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Abstract
Pyroptosis-mediated neuron death plays a crucial role in neurodegenerative diseases, such as Alzheimer’s disease (AD). 
However, the effect of 1,7-diphenyl-4-hepten-3-one (C1), a natural diarylheptanoid, on AD is unclear. Herein, we inves-
tigated the therapeutic effect of C1 on APP/PS1 mice and β-amyloid (Aβ)-induced HT22 cells. Our findings showed that 
C1 attenuated cognitive impairment and mitigated pathological damage in APP/PS1 mice. Furthermore, we found that C1 
prevented oxidative stress damage and decreased the levels of pyroptosis-related proteins. In vitro experiments showed that 
C1 can improve the proliferation of Aβ-induced HT22 cells and decrease the levels of pyroptosis-related proteins in them. 
When Nrf2 was silenced, the positive effects of C1 in inhibiting pyroptosis were inhibited. Particularly, the production of 
pyroptosis-associated proteins, including NLRP3, GSDMD, and caspase-1, and the secretion of pro-inflammatory molecules, 
including IL-1 and IL-18, were increased. Altogether, these findings indicate that C1 can mitigate AD-like pathology via 
the inhibition of pyroptosis by activating the Nrf2 pathway. We believe that this study can provide alternative strategies for 
the prevention and treatment of AD.
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Abbreviations
AD	� Alzheimer’s disease
Aβ	� β-Amyloid
NLRP3	� NOD-like receptor thermal protein domain 

associated protein 3
IL-18	� Interleukin-18
IL-1β	� Interleukin-1β
GSDMD	� Gasdermin-D
Nrf2	� Nuclear factor erythroid 2-related factor 2
ROS	� Reactive oxygen species
PFA	� Paraformaldehyde
BSA	� Bovine serum albumin
TNF-α	� Tumor necrosis factor-α
CCK-8	� Cell counting kit-8

LDH	� Lactate dehydrogenase
SOD	� Superoxide dismutase
MDA	� Malonaldehyde
GSH	� L-Glutathione
AOM	� Alpinia oxyphylla Mique
CCK-F	� Cell fluorescence counting kit-F
Edu	� 5-Ethynyl-2′-deoxyuridine
Mod	� Molde group
C1L	� C1 low-dose group
C1H	� C1 high-dose group
MFI	� Median fluorescence intensity
AOD	� Average optical density

Introduction

Alzheimer’s disease (AD) is a neurodegenerative disorder 
that is characterized by progressive cognitive impairment 
and movement dysfunction. The primary pathological 
phenomena of AD include β-amyloid (Aβ) deposition and 
abnormal phosphorylation of Tau protein, which causes 
neuronal damage (Chen et al. 2021). Because individuals 
over the age of 65 are most susceptible to AD, it is a serious 
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threat to public health due to the aging global population 
(Koutsodendris et al. 2022; Ahami Monfared et al. 2022). 
Currently, clinically available treatments for AD (e.g., done-
pezil, galantamine, and memantine) only improve short-term 
memory and cannot decrease disease progression (Ahami 
Monfared et al. 2022). Therefore, new therapies or treatment 
strategies should be urgently developed for the betterment 
of patients and society.

Pyroptosis is a novel mechanism of programmed cell 
death that depends on the activation of the caspase-1 path-
way by the inflammasome (Wu et al. 2020). Inflammasomes, 
such as the nucleotide-binding domain, leucine-rich-contain-
ing family, and pyrin domain-containing-3 (NLRP3), pro-
mote the release of interleukin-18 (IL-18), interleukin-1β 
(IL-1β), and cleave the N-terminal sequence of gasdermin-D 
(GSDMD), thus inducing an inflammatory response, dis-
rupting cell membrane integrity, and ultimately causing cell 
death (Zhou et al. 2021; He et al. 2021). Recently, pyrop-
tosis-mediated neuroinflammation has garnered attention 
as a landmark event during the entire course of AD (Han 
et al. 2020). Inflammasomes are involved in the formation 
of Aβ, and IL-18 and IL-1β exacerbate the neuroinflamma-
tory response. Furthermore, reducing pyroptosis in the brain 
can effectively rescue neuronal loss in the hippocampal and 
cortical regions (Han et al. 2020; Lyu et al. 2021). Although 
gene editing techniques have been used to regulate pyrop-
tosis, its safety is not known. Therefore, a safe and effective 
strategy should be established (Xiao et al. 2021).

