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Abstract: Disturbance of mitochondrial proteins by amyloid beta-protein (AB) that associates with mitochondrial
stress responses (MSR) is one of the pathological mechanisms of Alzheimer’s disease (AD). This study tried to
explore whether the axis of Jumonji domain-containing protein 3 (JMJD3)-trimethylated lysine 27 on histone H3
(H3K27me3)-brain derived neurotrophic factor (BDNF) is involved in the regulation of MSR which in turn intervenes
in the process of AD, and whether curcumin (CUR) has a protective role against AD by influencing this axis, aiming to
provide insights into AD treatment. AD mouse models presented a significant aggregation of AB, with conspicuous
pathological changes in brain tissues and an increase in neuronal apoptosis. Moreover, the mRNA and protein levels
of JMJD3 and BDNF were down-regulated, H3K27me3 methylation levels were increased, and the MSR markers
(ClpP, HSP6, HSP-60, and ATFS-1) showed abnormal alterations. In in-vitro cellular models of AD, up-regulation of
either JMJD3 or BDNF up-regulated BDNF levels, down-regulated H3K27me3 methylation levels, mitigated abnor-
malities of MSR markers and Ap aggregation, and increased cell proliferation and inhibited apoptosis. JMJD3 was
confirmed to regulate AB and MSR via BDNF. In addition, CUR was confirmed to modulate JMJD3-H3K27me3-BDNF
axis. Furthermore, moderate and high doses of CUR could improve the morphology and histopathology of the brain,
inhibit AR aggregation and cell apoptosis, and maintain MSR balance at least partly by modulating the JMJD3-
H3K27me3-BDNF axis. To sum up, moderate and high doses of CUR regulate the progression of AD via MSR JMJD3-
H3K27me3-BDNF axis.
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Introduction

Alzheimer’s disease (AD), the most common
neurodegenerative disease worldwide, has an
increasing prevalence and is mainly manifested
by dementia, therefore, it is also known as
senile dementia [1, 2]. The aggregation of amy-
loid-beta protein (AB), characterized by the pro-
duction of AB1-40, may lead to dysfunction and
even death of brain neurons which process is
responsible for AD progression [3]. In addition,
AB aggregation is associated with mitochondri-
al stress response (MSR), which is a pathologi-
cal mechanism of AD and manifested mito-
chondrial dysfunction induced by disturbance
of mitochondrial proteins [4]. The treatments of

AD are still disappointing, failing to fundamen-
tally increase the quality of life of patients and
reduce their burdens [5, 6]. Therefore, it is of
great significance to understand the molecular
mechanism of AD and develop novel therapeu-
tic drugs.

Curcumin (CUR) is a natural polyphenol with
pleiotropic pharmacological effects and plays a
neuro-protective role in nervous system diseas-
es [7, 8]. It has been confirmed that CUR inhib-
its AB aggregation through anti-amyloidosis
and restores mitochondrial dysfunction in AD
and other neurodegenerative diseases [9, 10].
We hypothesized that CUR might also play a
neuro-protective role in AD by inhibiting AB
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aggregation and mitigating MSR. Still, the spe-
cific molecular mechanism remains to be
explored.

In addition, the involvement of Jumonji domain-
containing protein 3 (JMJD3)-trimethylated
lysine 27 on histone H3 (H3K27me3)-brain
derived neurotrophic factor (BDNF) in AD pro-
cess and its association with CUR were investi-
gated. It is known that JMJD3, a member of
Utx/Uty subfamily, is an H3K27me3 demethyl-
ase whose knockdown induces the disturbance
of mitochondrial proteins in nematodes and
shortens their life span [11, 12]. BDNF belongs
to the neurotrophic factor family and is capable
of regulating brain development, neuron regen-
eration and synaptic plasticity. Moreover, as
an exogenous supplementation, BDNF is help-
ful to improve mitochondrial function [13, 14].
Both increased levels of BDNF promoter meth-
ylation and decreased BDNF mRNA levels exist
in the brain of patients with AD [15]. Based on
the above findings, we inferred that JMJD3
might be a pivotal factor in the regulation of
H3K27me3 demethylation at the BDNF pro-
moter region, and its expression might be asso-
ciated with methylation levels.

