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ABSTRACT

Objective(s): To assess the effect of catalpol, the major bioactive constituents of Rehmannia glutinosa,
on our Alzheimer’s disease (AD) in vitro model.

Materials and Methods: We employed the immortalized lymphocytes (lymphoblastoid cell line, LCL)
from late-onset AD patients and co-cultured “them” to mimic the pathological process of late-onset
AD and investigated the effect of catalpol on our AD in vitro model.

Results: In the co-culture model, AD-derived LCL triggered excessive AB1-42 in SKNMC cells due to
its high levels of oxidative stress and resulted in neuronal oxidative stress injury through inhibiting
Keap1-Nrf2/ARE signaling pathway. Treatment with catalpol and N-acetylcysteine (NAC), an
antioxidant, prevented the AD LCL-induced AB1-42 overproduction and reduced the level of B-site
amyloid precursor protein cleaving enzyme-1 (BACE1) and amyloid precursor protein (APP)-C99.
Catalpol and NAC also enhanced the antioxidant capacity and reduced apoptosis in SKNMC cells
co-cultured with AD LCL. The anti-oxidative effect of catalpol was antagonized by ML385, the Nrf2
inhibitor. Therefore, we speculate that the antioxidant and anti-apoptotic effects of catalpol are
mediated by activating the Keap1-Nrf2/ARE signaling pathway.

Conclusion: Catalpol affects the anti-AB generation and the antioxidative and antiapoptotic properties
in the AD co-cultured model. So, it might be a novel natural drug and offer a potential therapeutic
approach for AD.

Xiang C, LuY, Hao R, Wei Y, HuY, Yu G. Catalpol alleviates amyloid- generation and neuronal oxidative stress injury via activating the Keap1-
Nrf2/ARE signaling pathway in the immortalized lymphocytes from patients with late-onset Alzheimer’s disease and SKNMC cells co-culture
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Introduction

Alzheimer’s disease (AD) is the most common and
incurable neurodegenerative disease affecting millions of
individuals worldwide. There are two forms of AD: sporadic
or late-onset AD and familial type. The sporadic or late-
onset one develops in 95-98% of cases, while the familial
type is limited to 2-5% (1-5). Mounting evidence shows that
late-onset AD is a heterogeneous and systemic disease in
which peripheral lymphocytes, inflammation, and oxidative
stress play roles (6, 7). Therefore, currently employed cell
models cannot entirely simulate late-onset AD in vitro.

Compared withage-matched controlsubjects, AD patients
have shown higher levels of oxidative stress, especially in
late-onset AD ones (8-10). Peripheral lymphocytes in AD
patients also showed higher levels of oxidative markers (11-
13). A large body of evidence determines that oxidative
stress could lead to AP generation via various pathways.

Oxidative stress contributes to the overexpression of
BACE1l by enhancing activation of both the hypoxia-
inducible factor-lalpha (HIF-ladd) and the MAP kinase
c-Jun N-terminal kinase (JNK), as well as opposing cGMP
production, and ultimately results in the overproduction of
AP (14-17). A previous study has reported that peripheral
B lymphocytes from late-onset AD can induce AP plaque
formation in SKNMC cells (6). Collectively, we propose
that peripheral B lymphocytes from late-onset AD are
associated with oxidative stress. Accordingly, we aimed to
use immortalized B lymphocytes (lymphoblastoid cell line,
LCL) obtained from late-onset AD patients and co-cultured
them with SKNMC cells to investigate the curbing effects of
catalpol on AP generation and neuronal antioxidant stress
injury effects of catalpol.

Catalpol, an iridoid glycoside, is extracted from
Rehmannia glutinousa, which plays a significant role
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in preventing and treating late-onset AD in traditional
Chinese medicine (18, 19). Catalpol has been reported to
have various neuroprotective properties, such as inhibiting
AP generation, antioxidant, anti-apoptotic, anti-aging, anti-
inflammatory, etc (20-27). In particular, catalpol has been
proven to have prophylactic and therapeutic effects on AD
both in vitro and in vivo (24, 28).

In the present study, we explored the effects of catalpol on
the SKNMC cells, which previously have been demonstrated
to have the capability to form A (6, 29), co-cultured with
late-onset AD LCL. We investigated the changes in the
AP generation, oxidant stress, and neuronal apoptosis. In
addition, the role of Kelch-like ECH-associating protein
1- nuclear factor erythroid 2 related factor 2/ antioxidant
response element (Keapl-Nrf2/ARE) signaling pathway
activation on the antioxidant stress in SKNMCs was
explored in depth to determine the underlying mechanism
of catalpol in preventing the pathogenesis and progress of
late-onset AD (30).

Materials and Methods
Peripheral B lymphocyte isolation and immortalization
Venous blood was taken from one late-onset AD patient
(Mini-Mental State Examination score=15) in Jiangsu
Province Hospital of Chinese Medicine (Jiangsu, China):
one age and sex-matched healthy donor. The anticoagulant
venous blood was carefully dropped on the surface of the
Lymphocyte Separation Medium (Human)(TBD, LTS1077,
China), and peripheral blood mononuclear cells (PBMCs)
were isolated. The B95-8 cell line and its culture medium
were frozen and thawed three times and then filtered through
a 0.22 um filter to get a liquid containing Epstein-Barr
virus(EBV). EBV, which entered B lymphocytes by CD21
surface receptors, was added to the PBMCs to transform B
lymphocytes to obtain permanent B lymphocytes in vitro
(6, 29). After that, cyclosporine A (2 pg/ml) was added to
deactivate cytotoxic T lymphocytes(6). Lymphocytes were
seeded in one 24-well plate and incubated for three weeks
in a 37 °C, humidified atmosphere containing a 5% carbon
dioxide incubator. The culture medium was changed every
5-7 days. Thereafter, the clustered-growing LCL cells were
discovered. During this period, the culture medium was
changed every other day. Subsequently, the LCL cells were
transferred to T25 flasks and subcultured every three days.
Implementing all experiments involving human
participants was in accordance with the ethical standards
of the Ethics Committee of Jiangsu Hospital of Traditional
Chinese Medicine (2020NL-102-03, 2020NL-102-05).

Cell culture

LCL cells were cultured in Roswell Park Memorial
Institute RPMI-1640 medium (GIBCO, USA) containing
20% fetal bovine serum (FBS) (GIBCO, USA), penicillin
(100 U/ml), streptomycin (100 mg/ml), and amphotericin B
(100 mg/ml) in a 37 °C, humidified atmosphere containing
5% carbon dioxide incubator. The LCL cells grew in
suspension in T25 flasks with 10 ml of culture medium.
The culture medium was routinely changed every two days
by removing 5 ml of culture medium above the cells and
replacing it with an equal volume of fresh medium.

SKNMC cells were obtained from Fu Heng Biology Co.
Ltd (Shanghai, China) and cultured in Minimum Essential
Medium (MEM) (GIBCO, USA) containing 10% FBS
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(GIBCO, USA), 100 mg/ml amphotericin, 100 mg/ml
streptomycin, and 100 U/ml penicillin at 37 °C in a 5%
C0O2/95% air incubator. The culture medium was replaced
every two days.

Co-culture of LCL cells /SSKNMC cells model in vitro

LCL cells were cultured on transwell inserts (1 pm or
0.4 pm pore size, Corning Costar) in the 6-well or 24-well
plate above the SKNMC cells layer.