Mounting evidence suggests that nuclear factor erythroid 
2-related factor 2 (Nrf2) plays a crucial role in regulating 
organismal pyroptosis (Cai et al. 2021). Nrf2 is the core tran-
scription factor that antagonizes oxidative stress injury, and 
its binding to the antioxidant response element promotes the 
expression of downstream phase II detoxification enzymes 
and an array of protective proteins and decreases reactive 
oxygen species (ROS) production (Chen et al. 2022). Recent 
studies have shown that excess ROS and mitochondrial dys-
function are key in triggering NLRP3 inflammasome acti-
vation (Wang et al. 2019; Simon et al. 2021). Therefore, 
Nrf2 is a potential target for regulating pyroptosis. Previous 
studies have shown that dihydromyricetin reduces pyroptosis 
in vascular endothelial cells by activating Nrf2 to decrease 
ROS production (Zhang et al. 2016). This also indicates 
that natural products have great potential in antagonizing 
pyroptosis.

Alpinia oxyphylla Mique (AOM) is a plant still used 
in traditional Chinese medicine, which is also popular in 
other Asian countries (e.g., Japan and Korea). Previous 
studies have revealed that AOM exhibits several biologi-
cal activities such as anti-inflammatory, antioxidant, and 
neuroprotective properties (Li et al. 2021; Zhang et al. 
2018). AOM can ameliorate AD-induced learning mem-
ory decline and movement dysfunction by reducing Aβ 

production, inhibiting abnormal phosphorylation of Tau 
protein, and promoting hippocampal neurogenesis (Koo 
et al. 2004; Tang et al. 2015). However, it is unknown 
whether AOM and its main active substance can treat AD 
by inhibiting pyroptosis. Herein, the inhibitory effect of 
1,7-diphenyl-4-hepten-3-one (C1), an active substance of 
AOM, on the pyroptosis of neurons was evaluated in vitro 
and in vivo. The findings of this study provide a promising 
treatment or prevention strategy for AD.

Materials and methods

Plant material, extraction, and isolation

The fruits of Alpinia oxyphylla Mique (50 kg) were col-
lected from the Tunchang Town of Hainan Province, Peo-
ple’s Republic of China, in August 2022 and identified by 
Prof. Xiao-Zhong Chen from Heilongjiang University of 
Traditional Chinese Medicine. The detailed protocol for 
extraction and isolation is available in the supplementary 
materials.

Animals

APP/PS1 mice (age: 6 months, male) were purchased from 
Nanjing Huimiaoxin Biotechnology Co., Ltd. (Nanjing, 
China). All mice were maintained in a designated animal 
care room (temperature: 25 ± 2 °C, 12-h light/dark photo-
phase) with access to mouse food and water ad libitum. All 
experiments involving animals were approved by the Animal 
Care and Welfare Committee of Dalian Minzu University. 
The animal groupings and experimental procedures (Fig. 
S3) were detailed as follows: C57BL/6 J mice (n = 6) were 
included in the control group (WT group); APP/PS1 mice 
(n = 18) were assigned to the model (TG group), C1 low-
dose (C1L group), and C1 high-dose group (C1H group). 
WT and TG group mice were administered 0.5% sodium 
carboxyl methylcellulose. C1L and C1H group mice were 
provided C1 (30 and 60 mg/kg) suspended in 0.5% sodium 
carboxyl methylcellulose. All experimental mice underwent 
intragastric administration for 4 weeks, once daily (Tang 
et al. 2015).

