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Attenuation of estrogen and its receptors @i

in the post-menopausal stage exacerbates
dyslipidemia and leads to cognitive impairment
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Abstract

Cognitive dysfunction increases as menopause progresses. We previously found that estrogen receptors (ERs) con-
tribute to dyslipidemia, but the specific relationship between ERs, dyslipidemia and cognitive dysfunction remains
poorly understood. In the present study, we analyzed sequencing data from female hippocampus and normal breast
aspirate samples from normal and Alzheimer’s disease (AD) women, and the results suggest that abnormal ERs
signaling is associated with dyslipidemia and cognitive dysfunction. We replicated a mouse model of dyslipidemia
and postmenopausal status in LDLR™~ mice and treated them with B-estradiol or simvastatin, and found that ova-
riectomy in LDLR™~ mice led to an exacerbation of dyslipidemia and increased hippocampal apoptosis and cogni-
tive impairment, which were associated with reduced estradiol levels and ERq, ERB and GPER expression. In vitro,

a lipid overload model of SH-SY-5Y cells was established and treated with inhibitors of ERs. 3-estradiol or simvastatin
effectively attenuated dyslipidemia-induced neuronal apoptosis via upregulation of ERs, whereas ERa, ER and GPER
inhibitors together abolished the protective effect of simvastatin on lipid-induced neuronal apoptosis. We conclude
that decreased estrogen and its receptor function in the postmenopausal stage promote neuronal damage and cog-
nitive impairment by exacerbating dyslipidemia, and that estrogen supplementation or lipid lowering is an effective
way to ameliorate hippocampal damage and cognitive dysfunction via upregulation of ERs.
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Estrogen or Lipid-lowering reagent alleviates nerve cell injury and cognitive dysfunction caused by hyperlipidemia in the postmenopausal stage

Introduction
Menopause is a unique physiological transition period
for women, during which the estrogen level in women
decreases and the health status declines [1]. Changes in
estrogen levels have a significant impact on the nerv-
ous system [2]. Cognitive abilities were assessed in pre-
menopausal and postmenopausal women, and the results
showed that premenopausal women had high estro-
gen levels and better cognitive abilities [3]. Compared
with asymptomatic perimenopausal women and men,
the Alzheimer’s disease (AD) indicators are increased
in postmenopausal women with controlled age, includ-
ing increased AP deposition and decreased gray matter
and white matter volume in the AD-susceptible regions
[4]. In a study, 72% of postmenopausal women claimed
that they had memory problems [5]. The prevention and
treatment of cognitive dysfunction has become a global
health concern in postmenopausal women.

Changes in the endocrine system and metabolism
occur in postmenopausal women, with a tendency
towards hyperlipidemia and even metabolic syndrome

[6]. Dyslipidemia has been shown to be an independent
risk factor for diseases associated with cognitive impair-
ment [7]. Dyslipidemia increases the apoptosis of hip-
pocampal neurons by inducing inflammation and then
leading to cognitive impairment-related behaviors [8].
Excessive lipid accumulation accelerates systemic inflam-
mation and high levels of circulating free fatty acids,
and the increase in free fatty acid content in the brain
causes local inflammation and leads to decreased synap-
tic plasticity and neuronal damage in the hippocampus
eventually [9]. A study has shown that statins, such as
simvastatin, have therapeutic effects on cognitive impair-
ment [10], so, regulating lipid levels to reduce hippocam-
pal neuronal damage may be a way to improve cognitive
function.

Ovariectomy in obese mice leads to increased meta-
bolic disorders, hippocampal synaptic damage and cog-
nitive dysfunction [11]. In the past, we have confirmed
that blood lipid levels, especially TC and LDL-c levels,
are significantly increased in ovariectomized mice [12],
and we have found that the decrease in estradiol and its
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receptor function in ovariectomized mice is a key factor
leading to dyslipidemia [13—-15]. Estradiol plays a nutri-
tional role in the development and function of the brain
via ERs through the whole growth period [16]. A large
number of studies have reported the physiological and
pathological functions of estrogen and estrogen receptors
(ERs) in the nervous system [2]. In diabetic mouse mod-
els, estrogen can inhibit nerve cell apoptosis and amelio-
rate cognitive dysfunction by inhibiting caspase-3 activity
in the brain and increasing the bcl-2/Bax ratio [17]. In
AB42-pretreated SH-SY5Y cells, estradiol increased cell
viability and reduced cell apoptosis by inhibiting ROS
production [18]. We hypothesized that the decline in
estrogen and its receptors in the postmenopausal period
may lead to cognitive impairment by exacerbating dys-
lipidemia. In the current study, we provide experimental
evidence for this hypothesis, we showing that ER activa-
tion or lipid reduction may be alternative effective ways
to reduce the occurrence of cognitive dysfunction in the
postmenopausal stage.

