15.	Additionally,	mammalian	one-hybrid	
assay	result	(Figure	6h)	also	indicated	that	DLT	or	si-5HT2AR treat-
ment	had	no	impacts	on	reporter	gene	expression	(F11,24	=	1.899,	
p	=	0.0404).	Thus,	 this	 result	 implied	 that	 the	DLT-mediated	GR	
activation	was	not	attributable	 to	 the	direct	binding	of	GR	with	
DLT.

Together,	all	results	demonstrated	that	DLT-mediated	5HT2AR/
cAMP/PKA/CREB/GR	 signaling	 was	 responsible	 for	 microglial	
phagocytic	receptor	TLR2/4	regulation.

3  |  DISCUSSION

5HT2AR	 dysfunction	 links	 to	 a	 series	 of	 disorders,	 including	
schizophrenia,	 depression/anxiety,	 and	 drug	 addiction	 (Zhang	
&	 Stackman,	 2015).	 Antagonists	 of	 5HT2AR	 (e.g.,	 Pimavanserin;	
Clozapine	 (Joshi	 et	 al.,	 2017))	 as	 antipsychotics	 have	 been	 clini-
cally used to improve symptoms of depression or anxiety of psy-
chiatric patients by regulating depressive release of dopamine 
(Landolt	 &	 Wehrle,	 2009).	 Here,	 we	 determined	 that	 5HT2AR 
antagonism	 efficiently	 alleviated	 AD-like	 pathology	 in	 APP/PS1	
mice,	 and	 the	underlying	mechanism	has	been	 intensively	 inves-
tigated.	Our	findings	have	strongly	provided	new	evidence	on	the	
role of 5HT2AR	antagonism	in	microglia	regulation.	Moreover,	DLT	
is	currently	a	clinically	antiallergic	drug,	and	its	obtained	preclini-
cal	and	clinical	data	including	the	efficient	amelioration	of	AD-like	
pathology in the current work should no doubt provide valuable 
references	for	subsequent	development	of	anti-AD	drug	based	on	
this	“old	drug”.

Given	the	crucial	beneficial	role	of	microglial	phagocytosis	in	
synapse	regeneration	and	microenvironment	restoration,	 target-
ing microglia has been accepted as a promising strategy for drug 
discovery	against	AD	(Piirainen	et	al.,	2017).	TLR2/4	signaling	par-
ticipates in the process of microglial recognition and phagocytosis 
of	neurotoxic	Aβ	deposits	(Vijayraghavan	et	al.,	2018),	and	upreg-
ulations	of	CD14	and	TLR2/4	have	been	determined	in	the	brains	
of	 AD	 patients	 (Cameron	&	 Landreth,	 2010).	 TLR2/4	 activation	
promoted	cell	 uptake	of	AD-associated	amyloid	peptide	and	 re-
duced	Aβ	 level	 (Fiebich	 et	 al.,	 2018),	 addressing	 the	 potency	 of	
TLR2/4	regulation	in	Aβ	clearance.	Here,	we	also	determined	that	
DLT	elevated	microglial	 phagocytosis	 through	activation	of	GR/
TLR2/4	signaling.	Notably,	TLRs	activation	induces	inflammation	
through	NF-κB	 signaling,	 as	 exemplified	by	 the	 findings	 that	Aβ 
stimulated	pro-inflammatory	factors	by	promoting	TLR2/4	(Song	

et	al.,	2018)	and	curcumin	suppressed	inflammatory	by	inhibiting	
TLR4	 (Gao	 et	 al.,	 2019).	 However,	 DLT	was	 here	 determined	 to	
inhibit	NF-κB	signaling	by	targeting	Sirt1,	thus	potentially	offset-
ting the abovementioned adverse effects caused by upregulation 
of	TLR2/4.

As	 a	 deacetylase,	 Sirt1	 is	 ubiquitously	 expressed	 in	 brains	 and	
deacetylates	a	number	of	transcription	factors.	It	functions	potently	in	
inflammation,	mitochondrial	biogenesis,	fatty	acid	oxidation,	and	mo-
bilization	(Zhang	et	al.,	2020).	For	example,	Resveratrol	ameliorated	
mitochondrial	 dysfunction	 and	 cognitive	 impairment	 of	 AD	 model	
mice	(Lagouge	et	al.,	2006)	by	activating	Sirt1.	Here,	we	determined	
that	DLT	upregulated	5HT2AR-mediated	Sirt1	expression	to	 repress	
Aβ level by stimulating autophagy and protect against neuroinflam-
mation	by	suppressing	NF-κB translocation through 5HT2AR/cAMP/
PKA/CREB/Sirt1	 signaling	 pathway.	 cAMP/PKA/CREB	 signaling	 is	
tightly	linked	to	neuronal	activities	including	energy	production,	met-
abolic	processes,	 synaptic	physiology,	neuronal	plasticity,	 and	 long-
term	memory	formation	(Behravanfar	et	al.,	2017).	To	our	knowledge,	
our work might be the first report presenting the cross talk between 
5HT2AR	and	Sirt1	signaling.	All	results	have	thereby	highlighted	the	
potential	of	DLT	in	the	treatment	of	AD	and	other	related	neurode-
generative diseases.