Cell culture

The HT22 cells (mouse hippocampal neurons) were obtained 
from Cyagen Biosciences (Suzhou, China). They were cul-
tured in an H-DMEM medium supplemented with 10% fetal 
bovine serum and 1% penicillin/streptomycin at 37 °C.
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Cell viability and LDH assay

The HT22 cells (5 × 104 cells/mL) were plated into 96-well 
plates (NEST Biotechnology) and pretreated with C1 (0.25, 
0.5, 1, 2, and 4 μM) for 24 h. Then, the cells were exposed to 
Aβ (20 μM) for 24 h. All subsequent procedures were con-
ducted in accordance with the manufacturer’s instructions. 
Cell counting kit-8 (CCK-8, MA0218) was purchased from 
Meilun Biological Technology (Dalian, China), and lactate 
dehydrogenase kit (LDH, KGT02448) was obtained from 
KeyGen Biological Technology (Nanjing, China).

CCK‑F, Edu, and ROS staining assay

The HT22 cells (1 × 105 cells/mL) were plated into 6-well 
plates (NEST Biotechnology) and pretreated with C1 (1 
and 4 μM) for 24 h. Then, the cells were exposed to Aβ 
(20 μM) for 24 h. All subsequent procedures were conducted 
in accordance with the manufacturer’s instructions. The cell 
fluorescence counting kit (CCK-F, C2013S), Edu cell pro-
liferation kit (Edu, C0085L), and reactive oxygen species 
assay kit (ROS, S0033S) were purchased from Beyotime 
Biotechnology (Shanghai, China).

Morris water maze test

The Morris water maze test contains training trials and a 
probe test, which was performed to evaluate the learning and 
memory abilities of mice. In the training trial, the platform 
was placed in a fixed position in the pool and trained twice 
daily for 5 days, recording the escape latency (the time mice 
spent climbing onto the platform). In the probe trial (the 
sixth day), the platform was removed. The time residing in 
the target quadrant, the times of platform crossings, swim-
ming distance, and speed were also monitored and recorded.

Histology evaluation

Murine brain tissues were immersed in 4% paraformalde-
hyde (PFA) for 24 h before dehydrating and embedding in 
paraffin. The processed tissues were sliced into 10 μM sec-
tions and subjected to hematoxylin-eosin (HE), Nissl, and 
IHC staining as detailed previously.

Immunofluorescence chemistry staining

The brain tissue sections were washed thrice with PBS and 
fixed in 4% PFA for 30 min. Subsequently, the sections were 
permeabilized by 0.5% Triton X-100 for 10 min and blocked 
with 5% bovine serum albumin (BSA, SW3015, Solarbio). 
After 30 min, rabbit polyclonal primary antibody against 
GFAP (bsm-52254R, Bioss) was used to incubate the sec-
tions at 4 °C overnight. Then, the sections were incubated 

with appropriate fluorescein secondary antibodies conju-
gated with Cy3 at room temperature for 2 h in the dark. 
Nuclei were stained with DAPI and captured under a fluo-
rescence microscope.

MDA, SOD, and GSH assays

After C1 and Aβ treatments, the cell membranes were solu-
bilized by freeze-thaw cycles. All subsequent procedures 
were performed in accordance with the manufacturer’s 
instructions. The malonaldehyde kit (MDA, BC0025) and 
L-glutathione kit (GSH, BC1175) were purchased from 
Beijing Solarbio Science & Technology Co., Ltd. (Beijing, 
China). A superoxide dismutase kit (SOD, KGT00150-2) 
was obtained from KeyGen Biological Technology (Nanjing, 
China).

ELISA

The murine hippocampal tissues were homogenized, and 
the supernatant was collected. The cell culture supernatant 
was collected after treatment. The levels of tumor necrosis 
factor-α (TNF-α; BDEL-0070, Biodragon), IL-1β (SEKM-
0002, Solarbio), and IL-18 (BDEL-0652, Biodragon) were 
assessed using an ELISA kit, as prescribed by the manufac-
turer’s instructions.