The innovation of this study lies in exploring the
effects of CUR and JMJD3-H3K27me3-BDNF
axis on AD in vivo and in vitro and the relation-
ship between CUR and JMJD3-H3K27me3-
BDNF axis, clarifying the anti-AD pathological
mechanism of CUR more clearly, and providing
a new molecular therapeutic strategy for the
clinical treatment of AD.

Materials and methods
Animals

Ethical approval was granted by the Animal
Care and Protection Committee (Second affili-
ated Hospital of Zhengzhou University) (PL-14-
657), and all experimental procedures strictly
followed the guidelines for animal care. APP/
PS-1 double-transgenic mouse models of AD
(n=40, male, aged 6 months, Institute of
Laboratory Animal Science, CAMS & PUMC)
served as APP/PS-1 group, whereas wild-type
(WT) C57BL/6 mice (n=10, male, aged 6
months) served as WT group. With the aid of a
stereotaxic apparatus, mice in the APP/PS-1
group were separately injected with low (100
mg/kg/d, low-dose group, n=10), moderate
(200 mg/kg/d, moderate-dose group, n=10)
and high (300 mg/kg/d, high-dose group,
n=10) doses of CUR into the peritoneum
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(Baoman Biotech, Shanghai, China, C0190), for
2 consecutive weeks [16]. In addition, all ani-
mals were anesthetized with 30 g/L pentobar-
bital sodium (The BSZH Scientific Inc., Beijing,
China, P3761) before operation to relieve pain
with an intraperitoneal dose of 30 mg/kg, and
mice were euthanized by intravenous injection
of excessive pentobarbital (100-150 mg/kg).

Morris water maze (MWM) test

The MWM test [17] was used to evaluate the
cognitive and motor function of mice. The test
lasted for 5 days. A mouse was placed in the
water facing the pool wall, and the time it took
to find the platform was recorded. If the plat-
form was not found within 2 min, the mouse
was guided to stay on the platform for 30 s, and
the time was recorded as 120 s. After the test,
the dried mouse was reared in a cage and
trained twice a day. We recorded the searching
time in each quadrant and took the mean
escape latency in four quadrants as the final
latency of the day. On the sixth day, the spatial
probe test was carried out, and the mouse was
placed at the marked position in the quadrant.
The number of platform crossings was record-
ed, and the test was carried out. After all the
tests, the mouse was sacrificed, and the brain
tissues were sampled.

Pathological evaluation

Brain tissue morphology was assessed by
hematoxylin and eosin (HE) staining (Baiao-
laibo, Beijing, China, ZN1970-KPC). The sec-
tions were then observed under an optical
microscope (Pooher Optoelectronic Technology
Co., Ltd., Shanghai, China, OLYMPUS), and five
visual fields were randomized for quantitative
analysis by evaluating the number of pyloric
nerve cells. Neuronal apoptosis was tested by
terminal deoxynucleotidyl transferase (TdT)-
mediated deoxyuridine triphosphate (dUTP)-
biotin nick end-labeling (TUNEL; Qiming Biote-
chnology Co., Ltd., Shanghai, China, 0X02752).
The accumulation and clearance of AR, ,  were

1-40
determined by immunohistochemistry.

qPCR

Total RNA was extracted by a high-purity extrac-
tion kit (Angfei, Guangzhou, China, RZ102).
cDNA synthesized with Super M-MLV reverse
transcriptase (Bio Teke, Beijing, China, PR6502)
was amplified using SYBR Green reaction mix-
ture (Think-Far, Beijing, China, 4913914001),
followed by a PCR (Image Trading, Beijing,
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Table 1. Primer sequence

Genes Upstream primer Downstream primer

JMJD3 5-TCAGGAGAGGAAGGCCTCAG-3’ 5-AGCTGGGTATGGATGAGGGT-3’
BDNF 5-CCAGGAGCGUGACAACAAUTT-3’ 5-AUUGUUGUCACGCUCCUGGTT-3’
GAPDH 5’-ACCACAGTCCATGCCATCAC-3’ 5’-TTTAATG TCACGCACGATTTC-3’

China, 100131). The data were determined by
288CT method. The sequences of primers are
shown in Table 1.

