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miR-204-3p/Nox4 Mediates Memory Deficits
in a Mouse Model of Alzheimer’s Disease
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Alzheimer’s disease (AD) is the most common neurodegenera-
tive disorder leading to dementia in the elderly, and the mecha-
nisms of AD are not fully defined. MicroRNAs (miRNAs) have
been shown to contribute tomemorydeficits inAD. In this study,
we identified that miR-204-3p was downregulated in the hippo-
campus and plasma of 6-month-old APPswe/PS1dE9 (APP/
PS1) mice. miR-204-3p overexpression attenuated memory and
synaptic deficits in APP/PS1mice. The amyloid levels and oxida-
tive stress were decreased in the hippocampus of APP/PS1 mice
after miR-204-3p overexpression. Nicotinamide adenine dinu-
cleotide phosphate (NADPH) oxidase 4 (Nox4) was a target of
miR-204-3p, and Nox4 inhibition by GLX351322 protected
neuronal cells against Ab1–42-induced neurotoxicity. Further-
more, GLX351322 treatment rescued synaptic and memory def-
icits, and decreased oxidative stress and amyloid levels in the hip-
pocampus of APP/PS1 mice. These results revealed that miR-
204-3p attenuated memory deficits and oxidative stress in
APP/PS1 mice by targeting Nox4, and miR-204-3p overexpres-
sion and/or Nox4 inhibition might be a potential therapeutic
strategy for AD treatment.

INTRODUCTION
Alzheimer’s disease (AD) is the most common neurodegenerative dis-
order leading to dementia in the elderly, and the estimated number of
AD patients is 5.8 million in the United States in 2019.1 Although the
mechanisms of AD are not fully defined, beta amyloid (Ab) is generally
considered to be a trigger of AD.2 Ab is generated by sequential cleav-
age of amyloid precursor protein (APP) by b-secretase and g-secretase
in the amyloidogenic pathway. Alternatively, APP is cleaved by a-sec-
retase and g-secretase in the nonamyloidogenic pathway.3 Persuasive
evidence has demonstrated that Ab-induced mitochondrial dysfunc-
tion and oxidative stress play a critical role in the pathogenesis of
AD. The products of oxidative damage to lipids, proteins, and nucleic
acids are elevated in the brains of AD, and anti-oxidative therapy is
shown to be of benefit in AD models.4,5

MicroRNAs (miRNAs) are small non-coding RNAs of approximately
22 nucleotides, which inhibit protein expression mainly by binding to
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the 30 untranslated region (UTR) of target mRNAs.6 Increasing evi-
dence demonstrates that miRNAs play an important role in the patho-
genesis of AD.7,8 miRNA cluster miR-29a/b-1 is decreased in the brains
of sporadic AD and suppresses b-site APP cleaving enzyme 1 (BACE1)
activity and Ab generation.9 miRNA-124 is significantly increased in
the hippocampus of AD transgenic mice and AD patients, and inhibi-
tion of miR-124 restores synaptic plasticity and memory function by
directly regulating tyrosine-protein phosphatase non-receptor type 1
(PTPN1).10 Recently, a meta-analysis has shown that a panel of 10
miRNAs, which are associated with neuron growth factor signaling,
Wnt signaling, and cellular senescence, are deregulated in the early stage
ofAD.11 In this study,we have shown thatmiR-204-3pwas significantly
decreased in the hippocampus of 6-month-old APP/PS1 mice.

miR-204has been shown to contribute to aging and several neurodegen-
erative diseases.12,13The level ofmiR-204 is significantly increased in the
brains ofHuntington’s diseasepatients.14ExosomalmiR-204 level in the
cerebrospinal fluid (CSF) is decreased in symptomatic genetic fronto-
temporal dementia patients compared with that in presymptomatic pa-
tients.13miR-204-5p is significantly increased in the hippocampusof 18-
month-old C57BL/6J male mice, and it downregulates the surface
expression of the N-methyl-D-aspartate receptor (NMDAR) NR1 sub-
unit in hippocampal neurons by inhibiting Ephrin Type-B receptor 2
(EphB2).12 However, most studies of miR-204 focused on exploring
the functions of miR-204-5p. The role of miR-204-3p in neurodegener-
ative diseases, including AD, remains undefined. Here, we found that
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Figure 1. miR-204-3p Was Decreased in the Brain and Plasma of APP/PS1 Mice

(A) Heatmap diagram showing different expression patterns of miRNAs in the hippocampus of 6-month-old APP/PS1 and wild-type (WT) mice. n = 3. (B) The levels of miR-

204-3p in the hippocampus of 4-, 6-, and 9-month-old APP/PS1 mice were examined by qPCR. n = 4–7. (C) The levels of miR-204-3p in the plasma of 6-month-old WT and

APP/PS1 mice were detected by qPCR. n = 5. All data are presented as means ± SEM. *p < 0.05, **p < 0.01. ns, no significance.
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lentivirus (Lv)-mediated miR-204-3p overexpression in the hippocam-
pus ofAPP/PS1mice attenuated synaptic andmemorydysfunction, and
reduced amyloid load and oxidative stress. In addition, we showed that
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase 4
(Nox4) was a target of miR-204-3p, and Nox4 inhibition by
GLX351322 protected against memory deficits and oxidative stress in
APP/PS1 mice, which indicated that miR-204-3p/Nox4 were potential
therapeutic targets for AD treatment.