Western blotting

Murine hippocampal tissues were collected, and the proteins 
were released using a whole protein extraction kit containing 
protease and phosphatase inhibitors. After determining the 
protein concentration by the BCA method, the samples were 
prepared and subjected to SDS-PAGE gel electrophoresis. 
The gels were excised horizontally by using the Prestained 
Color Protein Marker (P0079, Beyotime). Next, the proteins 
were transferred onto PVDF membranes and blocked with 
5% BSA (SW3015, Solarbio) for 2 h. The proteins were 
labeled with primary antibodies as follows: rabbit polyclonal 
antibodies against Nrf2 (WL02135, Wanlei), NLRP3 (bs-
6655R, Bioss), GSDMD (ab219800, Abcam), and caspase-1 
(WL02996, Wanlei). Then, the proteins were incubated with 
a secondary antibody (1:1000) for 2 h in the dark. A Touch 
Imager was used to visualize the proteins. The optical den-
sity was analyzed by ImageJ software.

Statistical analysis

All data were expressed as the mean ± SEM and compared 
using one-way ANOVA and two-way ANOVA. The statisti-
cal plots were drawn by GraphPad Prism 9 software, and 
P < 0.05 was considered to indicate statistical significance.
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Results

C1 protects Aβ‑induced HT22 cells from death

We first investigated the neuroprotective effect of C1 
in vitro. CCK-8 results showed that Aβ can decrease the 
viability of HT22 cells, but C1 (1, 2, and 4 μM) pretreat-
ment can increase this. Meanwhile, C1 (1, 2, and 4 μM) 
can decrease the levels of LDH in the cell supernatant 
(Fig. 1A, B). After careful consideration, we used 1 μM 
and 4  μM as the subsequent doses of administration. 

Microscopically, we observed that HT22 cells regained 
their previous interwoven meshwork after the addition of 
C1 culture (Fig. 1C). Subsequently, we performed CCK-F 
staining, and the results indicated that the green fluores-
cence was significantly decreased in the Mod group than 
in the Con group, indicating that the Aβ-induced prolifera-
tion of HT22 cells was decreased. However, C1 reversed 
the aforementioned phenomenon (Fig. 1D, E). Similar 
conclusions were obtained in the Edu staining experiments 
(Fig. 1F, G). Altogether, those results indicate that C1 can 
protect Aβ-induced HT22 cells from death.

Fig. 1   C1 protects Aβ-induced HT22 cells from death. A The HT22 
cells were pretreated by C1 (0.25, 0.5, 1, 2, and 4  μM) for 24  h 
and then exposed to Aβ (20 μM) for 24 h. Cell viability was tested 
by CCK-8 assay. B LDH release was measured using a commercial 
kit. C Morphology of Aβ-induced HT22 cells. D Cell viability was 
assessed by CCK-F staining. E Quantitative analysis of MFI in D. 
F The proliferation of Aβ-induced HT22 cells were detected by Edu 

staining. Red fluorescence represents Edu+ cells which mean cells 
were proliferating, and blue fluorescence represents nucleus stained 
by DAPI. Red and blue fluorescence merge to form the last line of 
the image. G Quantitative analysis of Edu+ cells in F. Data are repre-
sented as mean ± SEM, n = 3–6, scale bar = 100 μM. ###P < 0.001 vs. 
Con group; *P < 0.05, **P < 0.01, ***P < 0.001 vs. Mod group
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C1 inhibits oxidative stress and pyroptosis 
in Aβ‑induced HT22 cells

Oxidative stress damage is a crucial cause of neuroinflam-
mation. We examined the production of reactive oxygen spe-
cies (ROS). The results showed that the green fluorescence 
of the ROS probe increased significantly after Aβ induction 
in HT22 cells, but a significant decrease in fluorescence 
was found after C1 treatment. This indicated that C1 can 

decrease the generation of ROS (Fig. 2D, E). Furthermore, 
other oxidative stress indicators such as MDA, SOD, and 
GSH were significantly improved after C1 intervention 
(Fig. 2A–C). We then detected the changes in pyroptosis-
related protein levels in Aβ-induced HT22 cells using west-
ern blotting. The results indicated that NLRP3, GSDMD, 
and caspase-1 gene expression were increased in the Mod 
group cells, which was reversed in C1. However, the oppo-
site trend was observed for Nrf2 (Fig. 2F–J). Meanwhile, 