Materials and methods

Regents

A total cholesterol assay kit (#A111-1-1), triglyceride
assay kit (#A110-1-1), low-density lipoprotein choles-
terol assay kit (#A113-1-1), high-density lipoprotein
cholesterol assay kit (#A112-1-1), acetylcholine assay
kit (#A105-1-1), choline acetyltransferase assay kit
(#A079-1-1), acetylcholinesterase assay kit (#A024-1-1),
dopamine assay kit (#H170), norepinephrine assay kit
(#H096), and estradiol 2 assay kit (#H102-1) were pur-
chased from Nanjing Jiancheng Bioengineering Institute
(Nanjing, China). Alisol B 23-acetate (#PCS0958) was
purchased from Chengdu Index Pure Biotechnology Co.,
Ltd. (Chendu, China). Estradiol (Lot: 356,564) was pur-
chased from Abbott Healthcare Products (Netherlands).
Simvastatin (Lot: 1,870,401) was purchased from Yang-
tze River Pharmaceutical Group (Taizhou, China). Pal-
mitic acid (#SLBZ9610), MPP (#M70068), and PHTPP
(#SML1355) were purchased from Sigma—Aldrich (New
Jersey, USA). G-15 (#HY-103,449) was purchased from
MedChemExpress (New Jersey, USA). PSD-95 antibody
(#20665-1-AP), Tau antibody (#10274-1-AP), Bcl-2 anti-
body (#26593-1-AP), Bax antibody (#60267-1-Ig), B-actin
antibody (#66009-1-Ig), and B-actin antibody (#20536-1-
AP) were purchased from Proteintech (Wuhan, China).
ERa antibody (#ab32063) was purchased from Abcam
(Cambridge, England). ERB antibody (#A2546) and
GPER antibody (#A10217) were purchased from Abclone
(Hangzhou, China). A metal enhanced DAB substrate
kit (#¥DA1015), PMSE (100 mM) (#P0100), RIPA buffer
(high) (#R0010), MTT cell proliferation and cytotoxicity
assay kit (#M1020), and neutral balsam (#G8590) were
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purchased from Solarbio (Suzhou, China). Sensitive ECL
chemiluminescent substrate (#BL520B), fetal bovine
serum (#BL201A), high glucose DMEM (#BL301A), and
trypsin solution (phenol red, EDTA-free) (#BL527A)
were purchased from Biosharp (Hefei, China).

GEO database analysis

The GSE36318 data set and GSE1297 data set were
downloaded from the GEO database (https://www.ncbi.
nlm.nih.gov/gds). Sample information and sequenc-
ing data were obtained by R studio. The groups were
defined using GEO2R, and the sequencing data for the
samples were standardized. The differentially expressed
genes between the defined groups were analyzed by
GEOZ2R, and a table of the results was downloaded and
used for gene set enrichment analysis (https://david.
ncifcrf.gov). The enrichment analysis results were visu-
alized using a cloud plotting platform (http://vip.sange
rbox.com).

Experimental animal and postmenopausal dyslipidemia
mouse model

C57BL/6] and LDLR™/~ mice (SPF grade, female,
15-20 g) were purchased from Jiangsu Jicuiyaokang Bio-
technology Co., Ltd. All animals were raised in the Exper-
imental Animal Center of Nanjing University of Chinese
Medicine (Ethic No. 201912A012).

Before the experiment, the mice were adaptively
fed an SPF grade experimental diet for 1 week. The
groups included the C57BL/6J+normal diet group,
C57BL/6] + high-fat diet group, LDLR™~+ normal diet
group, LDLR™/"+ high-fat diet group, LDLR™'~ ova-
riectomy + high-fat diet group, LDLR™'~ 4 ovariec-
tomy + high-fat diet+17-p estradiol (E2, 0.13 mg/kg)
group and LDLR™/~ + ovariectomy + high-fat diet + sim-
vastatin (SIM, 4.5 mg/kg) group. N=5 in each group.

Mice accepting ovariectomy were anesthetized by
intraperitoneal injection of 0.5% pentobarbital sodium.
Then, a small incision was made on both sides of the
back, and the ovaries were separated. After that, uterine
ligation was performed, the ovaries were removed, and
the wound was sutured on both sides of the back. One
week after the operation, the mice were subjected to vagi-
nal smears for 7 consecutive days, and the vaginal smears
were observed under a microscope to observe whether
the mice had an estrous cycle. The absence of the estrous
cycle indicated that the mice were in a postmenopausal
state and that the model was successfully replicated. Mice
were given different diets according to the experimental
groups. The administration group was treated once a day
by gavage. The other groups were gastric administered
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0.5% sodium carboxymethyl cellulose by gavage for 90
days.

Cognitive behavior tests in mice

Novel object recognition test

Three objects A, B and C were used in the test; objects A
and B were exactly the same, and object C was completely
different from objects A and B. A box (0.4 m*0.4 m*0.3 m)
was used to place the objects and mice. On the train-
ing day, objects A and B were placed on the two corners
of one side of the box. The mice were then placed into
the box with the back toward the two objects. Then, the
video equipment was immediately opened to record the
sniffing for the two objects of the mice for 5 min. After
24 h, object B was changed to object C, the mice were
then placed into the box with the back toward the two
objects again, and the sniffing of the two objects of the
mice for 5 min was recorded. The discrimination index =
(time to explore new things — time to explore old things)/
(time to explore new things+ time to explore old things)
*100%.

Y maze task

Before the experiment, the three arms of the Y maze were
labeled arm A, arm B and arm C. The mice were placed in
the same starting arm A with their heads facing the back-
plane. Then, the mouse was allowed to move freely for
8 min. A camera was used to record the behavior of the
mice. Only when all four legs of the mouse entered one
arm was it recorded as an arm entrance; when the mouse
entered three different arms in turn, it was recorded as an
alternate arm entrance. Maximum arm entrance = Total
arm entrance — 2. Alternate behavior score =Total num-
ber of alternate arm entrances/maximum arm entrances
*100%.

Morris water maze

Positioning navigation experiments and space explo-
ration experiments were included in the Morris water
maze. The positioning navigation experiment was divided
into a 4-day training and a one-day test. During the train-
ing period, mice were put into the pool from the entry
point in each quadrant of the water maze and allowed to
swim in the water and find the escape platform. The time
limit for each quadrant was 60 s. During the test period,
mice were put into each quadrant of the water maze to
explore freely according to the training method, and the
video software recorded the latency and swimming path
of the mice. On the sixth day, a space exploration experi-
ment was performed by removing the platform and put-
ting the mice into the water facing the pool wall from the
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third quadrant to freely explore for 60 s. The video soft-
ware recorded the times that cross the quadrant that the
platform used to be placed.