RESULTS
miR-204-3p Was Decreased in the Hippocampus and Plasma of

APP/PS1 Mice

To identify endogenous miRNAs associated with cognitive impair-
ment in AD, we detected the miRNA profiles in the hippocampus
of 6-month-old APP/PS1 mice by a mouse miRNAmicroarray. There
were 17 miRNAs upregulated and 47 miRNAs downregulated in the
hippocampus of 6-month-old APP/PS1 mice compared with age-
matched wild-type (WT) littermates (Figure 1A). Quantitative real-
time PCR was performed to verify the result of microarray, and
miR-204-3p was significantly decreased in the hippocampus of
6-month-old APP/PS1 mice (Figure S1). In addition, the level of
miR-204-3p was significantly decreased in the hippocampus of
6-month-old and 9-month-old APP/PS1 mice (Figure 1B). Further-
more, the level of miR-204-3p was decreased in the plasma of
6-month-old ADmice (Figure 1C), indicating that miR-204-3pmight
be a potential plasma biomarker of AD.

Overexpression of Exogenous miR-204-3p Protects against

Memory and Synaptic Impairment in APP/PS1 Mice

To explore whether miR-204-3p contributed to the pathogenesis of
AD, we overexpressed exogenous miR-204-3p in the hippocampus of
6-month-old APP/PS1 mice using a GFP-tagged Lv (Lv-miR-204).
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Figure 2. Overexpression of Exogenous miR-204-3p Protected against Synaptic and Memory Impairment in APP/PS1 Mice

(A) The levels of miR-204-3p in the hippocampus after Lv-miR-204 injection were determined by qPCR. n = 6–7. (B) The levels of miR-204-3p in the plasma after Lv-miR-204

injection were determined by qPCR. n = 8. (C) In NOR tests, the percentage of time to explore new objects was recorded. (D and E) In FC tests, the percentage of freezing time

in contextual (D) and cued (E) tests was recorded. n = 17–18. (F) In the acquisition trial, the escape latency was analyzed in theMWM tests. (G–I) The number of target platform

crossings (G), time in the target quadrant (H), and latency to the target quadrant (I) were recorded in the probe trial. n = 17–18. (J) The input-output curve (I-O curve) of

hippocampal CA1 in Lv-WT, Lv-con, and Lv-miR-204mice. n = 6–8 slices from threemice in each group. (K and L) LTP induced by high-frequency stimulation was evaluated

(legend continued on next page)
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The level of miR-204-3p was significantly elevated in the hippocampus
(Figure 2A) and plasma (Figure 2B) after Lv-miR-204 treatment. To
investigate the effect of miR-204-3p overexpression on memory func-
tion of APP/PS1 mice, we performed behavior tests, including open
field, novel-object recognition (NOR), fear condition (FC), and Morris
water maze (MWM) tests, 30 days after the Lv injection. miR-204-3p
overexpression did not affect the traveling distance or time spent in
the corner and center area of APP/PS1 mice (Figures S2A–S2C), sug-
gesting that miR-204-3p did not affect the motor performance and
exploration behavior of APP/PS1 mice in the open field tests. Lv-
miR-204-injected APP/PS1 mice showed a significant increase of the
discrimination index compared with Lv-con-injected mice during the
testing phase in the NOR tests (Figure 2C). In addition, the freezing
times of APP/PS1mice were significantly decreased in both the contex-
tual and the cued tests, which were increased after Lv-miR-204 treat-
ment, indicatingmiR-204-3p overexpression could rescue fearmemory
deficits in APP/PS1 mice (Figures 2D and 2E). Spatial memory was
determined by the MWM tests. During the training trial, the escape la-
tency was increased in APP/PS1 mice compared with that inWTmice,
whereas it was significantly reduced in Lv-miR-204-injected APP/PS1
mice (Figure 2F). During the probe trial, there was no significant differ-
ence in the total travel distance and swimming speed of mice in each
group (Figures S2D and S2E). However, the crossing platform times
(Figure 2G) and time in target quadrant (Figure 2H) of Lv-miR-204-in-
jected APP/PS1 were significantly increased, and latency to target
quadrant was decreased (Figure 2I) compared with those in Lv-con-in-
jected mice. These results indicated that miR-204-3p overexpression
attenuated memory deficits in APP/PS1 mice.

