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Delta-opioid receptor signaling alleviates
neuropathology and cognitive impairment
in the mouse model of Alzheimer’s disease
by regulating microglia homeostasis

and inhibiting HMGB1 pathway

Yuan Xu'??, Naiyuan Shao'?, Feng Zhi'? Ronghua Chen', Yilin Yang'?, Jiahui Li*#, Ying Xia®**" and Ya Peng'?"

Abstract

Background Recent studies suggest that opioid receptor signaling may differentially affect Alzheimer’s disease (AD)
pathology and the relevant behavioral dysfunctions. However, the precise roles and mechanisms of opioid receptor
subtypes in AD pathologies are still unclear with major controversies.

Methods We compared the delta-opioid receptor (DOR)- and mu-opioid receptor (MOR)-mediated effects on
AD-associated cognitive deficits, pathologies, neuroinflammations, cell death using transgenic APP/PST mouse model
and BV2 cell line at behavioral, molecular, and cellular levels. Unpaired t-test and one/two way analysis for variance
(ANOVA) were used to analyze statistical significance of the data.

Results We show a distinct role of DOR and its major difference with MOR in AD injury in an APP/PS1 mouse
model. DOR activation by UFP-512, but not MOR activation by DAMGO, attenuated cognitive impairment, reduced
beta-amyloid (AB) production and aggregation, as well as protected the neurons from apoptosis in APP/PS1 mice.
DOR and MOR also differentially modulated microglia in APP/PS1 mice and in vitro AD cell model with a DOR-
mediated inhibition on the excessive activation of microglia and the release of pro-inflammatory cytokines in AD
pathologies. Gene expression profiling further revealed that the alternations in DOR/MOR are closely associated
with microglial homeostatic signatures and high mobility group protein B1 (HMGB1) in AD. DOR activation inhibited
HMGB1 secretion and its translocation from nuclear to cytoplasm. Our in-vitro studies further confirmed that DOR
overexpression mitigated microglial inflammatory response and rescued neurons from AD injury via HMGB1-NF-«B
signaling pathway.

Conclusions These novel findings uncover previously unappreciated roles of DOR in neuroprotection against AD
injury via modulating microglia-related inflammatory responses.
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Introduction

Alzheimer’s disease (AD) is the leading cause of demen-
tia, and the incidence is rapidly increasing in aged popu-
lation in this century [1]. A national cross-sectional study
showed that China had roughly 15.07 million people over
60 years old living with dementia, accounting for almost
25% of dementia worldwide [2, 3]. Limited therapeu-
tic approaches have been proven effective in stopping
or halting AD progress [1]. A successful strategy for AD
therapy should consider both ameliorating the pathologi-
cal characteristics of this disease and improving the cog-
nitive functional recovery.

AD is characterized by systemic disorders including
B-amyloid accumulation, cellular hyper-phosphorylated
tau, synapses loss, neuroinflammation and cognitive dis-
ability [1, 4]. Opioid receptors have long been considered
associated with AD pathology and AD-related behavioral
dysfunction [5-7]. Early in 1987, Hiller et al. [8, 9] com-
pared the opioid receptor expression pattern in the brain
of age-matched AD patients with the control group and
found that the alternations of §-opioid receptor (DOR)
and p-opioid receptor (MOR) were almost opposite in
the caudate nucleus region and hippocampus region
of the AD brain, suggesting a potential linkage between
opioid receptors and AD. Acetyl choline (ACH), as an
important neurotransmitter responsible for learning and
memory performance, is majorly regulated by DOR and
K-opioid receptor (KOR), but not MOR [10, 11]. Since the
notion “ACH is involved in the pathogenesis of AD” has
reached consensus [12], the relationship between opioid
receptors and AD became more intriguing.

To date, however, the studies exploring the role of opi-
oid receptors in AD remain sparse and controversial.
Two fundamental questions are not answered yet: (1)
whether and how opioid receptors are involved in AD
pathological events and (2) whether different subtypes
of opioid receptors play different roles in AD injury? We
addressed these questions genetically and pharmacologi-
cally by using AP precursor protein/presenilin-1 (APP/
PS1) transgenic mice and an in-vitro AD cell model with
a focus on the performance of DOR versus MOR in AD.
Our novel findings reveal unique and differential roles
of DOR vs. MOR in AD pathology and shed light on a
potential new target for AD therapy.

Materials and methods

Chemicals and reagents

B-Amyloid (1-42) peptides and DAMGO, a MOR
selective agonist were purchased from MCE (Cat: HY-
P1388A, HY-P0210, China). UFP-512, a highly specific

DOR agonist was synthesized by our research part-
ner [13, 14]. Naltrindole hydrochloride, a selective
DOR antagonist, was purchased from Santa Cruz (Cat:
sc-202236, USA). Naltrexone hydrochloride, a selective
MOR inhibitor was purchase from TOCRIS (Cat: 0677,
China). Anti-B-actin antibody, anti-Ibal antibody, anti-
NeuN antibody, anti-Histone H3 antibody, anti-NF-«xB
antibody, anti-phopho-NF-kB antibody, goat anti-mouse
secondary antibody and goat anti-rabbit secondary anti-
body were purchased from Cell Signaling Technology
(Cat: 3700T, 17198 S, 94403 S, 4499T, 8242, 3033, 7076,
7074, USA). Anti- B-amyloid antibody was purchased
from Biolegend (Cat: 800708, USA). Anti-DOR antibody,
anti-MOR antibody and NF-kB p65 transcription factor
assay kit were purchased from Abcam (Cat: ab176324,
ab134054, ab133112, USA). CD11b monoclonal antibody,
CD45 monoclonal antibody, high mobility group protein
B1 (HMGB1) polyclonal antibody, goat anti-Rabbit sec-
ondary antibody (Alexa Fluor 594) and goat anti-mouse
secondary antibody (Alexa Fluor 594) were purchased
from Invitrogen (Cat: 11-0112-82, 14-0451-82, PAl-
16926, R37117, R37115, USA). DAPI, Counting Kit-8,
one step Terminal deoxynucleotidyl transferase dUTP
nick-end labeling (TUNEL) apoptosis assay kit, Immunol
staining fix solution, and Human/Mouse/Rat HMGB1
ELISA kit, Nuclear and Cytoplasmic Protein Extraction
kit were obtained from Beyotime (Cat: C1006, C0039,
C1090/C1086, P0098, PH406, P0028, China). Human/
Rat B Amyloid (42) ELISA kit was purchased from Wako
(Cat: 292-64501, Japan).

Animals and drug treatment

36 Adult (9-month-old) male APP/PS1 mice and 12 age-
matched wild-type mice were purchased from Beijing
Viewsolid Biotech Co; Ltd. All the animal work were
strictly accordance with the Chinese regulations for the
administration of laboratory animals and were approved
by the animal ethics committee of Changzhou First
People’s Hospital. APP/PS1 mice and their wild-type lit-
termates were randomly assigned into 4 groups. APP/
PS1 mice were injected intraperitoneally with saline
(AD), UFP-512 (1 mg/kg) diluted in saline (AD +U) or
DAMGO (1 mg/kg) diluted in saline (AD + D) daily for
one week (n=12 per group), respectively. WT mice were
injected intraperitoneally with the same volume of saline
(WT). UFP-512 and DAMGO were freshly prepared
every day during the light cycle. Blind experiments were
conducted during behavioral tests. Mice were sacrificed
by intraperitoneal injection with 50 mg/kg pentobarbital
sodium on the day 14 after drug treatment. The brains
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were harvested and dissected into hippocampus and cor-
tex for future applications.

Morris water maze (MWM) test

For spatial learning ability evaluation, MWM test was
performed. Briefly, the mice were tested in a circular pool
of 90 cm in diameter. The platform (5 cm in diameter)
was placed 1 cm above the surface of the water (visible
platform phase) or 1 cm below the surface of the water
(hidden platform phase). During visible platform phase,
mice were pretrained for 2 days, with 4 trials per day, to
find the visible platform above the water. During hidden
platform phase, the mice were trained for 5 consecutive
days, to find hidden platform with 4 trials per day. Each
mouse was given 60 s to find the platform. If the animal
failed to reach the hidden platform within 60 s, they were
guided to the platform and stay there for 15 s. A probe
trial was conducted 24 h after the last training. Dur-
ing the probe trial, the platform was removed, and the
mice was allowed to swim freely for 60 s. All trials were
recorded by video, and the data was analyzed by Animal
behavioral test analysis software Smart v3.0. The swim-
ming speed of mice during visible platform test, the
escape latency during hidden platform test, the number
of mice crossing the platform and the residence time of
mice in the target quadrat during probe trial test were
recorded.

Novel object recognition (NOR) test

Novel object recognition test was carried out on day 2,
7 and 13 after drug treatment (Fig. 1C). Briefly, the test
was divided to habituation phase, familiar phase, and test
phase. In the habituation phase, mice were allowed to
explore in the empty test chamber for 10 min. In familiar
phase, two identical objects were placed in the test cham-
ber. Mice entered the chamber from the location with
the same distance to each object and were allowed to
explore the objects for 5 min. In the test phase, one famil-
iar object was replaced by a novel one. Animal behavioral
test analysis software Smart v3.0 was used to record the
activities of mice in the test chamber. The exploration
time of mice was limited to 5 min. The number of novel/
familiar objects contacting and exploration time for
novel/familiar object were recorded to calculate the novel
object recognition index (RI).

RI = x 100%

N
N+ F
N: the exploration time for novel objects/ the number of
novel objects contacting.