Detection of lipids in mice

Orbital blood was taken from all mice at the end of
the administration. Centrifugation was performed at
3000 rpm/min for 10 min to collect the serum. TC, TG,
HDL-C and LDL-C levels in serum were determined
by referring to the instructions of the test kits. A small
amount of hippocampal tissue or liver tissue was put
into a precooled glass homogenate tube, and anhydrous
ethanol was added at a ratio of 1:9 by mass volume and
ground until the tissue was homogenized. Centrifuga-
tion was performed at 3000 rpm/min for 10 min, and
the supernatant was collected. Then, the protein con-
centration of the sample was detected by using a BCA
kit. Then, the TC and TG levels were detected by refer-
ring to the instructions of the test kits.

ELISA and enzyme activity detection in mice

Orbital blood was taken from all mice at the end of
the administration. Centrifugation was performed at
3000 rpm/min for 10 min before collecting the serum.
The serum estradiol levels were determined by refer-
ring to the instructions of the estradiol ELISA detection
kit. A small amount of hippocampal tissue was placed
into a precooled glass homogenate tube, and saline or
homogeneous solution provided by the kits was added
at a ratio of 1:9 by mass volume and ground until the
tissue was homogenized. Centrifugation was performed
at 3000 rpm/min for 10 min, and the supernatant was
collected. Then, the protein concentration of the sam-
ple was detected by using a NanoDrop System. The
same total protein of the samples was used to detect
Ach, NE, and DA levels according to the instructions
of their ELISA detection kit. The activity of AChT and
AchE in hippocampal tissues was detected by referring
to the instructions of their detection kits.

Mouse brain tissue staining

Nissl staining

The brain was fixed with 4% paraformaldehyde. After
the brain was dehydrated, cleared and waxed, the wax
blocks were obtained by paraffin embedding. A paraffin
slicer was used for slicing, and sections with a thickness
of 5 microns were obtained. The sections were dewaxed
with xylene and then rehydrated, soaked and stained
with Nissl’s dye A solution according to a Nissl stain-
ing kit. After differentiation with Nissl’s dye B solution,
the sections were stained with hematoxylin. After that,
the sections were dehydrated, cleared and sealed. A
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microscope was used to observe and take photographs
of the brain.

Immunohistochemistry staining

Brain sections of 5 microns thickness were obtained.
After the sections were dewaxed, rehydrated, and
soaked in 3% hydrogen peroxide, they were washed
with PBS 3 times. Then, the sections were soaked in cit-
rate buffer at 95 °C for 20 min. After cooling, the slides
were sealed with 5% BSA for 20 min. Primary antibod-
ies against ERa, ERB, and GPER were incubated with
the brain overnight at 4 °C. After washing with PBS 3
times, the brain was incubated with the secondary anti-
body for 2 h at room temperature. A DAB chromogenic
kit was used to incubate the brain for color develop-
ment. After washing with PBS 3 times, the sections
were stained with hematoxylin. After that, the sections
were dehydrated, cleared and sealed. A microscope was
used to observe and take photographs of the brain.

Immunofiuorescence staining

Brain sections of 5 microns thickness were prepared.
Following dewaxing and rehydration, the sections
were treated with 3% hydrogen peroxide, then washed
with PBS three times. Subsequently, the sections were
immersed in citrate buffer at 95 °C for 20 min. After cool-
ing, the slides were blocked with 5% BSA for 20 min. Pri-
mary antibodies against PSD-95 and TAU were applied
to the sections and incubated overnight at 4 °C. After
washing with PBS three times, the sections were incu-
bated with the fluorescently-labeled secondary antibody
for 2 h at room temperature. The sections were then
covered with an anti-fade mounting medium contain-
ing DAPI. Photographs were taken using a fluorescence
microscope.

TUNEL staining

Brain sections of 5 microns thickness were processed.
After dewaxing, rehydrating, and treating with 3% hydro-
gen peroxide, the sections were washed three times with
PBS. The sections were then immersed in citrate buffer
at 95 °C for 20 min before cooling. The TUNEL reac-
tion mixture was then applied to the sections according
to the manufacturer’s instructions and incubated in a
humidified atmosphere. Following this, the sections were
washed thoroughly with PBS. They were then incubated
with a FITC-conjugated secondary antibody specific to
the TUNEL reaction. To counterstain the nuclei, the sec-
tions were covered with an anti-fade mounting medium
containing DAPI. Observations and photographs of the
fluorescently-labeled apoptotic cells were taken using a
fluorescence microscope.
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Western blot of the brains of mice

The hippocampus of the mice was collected, and
the lysate was prepared according to the ratio of
RIPA:PMSF=100:1. The lysate was added according to
the ratio of weight: volume =50 mg: 1 mL. Two steel balls
with a diameter of 3 mm were added, the tissue homog-
enizer was set at 50 Hz, and the brains were crushed
for 30 s. Centrifugation was performed at 12,000 rpm/
min for 10 min to collect the supernatant. The protein
concentration of the sample was detected by using a
NanoDrop System. Then, 5x sample loading buffer was
added and cooked at 100 °C for 15 min on a dry thermo-
stat. After SDS—-PAGE and membrane transfer, primary
antibodies against ERa (55 kDa), ERP (65 kDa), GPER
(55 kDa), PSD-95 (80 kDa), Tau (79 kDa), Bax (21 kDa),
and Bcl-2 (26 kDa) were diluted according to the manu-
facturer’s instructions. As for loading control, a separate
piece of membrane loaded with the same amount of pro-
tein of the samples was incubated with p-actin (43 kDa).
The PVDF membrane was then incubated overnight with
the diluted primary antibodies in a refrigerator at 4 °C.
The membrane was washed the next day, and the second
antibody was used to incubate the membrane at room
temperature for 2 h. After washing again, a chemilumi-
nescence kit and gel imaging system were used to expose
the blots and analyze the data using relatively quantita-
tive methods.