Drugs and treatment

Catalpol powder (purity>98%) was purchased from
Chengdu Must Bio-technology Co. Ltd (Sichuan, China)
and dissolved in phosphate-buffered saline (PBS, PH 7.4)
(GIBCO, USA) to a concentration of 8 mmol/L. Then, the
aliquots were stored in the refrigerator at -20 °C. Unless
otherwise stipulated, LCL cells and SKNMCs were co-
cultured for 24 hr. Thereafter, the co-culture model was
treated with or without catalpol or N-acetyl-L-cysteine
(NAC) (Beyotime, China) as the positive control or Nrf2
inhibitor ML385 (Med Chem Express, USA). Twenty-four
hours later, SKNMCs were harvested for further analysis.

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay

The viability of SKNMC cells incubated with catalpol (0-
200 uM) for 24 hr was measured by MTT (Sigma, USA)
assay. Briefly, SKNMCs were planked with a density of
5x10°cells per well and then incubated for 24 hr. Following
catalpol treatment for 24 hr, 20 ul of MTT (5 mg/ml) was
added to the cells and incubated for four hours. The medium
was discarded, and 150 pl dimethyl sulfoxide (DMSO)
(Sigma, USA) was added to each well. After the samples
were shaken for 10 min on the microporous quick shaker,
formazan products were formed in the viable SKNMCs.
Finally, the light absorbance of each well was measured
using a microplate reader (BIOTEK, ELX800, USA) at a
wavelength of 490 nm.

The effect of catalpol on the viability of SKNMC cells
co-cultured with AD LCL cells was measured using an
MTT assay. SKNMC cells were co-cultured with LCL cells
in 24-well plates. After 24 hr, the co-culture model was
treated with catalpol (0-150 uM). Then, 60 ul of MTT (5
mg/ml) was added into each well and incubated at 37 C.
The medium was discarded four hours later, and 500 pl
DMSO was added to each well. After shaking the plates for
10 min on the microporous quick shaker, the formazan was
dissolved in DMSO. Finally, the absorbance of each well was
measured at a wavelength of 490 nm.

Cell counting Kit-8 (CCK-8) assay

The viability of AD LCL cells incubated with catalpol (0—
200 puM) for 24 hr was determined using CCK-8 Kit (Sigma,
USA) assay. AD LCL cells were seeded in 96-well plates
(1x10* cells per well) and incubated for 24 hr. Following
catalpol treatment for 24 hr, 10 pl of CCK-8 was added to
each well and incubated for two hours at 37 ‘C. Finally, the
light absorbance of each well was measured at 450 nm.

Immunofluorescence staining

SKNMCs co-cultured with LCL cells were cultivated on
coverslips in 24-well plates and incubated for 24 hr. After
treating with catalpol (10, 50, 100 pM) or ML385 (10 uM)
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for 24 hr, SKNMCs were washed with ice-cold PBS twice
and fixed with 4% paraformaldehyde at room temperature
for 10 min. Then, cells were permeabilized with 0.3% Triton
X-100 at room temperature for 30 min followed by being
blocked in immunol staining blocking buffer (Beyotime,
China) and incubated with primary antibodies targeting
the receptors expressed on AP1-42, Nrf2 at 4 ‘C overnight
(Table 1). Thereafter, the cells were exposed to fluorescent-
labeled secondary antibodies (1:1000, Proteintech, USA)
for one hour at room temperature in the dark. The nuclei
of SKNMCs were stained with 2-(4-amidinophenyl)-6-
indolecarbamidine dihydrochloride (DAPI) for 10 min,
and cells were observed and photographed by using a
fluorescence microscope (DS-Qi2, NIKON, Japan). Finally,
each image was analyzed by Image J.

Western blot analysis

SKNMC cells were co-cultured with LCL cells in 6-well
plates and then incubated for 24 hr at 37 °C, followed by
being treated with catalpol (10, 50, 100 uM), NAC (1 mM),
or ML385 (10 uM) for 24 hr. After removing transwell inserts
and washing cells with ice-cold PBS three times, SKNMCs
were lysed in Radioimmunoprecipitation assay buffer
(RIPA)(Beyotime, China) containing 1% protease inhibitor
cocktails. Twenty minutes later, lysates were harvested and
centrifuged. A nuclear and cytoplasmic protein extraction
kit (Beyotime, China) was then used to extract the nuclear/
cytoplasmic proteins according to the standard protocol,
and the concentration of protein was determined by BCA
protein assay kit (Beyotime, China). 200 pl BCA reagent
(Reagent A: Reagent B=50:1) was added to each sample.
After 30 min of incubation at 37 °C, each sample was
detected by light absorbance at 540 nm with a microplate
reader, and then the protein concentration was determined.
Equal amounts (10-20 ug) of protein were separated by 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) gel for 120 min (Voltage:90v). Then they were
transferred to polyvinylidene fluoride (PVDF) membranes.
Membranes were then blocked in 5% non-fat milk in tris-
buffered saline with 0.1% Tween 20 (ITBST, pH 7.6) and
coated by the appropriate primary antibodies (Table 1),

Table 1. List of the antibodies used in Western blot analysis
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followed by incubation overnight at 4 ‘C. After one hour of
incubation with secondary antibodies (1:3000, Servicebio,
China) at room temperature, the membranes were washed
three times with TBST for 10 min each time, and enhanced
chemiluminescence (Biosharp, China) was used to make
western blots visible in the ChemiDoc XRS+Gel Imaging
System (BIO-RED, USA)(31). Finally, band density was
semi-quantitatively analyzed with Image Lab software.

Reactive oxygen species (ROS) generation

The intracellular ROS levels were quantitatively and
qualitatively detected by a 277’-Dichlorodihydrofluorescein
diacetate (DCFH-DA) fluorescence probe (Beyotime,
China). SKNMCs were cultured on coverslips in 24-well
plates and then co-cultured with LCL cells, followed by
incubation for 24 hr at 37 °C. Thereafter, the cells were
treated with catalpol (10, 50, 100 pM), NAC (1 mM), or
ML385 (10 uM) and incubated for 24 hr. SKNMCs were
then incubated with a DCFH-DA fluorescence probe for
30 min in a 37 °C, 5% CO2/95% air incubator in the dark.
After being labeled with DCFH-DA, cells were detected
with fluorescence microscopy, and fluorescent images were
measured using Image J.

Malondialdehyde (MDA) level assay

The quantification of MDA was determined using a
Lipid Peroxidation MDA Assay Kit (Beyotime, China)(32).
SKNMCs co-cultured with LCL cells in 6-well plates were
incubated for 24 hr, and cells were treated with catalpol
(10, 50, 100 uM), NAC (1 mM), or ML385 (10 uM). After
24 hr of incubation, transwell inserts were removed, and
the medium was discarded. SKNMCs were then washed
with ice-cold PBS and lysed in RIPA. Thereafter, lysates
were harvested and centrifuged, and the supernatant was
extracted. The protein concentration of the supernatant
was then measured by a BCA protein assay kit, and MDA
detection working fluid was added to each sample, then
heated at 100 ‘C for 15 min. Subsequently, the samples
were cooled to room temperature in a water bath and
centrifuged. The supernatant was extracted and detected by
light absorbance at 532 nm with a microplate reader.