F: the exploration time for familiar objects/ the number
of familiar objects contacting.
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AB42 measurements

For soluble AB42 preparation, the mouse cortex and hip-
pocampus were homogenized in RIPA buffer containing
protease inhibitors, respectively. Then the lysate was cen-
trifuged at 15,000 g and the supernatant was collected.

For insoluble APB42 preparation, the mouse cortex and
hippocampus were homogenized in TBS supplemented
with protease inhibitors using a Teflon homogenizer.
Subsequently, the lysate was centrifuged at 50,000 g for
20 min. The resulting precipitate was resuspended in
TBST containing protease inhibitors, homogenized, and
then incubated at 37 C for 15 min. Afterward, a centrif-
ugation at 50,000 g was performed. The precipitate was
further incubated with 2% SDS in TBS supplemented
with protease inhibitors for 15 min and centrifuge again
at 50,000 g. Next, 1 mL of 70% formic acid was added
to the precipitate, followed by ultrasonication and cen-
trifugation at 50,000 g at 4°C. The supernatant was col-
lected and dried using a Speed Vac. Finally, the insoluble
AP42 was harvested and stored in DMSO solvent by
ultrasonication.

For measurements of AB42, both the soluble and insol-
uble ones were dissolved in the standard diluent. Their
levels were determined using a Human/Rat  Amyloid
(42) ELISA kit. The details of AP42 measurement have
been described previously [15]. The absorbance was read
at 450 nm with a multi-well microplate reader.

Immunohistochemical/immunofluorescence staining

The harvested brains were fixed in 4% paraformaldehyde
and embedded in paraffin at 58 ‘C. The embedded tissue
was then cut into 10-um-thick tissue sections, which was
floated in a 56 C water bath. The sections were mounted
onto gelatin-coated histological slides and stored at room
temperature overnight. Before staining, heat-induced
antigen retrieval was performed using antigen retrieval
buffer. To quench endogenous peroxidase activity, brain
sections were pretreated with 3% H,O, for 10 min, and
then rinse in wash buffer for 5 min. Subsequently, the
slides were blocked with serum blocking reagent, avi-
din blocking reagent, and biotin blocking reagent each
for 15 min. The sections were then incubated with anti-
amyloid plaques (1:5000), anti-NeuN (1:2000), anti-
HMGBI (1:200) and anti-Ibal (1:200) overnight at 4°C.
After three-times washes with wash buffer, the sections
were incubated with secondary antibody (1:2000) for 1 h
at room temperature and rinsed for another 3 times. For
immunohistochemical staining, the samples underwent a
30-mins incubation with HRP and incubation with DAB/
AEC chromogen (not required for immunofluorescent
staining). The stained tissue was visualized under micro-
scope. The plaque number, HMGBI positive cells or Ibal
positive cells were calculated from at least 3 randomly
selected microscopic fields of each section.
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Fig. 1 DOR activation improved cognitive performance of APP/PST mice. WT: wild type C57 mice treated with saline intraperitoneally; AD: APP/PS1
mice treated with saline intraperitoneally; AD+U: APP/PS1 mice treated with UFP-512 intraperitoneally; AD+D: APP/PS1 mice treated with DAMGO
intraperitoneally. (A),(B) Expression profile of DOR and MOR in the cortex and hippocampus region of WT mice and AD mice. n=3in cortex; n=6 in hip-
pocampus, MOR: ‘p=0.0136 vs. WT in Fig. 1A; DOR: 'p=0.013 vs. WT in Fig. 1B. Unpaired t-test was used to analyze the statistical significance in Fig. 1A
and B. (C) Schematic diagram of mice treatment and behavioral tests. (D-G) Effects of DOR and MOR on spatial learning and memory evaluated by MWM.
n=10. One-way ANOVA was used to analyze the statistical significance in Fig. 1D and F. Two-way ANOVA was used to analyze the statistical significance
in Fig. 1E. (D) The swimming speed was recorded during visible platform tests. (E) Escape latency during hidden platform tests was recorded every train-
ing day. “p<0.0012 or 0.0014 vs. WT. (F) A probe trial was performed on Day 10. The number of mice crossing the previous platform located quadrant
and the time mice spent in the target quadrant were recorded. Left panel: 'p=0.0160 or 0.0148 vs. WT: “p=0.0322 vs. AD. Right panel: p=0.0207 vs. WT:
%p=0.0189 vs. AD. (G) Representative trajectory chart of mice in MWM test. (H) Effects of DOR and MOR on mice recognitive abilities evaluated by NOR.
n=10.Day 13: p=0.0479 vs. WT; #2p=0.0011 vs. AD. Two-way ANOVA was used to analyze the statistical significance in Fig. TH
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TUNEL assay

Apoptosis cells were detected by one step TUNEL apop-
tosis assay kit from Beyotime according to the manufac-
turer’s instructions. Briefly, the slides were fixed using
Immunol staining fix solution and then permeated in
PBS containing 0.3% Triton X-100. After two times wash-
ing with PBS, slides were incubated with TUNEL detec-
tion solution for 60 min at 37 C. After DAPI staining,
the slides were visualized under microscope at 550 nm
wavelength.

mRNA quantification

To measure the changes in the target mRNA, total RNA
was extracted and purified using Trizol reagent follow-
ing the RNA extraction instruction. The extracted RNA
(1 pg) was used as the template to generate cDNA. RT-
PCR (Applied Biosystems, USA) was performed to quan-
tify the mRNA relative content. The primers designed
are listed as below, and the primers were synthesized by
Genscript Co., China.

TNF-a mRNA primers  F: 5" CAAGGGACAAGGCTG  R: 5'GCAGGGGCT

CCCCG3 CTTGACGGCAG 3’
IL-18 MRNA primers  F: 5’ AAGCCTCGTGCTGTCG  R: 5'TGAGGCCCA
GACC3’ AGGCCACAGG 3’
iNOS mRNA primers F: 5'CAGCTGGGCTGTACAA  R: 5'CATTGGAAGT
ACCTT 3 GAAGCGTTTCG 3
GAPDH mRNA F: 5 GCCAAGGCTGTGGGC  R: 5'TCTCCAGGCG
primers AAGGT 3 GCACGTCAGA 3’
DOR mRNA primers F: 5'CCATCACCGCGCTCT ~ R:5'GTACTTGGCG
ACTC 3’ CTCTGGAAGG 3
MOR mRNA primers ~ F: 5'CCAGGGAACATCAGC  R: 5'GTTGCCATCA
GACTG 3 ACGTGGGAC 3

Flow cytometric analysis

The mouse brain tissue was chopped into small particles
in ice-cold PBS supplemented with 0.3% BSA and incu-
bated with 10 ml of digestion buffer for 1 h at 37 ‘C. The
resulting suspension was filtered through a 70 pum cell
strainer. After centrifuge at 400 g for 10 min, the pellet
was resuspended in PBS for washing and then collected
in PBS containing 0.3% BSA. The suspension was stained
with anti-mouse-CD45-APC (1 ug/test) and anti-mouse
CD11b-FITC (0.5 ug/test) to assess the cerebral infiltra-
tion of microglia and macrophages (CD11B*CD45™ ~high
cells). Flow cytometric analysis was carried out by using
FlowJo. The first gate was defined in the dot plot For-
ward-Scattered-Area (FSC-A) versus Forward-Scattered-
Height (FSC-H) to distinguish single cells from doublets
(Supplementary 1 A). The single cells were then gated
on FSC-A versus Side-Scattered-Area (SSC-A) dot plots
based on the relative cell size and cell granularity (Sup-
plementary 1B) [16]. Then the microglia and the macro-
phages were identified based on their expression levels of
CD11b/CD45 markers (Supplementary 1 C).
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Cell cultures and treatments

Mouse BV2 cell line (a commonly used microglia) was
obtained from National Infrastructure of Cell Line
Resource (NICR), Beijing, China (Cat: 1101MOU-
PUMCO000063). The HT22 cell line (hippocampal neu-
ron) was purchased from the Type Culture Collection of
the Chinese Academy of Sciences, Shanghai, China. Both
BV2 cells and HT22 cells were cultured in DMEM con-
taining 10% FBS. BV2 cells were randomly subjected to
normal condition, and AB1-42 oligomer exposure. DOR
specific agonist UFP-512 (5 pM), DOR antagonist nal-
trindole (1 pM), MOR agonist DAMGO (5 pM) or MOR
selective antagonist naltrexone (5 uM) were used to treat
BV2 cells for 48 h as we previously described [15, 17].

AB1-42 oligomer preparation

AP1-42 oligomers were prepared following the methods
described in our prior work and other studies [18-20].
Briefly, 1 mg of AP1-42 peptide was dissolved in 222 pl
hexafluoroisopropanol (HFIP) and then aliquoted into
sterile tubes, with 55 pl per tube. A speed Vacuum was
employed to evaporate the HFIP, yielding a colorless and
transparent AP1-42 peptide film. The film was stored
at -20 ‘C until further use. For oligomer applications,
DMSO was added to the film, followed by sonication in
a water bath with a power of 300 W and a frequency of
35 Hz for 10 min. Subsequently, 539 ul of pre-cooled PBS
was added to the AB-DMSO solution to achieve a final
concentration of 100 pM. Typically, the prepared solution
was incubated at 37 ‘C for 24 h to facilitate oligomer for-
mation. The vehicle was prepared in the same way, except
without A addition.