Because synaptic plasticity is fundamental to learning and memory
functions,15 we explored the effects of miR-204-3p overexpression on
basal synaptic transmission and synaptic plasticity of hippocampal
neurons. The slope of hippocampus slices from Lv-miR-204-treated
mice was moderately increased compared with that in Lv-con-treated
mice, although this trend did not reach statistical significance (Fig-
ure 2J). In addition, Lv-miR-204-treated mice showed higher long-
term potentiation (LTP) magnitudes compared with Lv-con-treated
mice (Figures 2K and 2L). These data demonstrated that miR-204-3p
overexpression improved synaptic transmission in APP/PS1 mice. In
addition, miR-204-3p overexpression led to a significant increase of
the NMDAR subunit 2A (NMDAR2A), a-amino-3-hydroxy-5-
methyl-4-isoxazole propionate (AMPA) receptor subunit GluA1,
GluA2, and postsynaptic density protein 95 (PSD-95), whereas the
levels of NMDAR1, NMDAR2B, calcium/calmodulin-dependent pro-
tein kinase II (CaMK II), and synaptophysin were not significantly
changed (Figures 2M–2O). Furthermore, the dendritic spine density
in the CA1 region of APP/PS1 mice was significantly compromised,
and miR-204-3p overexpression could promote dendrite branching
and increase the percentage of mushroom spines (Figures 2P–2R).
in hippocampal CA1. n = 6–8 slices from three mice in each group. (M–O) The levels o

quantification of the intensities normalized to b-actin was shown. n = 3. (P and Q) Repre

density. n = 6 slices from three mice in each group. Scale bars: 10 mm. (R) The percenta

three mice in each group. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. ns, no s
miR-204-3p Overexpression Decreased Amyloid Levels and

Oxidative Stress in the Hippocampus of APP/PS1 Mice

To investigate whethermiR-204-3p overexpression affected Ab deposi-
tions, we examined the amount of Ab plaques in the hippocampus of
APP/PS1 mice after injection of Lv-miR-204 by immunofluorescence.
The amountsof amyloidplaqueswere significantlydecreased in the hip-
pocampus of Lv-miR-204-treated APP/PS1 mice (Figures 3A and 3B).
In addition,miR-204-3p overexpression significantly reduced the levels
of Tris-buffered saline (TBS) soluble, Triton X-100/TBS (TBS-T) solu-
ble, and formic acid (FA) solubleAb1–40 andAb1–42 in the hippocampus
ofAPP/PS1mice (Figures 3C and3D). TodeterminewhethermiR-204-
3p modulated the generation of Ab, we detected the protein levels of
APP and secretases. The level of a disintegrin and metalloproteinase
domain 10 (ADAM10) was increased and presenilin 1 (PSEN1) was
decreased, while the levels of APP, ADAM17, and BACE1 were not
changed in the hippocampus of Lv-miR-204 treated APP/PS1 mice
(Figures 3E and 3F), which might be associated with the Ab reduction.

Emerging evidence has shown that reactive oxygen species (ROS) over-
production plays a critical role in the onset and progression of AD.5 To
explore whether miR-204-3p regulated the level of oxidative stress in
the hippocampus of AD, we tested the level of ROS production by fluo-
rescence in the hippocampus of APP/PS1 mice and found that the level
of ROS was reduced after Lv-miR-204 treatment (Figure 3G). The level
of H2O2 was also significantly decreased in the hippocampus of Lv-
miR-204-treated APP/PS1 mice (Figure 3H). Furthermore, the levels
of lipids, proteins, and nucleic acids peroxidation markers, 4-hydroxy-
nonenal (4-HNE), 3-nitrotyrosine (3-NT), and 8-hydroxy-20-deoxy-
guanosine (8-OHdG), were significantly downregulated in the hippo-
campus of Lv-miR-204-treated APP/PS1 mice compared with those
in Lv-con-treated mice (Figures 3I–3K).

Given that the activation of glia cells and interaction of glia cells and
neurons play an important role in the pathogenesis of AD,16 we as-
sessed whether miR-204-3p overexpression regulated the activation
of microglia and astrocytes in APP/PS1 mice. The results of immuno-
fluorescence showed that the levels of Iba-1 were significantly
decreased, while the level of GFAP was not changed after Lv-miR-
204 treatment (Figure S3). These results demonstrated that miR-
204-3p overexpression decreased the level of Ab, oxidative stress,
and microglia activation in the hippocampus of APP/PS1 mice.

Nox4 Was a Target of miR-204-3p

TargetScan was used to predict the potential targets of miR-204-3p, and
it was found that therewas a potential binding site formiR-204-3p in the
30UTRofNox4 (Figure4A).The luciferase reporter assaywasperformed
to validate whether miR-204-3p binds to the 30 UTR of Nox4. The rela-
tive luciferase activitywas significantly reduced when cells were cotrans-
fected with miR-204-3p and pGL3-Nox4-30 UTR. However, the
f synaptic proteins in the hippocampus were determined by western blotting, and

sentative images of dendrite morphology and quantitative analysis of dendritic spine

ge of mushroom spines per 10 mm dendrite length in each group. n = 10 slices from

ignificance.
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Figure 3. Overexpression of miR-204-3p Decreased the Amyloid Levels and Oxidative Stress in the Hippocampus of APP/PS1 Mice

(A) Representative images of Ab staining in the hippocampus of Lv-miR-204-treated APP/PS1 mice and (B) quantification of the area percentage of Ab plaque load. n = 10

slices from three mice in each group. Scale bars: 250 mm. (C and D) The levels of TBS-soluble, TBS-T-soluble, and FA-soluble Ab1–40 (C) and Ab1–42 (D) were determined by

ELISA in the hippocampus of APP/PS1mice. n = 5. (E and F) The levels of APP and secretases in the hippocampus were examined by western blotting (E), and quantification

of the intensities normalized to GAPDH as a loading control was shown (F). n = 3. (G) The level of ROS in the hippocampus of Lv-miR-204-treated APP/PS1 mice was

detected by fluorescence. Scale bars: 250 mm. (H) The level of H2O2 in the hippocampus of Lv-miR-204 treated APP/PS1mice was examined by spectrophotometry. n = 6.