Antibody Host Dilution Source (reference)

APP C-terminal Rabbit 1:2000 Serotec (158578)
B-Amyloid (1-42) Rabbit 1:1000 ChinaPeptides (#14974)
BACE-1 Rabbit 1:1000 AiFang biological (AF301306)
Caspase9 Mouse 1:1000 Cell Signaling Technology (#9508)
Caspase3/pl17/p19 Mouse 1:1000 Proteintech (66470-2-Ig)
BAX Rabbit 1:1000 Proteintech (50599-2-Ig)
Bcl2 Rabbit 1:1000 Proteintech (12789-1-AP)
Cytochrome C Rabbit 1:5000 Cell Signaling Technology (#11940)
Nrf2 Rabbit 1:2000 Proteintech (16396-1-AP)
Keap1l Rabbit 1:1000 AiFang biological (AF06660)
NQO1 Rabbit 1:2000 AiFang biological (AF301136)
HO-1/HMOX1 Rabbit 1:2000 Proteintech (10701-1-AP)
Beta Actin Mouse 1:5000 Proteintech (66009-1-Ig)
Histone-H3 Rabbit 1:1000 Proteintech (17168-1-AP)
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Determination of reduced glutathione (GSH) and oxidized
glutathione (GSSG) levels

SKNMCs were co-cultured with LCL cells in 6-well
plates and incubated for 24 hr in a 37 °C, 5% CO,/95% air
incubator. After 24 hr of treatment with catalpol (10, 50, 100
uM), NAC (1 mM), or ML385 (10 uM), the transwell inserts
were taken away, and the medium was discarded. SKNMCs
were harvested and washed with ice-cold PBS once for the
subsequent measurement. Each sample’s GSH and GSSG
content were estimated by a GSH and GSSG Assay Kit
(Beyotime, China). The specific assay process of GSH/GSSG
followed the manufacturer’s protocol. Finally, the samples
were added to a 96-well plate and measured at 412 nm with
a microplate reader.

Catalase (CAT) activity

CAT activity was measured using the Catalase Assay
Kit (Beyotime, China) according to the manufacturer’s
instructions. Briefly, SKNMCs in co-culture with LCL cells
were incubated for 24 hr in 6-well plates. The cells were
then treated with catalpol (10, 50, 100 pM), NAC (1 mM),
or ML385 (10 uM). 24 hr later, SKNMCs were washed with
ice-cold PBS three times, and RIPA was added to the lyse
cells. The lysates were diluted with catalase detection bufter,
and hydrogen peroxide solution was added to each sample.
Following the reaction at 25 °C for 5 min, catalase reaction
termination solution was added, and the chromogenic
working solution was added within 15 min. The samples
were analyzed by measuring the absorbance at 520 nm
using a microplate reader.

Measurement of superoxide dismutase (SOD) activity

The activity of SOD was measured by Cu/Zn-SOD and
Mn-SOD Assay Kit with WST-8 (Beyotime, China)(33).
WST-8 reaction with superoxide anion is catalyzed by
xanthine oxidase to produce water-soluble formazan dye,
and SOD could inhibit the reaction. The enzyme activity
of SOD was then calculated by colorimetric analysis of the
WST-8 product. Briefly, SKNMCs were routinely co-cultured
with LCL cells in 6-well plates and incubated for 24 hr. After
drug treatment for 24 hr, SKNMCs were homogenized
and centrifuged, and the supernatant was collected for the
subsequent measurement. The specific operation procedure
was strictly carried out according to the manufacturer’s
instructions. Finally, the absorption at a wavelength of 450
nm was detected using a microplate reader.

Flow cytometric analysis of apoptosis

Annexin V-fluorescein Isothiocyanate (FITC)/Propidium
Iodide (PI) Apoptosis Detection Kit (Vazyme, China) was
used to assess the apoptotic activity in SKNMCs co-
cultured with LCL cells. SKNMCs were co-cultured with
LCL cells in 6-well plates. After 24 hr of incubation, the cells
were treated with catalpol (10, 50, 100 uM), NAC (1 mM),
or ML385 (10 uM). 24 hr later, SKNMCs were harvested
and washed with PBS. Thereafter, cells were resuspended in
100 pl 1xbinding buffer, and 5 ul of V-FITC and 5 pl of PI
were added into each sample respectively, followed by being
incubated for 10 min at room temperature in the dark. Then,
400 pl of 1xbinding buffer was added to each sample, and
apoptotic activities of cells were examined by using flow
cytometry (FACS Celesta, BD Biosciences) within one hour.
Finally, the data was analyzed with Flow Jo.
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Hoechst33258 staining for apoptosis analysis

SKNMC cells were seeded on coverslips in 24-well
plates and then co-cultured with LCL cells. After 24 hr of
incubation, the cells were treated with catalpol (10, 50, 100
uM), NAC (1 mM), or ML385 (10 pM) and incubated for
24 hr. SKNMCs were washed twice with PBS and fixed with
4% paraformaldehyde at room temperature for 20 min.
Thereafter, SKNMCs were washed with PBS 3 times and
then were incubated with the Hoechst 33258 (Beyotime,
China) stain solution for 30 min at room temperature for
subsequent imaging using a fluorescence microscope and
analyzing with Image J.

5,5'6,6"-tetrachloro-1,1",3,3"-tetraethyl-
imidacarbocyanine  iodide  (JC-1)  mitochondrial
membrane potential assay

SKNMC cells were cultivated on coverslips in 24-well
plates and then co-cultured with LCL cells, followed by
incubation for 24 hr. SKNMCs were then treated with
catalpol (10, 50, 100 uM), NAC (1 mM), or ML385 (10 uM).
After 24 hr of incubation, SKNMCs were washed with PBS
once and labeled with JC-1 dye (Beyotime, China)(34).
Then, the cells were incubated for 20 min at 37 "C. Finally,
a fluorescence microscope was used for cell imaging, and
images were measured by Image J.

Statistical analysis

All data were statistically analyzed using IBM SPSS
Statistics 26.0 software (SPSS Inc, USA). Data are presented
as meantstandard error and followed by the normal
distribution test. One-way ANOVA was utilized to compare
the experimental results followed by an appropriate
individual post hoc test (Dunnett’s T3 or Tukey’s test). A
threshold of P<0.05 was utilized for statistical significance.
All experiments were replicated three times independently.

Results
Viability of SKNMC cells
concentrations of catalpol
Before probing the effects of catalpol on SKNMC cells
co-cultured with AD LCL cells, we examined the effect of
catalpol on the activity of SKNMCs by MTT assay. SKNMCs
were incubated with different concentrations of catalpol
(1, 10, 25, 50, 75, 100, 150, and 200 pM) for 24 hr. Cell
activity was not significantly different between each catalpol
treatment group and the control (Figure 1b). The results
indicated that the experimental concentrations of catalpol
had no significant effect on the activity of SKNMCs.

treated with different

Viability of AD LCL cells treated with different
concentrations of catalpol

To assess the toxicity of catalpol on AD LCL cells, we
detected the effect of catalpol on the viability of AD LCL
cells by the CCK-8 assay. AD LCL cells were treated with
different concentrations of catalpol (1, 10, 25, 50, 75,
100, 150, and 200 uM) for 24 hr. There was no significant
difference in cell viability between each catalpol treatment
group and the control (Figure 1c). This indicated that the
experimental concentrations of catalpol had no significant
effect on the viability of AD LCL cells.