Fig. 2   C1 inhibits oxidative stress and pyroptosis in Aβ-induced 
HT22 cells. A–C The HT22 cells were pretreated by C1 (1 and 
4 μM) for 24 h and then exposed to Aβ (20 μM) for 24 h. The lev-
els of MDA, SOD, and GSH were tested by commercial kits. D 
Quantitative analysis of MFI in E. E The ROS content was detected 
using the DCFH-DA molecular probe. F The expression of Nrf2, 

NLRP3, GSDMD, and caspase-1 were assessed by western blot. 
G–J Quantitative analysis of protein levels in F. K, L The levels of 
IL-1β and IL-18 were measured by ELISA. Data are represented as 
mean ± SEM, n = 3–6, scale bar = 100 μM. ##P < 0.01, ###P < 0.001 vs. 
Con group; *P < 0.05, **P < 0.01, ***P < 0.001 vs. Mod group
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the pyroptosis marker pro-inflammatory factors, IL-1β and 
IL-18, were also detected. ELISA results showed that C1 
effectively downregulated their expression (Fig. 2K, L). Our 
results indicate that C1 decreased oxidative stress and pyrop-
tosis in Aβ-induced HT22 cells.

C1 improves the learning and memory ability 
of APP/PS1 mice

Progressive memory loss is the major clinical manifestation 
of AD, and its improvement is the fundamental criterion for 
evaluating the efficacy of the drug intervention. Herein, the 
Morris water maze (MWM) test was performed to determine 
the effect of C1 on the learning and memory capacity of 
APP/PS1 mice. Our results showed that the TG group mice 
had a significantly longer escape latency compared with that 
of the WT group mice, and representative swim path maps 
were presented (Fig. 3A, B). Additionally, the number of 
platforms crossing and time in the target quadrant decreased 
considerably, and the swimming distance increased signifi-
cantly in the TG group. However, the aforementioned phe-
nomenon was reversed after the C1 intervention (Fig. 3C, D, 
F). These results indicate that C1 can effectively improve the 
learning and memory abilities of APP/PS1 mice.

C1 ameliorates pathological damage and attenuates 
Aβ1‑42 production of APP/PS1 mice

The degree of Aβ plaque deposition and neuronal damage 
are crucial indicators to evaluate the progression of AD. 

Therefore, we performed neuropathological staining. Nissl 
staining indicated that the mice in the TG group had loosely 
arranged Nissl bodies at the cortex, with reduced coloration 
and a decreased number compared with those in the WT 
group. A significant improvement in the number of Nissl 
bodies was observed after the C1 intervention (Fig. 4A, B). 
Meanwhile, in the TG group, more extensive inflamma-
tory infiltration and neurodegeneration involving neuronal 
atrophy, loosely arranged cells, and nuclear condensation 
were observed in HE staining, which was improved after 
C1 administration (Fig. 4C). The amount of Aβ in the cortex 
and hippocampus is closely associated with the learning and 
memory abilities of mice. We found that a wide distribution 
of Aβ was present in the brain of the TG group of mice, 
which was reduced after C1 intervention (Fig. 4D–F). Our 
results indicate that C1 can ameliorate pathological damage 
and attenuate Aβ1–2 production in APP/PS1 mice.

C1 inhibits oxidative stress and pyroptosis 
in the brain of APP/PS1 mice

Neuroinflammation is a crucial factor affecting AD pro-
gression; hence, we evaluated microglia and astrocyte 
activation in the present study. Microglia were marked by 
Iba-1, and the number of Iba-1 + cells was significantly 
increased in the TG group. However, the number of acti-
vated microglia in the brains of APP/PS1 mice was sig-
nificantly decreased after C1 administration (Fig. 5A). 
IF staining showed a significantly increased level of the 
astrocyte marker GFAP in the TG group; however, C1 

Fig. 3   C1 enhances the learning and memory ability of APP/PS1 
mice. A–F After treatment with C1 (30 and 60 mg/kg) for 4 weeks, 
MWM test was carried out to evaluate the cognitive function of mice. 
A Swimming paths in last training trial. B Escape latency (the time 
of mice spend to climb onto the platform) in the training trial. C–F 