(I–K) The levels of 4-HNE (I), 3-NT (J), and 8-OHdG (K) in the hippocampus of Lv-miR-204-treated APP/PS1 mice were measured by ELISA. n = 4–5. *p < 0.05, **p < 0.01,

***p < 0.001. ns, no significance.
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Figure 4. Nox4 Was a Target of miR-204-3p

(A) Predicted binding sites of miR-204-3p, Nox4 30 UTR,
and Nox4 30 UTR mutant. (B) N2a cells were cotransfected

with miR-204-3p and Nox4 30-UTR or Nox4 30-UTRmutant

for 48 h, and the relative luciferase activity was assayed. n =

6. (C) The mRNA level of Nox4 was measured in the Lv-con

and Lv-miR-204 group. n = 5. (D) The protein level of Nox4

was measured in the hippocampus of Lv-miR-204-treated

APP/PS1 mice by western blotting (left panel), and quan-

tification of the intensities normalized to b-actin was shown

(right panel). n = 3. (E) Cell viability of neurons treated with

Lv-miR-204 or GLX351322 followed by Ab42 was exam-

ined by CCK-8 assays. n = 6. (F) Cell viability of neurons

treated with Lv-miR-204 with or without Lv-Nox4 followed

by Ab42 was examined by CCK-8 assays. n = 6. *p < 0.05,

**p < 0.01, ***p < 0.001, ****p < 0.0001. ns, no significance.

www.moleculartherapy.org
inhibitory effects were rescued when cells were cotransfected with miR-
204-3p andpGL3-Nox4-30 UTRmutant (Figure 4B). ThemRNA level of
Nox4was not changed in the hippocampus of Lv-miR-204-treatedAPP/
PS1mice (Figure 4C).However, the protein level ofNox4was reduced in
the hippocampus of Lv-miR-204-treated APP/PS1 mice (Figure 4D).
Moreover, the protein level of Nox4 was increased in the hippocampus
of 6-month-old and9-month-oldAPP/PS1mice (Figure S4).All of these
results indicated that Nox4 was a target of miR-204-3p.

To verify whether miR-204-3p exerted protective effects against Ab
through Nox4, we overexpressed miR-204-3p and/or Nox4 in pri-
mary cortical neurons followed by Ab1–42 treatment. miR-204-3p
overexpression reduced neuronal death induced by Ab1–42, and
GLX351322, a selective Nox4 inhibitor, increased the cell viability
in Ab1–42-treated neurons (Figure 4E). In addition, Nox4 overexpres-
sion reversed the protective effects of miR-204-3p (Figure 4F), sug-
gesting that miR-204-3p protected against Ab1–42-induced neurotox-
icity at least partially by inhibition of Nox4.

Nox4 Inhibition Protected against Synaptic and Memory

Dysfunctions in APP/PS1 Mice

To examine the effects of Nox4 on memory functions in APP/PS1,
we performed the behavior tests after GLX351322 treatment.
Mol
GLX351322 treatment at the dosage of 5 mg/kg/
day did not affect the body weight of APP/PS1
mice (Figure S5A), but decreased the mRNA
and protein levels of p22phox (Figures 5A and
5B), which was essential for the activity of Nox4.
The open field test showed no significant differ-
ence in the traveling distance or time spent in
the center and corner area among these three
groups (Figures S5B–S5D), indicating that
GLX351322 treatment did not affect the motor
ability and exploration behavior of APP/PS1
mice. In the NOR tests, GLX351322 treatment
significantly increased the discrimination index
in APP/PS1 mice (Figure 5C). In the FC tests,
the freezing times of GLX351322-treated APP/PS1 mice were signifi-
cantly increased in the contextual and cued tests (Figures 5D and
5E). In the MWM tests, the escape latency was significantly reduced
after GLX351322 treatment during the training trial (Figure 5F). There
was no significant difference in the total travel distance and swimming
speed (Figures S5E and S5F), while the crossing platform times (Fig-
ure 5G) and time in target quadrant (Figure 5H) were increased,
and the latency to target quadrant (Figure 5I) was decreased after
GLX351322 treatment during the probe trial. These results strongly
suggested that GLX351322 treatment ameliorated memory impair-
ment in APP/PS1 mice.