Nuclear and cytoplasmic protein extraction

For cytoplasmic and nuclear protein extraction, the
Nuclear and Cytoplasmic Protein Extraction Kit was used
to isolate the nuclear and cytoplasmic fractions. Firstly,
the cells were rinsed with pre-cooled PBS and then har-
vested using a cell scraper. After centrifugation, the cell
pellet was resuspended in cytoplasmic isolation reagent
A supplemented with PMSF and vortexed for 5 s. After
15 min incubation on ice, cytoplasmic isolation reagent
B was added to the cells, which was then centrifuged at
12,000 g for 5 min. The resulting supernatant obtained
was cytoplasmic protein. For nuclear protein extraction,
the pellet was further diluted in nuclear isolation reagent
containing PMSE. The solution was vortexed for 20 s and
homogenized on ice for 2 min. The cycle was repeated
for 30 min. Subsequently, the cell suspension was centri-
fuged at 12,000 g for 10 min at 4°C. The supernatant was
collected as the nuclear fraction.
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Co-culture of neurons and microglia

HT?22 cells were plated on 12-well plates, and microglia
BV2 cells were seeded in the transwell inserts for indirect
co-culture model study of neuron-microglia crosstalk.
The BV2 cells, HT22 cells were grown in a 1:5 (microglia:
neuron) ratio. Both BV2 cells and HT22 cells were cul-
tured in DMEM containing 10% FBS and were exposed
to 20 uM AP1-42 oligomer the second day for 48 h.
ELISA was used to measure the HMGBI contents in the
supernatant. Western blot was used to quantify HMGB1
expression in the HT22 cells. Q-PCR analysis was used
to study the mRNA expressions of cytokines in neurons.
Immunofluorescence staining and CCK8 were used to
study cell apoptosis.

Cell viability assay

Cell viability was assessed using the CCKS8 kit. Exponen-
tially growing BV2 cells and HT22 cells were seeded in
co-culture system as we described above. Blank control
was established. After 48 h of drug treatment, the origi-
nal medium was removed. Subsequently, 500 ul of fresh
culture medium was added to each well, following by 50
ul of CCKS8 reagent. The cells were incubated with CCK8
reagent for 2 h and the absorbance was measured at a
wavelength of 450 nm with a microplate reader (Biotek,
VT, USA).

Western blot

The details of Western blot protocol were described
in our previous work [15, 17]. In brief, cells or tissues
were lysed using the lysis buffer containing 0.5% 100
mM PMSEF, 0.1% protease inhibitor, and 1% phosphatase
inhibitor. 40 ug of protein samples were run in 10-12.5%
SDS-PAGE electrophoresis and transferred to hydro-
phobic polyvinylidenedifluorid (PVDF) membranes. The
membranes were then blocked by TBST with 5% milk or
TBST with 5% BSA, and then incubated with certain pri-
mary antibodies (1:1000 in general). HRP conjugated sec-
ondary antibodies (1:2000 in general) were used to detect
specific protein expression. The binding of antibody was
detected by chemiluminescence using Western Lighten-
ing” Chemiluminescence Reagent Plus (Perkin-Elmer,
USA). The data was analyzed using the NIH Image pro-
gram (Image J).

NF-kB p65 DNA-binding activity assay

The cell nuclei of cortical and hippocampal tissues were
extracted with the Nuclear and cytoplasmic protein
extraction kit following the manufacturer’s instructions.
A small portion of the nuclear extract was retained to
quantify the protein concentration, and the remainder
was used for subsequent tests. For binding activity mea-
surement, in a 96-well plate, 90 uL of Complete Tran-
scription Factor Binding Assay Buffer (CTFB) was added,
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followed by 10 pL of nuclear extract as the sample wells.
Positive control wells (PC) and non-specific binding wells
(NSB) were also set. After overnight incubation at 4 °C,
the wells were emptied, and each well was washed with
200 pL of wash buffer. The transcription factor NF-«xB
primary antibody and secondary HRP conjugate anti-
body were then added, followed by carefully washes after
each antibody addition. Finally, 100 pL of transcription
factor developing solution and 100 pL of stop solution
were successively added to each well. The absorbance at
450 nm was measured and the data were recorded.

Lentivirus infection

The lentiviral plasmids capable of knocking down DOR,
overexpressing DOR or overexpressing MOR were
obtained from GENECHEM, Shanghai, China. For
knocking down or overexpressing DOR, the negative
control-NC207 was set. For overexpressing MOR, the
negative control-NC794 was set. BV2 cells were seeded
in a 6- well plate at the concentrations of 2 x 10° cells per
well and incubated overnight. HiTransG A was added
with lentiviral plasmids in 10% FBS DMEM to enhance
the infection efficiency (MOI =20). After 16-hrs incuba-
tion, the medium containing the plasmids and HiTransG
A was removed, and the infected cells were cultured in
fresh medium for 48 h. 4 ug/ml puromycin was employed
to screen the infected cells for an addition 48 h. PCR and
western blotting were utilized to assess the expression
level of DOR and MOR.

RNA-seq and analysis

Total RNA of the hippocampus and cortex was extracted
from mouse brains, or BV2 cell line using Trizol reagent
kit. RNA quality was assessed on an Agilent 2100 Bio-
analyzer (Agilent Technologies, Palo Alto, CA, USA) and
checked using RNase free agarose gel electrophoresis.
After total RNA was extracted, eukaryotic mRNA was
enriched by Oligo(dT) beads. Then the enriched mRNA
was fragmented into short fragments using fragmenta-
tion buffer and reversely transcribed into cDNA by using
NEBNext Ultra RNA Library Prep Kit for Illumina (NEB
#7530, New England Biolabs, Ipswich, MA, USA). The
purified double-stranded c¢cDNA fragments were end
repaired, A base added and ligated to Illumina sequenc-
ing adapters. The ligation reaction was purified with the
AMPure XP Beads (1.0X). Ligated fragments were sub-
jected to size selection by agarose gel electrophoresis and
polymerase chain reaction (PCR) amplified. The resulting
c¢DNA library was sequenced on the Illumina sequencing
platform by 10 K Geonomics, Shanghai, China.

RNAs differential expression analysis was performed by
DESeq?2 software between two different group [21]. The
genes/transcripts with the parameter of false discovery
rate (FDR) below 0.05 and absolute fold change>2 were
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considered differentially expressed genes/transcripts.
After that, Venn diagram was generated by Venny 2.1
online tool (https://bioinfogp.cnb.csic.es/tools/venny/ind
ex.html), enrichment analyses were based on the KEGG
pathway (https://www.genome.jp/kegg/pathway.html).

HMGB1 release measurement

In accordance with the instruction of Human/Mouse/Rat
HMGB1 ELISA kit, the supernatant of cultured cells was
harvested and centrifuged at 500 g for 5 min to eliminate
cell debris. Subsequently, 100 pL of the supernatant and
100 pL of standards were separately added to the wells
and incubated at room temperature for 2 h. After five
washes, 100 puL of HRP-labeled HMGBI1 antibody was
introduced to the plate, followed by an additional 1 h
incubation at room temperature. The plate was washed
prior to each reagent addition step. Then, 100 uL of HRP-
labeled Streptavidin were added to each well and incu-
bated in the dark for 20 min. Finally, TMB solution was
added to initiate the HRP reaction in the dark. Once the
reaction was terminated by stop solution, the absorbance
was read at 450 nm with a multi-well microplate reader.

Statistical analysis

All data are presented as means+ SD. Each independent
experiment was performed at least three times. The num-
ber (n) of conducted experiments is indicated in figure
captions. Unpaired t-test, one-way analysis for variance
(ANOVA) followed by Bonferroni’s multiple comparison
tests and two-way ANOVA were used to analyze statis-
tical significance in our work (Prism 5, GraphPad Soft-
ware, CA, USA).

Results

DOR and MOR proteins decreased in different regions of
APP/PS1 transgenic mice

Altered DOR and MOR expressions have been observed
in several cerebral disorders in vivo and in vitro [17,
22-24]. However, it is still unclear whether opioid
receptors are altered in AD pathological process. We
therefore examined the expression level of DOR and
MOR, two major subtypes of opioid receptors, in the
cortical and hippocampal regions of APP/PS1 mice. In
9-month-old APP/PS1 mice, MOR protein in the cortex
significantly decreased (p<0.05, Fig. 1A), but the level
of DOR protein had no appreciable change in the same
region between APP/PS1 mice and WT mice (Fig. 1A).
In the hippocampal region, APP/PS1 mice presented a
slight decrease in DOR protein (p<0.05, Fig. 1B) with
an unappreciable increase in MOR protein (Fig. 1B) as
compared to WT mice. Consistent with the Western
blot data, MOR also showed a decrease in cortical region
with a red fluorescent ("p <0.01, Supplementary 2 A, 2B),
while the density of DOR decreased in the hippocampus
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with a green fluorescent in the APP/PS1 mouse brain
slices stained with MOR (red), DOR (green) and DAPI
(blue) ("p<0.001, Supplementary 2 A, 2B). The different
changes in DOR and MOR expression raise the possibil-
ity of their differential roles in AD pathology.