Number of platform crossings, swimming distance, swimming speed, 
and time in target quadrant in the probe trial. Data are represented as 
mean ± SEM, n = 6. ###P < 0.001 vs. WT group; *P < 0.05, **P < 0.01, 
***P < 0.001 vs. TG group; &P < 0.05 vs. C1L group
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administration reversed this increase (Fig. 5B, C). Fur-
thermore, C1 administration decreased the level of TNF-α, 
an important pro-inflammatory factor (Fig. 5D). Oxidative 
stress-mediated inflammatory responses are an essential 
component of neuroinflammation. The present results 
showed decreased SOD and GSH levels and increased 
MDA content in the TG group. However, the C1 admin-
istration reversed these changes (Fig. 5E-G). Pyroptosis 
plays a crucial role in AD progression. The western blot 
results showed increased NLRP3, GSDMD, and caspase-1 
levels in the TG group, which decreased after C1 adminis-
tration (Fig. 5H–L). IL-18 and IL-1β are the key markers 
of pyroptosis. We observed higher levels of these mark-
ers in brain tissues in the TG group, whereas their levels 
decreased after C1 administration (Fig. 5M, N). In sum-
mary, these results indicated that C1 inhibited oxidative 
stress and pyroptosis in the APP/PS1 mouse brain.

C1 reduces pyroptosis by activating the Nrf2 
pathway in Aβ‑induced HT22 cells

Nrf2, a core transcription factor, exerts antioxidant and 
anti-inflammatory effects on the body. Herein, siRNA was 
introduced to silence Nrf2. The ELISA results showed that 
C1 inhibited IL-1β, IL-18, and TNF-α secretion; how-
ever, this phenomenon was reversed by Nrf2 silencing 
(Fig. 6A–C). Furthermore, western blotting was performed 
to detect the levels of Nrf2 and pyroptosis-associated pro-
teins, and the results showed that C1 effectively rescued 
the Aβ-induced decrease in Nrf2 levels and inhibited the 
increase in NLRP3, GSDMD, and caspase-1 levels. Simi-
larly, Nrf2 silencing eliminated the positive effect of C1 
(Fig. 6D–H). Overall, the results showed that C1 decreased 
pyroptosis by increasing Nrf2 levels.

Fig. 4   C1 ameliorates pathological damage and attenuates Aβ1–42 
production of APP/PS1 mice. A After 4 weeks of C1 (30 and 60 mg/
kg) administration, Nissl staining was performed to assess neurogenic 
damage of mice in different groups. B Quantitative analysis of Nissl 
bodies in A. C HE staining was carried out to evaluate pathological 

damage. D IHC staining was applied to assess the AOD of Aβ1–42 
in cortex and hippocampus, respectively. E, F Quantitative analysis 
of AOD of Aβ1–42 in D. Data are represented as mean ± SEM, n = 3, 
scale bar = 100 μM. ###P < 0.001 vs. WT group; *P < 0.05, **P < 0.01, 
***P < 0.001 vs. TG group
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Discussion

Herein, we revealed the therapeutic effect of C1, a natural 
diarylheptanoid of AOM, on AD and its potential mecha-
nisms in vitro and in vivo. We observed that C1 could 
mitigate cognitive impairment, pathological damage, and 
oxidative stress damage in APP/PS1 mice. Additionally, 
we found that C1 administration increased proliferation and 
inhibited inflammatory responses in Aβ-induced HT22 cells. 
To summarize, C1 administration mitigated AD-like pathol-
ogy by inhibiting pyroptosis via activating the Nrf2 pathway. 
Given the lack of AD therapeutic agents as well as the good 

performance of C1, we believe that C1 may be a promising 
drug candidate for AD prevention and treatment.