Similarly, we detected the effects of GLX351322 on synaptic trans-
mission, synaptic proteins, and morphology in the hippocampus of
APP/PS1 mice. GLX351322 treatment resulted in significantly
facilitated synaptic transmission and LTP induction (Figures 5J–
5L), and increased the protein levels of NMDAR2A, GluA1,
GluA2, and PSD-95 (Figures 5M–5O). Furthermore, GLX351322
treatment promoted dendrite branching and increased the per-
centage of mushroom spines in the CA1 region of APP/PS1
mice (Figures 5P–5R). These data suggest that Nox4 inhibition
by GLX351322 improved synaptic and memory functions in
APP/PS1 mice.
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Figure 5. Nox4 Inhibition Protected against Synaptic and Memory Dysfunctions in APP/PS1 Mice

(A) ThemRNA level of Nox4 subunit p22phox in the hippocampus of APP/PS1mice treatedwith GLX351322was determined by qPCR. n = 4. (B) The protein level of p22phox

in the hippocampus of APP/PS1 mice treated with GLX351322 by western blotting. n = 3. (C) In NOR tests, the percentage of time to explore new objects was recorded. n =

16. (D and E) In FC tests, the percentage of freezing time in contextual (D) and cued (E) tests was recorded. n = 15. (F) In the acquisition trial, the escape latency was analyzed

in the MWM tests. (G–I) The number of target platform crossings (G), time in the target quadrant (H), and latency to the target quadrant (I) were recorded in the probe trial. n =

14–15. (J) The I-O curve of hippocampal CA1 of WT-vehicle mice, APP-vehicle mice, and APP-GLX35132 mice. n = 8–9 slices from three mice in each group. (K and L) LTP

(legend continued on next page)
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Nox4 Inhibition Ameliorated Amyloid Levels and Oxidative

Stress in the Hippocampus of APP/PS1 Mice

To explore whether Nox4 inhibition regulated the amyloid deposition
and Ab levels in APP/PS1 mice, we determined the amyloid levels by
immunofluorescence and ELISA. As shown in Figures 6A and 6B, the
amyloid deposition in the hippocampus of APP/PS1 mice was
reduced after GLX351322 treatment. The levels of TBS, TBS-T, and
FA soluble Ab1–40 and Ab1–42 were also significantly decreased in
the hippocampus of GLX351322-treated APP/PS1 mice (Figures 6C
and 6D). Furthermore, GLX351322 treatment significantly downre-
gulated the level of PSEN1, while the levels of APP, ADAM10,
ADAM17, and BACE1 were not changed (Figures 6E and 6F).

Because Nox4 is a main source of superoxide and H2O2,
17 we next

examined whether Nox4 inhibition could rescue the oxidative stress
in the APP/PS1 mice. The levels of ROS and H2O2 were decreased af-
ter GLX351322 treatment (Figures 6G and 6H), and the levels of 4-
HNE, 3-NT, and 8-OHdG were significantly reduced after
GLX351322 treatment (Figures 6I–6K). These results demonstrated
that Nox4 inhibition could reverse the oxidative stress in the hippo-
campus of APP/PS1 mice.

We also investigated the effects of Nox4 inhibition by GLX351322 on
glia cell activation in the APP/PS1 mice. The level of Iba-1 in the hip-
pocampus of APP/PS1 mice was significantly decreased after
GLX351322 treatment, while the expression of GFAP was not
changed (Figure S6). These results showed that GLX351322 treatment
ameliorated Ab levels, oxidative stress, and microglia activation in
APP/PS1 mice.

DISCUSSION
Our study has uncovered a novel role of miR-204-3p in the pathogen-
esis of AD. miR-204-3p was downregulated in the hippocampus and
plasma of 6-month-old APP/PS1 mice. Lv-mediated overexpression
of miR-204-3p in the hippocampus improved synaptic plasticity
and attenuated memory deficits of APP/PS1 mice. In addition,
miR-204-3p overexpression decreased the burdens of both Ab1–40
and Ab1–42, and inhibited oxidative stress and the activation of micro-
glia. We also identified Nox4 as a target of miR-204-3p, and Nox4
inhibition showed a protective effect against oxidative stress and syn-
aptic andmemory dysfunction in APP/PS1mice. Thus, our results re-
vealed that miR-204-3p/Nox4 played an important role in the AD
pathogenesis, indicating that miR-204-3p overexpression and/or
Nox4 inhibition might be a potential therapy for the treatment of AD.

miRNAs have been shown to play critical roles in synaptic plasticity,
which regulates the pathogenesis of neurodegenerative disorders,
including AD.18,19 Fragile X mental retardation protein (FMRP)-
associated microRNAs miR-125b and miR-132 have opposing effects
induced by high-frequency stimulation was evaluated in hippocampal CA1. n = 8–9 s

hippocampus were determined by western blotting, and quantification of the intensities n

morphology and quantitative analysis of dendritic spine density in each group. n = 6 slices

spines per 10 mm dendrite length in each group. n = 10 slices from three mice in each
on dendritic spinemorphology in hippocampal neurons by regulating
different target synaptic proteins.20 miR-181a is significantly upregu-
lated in AD mice, while inhibition of miR-181a attenuates memory
deficits and increases the expression of its target GluA2 in AD
mice.21 miR-101b has been shown to regulate the expression of
APP,22 and miR-101b mimics rescue histone deacetylase 2
(HDAC2)-induced tau pathology and dendritic and memory impair-
ment in hippocampal neurons and AD mice.23 Here, we demon-
strated that miR-204-3p overexpression or Nox4 inhibition facilitated
synaptic transmission and increased synaptic proteins and dendritic
spine density in the hippocampus of APP/PS1 mice, which was asso-
ciated with improved memory functions. Interestingly, miR-204-5p is
shown to suppress the expression of EphB2 and surface NR1 in hip-
pocampal neurons in aging,12 which seems to be detrimental to syn-
aptic function. We speculated that the inconsistent results might be
because of the different sequences between miR-204-5p and miR-
204-3p and the different pathogenesis between aging and AD.