Culture and intervention of SH-SY5Y cells

SH-SY5Y cells were cultured with DMEM complete
medium with 10% FBS in a 25T cell flask in an incubator
at 37 °C and 5% CO,. When the density of SH-SY5Y cells
reached 80%, conventional subculture was performed.
Palmitic acid (PA, 0.0307 g) was added to 3 mL of sodium
hydroxide solution (0.1 mM) to prepare the PA storage
solution. The mixture was placed at 75 °C for 30 min. A
40% BSA solution was mixed with the PA storage solu-
tion in a 1:1 ratio to obtain a 20 nM PA working solution.
The PA working solution was then diluted to different
concentrations as required and used for intervention in
SH-SY5Y cells. AB23A (40 uM), MPP (10 pM), PHTPP
(10 uM), and G15 (100 nM) were also used to treat SH-
SY5Y cells according to different requirements.

Cell viability detection of SH-SY5Y cells

When the density of SH-SY5Y cells reached 80%, the
medium was discarded, and 2 mL trypsin solution was
added to collect the cells. Then, SH-SY5Y cells were
counted by the cell counter and diluted with medium to
seed into a 96-well plate with 1x10* cells per well. The
cells were cultured in the incubator until the density of
SH-SY5Y cells reached 80%. Different concentrations of
PA were added as needed. After incubation, 200 uL MTT
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solution was added to each well. The 96-well plate was
placed in a 37 °C incubator and incubated for 4 h. Finally,
the supernatant was discarded, and 200 puL. DMSO was
added to each well. The absorbance (OD) value was
measured at 490 nm by using a microplate reader.

Immunofluorescence staining of SH-SY5Y cells

SH-SY5Y cells were grown on 24-well plates. Before
cell seeding, a circular sterile glass sheet of 24 mm was
added to each well. Cells were then cultured and treated
with different reagents. After a specific time, the cul-
ture medium was discarded, and the wells were washed
twice with PBS. Then, SH-SY5Y cells were fixed with 4%
paraformaldehyde and permeabilized with 0.2% Triton
for 20 min. SH-SY5Y cells were incubated with 5% BSA
for 20 min. Primary antibodies against ERa, ER, GPER,
PSD-95 and Tau, according to the instructions, were
diluted and added to incubate the cells overnight at 4 °C.
On the second day, after washing with PBS three times,
the secondary antibody was added, and the cells were
incubated at room temperature for 2 h. After washing
with PBS three times, the cells were incubated with DAPI
for 5 min to stain the nucleus. After washing with PBS
three times, the sterile glass sheets were removed and
sealed with glycerin-gelatin sealing liquid. A fluorescence
microscope was used to observe and take photographs of
the SH-SY5Y cells.

Western blot of SH-SY5Y cells
The medium was discarded from the petri dish, and the
SH-SY5Y cells were rinsed with 500 pL PBS solution.
Then, 250 pL of mixed lysate was added to each dish, and
the SH-SY5Y cells were lysed for 0.5 h. Centrifugation
was performed at 12,000 rpm/min for 10 min to collect
the supernatant. The protein concentration of the sam-
ples was detected by using a Nano Drop System.

The following operations were the same as “Western
blot of brain in mice”

Statistical analysis

The sample information of the GSE36318 data set and
GSE1297 data set was compared by unpaired paramet-
ric t test. Image] was used to count Nissl bodies in the
hippocampus of mice and exported measurement data.
Image-Pro Plus 6.0 was used to quantify the mean opti-
cal density of immunostaining in in vivo and in vitro
experiments and exported measurement data. Quantity
One 4.5.2 was used to perform the relative quantification
of protein expression in in vivo and in vitro experiments
and exported measurement data. All measurement data
are shown as the mean + standard deviation. An unpaired
parametric t test was used to analyze the difference
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between two groups. Ordinary one-way ANOVA with
multiple comparisons was used to analyze the difference
between more than two groups. When P<0.05, the dif-
ference was considered significant. All measurement data
were visualized and analyzed using GraphPad 9.0.

Results

Lipid-related signal disorders in postmenopausal women
and in women with cognitive impairment

Sequencing data of random needle aspiration samples
from normal breast tissue of premenopausal and post-
menopausal women were analyzed using the GSE36318
data set from the GEO database (Fig. 1A). Sample infor-
mation showed that postmenopausal women were sig-
nificantly older than premenopausal women (Fig. 1B).
KEGG enrichment analysis results showed that meta-
bolic pathways were the most significantly altered among
the top ten significantly changed signaling pathways
(Fig. 1C). Biological process (BP) of gene ontology (GO)
results showed that differentially expressed genes were
enriched in various material metabolic signals, includ-
ing cellular lipid, nucleoside, DNA, mRNA and cofactor
metabolic processes. More than 40% of the differentially
expressed genes were enriched in cellular lipid metabolic
processes (Fig. 1D).

Sequencing data of hippocampal tissue of female AD
patients were analyzed using the GSE1297 data set from
the GEO database (Fig. 1E). Sample information showed
that there was no significant difference in age between
the incipient and severe groups (Fig. 1F). The mean
point of mini-mental state examination of the incipient
group was close to the threshold for dementia diagnosis
(23 points), while it was close to 5 in the severe group
(Fig. 1G). KEGG enrichment analysis of differentially
expressed genes in the hippocampus of incipient AD
and severe AD women indicated the top ten significantly
changed signaling pathways. Among them, the Ras sign-
aling pathway and estrogen signaling pathway had the
most significant changes in p value, and pathways in can-
cer had the most enriched genes (Fig. 1H). Furthermore,
the BP GO enrichment analysis of differentially expressed
showed that the lipid-related processes showed signifi-
cant changes, including lipid metabolic processes, lipid
homeostasis, lipid catabolic processes, lipid biosynthetic
processes, lipid transport, and lipid modification (Fig. 1I).