Western blot (WB)

The treated hippocampal tissues and cells
were homogenized in RIPA buffer (Runwell,
Shanghai, China, N653-100ML), followed by
centrifugation at 1500xg and 4°C for 10 min.
Afterwards, the supernatant was collected,
and the protein concentration was measured
by a BCA kit (Baiaolaibo, Beijing, China,
GL1484). After SDS-PAGE separation (Neobio,
Beijing, China, WB1102), proteins were blotted
onto a polyvinylidene fluoride (PVDF) mem-
brane (WeGene Shanghai, China, IPYHO0010).
It was then blocked with 5% nonfat milk pow-
der (Xinfan Bio, Shanghai, China, XF-P438) and
reacted with primary antibodies (dilution con-
centration 1:1000) at 4°C for 12 h, including
JMJD3 (Fine Biotech Co., Ltd., Wuhan, China,
FNab04440) and BDNF (Fine Biotech Co.,
Ltd., Wuhan, China, FNab10014), ClpP (Fine
Biotech Co., Ltd., Wuhan, China, FNab01772),
HSP6 (Chundu Bio, Wuhan, China, CD-B106-
978A-KT), HSP-60 (Fine Biotech Co., Ltd.,
Wuhan, China, FNab10250), ATFS-1 (Fine
Biotech Co., Ltd., Wuhan, China, FNab02597),
PINK1 (Fine Biotech Co., Ltd., Wuhan, China,
FNab09992), PARK2 (Yipu Biotechnology Co.,
Ltd., ATA35111), BNIP3 (Fantai Bio-technology
Co. Ltd., Shanghai, China, FT-B3764S), P62
(Fine Biotech Co., Ltd., Wuhan, China, FNab-
06087), LC3(l) (Fine Biotech Co., Ltd., Wuhan,
China, FNab04717), Cox5a (Fine Biotech Co.,
Ltd., Wuhan, China, FNab01900), Cox2 (Fine
Biotech Co., Ltd., Wuhan, China, FNab10407),
Nd1 (Fine Biotech Co., Ltd., Wuhan, China,
FNab05597), Sdhc (Fine Biotech Co., Ltd.,
Wuhan, China, FNab07671), and GAPDH (Fine
Biotech Co., Ltd., Wuhan, China, FNab03343).
The washed samples were incubated with
HRP-conjugated secondary antibodies (SHR
Biotech, Nanjing, China, 330) (dilution ratio
1:12000) for 1 h at room temperature. Enhan-
ced chemiluminescence (ECL) (HZ Industrial,
Shanghai, China, HZ-F252), chemiluminescen-
ce imaging system (Xinyu Biotech, Shanghai,
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China, XY-I600C) and Quantity One software
were used to visualize and quantify the pro-
teins.

Chromatin immunoprecipitation with qPCR
(ChIP-gPCR)

First, DNA-protein complexes were allowed to
react with 1% formaldehyde for 15 min. Immune
complexes were formed with nonspecific 1gGs
targeting BDNF, H3K27me3 and JMJD3. Next,
the DNA in the complexes was eluted and puri-
fied. At last, the BDNF promoter was amplified
by PCR and gqPCR was performed to verify the
effect of JMJD3 on H3K27me expression at the
BDNF promoter region.

Cellular models of AD and drug intervention

APPswe-SH-SY5 cells bought from iPhase
Pharmaceutical Services were allocated into
in-vitro AD group, and SH-SY5Y cells without
mutation were used as control group. The
cells were placed in DMEM/F-12 (Gaochuang
Chemical, Shanghai, China) containing 10%
FBS (Lianshuo Biotech, Shanghai, China, A31-
60802, 10x50 ml/box) and penicillin-strepto-
mycin (Sciencell Biotech, Shanghai, China,
0513-2). Before the test, the cells were pas-
saged for three generations with geneticin (Yaji
Biotech, Shanghai, China, YS-10555R) selec-
tive antibiotic at 4 yg/ml. Cur (20 ym) was used
to intervene the modeling of AD cells [18].