Biomarkers of oxidative stress, including ROS production, mitochon-
dria dysfunction, protein, lipid, and DNA/RNA oxidation, are signif-
icantly increased in the human AD brain and ADmodels.24–26 Exces-
sive oxidative stress promotes the generation of Ab, and Ab
overproduction causes lipid peroxidation, protein oxidation, and
DNA oxidation, which forms a vicious circle.5,27,28 Nox4, a member
of the NOX family, is constitutively active and widely expressed in
the brain.29 Nox4 is highly expressed in human brain pericytes, and
inhibition of Nox4 decreases the level of ROS, which indicates that
Nox4 is a major source of superoxide production.30 The functions
of Nox4 in the center nerve system have been excessively studied in
stroke and traumatic brain injury (TBI).31 The level of Nox4 is upre-
gulated after TBI, and Nox4 knockout mice show attenuated brain
injury and decreased oxidative markers.32 The level of Nox4 is
increased mainly in the pericytes of ischemic stroke brains, and trans-
genic mice overexpressing Nox4 in pericytes demonstrate greater
infarct volume and more severe blood-brain barrier damage.33 How-
ever, the role of Nox4 in the pathogenesis of AD has not been fully
understood. Ab1–42 treatment significantly increases the activity of
Nox and upregulates the mRNA level of Nox4.34,35 In humanized
APP� PS1 knockin mice, the level of Nox4 is increased in the frontal
cortex and is correlated with the increase of Ab1–42 and cognitive
dysfunction.36 In this study, we demonstrated that Nox4 inhibition
by miR-204-3p or GLX351322 decreased oxidative stress and attenu-
ated memory deficits and synaptic dysfunction in APP/PS1 mice.
Moreover, Nox4 seemed to mediate Ab1–42-induced neuronal death,
because inhibition of Nox4 by miR-204-3p or GLX351322 could
partially rescue the detrimental effects. Both apoptotic and necrotic
neurons are significantly decreased in neuronal Nox4 knockout
mice of ischemic stroke, indicating the proapoptotic effects of
Nox4.37 Nox4 interacts with p-STAT3 and promotes neuronal
lices from three mice in each group. (M–O) The levels of synaptic proteins in the

ormalized to b-actin was shown. n = 3. (P and Q) Representative images of dendrite

from threemice in each group. Scale bars: 10 mm. (R) The percentage of mushroom

group. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. ns, no significance.
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Figure 6. Nox4 Inhibition Decreased Amyloid Levels and Oxidative Stress in the Hippocampus of APP/PS1 Mice

(A and B) Representative image of Ab staining in the hippocampus of GLX351322-treated APP/PS1 mice and quantification of the area percentage of Ab plaque load. n = 10

slices from three mice in each group. Scale bars: 250 mm. (C and D) The levels of TBS-soluble, TBS-T-soluble, and FA-soluble Ab1–40 (C) and Ab1–42 (D) were determined by

ELISA in the hippocampus of GLX351322-treated APP/PS1 mice. n = 3. (E and F) The levels of APP and secretases in the hippocampus were examined by western blotting,

and quantification of the intensities normalized to GAPDH as a loading control was shown. n = 3. (G) The level of ROS in the hippocampus of GLX351322-treated APP/PS1

mice was detected by fluorescence. Scale bars: 250 mm. (H) The level of H2O2 in the hippocampus of GLX351322-treated APP/PS1 mice was examined by spectro-

photometry. n = 5. (I–K) The levels of 4-HNE (I), 3-NT (J), and 8-OHdG (K) in the hippocampus of GLX351322-treated APP/PS1 mice were measured by ELISA. n = 5–6. *p <

0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. ns, no significance.
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apoptosis by regulating Bcl-2, Bax, and p-Akt, which is a target of leo-
nurine in ischemic stroke.38 NOX4-mediated ROS production in-
duces cancer cell apoptosis by downregulation of c-FLIP and Mcl-1
expression.39 The imbalance of Nox4 and Nrf2 modulates the
apoptosis of fibroblasts in aging.40 In addition, Nox4 and Nox4-medi-
ated ROS increase cardiomyocyte autophagy via the PERK/eIF-2a/
ATF4 pathway.41 Here we have shown that Nox4 inhibition by
miR-204-3p or GLX351322 reversed Ab1–42-induced neuronal death
and rescued synaptic and memory deficits in APP/PS1 mice. The
mechanisms underlying the detrimental effects of Nox4 will be inves-
tigated in future research.