Ovariectomy leads to systemic dyslipidemia and cognitive
impairment in LDLR™/~ mice

Compared with C57BL/6] mice fed a normal diet, the lev-
els of serum TC, TG, LDL-c and HDL-c were significantly
increased in LDLR™'~ mice fed a normal diet. Compared
with LDLR™/~ mice fed a normal diet, there were no sig-
nificant differences in serum TC, TG, LDL-c and HDL-c
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Fig. 1 Lipid-related signal disorders in postmenopausal women and in women with cognitive impairment. The sample information

and the sequencing results of random needle aspiration samples from normal breast tissue of premenopausal (n=8) and postmenopausal

(n=10) women were extracted and analyzed from the GSE36318 data set. A The groups were defined using GEO2R, and the sequencing

data for the samples were standardized. B Ages were extracted from sample information, and histograms were drawn to analyze differences
between premenopausal (n=8) and postmenopausal (n=10) women. C GEO2R was used to analyze genes that were differentially expressed
between premenopausal and postmenopausal women. KEGG signal enrichment analysis was performed with differentially expressed genes
between the two groups, and a bubble diagram was drawn. D GO-MP signal enrichment analysis was performed with differentially expressed
genes between the premenopausal and postmenopausal women, and a loop graph was drawn. The sample information and the sequencing
results of hippocampal tissue from female incipient AD patients (n=5) and severe AD (n=5) patients were extracted and analyzed

from the GSE1297 data set. E The groups were defined using GEO2R, and the sequencing data for the samples were standardized. F Ages were
extracted from sample information, and histograms were drawn to analyze differences between female incipient AD patients and severe AD
patients. G Mini-mental state examination results were extracted from sample information, and a histogram was drawn to analyze the differences
between female incipient AD patients and severe AD patients. H GEO2R was used to analyze genes that were differentially expressed

between female incipient AD patients and severe AD patients. KEGG signal enrichment analysis was performed with differentially expressed genes
between the two groups, and a bubble diagram was drawn. | GO-MP signal enrichment analysis was performed with differentially expressed genes
between the female incipient AD patients and severe AD patients, and a loop graph was drawn

levels in LDLR ™'~ mice fed a high-fat diet. Compared with
LDLR™/~ mice fed a high-fat diet, TC and LDL-c levels
were significantly increased in LDLR™'~ ovariectomized
mice fed a high-fat diet, suggesting that ovariectomy in
LDLR ™/~ mice exacerbated hyperlipidemia (Fig. 2A). The

levels of TC and TG in LDLR™'~ mice fed a normal diet
were significantly increased compared to C57BL/6] mice
fed a normal diet in the liver and hippocampus. The TC
and TG levels in the liver and hippocampus were further
increased by ovariectomy in LDLR ™'~ mice (Fig. 2B, C).
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Fig. 2 Ovariectomy leads to systemic dyslipidemia and cognitive impairment in LDLR =/~ mice. C57BL/6 and LDLR™~ mice were fed a normal diet
(ND) or a high-fat diet (HFD) for 90 days. Bilateral ovariectomy was performed in LDLR™~ mice fed a HFD to simulate a postmenopausal stage.

A Serum of mice was obtained after 90 days of administration, and the levels of TC, TG, LDL-c and HDL-c were detected using biochemical kits.

B Livers of mice were obtained after 90 days of administration, and the levels of TC and TG in liver homogenates were detected using biochemical
kits. C The hippocampi of mice were obtained after 90 days of administration, and the levels of TC and TG in hippocampal homogenates were
detected using biochemical kits. D The learning and memory ability of mice was evaluated by the novel object recognition test after 4, 8, and 90
days of administration. E Spatial memory of mice was evaluated by the Y-maze task after 4, 8, and 90 days of administration. F-H The learning

and memory abilities of mice were evaluated by the Morris water maze after 4, 8, and 90 days of administration. F indicates the escape latency

of mice on the fifth training day of the Morris water maze test. G Indicates the number of platform crossings on the sixth day of the Morris

water maze test. H Shows the swimming paths of mice on the first and fifth training days of the Morris water maze test. N=5. In the indicated

comparison, *P<0.05, **P<0.01, ***P<0.001, ***P <0.0001

New object recognition test results showed that there
was no significant difference in the discrimination index
of each group of mice after 4 weeks administration. After
8 weeks administration, the discrimination index showed

a decreasing trend in LDLR™~ mice fed a high-fat diet
and in ovariectomized LDLR™/~ mice fed a high-fat diet.
After 90 days administration, ovariectomized LDLR™
mice fed a high-fat diet showed the lowest discrimination

/-
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index in all groups, indicating that the learning and mem-
ory ability of the mice had been severely impaired by ova-
riectomy (Fig. 2D). The Y maze task showed that there
was no significant difference in the alternate behavior
score of each group of mice after 4 weeks of administra-
tion. After 8 weeks administration, the alternate behav-
ior score showed a decreasing trend in ovariectomized
LDLR™/~ mice fed a high-fat diet. After 90 days admin-
istration, the alternate behavior score was significantly
decreased in ovariectomized LDLR™~ mice fed a high-fat
diet compared to other groups, indicating that the spatial
memory of the mice had been severely impaired by ova-
riectomy (Fig. 2E). The Morris water maze showed that
after 90 days administration, the escape latency of ova-
riectomized LDLR ™/~ mice fed a high-fat diet was signifi-
cantly longer and the number of platform crossings was
reduced compared to other groups. On the fifth day, the
swimming path of ovariectomized LDLR™'~ mice fed a
high-fat diet was the most complicated among all groups,
reflecting confusion in the exploration and impaired
learning and memory abilities of the ovariectomized
mice (Fig. 2F-H).