DOR activation reversed cognitive impairments in APP/PS1
mice

To clarify the role of DOR or MOR in AD, 36 APP/PS1
mice (9-month-old) and their 12 wild-type littermates
were randomly allocated to 4 groups (12 mice per group).
APP/PS1 mice were injected intraperitoneally with
saline (AD), UFP-512 (1 mg/kg diluted in saline) which
specifically activate DOR (AD+U) or DAMGO (1 mg/
kg diluted in saline) which selectively activate MOR
(AD +D) daily for one week, respectively. WT mice were
injected intraperitoneally with the same volume of saline
(WT) compared to APP/PS1 mice. All these mice were
subjected to MWM training and NOR training as Fig. 1C
showed. In MWM test, we did not see any appreciable
change in average speed between APP/PS1 and W'T mice
during the visible platform training (Fig. 1D), suggesting
a minimal difference in swimming ability between APP/
PS1 and WT mice. Notably, during the hidden platform
training, APP/PS1 mice exhibited a significantly pro-
longed escape latency compared with WT (“p<0.01 vs.
WT, Fig. 1E). UFP-512 treatment shortened the escape
latency of APP/PS1 mice, while DAMGO did not show
any evident benefits on the escape latency of APP/PS1
mice ("p<0.01 vs. WT, Fig. 1E). We performed probe
trial tests on Day 1 and Day 10 as the schedule in Fig. 1C
depicted. During the test, both the number of crossings
over the previous platform location and the time spent in
the previous target quadrant of APP/PS1 mice were badly
disturbed compared to WT mice ("p<0.01, p<0.05 vs.
WT, Fig. 1F and G, Supplementary 2 C) within the stud-
ied period. UFP-512 effectively improved the spatial cog-
nitive performances of APP/PS1 mice on Day 10, which
was close to the normal level of WT mice (*p<0.05 vs.
AD, Fig. 1F and G). In sharp contrast, DAMGO failed to
ameliorate the cognitive impairments in APP/PS1 mice
in Day 10 MWM tests as shown in Fig. 1F.

We also conducted NOR tests to further verify the
effectiveness of UFP-512 in improving learning and mem-
ory abilities in APP/PS1 mice. As depicted in Fig. 1H,
On Day 2, 7, and 13, APP/PS1 mice showed a decrease
in recognitive index especially on Day 13 (p<0.05 vs.
WT, Fig. 1H). UFP-512 treatment increased the tendency
of APP/PS1 mice to interact with novel object, and this
effect is more evident in Day 13 test (**p<0.01 vs. AD,
Fig. 1H). DAMGO treatment tended to improve recogni-
tive index of APP/PS1 mice on Day 7 but with a major
reduction in recognitive index in the Day 13-test.


https://bioinfogp.cnb.csic.es/tools/venny/index.html
https://bioinfogp.cnb.csic.es/tools/venny/index.html
https://www.genome.jp/kegg/pathway.html
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All these results suggest that DOR, but not MOR acti-
vation, is more effective in attenuating cognitive impair-
ment in APP/PS1 mice.

DOR activation reduced Af production and aggregation in
APP/PS1 mice

We have previously demonstrated, in both AB1-42 oligo-
mer treated highly differentiated PC12 cell line and APP
mutant (APPswe) SH-SY5Y cell line, that DOR and
MOR played almost opposite role in p-site APP cleaving
enzyme 1 (BACEL1) regulation, with DOR activation sig-
nificantly attenuated BACEL1 expression and activity, thus
contributing to decreased AP production [15]. In this
work, we further evaluated the effects of DOR and MOR
on AD-like pathologic changes in APP/PS1 mice. Firstly,
we examined the alternations of soluble and insoluble AP
peptides in the cortex and hippocampus of APP/PS1 mice
by using f amyloid (42) ELISA kit. As shown in Fig. 2A,
the contents of soluble and insoluble AB42 were sharply
increased in APP/PS1 mice both in the cortical and hip-
pocampal regions ((p<0.05, ~p<0.001, *“p<0.0001 vs.
WT, Fig. 2A). DOR activation with UFP-512 effectively
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decreased insoluble AB42 in hippocampus (*2p<0.01,
vs. AD, Fig. 2A). Moreover, we observed a tendency
of reduction in insoluble AB42 in the cortex of APP/
PS1 mice treated with UPF-512 although not reaching
to a statistically significance. Unexpectedly, the soluble
AB42 in the hippocampus of DAMGO-treated mice
also showed a remarkable decrease compared to APP/
PS1 mice treated with saline (**p<0.01, vs. AD, Fig. 2A).
DAMGO treatment did not effectively alter soluble Ap42
level in the cortex, and insoluble AB42 at all both in the
cortex and hippocampus of APP/PS1 mice.

We then measured the effects of DOR and MOR on
AP plaques by immunohistochemical technique. As
Fig. 2B depicted, massive AP plaques were distributed
in the cortex and hippocampus of APP/PS1 mice, while
the plaques were undetectable in WT mice (" p<0.001,
vs. WT, Fig. 2B). DOR agonist UFP-512 administration
reduced AP plaques in both quantity and volume in AD
mouse model. The number of AP plaques in UFP-512
treated APP/PS1 mice decreased about 39.7% com-
pared to saline-treated APP/PS1 mice (Fig. 2B). The

Insoluble AB(42)
0
= 250+ A4
E 200 Fkkk e WT
= " AD
& 150
N . A AD+U
= 100+ .
< ATa v AD+D
o 501
=
2 01
2
= -50 T T
Cortex Hippocampus
AP plaques
e
il
s 8- °
=
S 61
c‘ *
S 44
=
=
= 27
=
@
< 0

Fig. 2 DOR activation attenuated A generation and aggregation both in the cortex and hippocampus of APP/PST mice. (A) Effects of DOR and MOR
on the level of soluble and insoluble AB42 in the cortex and hippocampus of APP/PS1 mouse brains. n=3. Left panel: Cortex: ~ p=0.0006, "p=0.0053
or 0.0026 vs. WT. Hippocampus:  p<0.0001, " p=0.0002, “p=0.0091 vs. WT; #2p=0.0014 vs. AD. Right panel: Cortex: p=0.0174 or 0.0345 vs. WT. Hip-
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pocampus:

and MOR on the AB-positive plagues number in the cortex and hippocampus. n=3 mice per group for statistical analysis. Scale bar =100 pm in panel.

wxx

"p=00211,""p=0.001 or 0.0009 vs. WT. One-way ANOVA was used to analyze statistical significance
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administration of MOR agonist DAMGO had no appre-
ciable effect on A plaques in APP/PS1 mouse brain.

These data reveal the inhibitory effect of DOR activa-
tion on A aggregation in APP/PS1 mice with differential
effects of MOR activation on the same targets.

DOR activation corrected gene expression abnormality
and rescued neuronal apoptosis in the APP/PS1 mice

To explore the cellular and molecular underpinnings
linking DOR/MOR treatment with AD symptomatic and
pathologic improvement, we conducted RNA-seq analy-
sis of AD models with and without UFP-512/DAMGO
treatment (Fig. 3A and B). We collected brain tissue from
9-month aged WT and APP/PS1 mice treated with either
UFP-512 or DAMGO. Each group included three mice.
The cortex and hippocampus from each brain were dis-
sected and sequenced separately. The expression profiles
of APP/PS1 mice showed substantial changes compared
to WT both in the cortex and hippocampus regions
(Fig. 3A). In contrast, many fewer differentially expressed
genes (DEGs) were present in the comparison of UFP-
512-treated APP/PS1 samples with the WT samples
(Fig. 3A). Indeed, 75% and 67.17% of expression changes
in the cortex and hippocampus of APP/PS1 mice were
corrected by UFP-512 treatment (Fig. 3B, left panel),
while only 18.5% and 5.99% of the expression changes
of APP/PS1 samples were corrected by MOR agonist
DAMGO, respectively (Fig. 3B). The list of all UFP-
512-correted DEGs in the cortex and hippocampus was
analyzed for pathway enrichment with Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) (Supplementary
3). Specifically, UFP-512-corrected DEGs were strongly
related to complement cascade, Alzheimer’s disease, and
immune response (Supplementary 3).

Additionally, TUNEL staining was used to evaluate
neuronal injury after UFP-512/ DAMGO treatment in the
APP/PS1 mice. Compared with the WT group, TUNEL-
positive apoptotic cells were significantly increased in
APP/PS1 mice (" p<0.0001 vs. WT, Fig. 3C). Notably,
DOR agonist UFP-512 remarkably reduced TUNEL-pos-
itive cells and the TUNEL fluorescence intensity in cor-
tex, CA1 and DG regions of APP/PS1 mice (**%p<0.001
vs. AD, Fig. 3C), while MOR agonist DAMGO did not
seriously change TUNEL staining in APP/PS1 mice. Con-
sistently, we also found that UFP-512 mildly restored
neuronal number as calculated by NeuN*/DAPI* cells in
the APP/PS1 mouse brain (Fig. 3C).

Taken together, these results indicate that activating
DOR using UFP-512 induced protective effects at cellular
and molecular levels in AD mouse model.
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DOR activation inhibited neuroinflammatory events in
APP/PS1 mouse brain and AD-mimicked BV2 cells

Since neuroinflammation is implicated in the patho-
genesis of AD [25], we performed qPCR to evaluate the
inflammatory events in APP/PS1 mice. Firstly, we mea-
sured the mRNA levels of several key molecules for
pro-inflammation including TNF-a, IL-1f and induc-
ible nitric oxide synthase (iNOS), in APP/PS1 mice as
compared to those of WT mice. We found that APP/
PS1 mice exhibited a significant increase in TNF-a and
IL-1p release both in the cortex region and hippocampus
region compared to the WT mice ((p<0.05, p<0.01, vs.
WT, Fig. 4A). Since iNOS, though tend to increase, did
not show a significant increase, we chose TNF-a and
IL-1p as the measuring indexes in our subsequent experi-
ments. As Fig. 4B and C presented, DOR activation with
UFP-512 effectively inhibited the release of TNF-a and
IL-1B (*p<0.05, vs. AD, Fig. 4B and C), while MOR acti-
vation did not have such effect, neither in the cortex and
hippocampus of APP/PS1 mice. These data suggest that
DOR activation, but not MOR activation, exhibits strong
capacity to fight against neuroinflammation in the brain
of APP/PS1 mice.