Viability of SKNMC cells co-cultured with AD LCL cells

treated with different concentrations of catalpol
To explore optimal neuroprotective concentration of
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Figure 1. (a) Chemical structure of catalpol. (b) Effect of catalpol on the
cell viability of SKNMCs. the viability of SKNMCs treated with different
concentrations of catalpol (0,1, 10, 25, 50, 75, 100, 150, and 200 uM) was
measured by MTT assay. The viability of SKNMCs with catalpol treatment
had no statistical difference compared to the control (P>0.05). (c) The
viability of AD LCL cells was measured by CCK8 assay. With and without
catalpol treatment, there was no significant difference in the activity of
AD LCL cells (P>0.05). (d) Schematic diagram of SKNMCs/LCL cells co-
culture. (e) Viability of SKNMCs in co-culture with LCL cells treated with
catalpol (0,1,10, 50, 100, and 150 EM) was measured by MTT assay

There was a significant difference in the activity of SKNMCs in co-culture with AD
LCL cells between catalpol treatment groups (except the group at a concentration of
1uM) and control. There was no significant difference in the viability of SKNMCs co-
cultured with AD LCL cells between 100 uM and 150 uM (P=0.999). All results are
represented as mean+SEM from three independent experiments. *P<0.05, “P<0.01
versus control (SKNMCs in co-culture with normal LCL cells). *P<0.05, **P<0.01
versus the AD group (SKNMCs in co-culture with AD LCL cells)

catalpol against AD LCL cells induced cytotoxicity, the co-
cultured models were treated with different concentrations
of catalpol (1, 10, 50, 100, 150 uM) for 24 hr. The MTT assay
showed that the viability of SKNMCs co-cultured with AD
LCL cells was significantly reduced compared to the control.
Catalpol dose-dependently prevented cytotoxicity of AD
LCL to SKNMCs at 10-100 pM. In addition, there was no
significant difference in cell viability between 100 uM and
150 uM (Figure le).

Catalpol prevented Af generation of SKNMCs in co-
culture with AD LCL cells

The production of AP1-42 in co-cultured SKNMCs was
tested by immunofluorescence staining and western blot.
Meanwhile, the expression of AP generation-related proteins
B Amyloid precursor protein lyase 1 (BACEL) and C99
(C-terminal fragment-f, f-CTF) were detected by western
blot. Compared with the control, the expression of Ap1-42,
BACE], and C99 in SKNMC cells co-cultured with AD LCL
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cells was significantly increased. Catalpol reduced AD LCL
cells-induced AB, ,, BACEL, and C99 levels rise in a dose-
dependent manner from 10 to 100 uM (Figure 2a, 2b).

Catalpol suppressed oxidative stress expressed in SKNMCs
co-cultured with AD LCL cells

SKNMC cells were co-cultured with AD LCL cells for 24
hr and subsequently treated without or with catalpol (10, 50,
100 uM) or 1 mM NAGC, an antioxidant, for 24 hr. The level
of ROS was determined by the DCFH-DA fluorescent probe.
Stimulating SKNMC cells with AD LCL cells, the level of
ROS was significantly increased in co-cultured SKNMCs.
The increase was reversed by treatment with catalpol and
NAC (Figure 3a).

Thereafter, we detected the levels of MDA, GSH, GSH/
GSSG, CAT, and SOD by respective assay kits. Stimulating
SKNMC cells with AD LCL cells resulted in markedly
increased levels of MDA and decreased activities of
antioxidant enzymes (GSH, GSH/GSSG, CAT, and SOD).
Like NAC, catalpol reversed the corresponding changes in
a dose-dependent manner from 10 to 100 pM (Figure 3b,
3¢, 3d, 3e).

a
B - - - - -
Normal LCL+SKNMC AD LCL+SKNMC 10uM 50uM 100uM
AD LCL+SKNMC+Catalpol

P macarnce isermsty

+Catalpol
Control OpM 10pM 50uM 100pM

BACE1 ‘J_MM_‘ 70kDa ,:

c99 I I "' I l I 14kDa
AR1-42 i 4kDa
B-actin wl 42kDa &

Figure 2. Catalpol prevented beta-amyloid generation in SKNMCs co-
cultured with AD LCL cells

(a) Immunofluorescence staining showed the expression of Ap1-42 in SKNMCs in
co-culture with LCL cells with different treatments. All nuclei were stained by DAPI
with dark blue fluorescence. Images were taken with a fluorescence microscope at a
magnification of x400. The immunofluorescence intensity of all groups was analyzed
quantitatively by Image J. (b) Western blot analysis showed the levels of BACEL,
C99, and AP1-42 proteins in SKNMCs co-cultured with LCL cells with different
treatments. B-actin levels were measured for the confirmation of equal amount of
protein loading. All values are represented as mean+SEM from three independent
experiments. “P<0.05, P<0.01 versus control (SKNMCs co-cultured with normal
LCL cells). *P<0.05, **P<0.01 versus the AD group (SKNMCs co-cultured with AD
LCL cells)
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Figure 3. Protective potential of catalpol against oxidative stress in
SKNMC:s co-cultured with AD LCL cells

(a) ROS generation in SKNMCs co-cultured with LCL cells exposed to different
concentrations of catalpol, NAC (1ImM) for 24 hr. Fluorescence of intracellular ROS
generation was grabbed under a fluorescence microscope at a magnification of x400.
The fluorescence intensity was semi-quantified using Image J. (b) The level of MDA
was measured. (c) Content of GSH and the ratio of GSH/GSSG were measured. (d)
Level of catalase activity was measured. (e) Relative enzyme activities of SOD were
measured. All data are presented as the meantSD of three separate experiments
performed in triplicate. #P<0.05, ““P<0.01 versus control (SKNMCs co-cultured with
normal LCL cells). *P<0.05, **P<0.01 versus the AD group (SKNMCs co-cultured
with AD LCL cells)

Catalpol inhibited the activation of the AD LCL cells-
triggered apoptotic pathway in SKNMC cells

The apoptosis of SKNMC cells was evaluated by flow
cytometric analysis, Hoechst 33258 staining, and JC-1
staining, while the expressions of apoptosis-related
proteins were determined by western blot. Detected by flow
cytometric analysis, treatment with catalpol (10, 50, 100
uM) and NAC decreased the apoptosis rates of SKNMC
cells in AD LCL cells/SKNMC cells co-cultures (Figure 4a).
Hoechst 33258 staining also showed more Hoechst-positive
cells emerged in AD groups; catalpol and NAC reduced the
quantity of AD LCL cell-induced Hoechst-positive cells
(Figure 4b). JC-1 staining indicated that mitochondrial
membrane potential was decreased in SKNMC cells after
stimulation with AD LCL cells. Treatment with catalpol and
NAC reversed the disruption of mitochondrial membrane
potential in co-cultured SKNMC cells (Figure 4c). The
levels of Bax/Bcl-2, cytochrome-C, cleaved caspase-9/
caspase-9, and cleaved caspase-3/caspase-3 were markedly
increased in SKNMC cells co-cultured with AD LCL cells.
The increase was reversed by treatment with catalpol and
NAC (Figure 4d).
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Figure 4. Catalpol inhibited apoptosis of SKNMCs co-cultured with AD
LCL cells

(a) Effect of catalpol against apoptosis in SKNMCs co-cultured with AD LCL cells
was detected by fﬁ)w cytometric analysis. Cells were stained with V- FITC/ PI The
data was analyzed using Flow Jo. (b) All nuclei were stained by Hoechst 33258 with
blue fluorescence. Apoptotic nuclei stained by Hoechst 33258 presented brlfir,
blue fluorescence. Normal nuclei stained by Hoechst 33258 presented dark b.
fluorescence. Images were obtained by a fluorescence microscope at a magnification
of x 400. (c) Mitochondrial potential in SKNMCs in co-culture with AD LCL cells
was observed by JC-1 staining. When the mitochondrial membrane potential was
high, the red fluorescence represented the “J-aggregates” form. On the contrarfr, it
displayed green fluorescence, representing the monomeric form of JC-1. (d) Catalpol
suppressed the mitochondrial apoptotic signaling pathway protein expression in
SKNMCs co-cultured with AD LCL cells. Western blot analysis showed the levels
of Bax/Bcl-2, cytochrome c, cleaved caspase-9/caspase-9, and cleaved caspase-3/
caspase-3 proteins in SKNMCs co-cultured with LCL cells with different treatments.
Actin levels were measured for the confirmation of equal amount of protein loading.
Images were gained by a fluorescence microscope at a magnification of x 400. The
fluorescence intensity was analyzed by Image J. The data were analyzed by the ratio
of green to red fluorescence intensity. All data are represented as mean+SEM from
three independent experiments. “P<0.05, *P<0.01 versus control (SKNMCs co-
cultured with normal LCL cells). *P<0.05, **P<0.01 versus the AD group (SKNMCs
co-cultured with AD LCL cells)

Effects of catalpol on the expression of the Nrf2 pathway
proteins and nuclear translocation of Nrf2 in AD LCL
cells-stimulated SKNMC cells

Western blot analysis showed that the AD group showed
lower levels of Nrf2, heme oxygenase-1 (HO-1), and quinone
oxidoreductase-1 (NQO1) and higher expression of Keapl
in SKNMC cells. Catalpol dose-dependently increased the
expressions of Nrf2, HO-1, and NQO1 and reduced the
level of Keapl at 10-100 uM (Figure 5a).