Progressive memory loss is a critical clinical charac-
teristic of AD that accurately and directly reflects disease 
progression (Chen et al. 2021). In the present study, we 
evaluated the effect of C1 by performing a water maze 
experiment, and the results revealed that C1 administra-
tion significantly improved learning and memory abilities 
and rescued cognitive impairment in APP/PS1 mice. Fur-
thermore, Nissl staining showed that C1 protected the mor-
phology and number of Nissl bodies. Previous studies have 
shown that A1, another natural diarylheptanoid of AOM, 

Fig. 5   C1 inhibits oxidative stress and pyroptosis in the brain of APP/
PS1 mice. A, B After 4 weeks of C1 (30 and 60 mg/kg) administra-
tion, IF staining was carried out to assess the number of Iba-1+and 
GFAP+ cells. C Quantitative analysis of GFAP+ cells in B. D The 
level of TNF-α was measured by ELISA. E–G The levels of MDA, 
GSH, and SOD were tested by commercial kits. H The protein 

expression of Nrf2, NLRP3, GSDMD, and caspase-1 were detected 
by western blot. I–L Quantitative analysis of protein levels in G. M, 
N The levels of IL-1β and IL-18 were evaluated by ELISA. Data are 
represented as mean ± SEM, n = 3–6, scale bar = 100 μM. ##P < 0.01, 
###P < 0.001 vs. WT group; *P < 0.05, **P < 0.01, ***P < 0.001 vs. TG 
group
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effectively protects neurons from Aβ damage (Tang et al. 
2015). Moreover, AOM exerts good neuroprotective effects 
in vitro and in vivo (Zhang et al. 2018). Overall, these results 
show the potential of AOM and its major components in 
treating neurodegenerative diseases, especially AD.

Oxidative stress refers to oxidation-reduction balance dis-
ruption in an organism caused by excessive ROS accumula-
tion (Forman and Zhang 2021). Current evidence suggests 
that oxidative stress injury occurs throughout the pathogenic 
course of AD (Wang et al. 2022). Furthermore, some schol-
ars believe that oxidative stress is an important risk factor 
for inducing AD development (Plascencia-Villa and Perry 
2021). Herein, we found that C1 administration increased 
SOD and GSH levels in APP/PS1 mice, as well as inhibited 
lipid peroxidation, which decreased MDA content. Simi-
larly, C1 exerted antioxidant effects on Aβ-induced HT22 
cells. In particular, C1 effectively reduced Aβ-induced ROS 

production. The above findings were consistent with previ-
ous findings (Koo et al. 2004). Thus, we can infer that AOM 
and its main compounds exhibit good antioxidant activity.

Neurogenesis in the hippocampal region is a vital way for 
an organism to rescue neuronal damage, and we have exten-
sively worked on promoting hippocampal neurogenesis in 
the early stage (Wang et al. 2022). Owing to limitations such 
as the presence of the blood–brain barrier, we have studied a 
limited number of small natural molecules. Herein, we found 
that C1 effectively reduced Aβ-induced LDH release from 
HT22 cells and improved cell viability. Additionally, C1 pro-
moted HT22 cell proliferation. Thus, we will further explore 
C1 applications in promoting hippocampal neurogenesis.

The inflammatory response mediated by glial cells, 
including microglia and astrocytes, has been studied 
widely. Previous evidence has shown that restoring micro-
glial phagocytosis and inhibiting the astrocyte-induced 