Microglia is the major immune cell type in the CNS
acting as the monitor of the native immune microenvi-
ronment and the regulator of neuroinflammation [25].
Since UFP-512-correted DEGs were closely associated
with immune response, we asked if DOR activation
inhibited neuroinflammation and protected APP/PS1
mouse brain through its effects on microglia. We chose
BV2 cell line to establish the in vitro AD model by treat-
ing BV2 cells with 5-20 pM AP1-42 oligomer. Firstly,
we found that the increased concentration of AP1-42
oligomer gradually reduced DOR density in BV2 cell
line which was evident when 20 pM of AB1-42 oligomer
was applied ("p<0.01, vs. C, Supplementary 4 A), while
MOR was not seriously affected by AB1-42 induced AD
injury (Supplementary 4B). Furthermore, qPCR results
showed that AB1-42 oligomer led to a significant increase
in TNF-a and IL-1B in BV2 cell line (p<0.05, “p<0.01,
“'p<0.001, ""p<0.0001 vs. C, Fig. 4D), but did not sig-
nificantly increase iNOS, which is consistent with our
observations in APP/PS1 mice. Given that, we contin-
ued to treat BV2 cells with DOR agonist UFP-512, DOR
antagonist naltrindole, MOR agonist DAMGO, or MOR
antagonist naltrexone respectively. Although both UFP-
512 and naltrindole did not alter DOR expression in BV2
cells exposed to 20 uM A1-42 oligomer (Supplementary
4 C), the administration of UFP-512 effectively attenu-
ated the AB1-42 oligomer induced release of TNF-a and
IL-1B (**p<0.01, vs. A, Fig. 4E). The antagonism of DOR
totally abolished this effect. In contrast, MOR activation
or inhibition did not significantly change MOR density in



Xu et al. Alzheimer's Research & Therapy (2025) 17:35 Page 10 of 23

A
WT AD AD+U AD+D WT AD AD+U AD+D
Cortex Hippocampus
E Damgo corrected
E gs:P Cgllécct:e)(rircctcd O Not corrected
32.83%
Cortex Hippocampus Cortex Hippocampus
C
Cortex NeuN TUNEL Merge  CAT  NeuN TUNEL Merge DG , : Merge

WT

o --- -

o --- --- --

s

& —
g 2
= S
=04 4
% : 02
Z 02 4
0.0 0.0

IR IR

&Q » X X Q » X X

®® R

Fig. 3 DOR or MOR-mediated regulation of gene expression profiles and anti-apoptosis in AD mouse model. (A)(B) DEGs in the cortex and hippocam-
pus of WT, AD, AD+U and AD+D mice. Heatmaps show representative single DEG expression within each group. Pie charts illustrate percentage of
DEGs which are corrected by UFP-512 treatment or DAMGO treatment. n=3. UFP-512 corrected p value=0.0172 in cortex, while UFP-512 corrected p
value=0.6718 in hippocampus. DAMGO corrected p value=0.3187 in cortex, while DAMGO corrected p value=0.046 in hippocampus. Chi-square test
was used to analyze the statistical significance. (C) Representative images of TUNEL staining and NeuN staining, together with quantification of TUNEL-
positive cells and neuronal proportion in the cortex and hippocampus of APP/PS1 mice. n=3 mice per group for statistical analysis. Scale bar =100 pm
in panel. Left panel: *"p <0.0001 vs. WT; “4%p=0.0002 vs. AD. Right panel: “p=0.0057 or 0.0033 vs. WT. One-way ANOVA was used to analyze statistical
significance
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WT. IL-13: “p=0.0080 vs. WT. Unpaired t test was used to analyze the statistical significance. (B,C )Effects of DOR and MOR on inflammatory cytokines in
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AD- mimicked BV2 cell line (Supplementary 4 C), as well
as the pro-inflammatory cytokines release (Fig. 4F).

Since the results gained from the AD mimicked BV2
cells are in accordance with our findings in APP/PS1
mice, our data consistently raises the possibility that
DOR regulated AD neuroinflammation through microg-
lial modulation.

DOR and MOR differentially regulated microglia in APP/
PS1 mice and AD mimicked BV2 cells

To further determine the cellular and molecular effects
of DOR and MOR in AD affected microglia, we used
flow cytometry to sort CD11*CD45™-high cells from
the mouse brain (Supplementary 1). We found the

p<0.0001, "p=0.0013 vs. C. *4p=0.0071 vs. A. (F):

p<0.0001 vs. C. One-way ANOVA was used to analyze statistical significance. (E, F) Effects

prrey

p<0.0001, “p=00006 vs. C. *p=0.0061 vs. A. (F): " p=0.0001 or
"p=00004, “p=00011 or 0.0051 vs. C. One-way ANOVA was

percentage of the immune cells including microglia
(CD11b*CD45™) and macrophage (CD11b*CD45"sh)
was largely increased in the APP/PS1 mouse brain as
compared to the WT mouse brain (" p<0.001, vs. WT,
Fig. 5A and B). UFP-512 administration significantly
decreased microglia and macrophage amounts in APP/
PS1 mouse brains (**p<0.01, vs. AD, Fig. 5A and B),
while DAMGO-treated APP/PS1 mice exhibited exces-
sive infiltration of microglia and macrophage which is
similar to APP/PS1 mice treated with saline (Fig. 5A and
B).

Then, we measured the expression of Ibal, a specific
microglial marker which remarkably upregulates when
microglia activate [26, 27]. By using immunofluorescent
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Fig. 5 DOR and MOR played different role in modulating microglia activation. (A,B) Effects of DOR and MOR on cerebral microglia/macrophages infil-

tration in APP/PS1 mice analyzed by flow cytometry. n=3.
statistical significance. (C,D) Representative images of the Ibal fluorescent staining and the quantification of Iba1*
and hippocampus of WT mice and APP/PST mice. n=4 mice per group for statistical analysis. Scale bar
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to analyze statistical significance. (E) Alternations in mRNA expression profile induced by DOR overexpression or MOR overexpression in normal BV2 cell
line and AB1-42 exposed BV2 cell line. n=3.The p value was presented in Supplementary 8. Unpaired t test was used to analyze the statistical significance
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staining, we found that Ibal high-expressed cells were
observed both in the cortex and hippocampus of APP/
PS1 mice, but were not evident in WT mouse brain
(""p<0.0001, vs. WT, Fig. 5C and D). UFP-512 largely
reduced the Ibal fluorescent intensity in the cortex and
hippocampus of APP/PS1 mice (**22p<0.0001, vs. AD,
Fig. 5C and D), while the application of MOR agonist
DAMGO showed inappreciable effects on the Ibal fluo-
rescent intensity both in the hippocampus and cortex
of APP/PS1. We also employed another marker, Galec-
tin-3 to further validate the DOR/MOR mediated mod-
ulation of microglial activation and immune response.
The expression of Galectin-3 is highly correlated with
microglial activation in response to neurodegenerative
injury, or neuroinflammatory injury [28-30]. In the pres-
ent work, immunofluorescence techniques were utilized
to observe a remarkable increase in the fluorescent inten-
sity of Galectin-3 within Ibal-labeled microglia of APP/
PS1 mouse brains in contrast to WT mice ( p<0.0001
vs. WT, Supplementary 5). Administration of UFP-512
greatly attenuated the Galectin-3 fluorescent signal in
the associated microglia (**2p<0.001 vs. AD, Supple-
mentary 5). However, no obvious change in Galectin-3
within microglia was detected in APP/PS1 mice treated
with DAMGO. All these results indicate that DOR,
but not MOR, owns the ability to modulate immune
responses, and microglial activation in the presence of
AD pathologies.

To fully map the effects of DOR and MOR on AD-
associated microglia, we overexpressed DOR or MOR
in BV2 cell line by using lentiviral infection techniques,
and then exposed these infected BV2 cells to the AB1-
42 oligomer to mimic AD injury. The transcriptome
sequencing results showed that compared to the nega-
tive control BV2 cells exposed to normal conditions (C),
the BV2 cells exposed to AP1-42 oligomer exhibited a
significant decrease in majority of microglial homeo-
static genes including Cx3crl, Mef2a, TMEM119 and
P2ry12 ((p<0.05, "p<0.01, "“p<0.0001 vs. C, Fig. 5E),
and a remarkable increases in disease-associated microg-
lia (DAM)-like genes including Axl, Lpl, Tyrobp and
TREM2 (p<0.05, “p<0.01, "“p<0.0001 vs. C, Fig. 5E),
suggesting a gradually activation of BV2 cell line when
exposed to AP1-42 oligomer. Overexpressing DOR
largely upregulated microglial homeostatic genes includ-
ing Mef2a, Cx3crl and P2ryl2 in AD-mimicked BV2
cell line (*p<0.05, 444p<0.001, 4444p<0.0001 vs. AD,
Fig. 5E), and inhibited the microglial DAM-like trans-
formation labeled by Axl, LPl and Tyrobp (“4p<0.01 vs.
AD, Fig. 5E). On the other hand, overexpressing MOR
showed a complex response to microglia gene signatures
with downregulated Cx3crl and upregulated Mef2a, AxI
and Trem2 in the AD-mimicked conditions (*p<0.05,
4445 £0.001, 4444p <0.0001 vs. AD, Fig. 5E).
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The different performance of DOR and MOR in microg-
lia modulation was also revealed by their linkage with
Clq, the critical initiator of classical complement cas-
cade, which is required for oligomer AB-induced synapse
loss in vivo and produced mainly by myeloid cells such as
microglia [31, 32]. Clq consists of three genes (Clq A, B,
C) that encode proteins with a collagen-like region and
a globular domain [31]. As the Fig. 5E depicted, Ap1-42
oligomer significantly increased Clqa and Clgb genes
but did not obviously affect Clqc ((»<0.05 vs. C, Fig. 5E).
DOR overexpressed BV2 cells showed a remarkable
decrease in all three C1q genes, and this effect was more
evident in AD pathologies (" p<0.0001, ~p<0.001 vs.
C, 44445 <0.0001 vs. AD, Fig. 5E). Overexpressing MOR
tended to upregulate Clgb, but did not seriously affect
Clgaand Clqc ("p<0.01 vs. C, “p<0.05 vs. AD, Fig. 5E).