Over-expression and knockout of JMJD3 and
BNDF

Adeno-associated virus (AAV) system was used
to construct the AD cell model transfected with
JMID3 over-expression plasmid (JMJD3) and
BDNF over-expression plasmid (BDNF) in AD
group for 48 h. RNA interference technique
(RNAI) was used to construct the AD cell model
transfected with JMJD3 knockout plasmid
(JMJD3 RNAIi)for48hinAD group. Biotechnology
was completed by Shanghai Hanheng Biological
Engineering Co., Ltd., China, and their empty
vectors were used as negative control (NC). At
last, the success of the construction was veri-
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Table 2. Sequence of transfected vector

Genes Target sequences
JMJD3 5-CCGGCCTGTTCGTTACAAGTGAGAACTCGAGTTCTCACTTGTAACGAACAGGTTTTTG-3’
BDNF 5’-CCAGCACUCUCGUAAUGAUTT-3’
JMJD3 RNAI 5’-GCCUUCAUGCGAGUAACAUTT-3’
AAV-NC 5’-UUCUCCGAA CGUGUCACGUTT-3’
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Figure 1. Verification of AD modeling in mice. APP/PS-1 transgenic AD mice were used to induce mouse models of
AD (APP/PS-1 group, n=10) and wild C57BL/6 mice served as controls (WT group, n=10). The escape latency (A),
the number of platform crossings (B), the time spent in the target quadrant (C) and swimming speed (D) of mice
were recorded in MWM test to assess their cognitive and motor functions. Pathological features of the cortex and
hippocampus were visualized by HE staining with qualitative and quantitative analysis (scale bar =30 um, magnifi-
cation: x200) (E, F). Apoptosis of brain tissues was measured by TUNEL (x200) (scale bar =30 pm) (G). AR aggrega-
tion of brain tissues was measured by immunohistochemistry (x200) (scale bar =30 ym) (H). Note: *P<0.05 and
"*P<0.01 vs. WT group.
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Figure 2. Abnormalities of JMJD3-H3K27me3-BDNF axis in AD models. We examined the abnormality of JMJD3-
H3K27me3-BDNF axis in APP/PS-1 (n=10) and WT (n=10) groups. mMRNA and protein levels of JMJD3 (A, B) and
BDNF (C, D) were determined by qPCR and WB, and H3K27me3 levels at the BDNF promoter region were deter-

mined by ChIP-gPCR (E). Note: "P<0.05 and "*P<0.01 vs. WT group.

fied by qPCR and WB. The sequences of trans-
fected vectors are shown in Table 2.

CCK-8 assay

We measured cell proliferation with the cell
counting kit 8 (CCK-8) (Jingke Chemica, Shang-
hai, China, CK0O4-2) assay. First, logarithmic
phase cells seeded in a 96-well plate (6x10°
cells/well) were cultured in 10% CCK-8 for 1 h.
Absorbances were measured at 450 nm by a
microplate reader (Yanhui Biotech, Shanghai,
China, HBS-1096A).

Flow cytometry

The Annexin V-FITC/Pl Apoptosis Kit (San-
shu Biotech, Shanghai, China, BYTO035) was
adopted in the test. The washed and digested
APPswe/SH-SY5Y cells were centrifuged at
1500x%g and 4°C for 10 min, then suspended
in 100 uL binding buffer (1x10° cells). After-
wards, cell apoptosis was quantitatively ana-
lyzed with FACSCalibur flow cytometry (Shiwei
Tech, Shanghai, China) within 1 h.
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Statistical analysis

All tests were carried out independently for at
least 3 times, and the values were expressed
as mean * standard deviation (SD). GraphPad
Prism 6 was employed for data processing and
graphing. Multi-group comparisons were con-
ducted with ANOVA and Dunnett’s post-test, or
Bonferroni’s post-test and two-way ANOVA as
appropriate. Between-group comparisons were
performed with t-test. Values of P<0.05 were
considered statistically significant.