PSEN1 is an essential subunit of the g-secretase complex, and more
than 200 mutations of PSEN1 have been identified in familial
AD,42 which mostly increases the ratio of Ab42/Ab40 and promotes
the progress of AD.43 A PSEN1mutation (S169del) enhances Ab gen-
eration and memory deficits in AD mice without altering the Notch
signaling pathway.44 In addition, PSEN1 exerts several biological
functions independent of the g-secretase activity. PSEN1 activates
the NF-kB signaling through interaction with breakpoint cluster re-
gion (BCR) and casein kinase II (CK2a), which is not affected by a
g-secretase inhibitor.45 The PSEN1 DE9 mutant-induced pluripotent
stem cell (iPSC)-derived astrocytes show increased secretion of Ab42,
disturbance of Ca2+ signaling, extensive ROS production, and mito-
chondrial dysfunction, which contributes to the phenotype of AD.46

Therefore, PSEN1 is a potential therapeutic target for AD treatment.
Here we showed that both miR-204-3p overexpression and Nox4 in-
hibition decreased the expression of PSEN1 and subsequently miti-
gated Ab generation. Additionally, adenovirus-associated virus
(AAV)-mediated Nox4 knockdown in the hippocampus reverses
memory impairment and inhibits the expression of Ab in the brains
of 6-hydroxydopamine (6-OHDA)-induced Parkinson’s disease with
dementia (PDD) mice,47 which is consistent with our results in AD
mice. Notably, the level of ADAM10 was increased in the hippocam-
pus of Lv-miR204-treated APP/PS1 mice, while inhibition of Nox4 by
GLX351322 did not affect the expression of ADAM10, which indi-
cated that Nox4 was not the only target of miR-204-3p in the patho-
genesis of AD and further investigation is needed in future studies.
Taken together, our results indicated that miR-204-3p overexpression
or Nox4 inhibition not only decreased the production of Ab but also
inhibited Ab-induced oxidative stress and synaptic deficits in APP/
PS1 mice, which contributed to memory improvement.

In conclusion, our data have demonstrated a key role for miR-204-3p/
Nox4 in the pathogenesis of AD, and miR-204-3p overexpression
and/or Nox4 inhibition appeared to be a potential therapeutic strat-
egy for AD treatment.

MATERIALS AND METHODS
Animals and Treatment

Male APPswe/PS1dE9 (APP/PS1) transgenic mice and WT C57BL/6
(B6) littermates were obtained from theModel Animal Research Cen-
ter of Nanjing University. The Lv overexpressing miR-204-3p (Lv-
miR-204) and control (Lv-con) and the Lv overexpressing Nox4
(Lv-Nox4) and control (Lv-con2) were purchased from Shanghai
Genechem (China). Lv-miR-204 (4 � 105 transduction units [TU])
or Lv-con (4 � 105 TU) was slowly injected into bilateral hippocam-
pus of 6-month-old APP/PS1 mice (Lv-miR-204 group and Lv-con
group) as previously described.48,49 Meanwhile, Lv-con (4 � 105

TU) was slowly injected into the bilateral hippocampus of 6-
month-old WT mice (Lv-WT group). The behavior tests or electro-
physiology experiments were performed 30 days after the injection,
and then the mice were sacrificed for the other experiments. To access
the effects of Nox4 on memory functions, a selective Nox4 inhibitor,
GLX351322 (5 mg/kg/day; MedChemExpress, Monmouth Junction,
NJ, USA), was intraperitoneally injected into 6-month-old APP/PS1
mice for 4 weeks followed by the behavior tests or electrophysiology
experiments. All animal experiments were approved by the Animal
Care Committee of Nanjing University.

Cell Culture and Treatment

Primary cortical neurons were prepared from embryonic day (E) 15–
17 embryos of B6 mice as previously described,50 and cultured in
Neurobasal medium with B27 (Invitrogen, Carlsbad, CA, USA) and
25 nM glutamine at 37�C in a humidified 5% CO2 incubator. The cells
were infected by Lv-miR-204 (MOI = 5) with or without Lv-Nox4
(MOI = 5) at day 4 and then treated with synthetic Ab1–42 (2 mM;
Millipore, Boston, MA, USA) at day 7 for 24 h followed by the cell
viability tests. Alternatively, the neuronal cells were pretreated with
GLX351322 (10 mM) for 2 h at day 7 and then treated with Ab1–42
for 24 h followed by the cell viability tests. Mouse neuroblastoma
N2a cells were obtained from American Type Culture Collection
(ATCC) and maintained in Dulbecco’s modified Eagle’s medium
(DMEM, Invitrogen, Carlsbad, CA, USA) containing 10% fetal
bovine serum (FBS; Invitrogen, Carlsbad, CA, USA).

Behavior Tests

Open field, NOR, FC, and MWM tests were performed as previously
described.48,51 Detailed information can be found in the Supple-
mental Materials and Methods.