Another gene that was significantly affected by the
overexpression of DOR/MOR in BV2 cell line is HMGB1.
HMGBI protein was thought to play a significant role
in extracellular signaling associated with inflammation
and trigger activation of immune cells [33, 34]. Activated
microglia and macrophages also secrete HMGB1, form-
ing a positive feedback loop that exaggerates microg-
lial inflammatory transformation and cell death. As the
transcriptome sequencing indicated, AP1-42 oligomer
exposure largely increased HMGB1 in the BV2 cells
(""p<0.0001 vs. C, Fig. 5E). DOR overexpression sig-
nificantly downregulated HMGB1 mRNA in the BV2
cells in both normal condition and AD-mimicked injury
(""p<0.0001 vs. C, 4444p<0.0001 vs. AD, Fig. 5E). In
contrast, MOR overexpression upregulated HMGB1 in
normal condition, but did not affect HMGBL1 seriously in
AD-like condition (" p<0.0001 vs. C, Fig. 5E).

DOR participated in the regulation of HMGB1/NF-kB
signaling pathway in AD mimicked BV2 cell line

Since DOR activation effectively inhibited AD-like
pathology induced microglia activation and inflamma-
tory response, we next focused on exploring its potential
pharmacological mechanism. Based on the combined
sequencing results gained from AD mimicked BV2 cell
line with DOR or MOR overexpression (Fig. 5E), we firstly
investigated the alternation in HMGBI protein mediated
by DOR or MOR in AD-affected microglia. In contrast
to the significant increase in HMGB1 mRNA induced
by AB1-42 oligomer as the sequencing results suggested,
the amounts of HMGBI1 protein in AD affected BV2
cells did not shown any significant change (Fig. 6A and
C). Reduced HMGB1 expression occurred in the BV2
cell line treated with DOR agonist UFP-512 (44p<0.01
vs. AD, Fig. 6A and C) and BV2 cell line overexpress-
ing DOR ('p<0.05, vs. NC207, Fig. 6D and F) exposed
to AP1-42 oligomer. Knocking down DOR or overex-
pressing MOR in AD mimicked BV2 cell line enhanced
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Fig. 6 DOR regulated HMGB1/NF-kB axis signaling pathway in AD mimicked BV2 cells. NC207: BV2 cells infected with lentivirus containing negative
control 207 shRNA as the negative control for DOR; DOR KD: BV2 cells infected with lentivirus containing shRNA knocking down DOR; DOR OV: BV2 cells
infected with lentivirus overexpressing DOR; NC794: BV2 cells infected with lentivirus containing negative control 794 shRNA as the negative control for
MOR; MOR OV: BV2 cells infected with lentivirus overexpressing MOR. (A-C) Representative Western blot and quantification which show the effects of
DOR and MOR activity alterations on HMGB1 and phosphorylation of NF-kB p65 protein level in BV2 cells. (B): “p=0.0036 or 0.0023 or 0.0075, p=0.0274
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panel: “'p=0.0008 vs. NC794. The unpaired t test was used to analyze the statistical significance both in 6E and 6 F. (G) Representative Western blot and
quantification of HMGB1 cytoplasmic translocation in BV2 cells.n=3."p=0.0454, p=0.0063, "

p=0.0008 vs. C.“44%5<0,0001, vs. A. One-way ANOVA was
used to analyze statistical significance

s

HMGBI1 expression (p<0.05 vs. NC207, “'p<0.001 vs.
NC794, Fig. 6D and F), while treating BV2 cells with
UFP-512 plus naltrindole, DAMGO or DAMGO plus
naltrexone had no significant effects on HMGB1 expres-
sion. Moreover, we measured crucial proteins in HMGB1
related neuroinflammatory signaling pathway: NF-«B,
using Western blot (Fig. 6A, B, D and E). The results
showed the ratio of phosphorylated NF-kB/ NF-«B sig-
nificantly increased in AP1-42 oligomer exposed BV2
cell line ("p<0.01, vs. C, Fig. 6A and B). DOR activation,
but not MOR activation reversed this change (*“p <0.01,
vs. A, Fig. 6A and B). Genetically knocking-down DOR

or overexpressing MOR in AD mimicked BV2 cells also
enhanced NF-kB p65 phosphorylation (p<0.05, vs.
NC207, “p<0.01 vs. NC794, Fig. 6D and E). It has been
reported that HMGBL1 is mainly located in the nuclei of
cells, and its secretion and translocation from nucleus to
cytoplasm are involved in the neuroinflammation-related
signaling pathway [33]. Although AB1-42 oligomer-medi-
ated HMGBI alternations did not reach a significance
level, AD mimicked BV2 cell line showed an enhanced
translocation of HMGB1 from nucleus to cytoplasm
(p<0.05, vs. C, Fig. 6G). DOR activation largely inhibited

HMGBI release in the cytoplasm (4444p<0.0001, vs. A,
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(See figure on previous page.)

Fig. 7 DOR protected neurons in HT22-BV2 co-culture system via modulating microglia. C: the control HT22 cells cultured without BV2 cells; A: the HT22
cells cultured under AR1-42 oligomer injury without BV2 cells; C-NC: the control HT22 cells co-cultured with BV2 cells infected with negative control
lentivirus; A-NC: the HT22 cells co-cultured with BV2 cells infected with negative control lentivirus under AB1-42 oligomer exposure; A-DOR OV: the HT22
cells co-cultured with BV2 cells infected with lentivirus overexpressing DOR exposed to AR1-42 oligomer; A-MOR OV: the HT22 cells co-cultured with
BV2 cells infected with lentivirus overexpressing MOR exposed to AR1-42 oligomer. (A) Schematic diagram showing HT22-BV2 co-culture system and the
grouping. (B) Overexpressing DOR or MOR in BV2 cells induced the alternations in HMGB1 release in culture medium in HT22-BV2 coculture system.n=3.
"p%0.0001 vs. C;"p0.0001 vs. C-NG; 245850.0001 vs. A; 244 =0.0003 vs. A-NC. One-way ANOVA was used to analyze statistical significance. (C) Effects
of DOR-overexpressed BV2 cells and MOR-overexpressed BV2 cells on HMGB1 expression in HT22. n=3. One-way ANOVA was used to analyze statistical
significance. (D) Effects of overexpressing DOR or MOR in BV2 cells on inflammatory status of HT22 in microglia-neuron co-culture system. n=3. TNF-a:
"p=0.0003 vs. C; ""p<0.0001, “p=0.0013 vs. C-NC; 2p=0.0466 vs. A; “p=0.0242 vs. A-NC. IL-1: " p<0.0001 vs. C; ~p<0.0001 vs. C-NC; 44p=0.006 vs.
A-NC. One-way ANOVA was used to analyze statistical significance. (E,F) TUNEL staining and statistics of TUNEL-positive cells in HT22-BV2 co-culture sys-
tem. n=3. Scale bar =100 pm in panel. " p0.0001 vs.C; "p0.0001, ""p=0.0003 vs. C-NC; ****p < 0.0001 vs. A-NC. One-way ANOVA was used to analyze
statistical significance. (G) Representative time course and bar graph of cell viability alternations in each group. n=3.24 H: ""p<0.0001 vs.C;"“p < 0.0001,

e ok

p=0.0003 vs. C-NC; #22p=0.0009 vs. A-NC. 48 H: ""p<0.0001 vs.C; ""p<0.0001, “"p=0.0009 vs. C-NC; “*2p=0.0002 vs. A-NC. One-way ANOVA was used

to analyze statistical significance

Fig. 6G), and the addition of DOR antagonist naltrindole
reversed this change. MOR activity did not appreciably
affect HMGBI translocation in AD-affected BV2 cells.