Results
Behavioral and pathological assessments

APP/PS-1 double-transgenic mouse models
of AD and control WT C57BL/6 mice were clas-
sified into APP/PS-1 and WT groups, respec-
tively. First, the MWM test indicated that com-
pared with WT group, the APP/PS-1 group
showed prolonged escape latency (Figure 1A),
decreased number of platform crossings
(Figure 1B), shortened time spent in the target
quadrant (Figure 1C), as well slower swimming
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Figure 3. MSR markers were inhibited in AD models. The protein levels of
UPRmt markers in two groups of mice (both n=10) (ClpP, HSP6, HSP-60,
ATFS-1) (A), mitochondrial autophagy markers (PINK1, PARK2, BNIP3, P62,
LC3) (B), and OXPHOS markers (Cox5a, Cox2, Nd1, Sdhc) (C) were quantified

by WB. Note: “"P<0.01 vs. WT group.

speed (Figure 1D) (P<0.05). After behavioral
assessment, we collected the brain tissues of
euthanized mice for pathological assessment.
As shown by HE staining findings, mice in the
APP/PS-1 group presented typical pathological
features of AD in the cortex and hippocampus,
and the quantitative results were consistent
with the pathological conditions (Figure 1E,
1F), enhanced apoptosis of TUNEL positive
cells (Figure 1G), and aggregated AR (Figure
1H) (P<0.05). Therefore, those rats had im-
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paired cognitive and motor
functions, the pathological
features conforming to AD,
indicating successful model-

ing.

—
Abnormalities of JMJD3-
— H3K27me3-BDNF axis in AD
models

B

The expression of JMJD3-H3-
K27me3-BDNF axis in mouse
models of AD was quantified.
Compared with WT group,
MmRNA and protein levels of
JMJD3 (Figure 2A and 2B)
and BDNF (Figure 2C and
2D) in APP/PS-1 group were
lower, while H3K27me levels
at the BDNF promoter region
were higher (Figure 2E) (P<
0.05). Therefore, JMJD3-H3K-
27me3-BDNF axis may be
associated with pathological
changes of AD model mice.

APP/PS-1

APP/PS-1

MSR markers were inhibited
in AD models

The levels of MSR markers in
AD models were quantified.
Compared with WT group,
the protein levels of UPRmt
markers (ClpP, HSP6, HSP-
60, ATFS-1) (Figure 3A), mito-
chondrial autophagy markers
(PINK1, PARK2, BNIP3, P62,
LC3) (Figure 3B), and OXPHOS
markers (Coxba, Cox2, Ndi,
Sdhc) (Figure 3C) decreased
in APP/PS-1 group (P<0.05).
These results suggested that
the pathological changes of
AD model mice were associat-
ed with abnormal MSR, which
was mainly reflected in the inhibition of MSR
markers.

APP/PS-1

Over-expression of JMJD3 or BNDF mitigated
AB aggregation and MSR

To figure out the specific mechanism underlying
the regulation of AD process by JMJD3-
H3K27me3-BDNF axis, we constructed the
overexpression vectors of JMJD3 or BNDF in AD
models (APPswe SH-SY5Y) through the AAV
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Figure 4. Overexpression of JMJD3 and BNDF mitigated AB aggregation and MSR. The establishment of JMJD3 and
BNDF overexpression vectors in cellular models of AD was confirmed by WB (A, B). AB levels were determined by WB
(C). Cell proliferation was measured by CCK-8 assay (D). Cell apoptosis was detected by flow cytometry (E). Levels
of MSR markers were determined by WB (F-H). H3K27me3 levels at the BDNF promoter region were measured by
ChIP-gPCR (I). Note: *P<0.05, “*P<0.01 vs. AAV-NC group, ?P<0.05 vs. JMJD3.

system (Figure 4A, 4B). Compared with nega-
tive controls (AAV-NC group), AB clearance
occurred in the AD cells with upregulated
JMJD3 (Figure 4C), cell proliferation was
enhanced (Figure 4D), apoptosis was restricted
(Figure 4E), and levels of MSR markers were
increased (Figure 4F-H). Identical results were
achieved after BNDF up-regulation. In addition,
overexpression of JMJD3 increased H3K27me3
levels at the BDNF promoter region and
increased the protein levels of BNDF (Figure 4l)
(P<0.05). These findings indicated that overex-
pression of JMJD3 or BNDF was helpful to miti-
gate AB aggregation and MSR in AD models.