Ovariectomized LDLR™'~ mice showed severe

neurotransmitter abnormalities and hippocampal damage
Compared with C57BL/6] mice fed a normal diet, nor-
epinephrine (NE) and dopamine (DA) levels in other
groups were significantly decreased. Ovariectomy led
to a decrease tendency in acetylcholine (Ach) levels in
LDLR™/~ mice fed a high-fat diet (Fig. 3A). Compared
with C57BL/6] mice fed a normal diet, hippocampal
AChE activity increased and AChT activity decreased
in LDLR™~ mice fed a normal diet. The changes in
AchTE and AChE activity were exacerbated by the
high-fat diet in LDLR™/~ mice, and AChT activity fur-
ther decreased and AchE activity further increased in
LDLR™'~ mice fed a high-fat diet when ovariectomy was
performed (Fig. 3B). Nissl bodies in the CA1, CA3, and
DG areas of the hippocampus of C57BL/6] mice fed a
normal diet were arranged neatly and closely with a lib-
eral quantity. The hippocampus of the LDLR™/~ mice
fed a high-fat diet showed fewer and scattered arrange-
ment Nissl bodies. The number of Nissl bodies in the
hippocampus was further reduced after ovariectomy
performed in LDLR™'~ mice fed a high-fat diet (Fig. 3C).
Compared with C57BL/6] mice, PSD-95 expression was
decreased and Tau expression was increased noteworthy
in LDLR™/~ mice. After ovariectomy, PSD-95 expres-
sion in the hippocampus was significantly decreased,
and Tau expression was significantly increased com-
pared to that in the other groups (Fig. 3D). Compared to
the C57BL/6] mice fed a normal diet, the hippocampal
regions of LDLR™~ mice displayed an increase number
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of TUNEL-positive cells, indicating enhanced cell apop-
tosis. This trend was even more pronounced in LDLR ™/~
mice fed a high-fat diet post-ovariectomy, further
supporting the detrimental effects of hormonal changes
on neuronal health. The quantification of apoptotic cells
in each view highlighted these significant differences
among the groups (Fig. 3E).

ERs remarkably decrease and positively correlate

with hyperlipidemia and cognitive impairment

in ovariectomized LDLR™/~ mice

There was no difference in serum estradiol levels in
mice without ovariectomy, indicating that neither LDLR
knockout nor a high-fat diet had any effect on estradiol
levels in mice. Estradiol levels in ovariectomized mice
were significantly lower than those in the other groups
(Fig. 4A). The expression of ERa, ERB and GPER did not
change significantly in the hippocampal tissues in mice
without ovariectomy, while the expression of ERa, ERP
and GPER in hippocampal tissues of ovariectomized
mice was significantly decreased compared with that of
no ovariectomized mice (Fig. 4B, C). Correlation analy-
sis showed that serum estrogen and ERa, ERp and GPER
expression in the hippocampus were negatively cor-
related with TC and TG levels in the hippocampus of
mice, but they positively correlated with cognitive behav-
ior scores of mice, and the TC and TG levels in the hip-
pocampus of mice were negatively correlated with the
cognitive behavior score of mice (Fig. 4D).

Lipid overload leads to decreased ERs and promotes
apoptosis in SH-SY5Y cells

Compared with the control group, different concen-
trations of palmitic acid (PA, 50puM, 100puM, 200pM,
400pM, 800puM, or 1600puM) induced a significant
decrease in cell viability after 24 h treatment in SH-
SY5Y cells, and the IC50 of PA to SH-SY5Y cells was
close to 150uM (Fig. 5A). Bax expression was increased
and Bcl-2 expression was decreased after SH-SY5Y cells
were treated with 150 pM PA for 24 h (Fig. 5B, C). The
expression of ERa, ERB and GPR30 in SH-SY5Y cells
was decreased after treatment with 150 uM PA for 24 h
compared with the control group, suggesting that the
lipid overload environment created by PA inhibited the
expression of ERs in nerve cells (Fig. 5D-G). Compared
with the control group, after treatment with 150 uM
PA for 24 h, PSD-95 expression was decreased and Tau
expression was increased significantly in SH-SY5Y cells
(Fig. 5H, I). Compared with the control group, the pro-
tein expression levels of PSD-95 and Bcl-2 were signifi-
cantly decreased, and the protein expression levels of Tau
and Bax were significantly increased in SH-SY5Y cells
treated with 150 uM PA for 24 h (Fig. 5], K). The results
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Fig. 3 Ovariectomized LDLR ~~ mice showed severe neurotransmitter abnormalities and hippocampal damage. C57BL/6 and LDLR™~ mice
were fed a ND or HFD for 90 days. Bilateral ovariectomy was performed in LDLR™~ mice fed a HFD to simulate a postmenopausal stage. A The

hippocampi of mice were obtained after 90 days of administration, and the |

evels of Ach, DA and NE in hippocampal homogenates were detected

using ELISA kits. B The activities of AChT and AchE in hippocampal homogenates of mice were detected using biochemical kits after 90 days

of administration. C The hippocampi of mice were obtained after 90 days of

administration. The changes in Nissl bodies in hippocampal tissues

were detected by Nissl staining. The representative images show the changes in Nissl bodies in the whole hippocampus, DG, CAT and CA3 areas,

and the magnification and scale bar are marked in the representative image
region was quantified. D The expression of PSD-95 and Tau in the hippocam
after 90 days of administration. The magnification and scale bar are marked i
in the hippocampus were quantified by the mean optical density. E The cell

s. The quantity of Nissl bodies in hippocampal tissue and the DG

pal tissues of mice was detected by immunofluorescence staining

n the representative images. The expression levels of PSD-95 and Tau
apoptosis in the hippocampal tissues of mice was detected by tunel

staining after 90 days of administration. The number of apoptotic cells in each view was counted. A-D, n=5. E, n=4. In the indicated comparison,

*P<0.05,**P<0.01,**P<0.001, ****P<0.0001

of the cell viability assay confirmed that the cell viabil-
ity decreased by approximately 50% after SH-SY5Y cells
were treated with 150 uM PA for 24 h (Fig. 5L).