DOR activation mitigated HMGB1-mediated microglial
inflammatory response and protected neurons against
injuries in AD mimicked neuron-microglia co-culture
system

The next question we asked is whether DOR-mediated
neuroprotection is, at least partly, dependent on DOR’s
regulation of microglia and microglial HMGB1/NF-kB
signaling pathway. We thus established a model of
microglia/ neuron co-culture and set neuronal cells with
no co-cultured BV2 as a control (Fig. 7A), to investigate
the microglia-mediated effects on neurons. Firstly, we
collected the supernatant in this coculture system and
measured the HMGB1 release by using ELISA kit. As
Fig. 7B showed, AP1-42 oligomer induced a significant
increase in extracellular HMGBI release (~ p<0.0001,
vs. C or C-NC, Fig. 7B), and the release became more evi-
dent in the HT22-BV2 coculture system (**4%p <0.0001,
vs. A, Fig. 7B). Overexpressing DOR in BV2 cells sharply
reduced the HMGBI release to the supernatant of the
coculture system (“*2p<0.001, vs. A-NC, Fig. 7B), sug-
gesting that DOR is efficient in regulating HMGB1
extracellular release by modulating microglia in AD con-
ditions. Meanwhile, we found although the amount of
HMGB1 in HT22 cells tended to increase when exposed
to AP1-42 oligomer injury, the crosstalk of DOR overex-
pressed-BV2 or MOR overexpressed-BV2 with HT22 did
not significantly alter HMGB1 expression in HT22 cells
(Fig. 7C).

Since HMGB1 was regarded as an important inflam-
matory mediator by binding with neuronal receptors and
inducing neuroinflammation [35], we further examine
the inflammatory status and cell injuries in HT22 cells in
each group. As Fig. 7D depicted, AP1-42 oligomer largely
increased the pro-inflammatory cytokines TNF-a and
IL-1p mRNA levels in HT22 cells, especially in HT22-

BV2 coculture model (“'p<0.001, ~p<0.0001, vs. C;

ErIes

p<0.0001 vs. C-NC; “p<0.05, Fig. 7D). Overexpress-
ing DOR in microglia effectively inhibited TNF-a and
IL-1P level in AB1-42 oligomer exposed HT22 (“p <0.05,
445 <0.01, vs. A-NC, Fig. 7D), while overexpressing MOR
in microglia did not appreciably affect the Ap1-42 oligo-
mer induced neuroinflammatory status (Fig. 7D). In
accordance with the alternations in neuroinflammation,
the TUNEL-positive HT22 cells remarkably increased
in the AP1-42 oligomer treated group (~ p<0.0001,
vs. C or C-NC, Fig. 7E), DOR-overexpressed microglia
largely attenuated TUNEL-positive HT22 cells in this
co-culture system (44445 <0.0001, vs. A-NC, Fig. 7E and
F). In contrast, overexpressing MOR did not significantly
alter the amount of TUNEL-staining in the HT22 cells
(Fig. 7E and F). In addition, both AD affected HT22 or
HT22-BV2 co-culture AD model exhibited a decreased
cell viability compared to the control (" p<0.0001 vs. C,
"p<0.0001, “'p<0.001 vs. C-NC, Fig. 7G). The crosstalk
between HT22 and DOR-overexpressed BV2 effectively
upregulated the cell viability of co-culture system both in
24 h and 48 h timepoint (**2p<0.001 vs. A-NC, Fig. 7G),
while MOR-overexpressed microglia did not appreciably
affect HT22 cell viability both at 24 h and 48 h timepoints
(Fig. 7Q).

Taken together, our data suggest that DOR’s inhibition
on neuroinflammation and DOR-mediated neuroprotec-
tion are substantially reliant on DOR’s impact on microg-
lia and specific modulation of HMGB1.

DOR activation inhibited HMGB1 release in APP/PS1

mouse brain by downregulating HMGB1 in the microglia
Our in vivo study further supports this conclusion. The
seq-RNA analysis showed that the HMGB1 mRNA level
was upregulated in the brain of APP/PS1 mice, espe-
cially in the hippocampal region (~ p<0.001, vs. WT,
Supplementary 6 A). Consistently, DOR agonist UFP-
512 administration effectively reduced HMGB1 mRNA
level both in the cortex and hippocampus of APP/PS1
mice, while MOR agonist DAMGO did not (“p<0.05,
44445 £0.0001 vs. AD, Supplementary 6 A). To clarify if
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DOR-mediated regulation of HMGB1 is majorly act-
ing on microglia or neurons, we conducted Ibal/ NeuN/
HMGB1 immunofluorescent staining to investigate the
effects of DOR and MOR on HMGBI in both neurons
and microglia of the mouse brain. As Fig. 8 showed, both
neurons (labeled with NeuN) and microglia (labeled with
Ibal) expressed certain amounts of HMGBI. Since the
proportion of HMGBI in microglia was higher than it in
neurons in APP/PS1 mouse brains (p<0.05, vs. neurons
in AD, Fig. 8A and B), the microglia are likely the major
cell type expressing HMGBLI in the AD brain. Consistent
with our in vitro study, the administration of UFP-512
induced a significant decrease in HMGBLI in microglia in
AD mouse brain (“p<0.05 vs. microglia in AD, Fig. 8B),
and the HMGBI1 protein in neurons also reduced by
UEFP-512, though it did not reach a significant level. It
is worth noting that extracellular HMGB1 release was
observed in all groups, which was especially evident in
AD mice and AD mice injected with DAMGO. To further
validate DOR/MOR mediated alternations of HMGB1 in
AD mice, we conducted HMGB1 immunohistochemical
staining. As depicted in Supplementary 6B-6D, a slight
increase in HMGB1-positive cells were detected in the
APP/PS1 mice, which is evident in the CA1 region. The
application of UFP-512 largely inhibited HMGBI expres-
sion both in the cortex and hippocampus of APP/PS1
mice (“p<0.05, vs. AD, Supplementary 6B), while MOR
agonist DAMGO did the opposite, i.e., leading to a sig-
nificant increase in HMGBI protein secretion ("p<0.01,
vs. WT, Supplementary 6B). Notably, AD also induced
HMGBI1 translocation from nucleus to cytoplasm or
extracellular (" 'p<0.0001, vs. WT, Supplementary 6 C)
in the mouse CA1, DG and cortex regions, which could
be reversed by UFP-512 treatment (4%p <0.001, vs. AD,
Supplementary 6 C), but not by DAMGO treatment.

In APP/PS1 mouse cortex and hippocampus, the
NF-kB p65 DNA binding activities were also evaluated
using NF-kB p65 transcription factor assay. As Fig. 8C
showed, NF-kB p65 DNA binding activity up-regulated
in APP/PS1 mouse brain (" p<0.0001, vs. WT, Fig. 8C)
and largely decreased in APP/PS1 mice treated with
DOR agonist UFP-512 (444p<0.001, 2444p < 0.0001, vs.
AD, Fig. 8C).

Combined with these in vivo data in APP/PS1 mice,
we identify DOR as a target for neuroprotection in AD
by attenuating microglial inflammatory responses and
inhibiting HMGBI signaling pathway.

Discussion

Our previous work has revealed the different roles of
DOR and MOR in BACELI regulation in AB1-42 oligo-
mer mimicked AD cell model [15]. Following this clue,
we used the 9-month-old APP/PS1 mice in this work
to further evaluate the effects of DOR and MOR on AD
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brains. APP/PS1 mice exhibited declined cognitive abil-
ity and increased AP accumulation in the brain, which
could be ameliorated by DOR activation using UFP-512,
while MOR activation showed a short-time effect or no
effect. RNA-seq analysis further revealed that DOR acti-
vation effectively corrected AD induced genetic changes
and inhibited cell apoptosis in APP/PS1 mice. Compared
to MOR, DOR activation also inhibited microglial activa-
tion and microglial inflammatory response in AD pathol-
ogies, which was consistently confirmed by in vivo and in
vitro work. Moreover, we found that DOR’s negative reg-
ulations of HMGB1/NF-kB signaling pathway may miti-
gate the neuroinflammation and rescue neurons from AD
injury. Our novel findings strongly suggest a beneficial
effect of DOR signaling on AD.

DOR, MOR and KOR are three classical members of
opioid receptors. Early genetic studies on DNA methyla-
tion have revealed that the genes encoding DOR, MOR
and KOR showed higher levels of methylation and dys-
regulated in AD patients, which suggests their potential
involvement in AD pathogenesis [36, 37]. There is fewer
clue cueing the direct effects of KOR on AD pathologies.
However, it is very interesting to explore the cellular and
molecular underpinnings linking DOR/MOR with AD
because of the evidence directly connecting DOR/MOR
with AB production and the clues for their complex roles
in AD pathologies [15, 36, 38, 39]. Teng et al. [40] claimed
that DOR activation promoted the processing of AP pre-
cursor protein (APP) by forming complex with p-site
APP-cleaving enzyme 1 (BACE1) and gamma-secretase,
thus contributing to the AD pathologies and AD-related
cognitive impairment. Compared to DOR, MOR activa-
tion was thought to attenuated AP induced neurotoxic-
ity through mTOR signaling [39]. In contrast to their
work, our group and Wang’s group reported a very dif-
ferent role of DOR and MOR in AP regulation by using
more specific DOR agonist [15, 41]. We found long-term
exposure of the cells with DOR agonists, but not MOR
agonists (>24 h), largely reduced BACEL1 expression and
AP42 production, instead of promoting it. To further
clarify the role of DOR and MOR in AD, the present
results from APP/PS1 mice show the first evidence that
DOR and MOR populations were differentially altered in
the hippocampus and cortex respectively, with a major
decrease of MOR in the cortex and a slight decrease of
DOR in the hippocampus. Since the hippocampus is the
main site responsible for learning and memory, while the
cortex performs complex functions in behavioral, emo-
tional, sensory, and cognitive regulation, both of them are
vulnerable to AD pathologic attack [42, 43] and the alter-
nations of DOR and MOR in these regions may affect the
development of the symptomatology of AD. Consistent
with our work in APP/PS1 mice, autoradiographic stud-
ies of postmortem brains of AD patients have shown a
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used to analyze statistical significance
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decreased density of DOR and MOR, especially in the
hippocampus and cortex of AD patients as compared to
those of the control populations [9]. These findings on
expressional changes in the endogenous opioid system,
from living APP/PS1 mice to postmortem of AD patients,
imply a potential impact of opioid-based interventions
on AD.