JMJD3 regulated AB and MSR through BDNF

We also constructed a JMJD3 knockdown cell
model by RNAi technology (JMJD3 RNAI group),
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and the AAV system was used to upregulate
BNDF expression (JMJD3 RNAi+BNDF group).
Compared with AAV-NC group, mRNA and pro-
tein levels of JMJD3 (Figure 5A) and BNDF
(Figure 5B) in JMJD3 RNAI group decreased, AR
aggregated (Figure 5C), cell proliferation
decreased (Figure 5D), and apoptosis increased
(Figure 5E). Moreover, levels of MSR markers
were suppressed (Figure 5F-H), and H3K27me3
level at the BDNF promoter region increased
(Figure 5I). However, the above indexes of
JMJD3 RNAi+BNDF group were not different
from AAV-NC group. All the results were statisti-
cally significant (P<0.05), suggesting that the
knockdown of JMJD3 downregulated BNDF lev-
els and thereby offset the anti-AD effect of
BNDF overexpression. Therefore, JMJD3 can
regulate AR and MSR in AD models through
BDNF.
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Figure 5. JMJD3 regulated AR and MSR through BDNF. The effects of JMJD3 RNAi and JMJD3 RNAi+BNDF on
protein levels of JMJD3 and BNDF were analyzed by WB (A, B). Their effects on AB levels were analyzed by WB (C).
Their effects on cell proliferation were analyzed by CCK-8 assay (D). Their effects on apoptosis were analyzed by
Flow cytometry (E). Their effects on MSR markers were analyzed by WB (F-H). Their effects on H3K27me3 levels at
the BDNF promoter region were analyzed by ChIP-gPCR (l). Note: *P<0.05, **P<0.01 vs. AAV-NC group, #P<0.05 vs.

JMJD3 RNAI.

Regulatory effect of CUR on JMJD3-
H3K27me3-BDNF axis

We tried to explore the influence of CUR on the
JMJD3-H3K27me3-BDNF axis to verify the rela-
tionship between them in the pathological pro-
cess of AD. It turned out that CUR upregulated
the mRNA and protein levels of JMJD3 and
BDNF (Figure 6A-D), and inhibited H3K27me3
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levels at the BDNF promoter region (Figure 6E)
(P<0.05). Thus, CUR might play a protective
role in AD by regulating JMJD3-H3K27me3-
BDNF axis.

Therapeutic effect of different doses of CUR

To estimate the therapeutic effect of CUR in AD
mouse models, we divided CUR group into low

Am J Transl Res 2021;13(12):13380-13393



Protective mechanism of curcumin against Alzheimer’s disease via mediating JMJD3

b
w

o

JNMUD3

Relative mRNA level of
-
o

Relative protein level of

0.04

Relative mRNA level of
BONF
H
Relative protein level of
BDNF
t

JMUID3 o o —

GAPDH " e e

m

BONF o e s

GAPDH ——— ——— —

;o

BDNF promoter
© = N w & @

H3K27me3 level of

Figure 6. Regulatory effect of CUR on JMJD3-H3K27me3-BDNF axis. The effects of JMJD3 RNAi and JMJD3
RNAi+BNDF on mRNA and protein levels of JMJD3 and BNDF were analyzed by qPCR and WB (A-D). Their effects
on H3K27me3 levels at the BDNF promoter region were analyzed by ChIP-gPCR (E). Note: *P<0.05, "*P<0.01 vs.

Control group, 2P<0.05 vs. AD group.

(100 mg/kg/d), moderate (200 mg/kg/d) and
high (300 mg/kg/d) dose subgroups. Compared
with low dose group, the mice in moderate and
high dose groups had shortened escape laten-
cy (Figure 7A), increased number of platform
crossings (Figure 7B), longer time spent in the
target quadrant (Figure 7C), and a faster swim-
ming speed (Figure 7D). Pathological evalua-
tion revealed that the improvement of patho-
logical characteristics of cortex and hippocam-
pus in the middle and high dose groups was
better than that in the low dose group, and the
quantitative results were consistent with the
pathological condition (Figure 7E, 7F), AB levels
were evidently reduced (Figure 7G), and the
apoptosis in brain tissue was restricted (Figure
8) (P<0.05 for each comparison). These results
suggested that moderate and high doses of
CUR shortened the course of the treatment of
AD in mice.