Microarray and Quantitative Real-Time PCR

The hippocampus was isolated and homogenized using a tissue ho-
mogenizer (Servicebio, Wuhan, China), and the RNA in tissues or
plasma was extracted and purified using RNeasy Mini Kit (QIAGEN,
Hilden, Germany) or miRNeasy Serum/Plasma Kit (QIAGEN, Hil-
den, Germany). Mouse miRNA microarray (Release 21.0; Shanghai
Aksomics, China) with 1,881 unique miRNA probes was used to
analyze the miRNA expression profile. miRNAs with differential ex-
pressions in the hippocampus of APP/PS1 mice were picked out with
the fold change >2 and adjusted p <0.05. Quantification of mRNA or
miRNA expression was performed using TaqMan Advanced miRNA
Assays or SYBR Advantage qPCR Premix (Thermo Fisher, Carlsbad,
CA, USA) according to themanufacturer’s instructions. The reactions
were performed using an ABI 7500 PCR instrument (Applied Bio-
systems, Carlsbad, CA, USA). U6 small nuclear RNA (snRNA) and
cel-miR-39 (Thermo Fisher, Carlsbad, CA, USA) were used as con-
trols for tissue and plasma, respectively. Gapdh was used as an
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internal control for mRNA. The primer sequences were shown in the
Supplemental Materials and Methods.

Electrophysiology

The hippocampal slices (300 mm) were prepared as previously
described.52 The acute slices were transferred to the microelectrode
array, continuously perfused with oxygenated artificial cerebrospinal
fluid (ACSF) (2 mL/min), and maintained at 32�C for recording.
field excitatory postsynaptic potentials (fEPSPs) in the CA1 stratum
radiatum were recorded by using the MEA-2100-60-System (Multi
Channel Systems, Reutlingen, Germany). To evaluate the input-
output relationships of synapses, we measured the slope of fEPSPs.
The stimulation intensity was half of the maximum evoked response
in LTP experiments. The LTP was induced by high-frequency stimu-
lation (HFS; 100 Hz, three trains, 1-s duration, 10-s interval time).
Initial fEPSP slopes were normalized by the averaged slope value dur-
ing the control period. Data were acquired by LTP-Director software,
and data analysis was performed using LTP-Analyzer software.

Golgi Staining

Golgi staining was performed according to the manufacturer’s in-
structions of a fast Golgi staining kit (FD Neurotechnologies,
Columbia, USA) as previously described.52 Detailed information
could be found in the Supplemental Materials and Methods.

Luciferase Activity Assay

The relative luciferase activity was examined by using the Promega
Bright-N-Glo system (Promega, Madison, WI, USA) as previously
described.53 Detailed information can be found in the Supplemental
Materials and Methods.

Cell Counting Kit-8 (CCK-8) Assay

Cell viability was determined using the CCK-8 assay (Dojindo, Ku-
mamoto, Japan) as previously described.54 Detailed information
could be found in the Supplemental Materials and Methods.

Western Blotting

Tissue lysate was prepared and subjected to western blotting as pre-
viously described.50 Detailed information can be found in the Supple-
mental Materials and Methods.

Immunofluorescence

Immunofluorescence was performed in brain sections or primary
neurons as previously described.48 Detailed information can be found
in the Supplemental Materials and Methods.

Ab ELISA

Soluble and insoluble Ab in the hippocampus were sequentially ex-
tracted as previously reported.48 Detailed information can be found
in the Supplemental Materials and Methods.

Oxidative Stress Measurement

The markers of lipid peroxidation 4-HNE, protein oxidation 3-NT,
and DNA oxidation 8-OHdG were detected using the corresponding
406 Molecular Therapy Vol. 29 No 1 January 2021
ELISA kits (CUSABIO, Wuhan, PR China). In brief, the supernatants
of hippocampus tissue were added to a plate pre-coated with mouse
4-HNE, 3-NT, or 8-OHdG antibody and incubated for the indicated
times at 37�C. After adding the TMB solution and stop solution, the
absorbance was recorded at 450 nm. The concentrations of 4-HNE,
3-NT, and 8-OHdG were calculated according to the standard curve.

The level of H2O2 was measured according to the manufacturer’s in-
structions (Elabscience, Wuhan, PR China). The hippocampus was
homogenized with 10 vol (w/v) iced PBS buffer containing a mixture
of phosphatase and protease inhibitor (Sigma, St. Louis, MO, USA)
and centrifuged at 3,000 rpm for 15 min. The supernatant was
collected for H2O2 detection at 240 nm.

ROS production in the hippocampus wasmeasured using a ROS assay
kit (GENMED, Shanghai, PR China). Fresh brain tissue was isolated
and immediately cut into 20-mm-thick cryosections (Leica, Wetzlar,
Germany). According to the manufacturer’s instructions, 200 mL of
dihydroethidium (DHE) working solution was added to the slices
and incubated in the dark at 37�C for 20 min. DHE fluorescence
was measured using a microscope (Olympus, Tokyo, Japan).

Statistical Analysis

All data were presented as mean ± standard error of the mean (SEM).
Statistical analysis was performed using SPSS 17.0 (SPSS, USA). The
difference between two groups was analyzed using unpaired Student’s
t test, and the difference among multiple groups was analyzed by one-
or two-way analysis of variance (ANOVA) with repeated measures
followed by Bonferroni post hoc test. A statistically significant differ-
ence was set at p <0.05.

Data Accessibility

The microarray data are deposited in the Gene Expression Omnibus
(GEO) database with the accession number GEO: GSE138382. All
other data are available from the corresponding author upon reason-
able request.
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