GR	 as	 a	 ligand-dependent	 transcription	 factor	 is	 tightly	 in-
volved in the homeostasis of glucose/lipid and immune response 
(Hudson	et	al.,	2018).	DLT	was	determined	to	activate	GR	through	
5HT2AR/cAMP/PKA/CREB/GR	 pathway.	 Interestingly,	 a	 10-year	
large-scale	 report	 revealed	 that	 people	 taking	 antipsychotics	
like 5HT2AR	 antagonists	 easily	 develop	 overweight	 or	 obesity,	
although	no	underlying	mechanism	was	 yet	 disclosed	 (Wilkins	&	
Sambamoorthi,	2011).	Here,	 it	was	tentatively	proposed	that	 the	
side effects of overweight or obesity for the users taking 5HT2AR 
antagonists might be largely related to this 5HT2AR-mediated	GR	
regulation.

In	 conclusion,	 we	 determined	 that	 DLT	 effectively	 improved	
cognitive	 impairment	 in	 APP/PS1	 mice	 by	 improving	 microglial	
dysfunction.	 Briefly,	 DLT	 reduced	 amyloid	 plaque	 deposition	 by	
promoting	microglial	Aβ	phagocytosis	and	degradation,	and	ame-
liorated	innate	immune	response	by	polarizing	microglia	to	an	an-
ti-inflammatory	phenotype.	 It	 stimulated	 autophagy	process	 and	
repressed neuroinflammation through 5HT2AR/cAMP/PKA/CREB/
Sirt1	pathway,	and	activated	GR	nuclear	translocation	to	upregu-
late	the	transcriptions	of	phagocytic	receptors	TLR2/4	in	response	
to	 microglial	 phagocytosis	 stimulation.	 However,	 it	 was	 worth	
noting	that	a	series	of	cell-based	assay	results	also	revealed	that	
DLT	treatment	attenuated	Aβ-induced	cell	viability	repression,	cell	
apoptosis,	and	caspase	3-dependent	apoptotic	pathway	activation	
in	primary	neurons	 (Figure	S14A–E),	 indicative	of	 its	 potential	 in	
improving neuronal damage. These results thus suggested that 
DLT	may	 also	perform	beneficial	 impacts	 on	nonmicroglia	 popu-
lations	such	as	neurons.	Together,	our	work	has	highly	supported	
that 5HT2AR antagonism is a promising therapeutic strategy for 
AD	and	highlighted	 the	potential	of	DLT	 in	 the	 treatment	of	 this	
disease.
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4  |  E XPERIMENTAL PROCEDURES

4.1  |  Study design

The	goals	of	 the	 study	were	 to	evaluate	 the	potential	of	5-HT2AR 
antagonist	Desloratadine	 in	 the	amelioration	of	AD-like	pathology	
of	APP/PS1	mice	(functional	behavior,	synaptic	integrity	and	plastic-
ity,	Aβ	 pathology,	 and	neuroinflammation)	 and	 investigate	 the	un-
derlying	mechanism	by	assay	against	APP/PS1	mice	with	5-HT2AR 
knockdown	in	the	brain	by	injection	of	AAV-ePHP-si-5-HT2AR.	For	all	
animal	studies,	mice	were	litter-matched,	age-matched,	and	gender-
matched to keep all data agree with each other. Completely random 
grouping design and exploratory experimental research were per-
formed based on the experimental animals.

Sample	sizes	were	chosen	according	to	the	previous	experiences	
with	AD	related	research	in	our	laboratory	using	the	same	APP/PS1	
model	mice.	 Investigators	who	 conducted	 the	 experiments	 or	 ana-
lyzed	the	data	were	blinded	to	group.	Assays	of	histology	and	immu-
nostaining	of	 tissue	 sections,	 and	Western	blot,	ELISA	and	RT-PCR	
of	brain	 tissues	were	performed.	Cell-based	assays	against	primary	
microglia or cell lines were carried out to verify the conclusion of an-
imal experiments.

4.2  |  Statistical analysis

All	cell	experiments	were	performed	in	triplicate	to	obtain	three	
independently	 data.	 Each	 study	 was	 completed	 with	 listed	
number	 of	 samples	 in	 figure	 legends.	 All	 data	 were	 presented	
as	mean	±	 SEM,	 and	 statistical	p < 0.05 was considered signifi-
cantly. t	Test	was	performed	to	analyze	the	significant	difference	
between	WT	and	APP/PS1.	Two-way	ANOVA	with	Fisher's	 LSD	
test	was	performed	to	analyze	the	significant	differences	among	
APP/PS1,	APP/PS1	+	DLT,	APP/PS1	+	AAV-si-5HT2AR,	and	APP/
PS1	+	AAV-si-5HT2AR	+	DLT.	For	cell	assay,	one-way	ANOVA	with	
Dunnett's	post-test	was	performed	to	analyze	the	significant	dif-
ference between multiple treatments and the control. The data 
were	analyzed	for	statistical	significance	using	the	graphing	pro-
gram	GraphPad	Prism	7.
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