Regulatory effect of different doses of CUR on
JMJID3-H3K27me3-BDNF axis

Serial explorations were performed to verify
whether different doses of CUR had dose-
dependent regulation on JMJD3-H3K27me3-
BDNF axis. Moderate- and high-dose CUR ele-
vated mRNA and protein levels of JMJD3 and
BDNF (Figure 9A-D), and suppressed H3K27-
me3 levels at the BDNF promoter region (Figure
9E); moreover, high dose CUR had a more
marked effect on JMJD3-H3K27me3-BDNF
axis (P<0.05). Therefore, CUR had a dose-
dependent effect on the regulation of JMJD3-
H3K27me3-BDNF axis, and significant effect
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was achieved at least at moderate doses.
Based on all the above results, a schematic
diagram of the anti-AD mechanism of CUR was
drawn (Figure 10).

Discussion

AD is a brain-specific disease that induces
symptoms of memory loss, mental disorder
and cognitive impairment [19]. CUR has been
reported to be effective in improving memory
impairment with in vivo experiments, and in
restoring cognitive function partially by increas-
ing lactate content and monocarboxylic acid
transporter 2 level in APP/PS1 mouse model of
AD [20, 21].

AB has been confirmed to be a pathogenic fac-
tor of AD in animal models in vivo and in vitro,
and its aggregation may lead to neuronal apop-
tosis and mitochondrial dysfunction, thereby
aggravating the disease [22, 23]. It is known
that UPRmt, mitochondrial autophagy and
OXPHOS can synergistically alleviate MSR and
improve mitochondrial function, which is mani-
fested in the remarkable upregulation of the
expression of related biomarkers [24-26]. In
the present study, we used APP/PS-1 transgen-
ic AD mice and APPswe SH-SY5Y as AD models
in vivo and in vitro, respectively. Mice in APP/
PS-1 group presented cognitive and motor dys-
function, pathologically manifested by aggre-
gated AB, pathological alterations and increas-
ed neuronal apoptosis in brain tissue, conform-
ing to characteristics of AD. Next, we tried to
explore the molecular mechanism. The mRNA
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Figure 7. Therapeutic effects of different doses of CUR in AD mouse models. We evaluated the cognitive and motor
functions of mice in APP/PS-1 group (n=10), low dose group (n=10), middle dose group (n=10) and high dose group
(n=10), escape latency (A), platform crossing times (B), target quadrant stay time (C), and swimming speed (D) by
MWM test. The effects of different doses of CUR on the pathological characteristics of cortex and hippocampus of
mice (scale bar =30 pm) (E, F) were analyzed qualitatively and quantitatively by HE staining (x200), and the effects
of different doses of CUR on the accumulation of AB in brain tissue of mice were detected by immunohistochemis-
try (x200) (scale bar =30 uym) (G). Note: *P<0.05, *"P<0.01 vs. AD group, 2P<0.05 vs. low-dose group, °P<0.05 vs.
moderate-dose group.
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Figure 8. Effects of different doses of CUR on apoptosis. TUNEL (x200) analyzed the effects of different doses of
CUR on apoptosis in brain tissue (scale bar =30 pum). Note: "P<0.05, "*P<0.01 vs. AD group, 2P<0.05 vs. low-dose
group, °P<0.05 vs. moderate-dose group.
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Figure 9. Regulatory effect of different doses of CUR on JMJD3-H3K27me3-BDNF axis. The mRNA and protein ex-
pressions of JMJD3 and BDNF in APP/PS-1 group (n=10), low dose group (n=10), middle dose group (n=10) and
high dose group (n=10) were analyzed by qPCR and WB (A-D), and the level of H3K27me3 in BDNF promoter region
(E) was detected by ChIP-gPCR. Note: “P<0.05, "*P<0.01 vs. AD group, ?P<0.05 vs. low-dose group, °P<0.05 vs.
moderate-dose group.

and protein levels of JMJD3 and BDNF in APP/
PS-1 group were lower than those in WT group,
and H3K27me3 methylation levels were higher,
suggesting that there were abnormalities in the
JMJD3-H3K27me3-BDNF axis in in vivo AD
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models. Also, Hu et al. reported that JMJD3
actively regulated H3K27me3 demethylation at
the BDNF promoter region, which means that
up-regulating JMJD3 inhibited H3K27me3
methylation levels, promoted BDNF transcrip-
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Figure 10. Schematic diagram of related mechanism
of CUR. Note: CUR up-regulates the level of BDNF
by up-regulating JMJD3 and suppressing the level
of H3K27me3 in the BDNF promoter region, there-
by reducing the level of AR and improving MSR. In
short, CUR exerts its anti-AD effect by regulating the
JMJD3-H3K27me3-BDNF axis.

tion, and maintained the function of the central
nervous system [27].