Meanwhile, Nrf2 nuclear translocation was detected by
western blot and immunofluorescent staining. Co-cultured
with AD LCL cells, Nrf2 nuclear translocation in SKNMC
cells was significantly inhibited. Nrf2 expression was
significantly decreased in cytoplasm while being elevated
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Figure 5. Effects of catalpol on Keap1/Nrf2 signaling pathway

(a) Catalpol increased total Nrf2 protein ‘HO-1 NQOI expressions and decreased
Keapl expression. (b) Catalpol increased nuclear Nrf2 expression in SKNMC cells
co-cultured AD LCL cells. (c)Nrf2 expression in SKNMCs co-cultured with AD LCL
cells exposed to different concentrations of catalpol for 24 hr. Fluorescence of Nrf2 in
the nucleus was observed under a fluorescence microscope at 400x magnification. The
fluorescence intensity was semi-quantified using Image J. All results are represented
as mean+SEM from three independent experiments. “P<0.05, *P<0.01 versus control
(SKNMCs co-cultured with normal LCL cells). *P<0.05, **P<0.01 versus the AD
group (SKNMC:s co-cultured with AD LCL cells)

in the nuclear fraction in AD LCL cells-stimulated SKNMC
cells treated with catalpol. This demonstrated that catalpol
could promote nuclear translocation of Nrf2 in AD LCL
cells-stimulated SKNMC cells in a dose-dependent manner
from 10 to 100 uM (Figure 5b, 5¢).

Catalpol treatment decreased oxidative stress in SKNMCs
co-cultured with AD LCL cells by activating the Keapl-
Nrf2/ARE signaling pathway

The co-cultures were treated with or without catalpol
(100 uM) or Nrf2 inhibitor ML385 (10 uM) for 24 hr.
ML385 decreased the expressions of Nrf2, HO-1, and
NQOI, elevated the level of Keapl and blocked Nrf2
nuclear translocation of SKNMC cells in catalpol-treated
co-cultures. These results showed that ML385 could inhibit
the effect of activating Keap1-Nrf2/ARE signaling pathway
in catalpol (Figure 6a, 6b, 6¢).

Compared with the group treated by catalpol, ML385
apparently reversed catalpol-induced decreased levels
of ROS and MDA, increased activities of GSH, CAT, and
SOD, and up-regulated the ratio of GSH/GSSG (Figure 7a,
7b, 7¢, 7d, 7e). Meanwhile, ML385 alleviated the effect of
catalpol in reducing apoptosis rate, recovering the decline of
mitochondrial membrane potential, and down-regulating
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Figure 6. ML385 blocked the effects of catalpol on the expressions of
proteins associated with the Keapl/Nrf2 signaling pathway and Nrf2
nuclear translocation

(a) Nrf2 inhibitor (ML385) reversed increased total Nrf2 protein, HO-1, and NQO1
expressions and decreased Keapl expression by catalpol (100 uM) treatment. (b)
ML385 down-regulated increased nuclear Nrf2 expression in SKNMC cells co-
cultured AD LCL cells by catalpol (100 uM) treatment. (c)Nrf2 expression in
SKNMCs co-cultured with AD LCL cells with different treatments for 24 hr. The
Fluorescence of Nrf2 in the nucleus was grabbed under a fluorescence microscope at
a magnification of x400. The fluorescence intensity was semi-quantified using Image
J. All the results are represented as mean+SEM from three independent experiments.
*P<0.05, *P<0.01 versus control (SKNMCs co-cultured with normal LCL cells).
*P<0.05, **P<0.01 versus the AD group (SKNMCs co-cultured with AD LCL cells).
&P<0.05, ¥¢P<0.01 versus the catalpol (100 uM) treatment group

the expressions of apoptosis-related proteins in SKNMC
cells co-cultured with AD LCL cells (Figure 8a, 8b, 8¢, 8d).

Discussion

AD is an age-related neurodegenerative and systemic
disorder. The pathogenesis and progression of late-onset
AD are related to many factors, including AP plaque, tau
hyperphosphorylation, oxidative stress, inflammatory
response, and adaptive immunity (35). Inadaptive immunity,
peripheral B cells play a considerable role in AD progression
since they up-regulate the expressions of proinflammatory
cytokines and infiltrate into the brain parenchyma,
triggering immunoglobulin accumulation around A
plaques and resulting in AD progression [21]. Nevertheless,
peripheral B lymphocytes have a “light” side. They produce
AB-specific antibodies and nonspecific immunoglobulin
to improve AD [15-20]. Consequently, according to the
stage of differentiation and activation status, peripheral B
lymphocytes exert beneficial or deleterious functions [22].
In the late-onset AD hosts, B lymphocytes, as pathogenic
cells, acquire pathogenic functions and exacerbate AD.
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Figure 7. Effect of ML385 on the levels of oxidative stress markers in the
catalpol treatment group

(a) Generation of ROS was measured by a DCFH-DA fluorescent probe.
The fluorescence intensity of ROS in the catalpol treatment group was
decreased compared with the AD group. The fluorescence intensity of ROS
in the ML385 group was increased compared with the catalpol treatment
group. Fluorescence of ROS was grabbed under a fluorescence microscope
at a magnification of x400. The fluorescence intensity was semi-quantified
using Image J. (b) The level of MDA was measured after ML385 was added.
(c) The content of GSH and the ratio of GSH/GSSG were measured after
ML385 was added. (d) The level of catalase activity was measured after
ML385 was added. (e)The relative enzyme activities of SOD were measured
after ML385 was added. All the results are represented as mean+SEM
from at least three independent experiments. “P<0.05, **P<0.01 versus
control (SKNMCs co-cultured with normal LCL cells). *P<0.05, **P<0.01
versus the AD group (SKNMCs co-cultured with AD LCL cells). ¥P<0.05,
&&P<0.01 versus the catalpol (100 pM) treatment group

Correspondingly, B lymphocyte depletion, as a therapeutic
target, can block the progression of AD in three different
murine transgenic models [21](36). The literature has
numerous discussions about the relevance of inflammation
and B lymphocytes. Reciprocally, the relationship between
peripheral B cells from late-onset AD and oxidative stress
is yet documented. Our present study explored the link
of peripheral B cells from late-onset AD to AP generation
and oxidative stress in vitro. Likewise, we also investigated
the effect of catalpol on AD LCL cell-induced changes in
an in vitro AD LCL cells/SKNMC cells co-culture model
by analyzing AP generation, neuronal oxidative stress, and
apoptosis. We also found that the underlying antioxidative
mechanisms of catalpol might depend on the activation of
the Keap1-Nrf2/ARE pathway in SKNMC cells.