Fig. 6   C1 diminishes pyroptosis 
via activating Nrf2 pathway 
in Aβ-induced HT22 cells. 
A–C After 24 h of pretreatment 
with C1 (4 μM) and siRNA, 
HT22 cells were exposed to Aβ 
(20 μM) for 24 h. The levels of 
IL-1β, IL-18, and TNF-α were 
tested by ELISA. D The protein 
expression of Nrf2, NLRP3, 
GSDMD, and caspase-1 were 
evaluated by western blot. 
E–H Quantitative analysis of 
protein levels in D. Data are 
represented as mean ± SEM, 
n = 3–6. #P < 0.05, ##P < 0.01, 
###P < 0.001 vs. NC siRNA-Con 
group; **P < 0.01, ***P < 0.001 
vs. siRNA-Mod group; 
&P < 0.05, &&&P < 0.001 vs. NC 
siRNA-C1 group; ^P < 0.05, 
^^P < 0.01, ^^^P < 0.001 vs. Nrf2 
siRNA-Mod group
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inflammatory storm can effectively help reduce cognitive 
impairment in AD model mice (Cai et  al. 2016; Smith 
et al. 2022). Herein, we observed that the levels of GFAP, a 
marker of astrocytes, decreased significantly compared with 
those in the TG group after C1 intervention. However, owing 
to the contradictory functions of astrocytes, the decreased 
levels of GFAP do not sufficiently indicate its usefulness 
in treating patients with AD. Astrocytes function mainly 
by secreting cytokines (Hasel and Liddelow 2021). Recent 
studies have shown that astrocytes are classified into A1 and 
A2 types according to the type of cytokines they secrete. 
Type A1 astrocytes mainly secrete pro-inflammatory factors 
such as TNF-α, whereas type A2 astrocytes mainly secrete 
neurotrophic factors such as BDNF (Lee et al. 2022; Hasel 
et al. 2021). Therefore, the detailed effects of AOM and its 
effective components on astrocytes need further exploration, 
which will be the direction of subsequent studies by our 
research group.

Pyroptosis-mediated neuroinflammation has garnered 
increasing attention in recent years. The production and 
release of IL-1β and IL-18 are the hallmark events of pyrop-
tosis (Huang et al. 2021); hence, in the present study, we 
assessed the levels of these pro-inflammatory factors by 
ELISA and showed that C1 intervention decreased their 
secretion compared with that in the Mod group. In summary, 
we identified the therapeutic effect of C1 on AD, and the 
underlying mechanism might be related to pyroptosis inhi-
bition. Furthermore, we observed that the levels of the pro-
inflammatory factors IL-1β, IL-18, and TNF-α decreased 
after C1 administration in APP/PS1 mice. These results pro-
vided additional evidence that C1 inhibited inflammatory 
responses in the APP/PS1 mouse brain.

The antioxidant effects of Nrf2 have been widely studied 
by researchers, and we have previously demonstrated that 
Jujuboside A could inhibit H2O2-induced oxidative stress 
damage in human umbilical cord mesenchymal stem cells 
by activating the Nrf2/HO-1 signaling pathway (Chen et al. 
2022). Additionally, a study has shown the involvement of 
Nrf2 immunomodulation and inflammatory responses (Guo 
et al. 2021). Hence, we silenced Nrf2 in HT22 cells, which 
reversed the positive effect of C1 to inhibit pyroptosis. Spe-
cifically, the levels of pyroptosis-related proteins such as 
NLRP3, GSDMD, and caspase-1 and pro-inflammatory 
factors such as IL-18 and IL-1β were increased. To sum-
marize, we found that C1 inhibited pyroptosis by increasing 
Nrf2 levels. However, previous studies have shown the dual 
role of Nrf2. Nrf2 activation in cancer promotes the growth 
and proliferation of cancer cells, prevents their apoptosis, 
enhances the self-renewal ability of cancer stem cells, and 
improves the chemoresistance and radioresistance of cancer 
cells (Huang et al. 2022). Therefore, the manipulation of 
C1 to specifically activate Nrf2 is necessary. A recent study 
has shown that gene-edited Wnt7a specifically activates the 

Wnt pathway that plays a dual role in normal and tumor cells 
in brain endothelial cells to repair the blood–brain barrier 
(Martin et al. 2022). This finding may provide a useful basis 
for subsequent studies.

Overall, the present findings showed that C1, an effective 
component of AOM, exerts AD therapeutic effects by inhibiting 
oxidative stress injury and pyroptosis by increasing Nrf2 levels.

Conclusions

In conclusion, we found that C1 obtained from AOM miti-
gated AD-like pathology by inhibiting pyroptosis via activat-
ing the Nrf2 pathway. Moreover, a new diarylheptanoid and 
six known compounds extracted during the phytochemical 
investigation of AOM exhibited anti-AD activity. We hope 
that the present study contributes to the discovery of active 
substances in AOM and provides an alternative strategy for 
AD prevention and treatment.
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