JMJD3 and BDNF have been found to be relat-
ed to AD process. JMJD3 is capable of mediat-
ing the progression of AD through indirect con-
nection with antisense noncoding RNA in the
INK4 locus (ANRIL) in INK4b-ARF-INK4a locus
[28]. Abnormally low serum BDNF levels in AD
patients indicate that BDNF may be a specific
biological indicator of AD process [29]. There is
evidence that after overexpressing BDNF in
human umbilical mesenchymal stem cells, the
spatial learning and memory are greatly
improved in AD rat models, and the recovery of
neural function is promoted by inhibiting AB
production and neuronal apoptosis [30]. On
the basis of the above, we hypothesized that
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JMJD3-H3K27me3-BDNF axis may be a new
target for AD therapy, and a promoter for JMJD3
expression may have an inhibitory effect on
AD process. In addition, compared with WT
group, UPRmt, mitochondrial autophagy and
OXPHOS of MSR markers in APP/PS-1 group
were all abnormally downregulated, indicating
inhibited MSR and disturbance of mitochondri-
al proteins. The relationship between JMJD3-
H3K27me3-BDNF axis and MSR has not been
dissected, so we made some explorations from
the molecular level.

In cellular models of AD, we found that up-regu-
lating either JMJD3 or BDNF reduced AB aggre-
gation, enhanced cell proliferation, restricted
apoptosis, and maintained MSR balance; the
former elevated BDNF levels by down-regulat-
ing H3K27me3 methylation levels. Afterwards,
we constructed JMJD3 knockdown models,
in which significantly opposite results were
obtained. Once again, it was confirmed that the
JMJID3 partially manipulated AD process, and
that up-regulation of JMJD3 had a positive ther-
apeutic effect on AD. On the basis of JMJD3
knockdown, we up-regulated BDNF levels. It
turned out that the favorable effect of up-regu-
lated BDNF in AD was offset, which may be
related to the decrease of BDNF levels caused
by the increase of H3K27me3 methylation at
the BDNF promoter region after JMJD3 knock-
down, indicating that JMJD3 is able to mediate
AB and MSR through BDNF. Moreover, CUR was
found to regulate JMJD3-H3K27me3-BDNF
axis in in vitro AD models. Moderate and high
doses of CUR could improve the morphology
and histopathology of the brain, inhibit AR
aggregation and cell apoptosis, and maintain
MSR balance at least partly by modulating the
JMJD3-H3K27me3-BDNF axis. The above find-
ings confirmed the therapeutic potential and
protective role of CUR in AD. The association
between CUR and JMJD3-H3K27me3-BDNF
axis has been previously reported. For exam-
ple, Zhu revealed that CUR relieved neuropath-
ic pain in rats by regulating BDNF levels [31].
Other studies demonstrated that CUR affected
H3K27me3 methylation levels at the promoter
region [32, 33].

While the present study proposed that CUR
mitigates MSR and inhibits AD progress via
JMJD3-H3K27me3-BDNF axis, there are sever-
al limitations. First of all, it may be feasible to
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explore the potential upstream targets of this
axis from miRNA or IncRNA levels, so as to
expand molecular networks associated with
AD; then, the influence of MSR-related signal
pathways in AD process and their connection
with JMJD3-H3K27me3-BDNF axis can be
supplemented.

In brief, CUR mitigates MSR by modulating
JMJD3-H3K27me3-BDNF axis and thereby
slows the progression of AD. The present study
not only clarifies the molecular mechanism
underlying protection against AD by JMJD3-
H3K27me3-BDNF axis, but also uncovers the
molecular mechanism of CUR in AD, which may
contribute to the development of therapies for
AD.
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