A heavy accumulation of AP and AB-induced cytotoxicity
contributes to the pathogenesis and progression of AD.
Sequential cleavages of APP form A(. APPis firstly cleaved by
BACE-1 to liberate C99. Then, C99 is cleaved by y-secretase
to liberate AP. AP length-variants are between 37 and 43
residues in length. And they comprise four principal forms,
which are AR, , AB,,, AB,, and A, ,, which are composed

42>
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Figure 8. ML385 attenuated the anti-apoptotic effect of catalpol on
SKNMC cells co-cultured with AD LCL cells

(a) Apoptosis of co-cultured SKNMC cells with different treatments was detected by
flow cytometric analysis. Cells were stained with V- FITC/ PI. The data was analyzed
by Flow Jo. (b) All nuclei were stained by Hoechst 33258 with blue fluorescence.
Apoptotic nuclei stained by Hoechst 33258 presented bright blue fluorescence. Normal
nuclei stained by Hoechst 33258 presented dark blue fluorescence. Images were
obtained by a fluorescence microscope at a magnification of x400. (c) Mitochondrial
potential in SKNMCs in co-culture with AD LCL cells was observed by JC-1 staining.
When the mitochondrial membrane potential was high, the red fluorescence
represented the “J-aggregates” form. On the contrary, it displayed green fluorescence,
representing the monomeric form of JC-1. (d) Western blot analysis showed the levels
of Bax/Bcl-2, cytochrome c, cleaved caspase-9/caspase-9, and cleaved caspase-3/
caspase-3 proteins in SKNMCs co-cultured with LCL cells with different treatments.
Actin levels were measured for the confirmation of equal amount of protein loading.
Images were gained by a fluorescence microscope at a magnification of x400. The
fluorescence intensity was analyzed by Image J. All data are represented as mean+SEM
from three independent experiments. #P<0.05, *P<0.01 versus control (SKNMCs co-
cultured with normal LCL cells). *P<0.05, **P<0.01 versus the AD group (SKNMCs
co-cultured with AD LCL cells). ¥P<0.05, **P<0.01 versus the catalpol (100 pM)
treatment group

of approximately 15%, 10%, 60%, and 8% of AP length-
variants in cerebrospinal fluid (CSF), respectively(37).
Among the four subtypes, AB,, the most neurotoxic species
of AB, is bound up with senile plaque amyloid and prone
to aggregate to form oligomer, and then goes a deep step to
form amyloid fibrils. Ultimately, it results in the onset of AD.
Furthermore, peripheral B cells of the late-onset AD initiate
the generation of A plaques in a foreign cell line in vitro(6).
In this study, AD LCL cells, derived from one late-onset AD
patient and transformed into immortalized lymphocytes
by EB virus, induced more AP, generation in co-cultured
SKNMCs compared with the control. Meanwhile, AD LCL
cells induced an increase in the expression levels of proteins
BACE-1 and C99, which are involved in AP formation
pathways in co-cultured SKNMCs. Whereas the increase
was reversed by treatment with catalpol. Our data indicated
that catalpol could inhibit the production of AP . in late-

1-42

onset AD LCL cell-induced SKNMC cells by suppressing
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B-cleavage of APP. In the future, we may further explore
whether catalpol affects some signal pathways related to
generating AP, such as the PI3K / Akt signal pathway.

AP is delivered to the mitochondrion by mitochondrial
outer membrane complex transposase, binds to a variety
of proteins, and then triggers mitochondrial dysfunction,
eventually, destroying mitochondrial membrane potential
and massive production of ROS. The excessive production
of ROS directly or indirectly oxidizes and damages proteins,
lipids, and nucleic acids (38). The content of MDA reflects
the level of lipid peroxidation. MDA and ROS are markers
of oxidative activity. GSH, CAT, and SOD have antioxidant
activity and are hallmarks of antioxidant activity. The
excessive deposition of A oligomer in extracellular
accelerates oxidative stress, while oxidative stress can also
favor the formation of A, forming a vicious cycle. Taken
together, it is reasonable to speculate that peripheral B cells
of late-onset AD can induce oxidative stress in neurocytes.
In this study, AD LCL cells up-regulated the levels of ROS
and MDA and down-regulated the enzymatic activity of
GSH, CAT, and SOD in co-cultured SKNMCs. All these
changes in SKNMC cells co-cultured with AD LCL cells
were reversed by catalpol and NAC. These results further
prove that catalpol can alleviate oxidative stress in AD LCL
cells-induced SKNMC cells.

Several studies showed that oxidative stress induces
neuronal apoptosis (39-42). As late-onset AD LCL cells can
induce oxidative stress in co-cultured SKNMC cells, we are
inclined to believe that late-onset AD peripheral B cells may
induce neuronal apoptosis. Consistent with a previous report
that the onset of apoptosis in SKNMC cells co-cultured with
AD LCL cells was observed in vitro (6), our data of flow
cytometry and Hoechst 33258 staining indicated that AD
LCL cells induced apoptosis of co-cultured SKNMC cells. We
further investigated the apoptotic pathway of SKNMC cells
induced by AD LCL cells. Apoptotic pathways are divided
into three categories: mitochondrial pathway (or intrinsic
pathway), death receptor pathway (or extrinsic pathway),
and endoplasmic reticulum pathway (43). Among them,
mitochondrial apoptosis is a crucial and classical apoptotic
pathway (44). Mitochondrial apoptosis is as follows:
when cells are stimulated by apoptosis, the anti-apoptotic
protein Bcl2 is inhibited by competitive binding, and Bax is
released to form the Bax / Bak oligomeric complex. Then,
the oligomeric complex causes the change of mitochondrial
osmotic pressure and the repression of mitochondrial
membrane potential. Next, cytochrome C in mitochondria
is released, and finally, the caspase family cascade reaction
is activated to induce apoptosis. The caspase family of
enzymes involved in apoptosis includes two categories: a.
signal initiator (or signal transmission), such as Caspase-9.
b. apoptosis effectors, such as Caspase-3. Therefore, we
observed the expressions of Bax, Bcl2, cytochrome C,
cleaved caspase-9, Caspase-9, cleaved caspase-3, and
Caspase-3 related to mitochondrial apoptosis. In the
present study, we found that AD LCL cells induced the
destruction of mitochondrial membrane potential and
increased the expression of cytochrome c and the ratios of
cleaved caspase-9/Caspase-9, cleaved caspase-3/ Caspase-3
in co-cultured SKNMC cells. The increase was reversed by
catalpol, which was almost the same as NAC. These results
indicated that late-onset AD peripheral B cells induced
neuronal apoptosis through activating mitochondria-
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dependent apoptosis pathways. Catalpol alleviated neuronal
apoptosis induced by late-onset AD peripheral B cells
through inhibiting mitochondria-dependent apoptosis
pathways. The further extension of the study will focus
on probing whether catalpol improves programmed cell
death through other pathways, for instance, ferroptosis,
autophagy, etc.