MWM and novel object recognition tests are two major
approaches to evaluate the cognitive ability of aging mice.
Specific activation of DOR effectively improved cogni-
tive performance of APP/PS1 mice but that of MOR
did not. This is the first time to show that a potent,
and specific DOR agonist has a positive impact on AD,
which is interesting and provoking. Past studies implied
a destructive role of DOR in AD progression based on
the evidence that DOR antagonist naltrindole amelio-
rated AB-dependent behavioral deficits in 4—6 old APP/
PS1 mice [40, 44, 45]. However, growing evidence indi-
cates that behavioral and cognitive deficient became evi-
dent in APP/PS1 mice at least in 8 months [46, 47]. Our
work used 9-month-old APP/PS1 mice and convincingly
demonstrated a therapeutic effect of DOR activation on
the APP/PS1 mice. Apparently, DOR activation, but not
inhibition, brings a stronger and prolonged benefit on the
late stage of AD progress.

Consistent with our previous findings in AD cell
model [15], insoluble AP42 in the hippocampus of APP/
PS1 mice was significantly attenuated by DOR activa-
tion. AP plaques and cortical insoluble AB42 were also
reduced in certain extent by the administration of DOR
agonist. Although MOR activation also showed an inhibi-
tory effect on soluble AB42 in the hippocampal region of
APP/PS1 mice, more aggregated AP42 and AP plaques
were found in the same brain region, suggesting the core
role of insoluble AP in the formation of amyloid plaques.
Moreover, our RNA-seq analysis and TUNEL stain-
ing further demonstrated that compared to MOR, DOR
exhibited stronger protective capacity against AD.

Microglia-mediated neuroinflammation is one of the
critical factor for AD pathology as shown in our previous
studies [17] and those of others [48-51]. Immune trig-
gering is a major function of microglia. Microglia con-
stantly surveys surrounding milieu for injury signals such
as tauopathy or amyloid deposition, initiating immune
responses including releasing inflammatory cytokines,
increasing immune cells infiltration and hyperactivating
these cells [50, 52]. Since microglia is the major immune
cell type in the CNS [53] and DOR activation effec-
tively ameliorated the neuroinflammation in APP/PS1
mice as shown in the preset work, we further elucidate
the effects of DOR on microglia. Notably, compared to
the unappreciable performance of MOR in macrophage
infiltration, microglia activation and pro-inflammatory
cytokines release, DOR exhibited a unique power in

Page 19 of 23

modulating microglial activation and microglia-related
immune responses under AD exposure. More precise
work to explore the relationship between DOR/MOR and
microglia were conducted in BV2 cell line. The work of
scRNA-seq revealed an increased proportion of homeo-
stasis gene subgroup and decreased proportion of DAM-
like gene subgroup in DOR overexpressed BV2 cell line,
providing more evidence to support DOR’s inhibitory
regulation of microglial activation. In contrast, the RNA-
seq results of MOR overexpressed BV2 versus the control
BV2 highlight the complexity of MOR action in microg-
lia and AD affected microglia, which needs more work to
clarify its real effects.

Except for the different expression profile of DOR ver-
sus MOR in microglial homeostasis gene subgroup and
DAM:-like gene subgroup, DOR and MOR also differen-
tially regulated Clqa, Clgb, Clqc and HMGBI1. Clqa,
Clgb and Clqc constitute the C1q. Indeed, emerging evi-
dence indicates that upregulated Clq were observed in
the brain of multiple AD animal model [32, 50, 54]. The
increased C1q was associated with aberrant activation of
complement cascade, synapses loss and memory defects
[32, 54, 55]. In the present work, KEGG pathway analysis
shows that the AD mice treated with UFP-512, but not
DAMGQO, had a significant enrichment of DEGs related
to complement and coagulation cascades. Combined
with the in-vivo data, the seq-results from BV2 cells fur-
ther suggest that DOR overexpression was correlated
with the decrease in the mRNA levels of Clqa, Clgb, and
Clqc. The in vivo and in vitro studies consistently raise
the possibility that DOR, but not MOR, has a potential
tight linkage with Clq in microglia in AD pathologies,
which needs to be further explored.

The results of RNA-seq analysis of BV2 cells also imply
a contrasting relationship between HMGB1 and DOR
versus HMGB1 and MOR in AD. It has been reported
that HMGB1 is elevated in the cerebrospinal fluid (CSF)
of human with mild cognitive impairment (MCI) [56—58].
Both AP1-42 oligomer and pathological tau oligomers
can trigger immune cells such as microglia and macro-
phage actively secrete HMGBI [59, 60]. In several animal
models of inflammation, HMGBI triggers inflamma-
tory pathways as follows: inflammation promotes more
HMGBI1 translocating from nuclear to cytoplasm or
extracellular in cerebral cells, together with the damaged
or dead cells allow the release of HMGB1 extracellularly.
The increased extracellular HMGBI, as a damage-associ-
ated molecular pattern (DAMP), binds to receptors such
as receptor for advanced glycation end products (RAGE)
or toll like receptor (TLR). These activated receptors
then trigger the activation of NF-kB pathway and initiate
the inflammatory responses, forming a HMGB1-NF-«xB
mediated vicious circle [59-61]. Our present work has
well demonstrated that DOR activation or overexpression
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could evidently inhibit HMGB1 production, transloca-
tion and extracellular release, which effectively prevents
the signaling transduction through HMGB1/NF-kB axis
in BV2 cells. DOR’s regulations of HMGB1 were also
observed in a microglia-neuron coculture system, which
induce an overall neuroprotective response to neurons
through a major modulation of microglia. Intriguingly, in
this coculture system, the amount of HMGBI in the hip-
pocampus neurons HT22 was not seriously affected by
DOR overexpression or MOR overexpression in BV2, but
the HT22 cells were still protected from apoptosis and
exhibited decreased inflammatory status. One explana-
tion is that DOR overexpression in BV2 cells attenuates
the extracellular release of HMGB1 under AD injury,
and thus reduced the binding of the free HMGB1 with
its receptors in HT22 cells to activate NF-kB pathway.
Consequently, the neuroinflammation was inhibited and
the HT22 cells were saved by DOR intervened microglia-
neuron crosstalk on AD pathology.

In this work, we also observed more significant alter-
nations in HMGBI release in microglia versus neu-
rons in UFP-512 treated APP/PS1 mice, which validates
our hypothesis that DOR-mediated neuroprotection is
partly dependent on DOR’s modulation of microglia and
regulation of HMGB1. More recently, a new drug called
PLX5622 (the inhibitor of CSF1R) has been proved to
effectively eliminate microglia in mice without evident
side effects [62]. We will further clarify whether DOR-
mediated neuroprotection against AD injury is depen-
dent on its modulations of microglia with this new model
in our future work.

Limitation of the study

Our study has limitations. Indeed, we validate that DOR-
mediated neuroprotection is critically dependent on
DOR’s regulation of microglial function and HMGB1
signaling. This is documented by evidence that a signifi-
cant alternation in HMGB1 occurred in microglia rather
than neurons in the AD mice treated with UFP-512. This
observation is further supported by the finding that DOR
overexpressing in BV2 cells severely affected HMGB1
release and neuroinflammatory status in a microglia-
neuron coculture system. However, it is difficult to state
DOR’s regulation of microglia and HMGBL1 is the sole
mechanism behind DOR-mediated protection against
AD injury. As shown in our previous work, DOR acti-
vation could reduce BACE1 expression and activity by
directly targeting neuron, contributing to decreased Af
production [15]. Therefore, it is likely that DOR ago-
nism improves AD outcomes by targeting both neurons
and microglia. One strategy to elucidate this point is to
simultaneously examine HMGB1 and BACEL in AD neu-
rons and microglia at cellular and molecular level and
comparatively test the effects of DOR activation on their
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changes and the degree of the improvement of AD injury
in both in vivo and in vitro models. We have proposed
the work for this research goal.

Moreover, since we have well demonstrated that UFP-
512 treatment effectively reduced the microglial DAM-
like phenotype, and inhibited microglial activation in
AD mouse model, it is interesting to further explore
whether the reduction in DAM-like subgroup microglia
and activated microglia are associated with attenuated
phagocytic activities of microglia and worsen amyloid
pathologies. Indeed, we have unlocked this puzzle in
our new work, and found a tight linkage between DOR,
Clq and microglia phagocytosis in that work, which
further supports the beneficial role of DOR agonism in
AD rather than its destructive role. Given that is a whole
complex story, we will present our novel findings in our
next publication.

Conclusion

In summary, our novel findings uncover previously
unknown roles of DOR and MOR in AD pathologies at
behavioral, molecular, and cellular levels. We discover
that DOR targets HMGB1 in microglia, thus attenuat-
ing inflammation and rescuing neurons from apoptosis
and loss. Since DOR is a critical stabilizer of microg-
lia in neuroinflammatory events, a deep investigation
into the crosstalk among DOR, microglia function, and
AD pathologies may potentially shed a new light on AD
therapy.
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