ERa, ERB, and GPER in common mediate the protective
effect of lipid-lowering agents on SH-SY5Y cells

Alisol B 23-acetate (AB23A, 40 pM), a widely reported
lipid-lowering agent, significantly increased the viability



Meng et al. Molecular Brain (2023) 16:80

Page 11 0f 18

A dkkk C b Ak c
{ =] C (e}
§e] K] 'g
7] )
— 504 ns [0) [0) 0.51 ns [0) 0.454
% Q g_ g :Q<_ ns
= 4010 9 X X 0.4 o _ o P a
ke O o) o 0T X T o404 2 0D R
T = 304 (b Q 5 QO g oY o 13 |0
®© £ ° o ' o <L( 0.3 o :: Q
% ES) O w w = [0} 5 O
O & 20 » n O 9.2 pt Q
= =] >0 O 0.35-
5 e Q= 3=
2 104 A g § 0.1- £
© < g
€N o o g S o0 §
o
HFD - + - + + = S HD - + - + + a +
OovX - - - - * L £ B 23 * T ow - - - -+ T -+
C57BL/6 LDLR™ C57BL/6 LDLR™ C57BL/6 LDLR” C57BL/6 LDLR™
B IHC staining D - o ®»
.2 Q (0
ERa ERB GPER .~ & 2 £
c = [
s s € & 3 2
X 5 o8 = s £ @
] T @ w = = 0o e o 173
k3] N X o a o o 2 o ®m 2
= Ww w w ¢ F F o @ 4 O
g E2 . 0.77 0.56 0.61 045
o
] ERa . ‘ 074 0.5
O |
R @ @ @
GPER| & & | & ’ 053
TC(rain) @ @ ® ® @ on
TGbrain) @ @ @ o & @
[0] !
£ Discrimination | . . . - .
S |
L+ | O )
x| % Behavior score | = | @ | @ ® o :
= Latency @ @& @& @ | & | @«
g > Crossingtimes| « | @ |« | . | ® | @ | « | « ‘ o @
Ol : | [
a s cnotnoNTO® mTwoN®g 2
I | o on soum -6066e9999 ccoocococox
e T Y Y Y

Fig. 4 ERs remarkably decrease and positively correlate with hyperlipidemia and cognitive impairment in ovariectomized LDLR ~~ mice.
C57BL/6 and LDLR™~ mice were fed a ND or HFD for 90 days. Bilateral ovariectomy was performed in LDLR™~ mice fed a HFD to simulate

a postmenopausal stage. A Serum of mice was obtained after 90 days of administration, and the serum estradiol levels were detected using

an ELISA kit. B The expression of ERa, ER and GPER in the hippocampal tissues of mice was detected by immunohistochemistry staining after 90
days of administration. The magnification and scale bar are marked in the representative images. C Related to B, the expression levels of ERa, ER
and GPER in the hippocampus were quantified by mean optical density. D Pearson was used to conduct correlation analysis on serum E2 levels,
hippocampal ERa, ERB and GPER expression, hippocampal TC and TG levels, and cognitive behavior test results. The red background indicates

a positive correlation, and the blue background indicates a negative correlation. The number in the circle indicates the correlation coefficient,
and the symbol * in the circle indicates the significance. N=5. In the indicated comparison, *P<0.05, **P < 0.01, ***P < 0.001, ****P <0.0001

of SH-SY5Y cells cultured with 150 uM PA for 24 h, and
this effect of AB23A was not blocked by the GPER inhibi-
tor G-15, the ERa inhibitor MPP, or the ERP inhibitor
PHTPP (Fig. 6A). AB23A significantly reduced the pro-
tein expression level of Bax and increased the protein
expression level of Bcl-2 in PA-treated SH-SY5Y cells.
When G-15, MPP or PHTPP were paired and acted
together with AB23A on SH-SY5Y cells, two pairs of
them did not affect the inhibitory effect on Bax protein

expression or the upregulation effect on Bcl-2 protein
expression of AB23A (Fig. 6B, C). AB23A significantly
increased PSD-95 expression and decreased Tau expres-
sion in PA-treated SH-SY5Y cells. Moreover, when G-15,
MPP or PHTPP were paired and together with AB23A
on SH-SY5Y cells, two pairs of them did not affect the
inhibitory effect on Tau expression or the upregula-
tion effect on PSD-95 expression of AB23A (Fig. 6D, E).
When G-15, MPP and PHTPP were all combined with
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Fig. 5 Lipid overload leads to decreased ERs and promotes apoptosis in SH-SY5Y cells. A An MTT assay was used to detect the viability of SH-SY-5Y
cells treated with different concentrations of palmitic acid (PA) for 24 h. B Western blotting was performed to detect Bax and Bcl-2 expression

in SH-SY-5Y cells treated with 150 uM PA for different duration. C Related to B, the relative quantitative analysis of Bax and Bcl-2 expression

in SH-SY-5Y cells. D The expression levels of ERa, ERB and GPER were detected by immunofluorescence in SH-SY-5Y cells with or without 150 uM
PA treatment for 24 h. E Related to D, the quantitative analysis of the mean optical density of ERq, ERP and GPER expression in SH-SY-5Y cells. F The
expression levels of ERa, ERB and GPER were detected by western blot in SH-SY-5Y cells with or without 150 uM PA treatment for 24 h. G Related