Encouraged by the anti-oxidant and anti-apoptotic effects
of catalpol on co-cultured SKNMC cells, all these changes in
AD LCL cells induced SKNMCs were reversed by catalpol
and NAC, an antioxidant reagent. These results indicated
that catalpol could dampen oxidative stress induced by
cultured AD LCL cells, so we proceeded to investigate the
inherent mechanism of catalpol’s antioxidant function in
AD LCL cells-stimulated SKNMCs. There are a series of
signaling pathways associated with redox reactions. Among
them, the Keap1-Nrf2/ARE signaling pathway is a powerful
oxidation-reduction system comprising three components:
Keapl, Nrf2, and ARE cis-acting element(45). Keapl is
bound to Nrf2 without oxidative stimulation, making Nrf2
ubiquitinate and degrade (46). Under oxidative stress, the
conformation of Keapl is changed. And thereby, Nrf2 is
released, activated, and massively accumulated. Meanwhile,
Nrf2 is transferred to the nucleus and combined with ARE
to activate downstream gene transcription, ultimately
translating a series of antioxidant proteins, such as CAT,
SOD, HO-1, and NQOI. Studies in vitro showed that
catalpol could increase the levels of Nrf2, HO-1, and
NQO1 and decrease the expression of Keapl protein. In
addition, it can also promote nuclear translocation of the
Nrf2 in SKNMCs co-cultured with AD LCL cells. All these
changes in catalpol-treated SKNMCs co-cultured with AD
LCL cells were reversed by ML385, a specific inhibitor of
Nrf2. Therefore, the anti-oxidant effect of catalpol in AD
LCL cells-induced SKNMC:s relies on activating the Keap1-
Nrf2/ARE signaling pathway(47). In addition, catalpol can
down-regulate ROS and MDA levels of ML385 cells, up-
regulate the activities of GSH, CAT, and SOD, and inhibit
cell apoptosis. The notable point of this experiment is that
there is a trend that the levels of all antioxidant markers in
the ML 385 group were slightly higher than those in the
AD group. Moreover, there was a statistical difference in
the content of CAT between the ML385 group and the AD
group. Meanwhile, the levels of ROS and MDA in the ML
385 group were slightly lower than those in the AD group.
This indicated that, besides activating the Keap1-Nrf2/ARE
signaling pathway, catalpol may alleviate oxidative stress
through other targets, like the PI3K/AKT/mTOR signaling
pathway.

Conclusion

We conclude that late-onset AD peripheral B lymphocytes
may induce A, ,, generation and oxidative stress, resulting
in neurotoxicity in the SKNMC neuroblastoma cell line.
Catalpol can retard A, ,, generation and mitochondria-
dependent apoptosis in SKNMC cells co-cultured with AD
LCL cells. Meanwhile, catalpol can protect SKNMC cells
against late-onset AD peripheral B cells-induced oxidative
stress injury and apoptosis by activating the Keapl-
Nrf2/ARE signaling pathway. The findings of this study
demonstrated that targeting peripheral B lymphocytes
may benefit late-onset AD patients, and catalpol may have
the potential to be a natural compound that serves as a
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therapeutic candidate for late-onset AD. The conclusion
needs more in vivo research to support it later.

Acknowledgment

This research was supported by grants from the National
Natural Science Foundation of China (No. 81573771),
Shenzhen Science and Technology Program (JCY]
20230807094801002), Guangdong Basic and Applied Basic
Research Foundation (2023A1515110832).

Authors’ Contributions

CXandY Lperformed the experiments, analyzed the data,
and wrote the article. G Y contributed to the conception and
design of the research. R H performed immunofluorescence
staining. Y W and Y H revised the manuscript. All authors
read and approved the final manuscript. All persons who
have contributed substantially to the work are reported in
the manuscript. The authors have not received substantial
contributions from nonauthors.

Conflicts of Interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

References

1. Wilson RS, Segawa E, Boyle PA, Anagnos SE, Hizel LP, Bennett
DA. The natural history of cognitive decline in Alzheimer’s disease.
Psychol Aging 2012; 27: 1008-1017.

2. Barker WW, Luis CA, Kashuba A, Luis M, Harwood DG,
Loewenstein D, et al. Relative frequencies of Alzheimer
disease, Lewy body, vascular and frontotemporal dementia,
and hippocampal sclerosis in the State of Florida Brain Bank.
Alzheimer Dis Assoc Disord 2002; 16: 203-212.

3. Alzheimer’s Association. 2016 Alzheimer’s disease facts and
figures. Alzheimers Dement 2016;12: 459-509.

4. Adav SS, Sze SK. Insight of brain degenerative protein
modifications in the pathology of neurodegeneration and dementia
by proteomic profiling. Mol Brain 2016; 9: 92-111.

5. Simpson DSA, Oliver PL. ROS generation in microglia:
Understanding  oxidative stress and inflammation in
neurodegenerative disease. Antioxidants 2020; 9: 743-759.

6. Dezfulian M. A new Alzheimer’s disease cell model using B cells
to induce beta amyloid plaque formation and increase TNF alpha
expression. Int Immunopharmacol 2018; 59: 106-12.

7. Bettcher BM, Tansey MG, Dorothée G, Heneka MT. Peripheral
and central immune system crosstalk in Alzheimer disease - a
research prospectus. Nat Rev Neurol 2021; 17: 689-701.

8. Wang J, Xiong S, Xie C, Markesbery WR, Lovell MA. Increased
oxidative damage in nuclear and mitochondrial DNA in
Alzheimer’s disease. ] Neurochem 2005; 93: 953-962.

9. Perluigi M, Sultana R, Cenini G, Di Domenico E, Memo M, Pierce
WM, et al. Redox proteomics identification of 4-hydroxynonenal-
modified brain proteins in Alzheimer’s disease: Role of lipid
peroxidation in Alzheimer’s disease pathogenesis. Proteomics Clin
Appl 2009; 3: 682-693.

10. Ansari MA, Scheff SW. Oxidative stress in the progression of
Alzheimer disease in the frontal cortex. ] Neuropathol Exp Neurol
2010; 69: 155-167.

11. Sultana R, Mecocci P, Mangialasche F, Cecchetti R, Baglioni
M, Butterfield DA. Increased protein and lipid oxidative damage
in mitochondria isolated from lymphocytes from patients with
Alzheimer’s disease: Insights into the role of oxidative stress in
alzheimer’s disease and initial investigations into a potential
biomarker for this dementing disorder. ] Alzheimers Dis 2011; 24:
77-84.

12. Leandro GS, Lobo RR, Oliveira D, Moriguti JC, Sakamoto-

1556

N=MS

Catalpol and Alzheimer’s disease

Hojo ET. Lymphocytes of patients with Alzheimer’s disease display
different DNA damage repair kinetics and expression profiles
of DNA repair and stress response genes. Int ] Mol Sci 2013; 14:
12380-12400.

13. Buizza L, Cenini G, Lanni C, Ferrari-Toninelli G, Prandelli C,
Govoni S, et al. Conformational altered p53 as an early marker of
oxidative stress in Alzheimer’s disease. PloS One 2012; 7: €29789-
29799.

14. Li YN, Xi MM, Guo Y, Hai CX, Yang WL, Qin X]. NADPH
oxidase-mitochondria axis-derived ROS mediate arsenite-induced
HIF-1a stabilization by inhibiting prolyl hydroxylases activity.
Toxicol Lett 2014; 224: 165-174.

15. Salminen A, Kauppinen A, Kaarniranta K. Hypoxia/ischemia
activate processing of amyloid precursor protein: impact of
vascular dysfunction in the pathogenesis of Alzheimer’s disease. ]
Neurochem 2017; 140: 536-549.

16. Saadipour K, Tiberi A, Lombardo S, Grajales E, Montroull
L, Mafucat-Tan NB, et al. Regulation of BACEL expression
after injury is linked to the p75 neurotrophin receptor. Mol Cell
Neurosci 2019; 99: 103395-103426.

17. Austin SA, d'Uscio LV, Katusic ZS. Supplementation of
nitric oxide attenuates APPP and BACEI protein in cerebral
microcirculation of eNOS-deficient mice. ] Alzheimers Dis 2013;
33:29-33.

18. Biswas SC, Buteau ], Greene LA. Glucagon-like peptide-1
(GLP-1) diminishes neuronal degeneration and death caused by
NGF deprivation by suppressing Bim induction. Neurochem Res
2008; 33: 1845-1851.

19. Zhang RX, Li MX, Jia ZP. Rehmannia glutinosa: Review of
botany, chemistry and pharmacology. J Ethnopharmacol 2008;
117:199-214.

20. Bi ], Jiang B, Zorn A, Zhao RG, Liu P, An LJ. Catalpol inhibits
LPS plus IFN-y-induced inflammatory response in astrocytes
primary cultures. Toxicol in vitro 2013;27: 543-550.

21. Chen C, Chen Z, Xu E Zhu C, Fang E Shu S, et al. Radio-
protective effect of catalpol in cultured cells and mice. ] Radiat Res
2013; 54: 76-82.

22. Yang S, Deng H, Zhang Q, Xie J, Zeng H, Jin X, et al.
Amelioration of diabetic mouse nephropathy by catalpol correlates
with down-regulation of Grbl0 expression and activation of
insulin-like growth factor 1/insulin-like growth factor 1 receptor
signaling. PLoS One 2016; 11: €0151857-151868.

23. Wei M, Lu Y, Liu D, Ru W. Ovarian failure-resistant effects of
catalpol in aged female rats. Biol Pharm Bull 2014; 37: 1444-1449.
24. Wang Z, Huang X, Zhao P, Zhao L, Wang Z-Y. Catalpol inhibits
amyloid-beta generation through promoting alpha-cleavage of
APP in swedish mutant APP overexpressed N2a cells. Front Aging
Neurosci 2018;10: 66-76.

25. Seo HW, Cheon SM, Lee M-H, Kim HJ, Jeon H, Cha DS.
Catalpol modulates lifespan via DAF-16/FOXO and SKN-1/Nrf2
activation in caenorhabditis elegans. Evid Based Complement
Alternat Med 2015; 2015: 524878-524887.

26. Dong W, Xian Y, Yuan W, Huifeng Z, Tao W, Zhigiang
L, et al. Catalpol stimulates VEGF production via the JAK2/
STAT3 pathway to improve angiogenesis in rats’ stroke model. J
Ethnopharmacol 2016;191:169-79.

27. Liu C, Chen K, Lu Y, Fang Z, Yu G. Catalpol provides a
protective effect on fibrillary AB(1-42) -induced barrier disruption
in an in vitro model of the blood-brain barrier. Phytother Res
2018; 32: 1047-1055.

28. Huang JZ, Wu J, Xiang S, Sheng S, Jiang Y, Yang Z, et al.
Catalpol preserves neural function and attenuates the pathology
of Alzheimer’s disease in mice. Mol Med Rep 2016; 13:491-496.
29. Recuero M, Serrano E, Bullido M]J, Valdivieso F. Abeta
production as consequence of cellular death of a human
neuroblastoma overexpressing APP. FEBS Lett 2004 ;570:114-118.
30. Zhang P, Wang X, Peng Q, Jin Y, Shi G, Fan Z, et al. Four-octyl
itaconate protects chondrocytes against H,O,-induced oxidative
injury and attenuates osteoarthritis progression by activating Nrf2
signaling. Oxid Med Cell Longev 2022; 2022: 2206167.

Iran J Basic Med Sci, 2024, Vol. 27, No. 12



Catalpol and Alzheimer’s disease

31.Yao Y, Li R, Liu D, Long LH, He N. Rosmarinic acid alleviates
acetaminophen-induced hepatotoxicity by targeting Nrf2 and
NEK7-NLRP3 signaling pathway. Ecotoxicol Environ Saf 2022;241:
113773.

32. Siddiqui MA, Farshori NN, Al-Oqail MM, Pant AB, Al-
Khedhairy AA. Neuroprotective effects of withania somnifera on
4-hydroxynonenal induced cell death in human neuroblastoma SH-
SYS5Y cells through ROS inhibition and apoptotic mitochondrial
pathway. Neurochem Res 2021; 46: 171-182.

33.Li E WuX, Liu H, Liu M, Yue Z, Wu Z, et al. Copper depletion
strongly enhances ferroptosis via mitochondrial perturbation and
reduction in antioxidative mechanisms. Antioxidants (Basel) 2022;
11: 2084-2100.

34.LuY,HaoR,HuY, Wei Y, Xie Y, Shen Y, et al. Harpagide alleviate
neuronal apoptosis and blood-brain barrier leakage by inhibiting
TLR4/MyD88/NF-kappaB signaling pathway in Angiotensin II-
induced microglial activation in vitro. Chem Biol Interact 2021;
348: 109653.

35. Gan L, Johnson JA. Oxidative damage and the Nrf2-ARE
pathway in neurodegenerative diseases. Biochim Biophys Acta
2014; 1842: 1208-1218.

36. Kim K, Wang X, Ragonnaud E, Bodogai M, Illouz T, DeLuca
M, et al. Therapeutic B-cell depletion reverses progression of
Alzheimer’s disease. Nat commun 2021; 12: 2185-2195.

37. Wiltfang J, Esselmann H, Bibl M, Smirnov A, Otto M,
Paul S, et al. Highly conserved and disease-specific patterns
of carboxyterminally truncated Abeta peptides 1-37/38/39 in
addition to 1-40/42 in Alzheimer’s disease and in patients with
chronic neuroinflammation. ] Neurochem 2002; 81: 481-496.

38. Schieber M, Chandel NS. ROS function in redox signaling and

Iran J Basic Med Sci, 2024, Vol. 27, No. 12

N=EMS

Xiang et al.

oxidative stress. Curr Biol 2014; 24: R453-462.

39. Kruman I, Bruce-Keller AJ, Bredesen D, Waeg G, Mattson
MP. Evidence that 4-hydroxynonenal mediates oxidative stress-
induced neuronal apoptosis. ] Neurosci 1997; 17: 5089-6100.

40. Simon HU, Haj-Yehia A, Levi-Schaffer E Role of reactive
oxygen species (ROS) in apoptosis induction. Apoptosis 2000; 5:
415-418.

41. Fukui M, Song JH, Choi ], Choi HJ, Zhu BT. Mechanism of
glutamate-induced neurotoxicity in HT22 mouse hippocampal
cells. Eur ] Pharmacol 2009; 617: 1-11.

42.Sinha K, Das]J, Pal PB, Sil PC. Oxidative stress: The mitochondria-
dependent and mitochondria-independent pathways of apoptosis.
Arch Toxicol 2013; 87: 1157-1180.

43. Xie K, Li X. The signal pathway of apoptosis. ] Shandong
Agricultural Univ Nat Sci 2015; 46: 514-518.

44. Estaquier J, Vallette F, Vayssiere JL, Mignotte B. The
Mitochondrial Pathways of Apoptosis. In: Scatena R, Bottoni
P, Giardina B, editors. Advances in Mitochondrial Medicine.
Advances in Experimental Medicine and Biology. 9422012. p. 157-
183.

45. Moratilla-Rivera I, Sdnchez M, Valdés-Gonzélez JA, Gémez-
Serranillos MP. Natural products as modulators of Nrf2 signaling
pathway in neuroprotection. Int ] Mol Sci 2023; 24: 3748-3773.
46. Yamamoto M, Kensler TW, Motohashi hr. The KEAP1-NRF2
system: A thiol-based sensor-effector apparatus for maintaining
redox homeostasis. Physiol Rev 2018; 98: 1169-1203.

47. Fakhri S, Pesce M, Patruno A, Moradi SZ, Iranpanah A, Farzaei
MH, et al. Attenuation of Nrf2/Keap1/ARE in Alzheimer’s disease
by plant secondary metabolites: A mechanistic review. Molecules
(Basel) 2020; 25: 4926-4950.

1557