to F, the relative quantitative analysis of ERa, ER and GPER expression in SH-SY-5Y cells. H The expression levels of PSD-95 and Tau were detected
by immunofluorescence in SH-SY-5Y cells with or without 150 uM PA treatment for 24 h. | Related to H, the quantitative analysis of the mean
optical density of PSD-95 and Tau expression in SH-SY-5Y cells. J The expression levels of PSD-95, Tau, Bax, and Bcl-2 were detected by western blot
in SH-SY-5Y cells with or without 150 uM PA treatment for 24 h. K Relative quantitative analysis of PSD-95, Tau, Bax, and Bcl-2 expression in SH-SY-5Y
cells. L An MTT assay was used to detect the viability of SH-SY-5Y cells treated with or without 150 uM PA for 24 h. Aand L, n=6.B-K,n=3.In

the indicated comparison, *P<0.05, **P<0.01, ***P <0.001, ****P<(0.0001
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Fig. 6 ERa, ERB, and GPER in common mediate the protective effect of lipid-lowering agents on SH-SY5Y cells. A In PA-treated SH-SY-5Y cells,
AB23A was used alone or in combination with G-15, MPP or PHTPP for 24 h, and cell viability was detected by MTT assay. B G-15, MPP, or PHTPP
were paired and acted together with AB23A on PA-treated SH-SY-5Y cells for 24 h. The expression levels of Bax and Bcl-2 were detected by western
blot. C Related to B, the relative quantitative analysis of Bax and Bcl-2 expression in SH-SY-5Y cells. D G-15, MPP, or PHTPP were paired and acted
together with AB23A on PA-treated SH-SY-5Y cells for 24 h. The expression levels of PSD-95 and Tau were detected by immunofluorescence.

E Related to D, the quantitative analysis of the mean optical density of PSD-95 and Tau expression in SH-SY-5Y cells. F SH-SY-5Y cells were

treated with G-15, MPP and PHTPP combined with AB23A and treated with PA for 24 h. The expression levels of Bax, Bcl-2, PSD-95 and Tau were
detected by western blotting. G Relative quantitative analysis of Bax, Bcl-2, PSD-95 and Tau expression in SH-SY-5Y cells. H SH-SY-5Y cells were
treated with G-15, MPP and PHTPP combined with AB23A and treated with PA for 24 h. The expression levels of PSD-95 and Tau were detected

by immunofluorescence. I Related to H, the quantitative analysis of the mean optical density of PSD-95 and Tau expression in SH-SY-5Y cells.

J SH-SY-5Y cells incubated with G-15, MPP and PHTPP in combination with AB23A and treated with PA for 24 h. Cell viability was detected by MTT
assay. A and J, n=6.B-I, n=3.In the indicated comparison, *P<0.05, **P <0.01, ***P<0.001, ****P <0.0001
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AB23A and used in PA-treated SH-SY5Y cells, the effect
of AB23A on increasing the protein expression levels of
PSD-95 and Bcl-2 was abolished, and the effect of AB23A
on decreasing the protein expression levels of Tau and
Bax was prohibited (Fig. 6F—I). The MTT results con-
firmed that AB23A increased the viability of SH-SY5Y
cells incubated with PA, which was inhibited by the com-
bined application of G-15, MPP and PHTPP (Fig. 6]).

Activating ERs improves hippocampal damage

and cognitive impairment caused by ovariectomy

in LDLR™'~ mice

Serum TC, TG, and LDL-C levels, as well as TC and TG
levels in the hippocampus, were significantly decreased
and HDL-C levels were significantly increased in ova-
riectomized LDLR™~ mice treated with estradiol (E2)
or simvastatin (SIM) (Fig. 7A, B). These results indi-
cated that both E2 and SIM could significantly improve
lipid disorders in ovariectomized mice. E2 significantly
increased serum estradiol levels in ovariectomized
LDLR™'~ mice, but SIM did not affect serum estradiol
levels in ovariectomized LDLR™'~ mice (Fig. 7C). E2
and SIM significantly increased the ERa, ERp and GPER
expression levels in hippocampal tissues of ovariecto-
mized LDLR™'~ mice (Fig. 7D). The Morris water maze
showed that 90 days of E2 or SIM treatment decreased
escape latency and increased the number of platform
crossings in ovariectomized LDLR™~ mice (Fig. 7E).
New object recognition test results showed that 90 days
of E2 or SIM treatment increased the discrimination
index in ovariectomized LDLR™'~ mice (Fig. 7F). The Y
maze task showed that 90 days of E2 or SIM treatment
significantly increased the alternative behavior score in
ovariectomized LDLR™~ mice (Fig. 7G). After 90 days
of E2 or simvastatin treatment, the expression levels of
PSD-95 and Bcl-2 were significantly increased, while Tau

(See figure on next page.)
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and Bax were significantly decreased in the hippocampus
of ovariectomized LDLR ™'~ mice (Fig. 7H). After 90 days
of treatment with E2 or SIM, immunofluorescence stain-
ing revealed pronounced alterations in the expression of
PSD-95 and Tau in the hippocampal tissues of ovariec-
tomized LDLR—/— mice. Specifically, increased PSD-95
and reduced Tau expressions were observed (Fig. 7I).
Furthermore, TUNEL staining underscored a notable
reduction in apoptosis within the hippocampal regions
of mice treated with E2 or SIM. The quantification reaf-
firmed these findings, showcasing elevated PSD-95 and
diminished Tau levels, along with a significant drop in
apoptotic cells in the treated groups compared to ova-
riectomized LDLR ™'~ mice (Fig. 71).

Discussion

Estrogen can prevent cognitive dysfunction by adjust-
ing neurotransmitters, increasing cerebral blood flow,
regulating growth proteins related to axon elongation,
and weakening neurotoxicity [19]. An epidemiological
survey showed that female life expectancy has increased
from 50 years to 83 years, and the average age of spon-
taneous menopause has remained stable at 50-51 years
[20]. As a result, women have a prolonged perimenopau-
sal period with low estrogen levels, which increases the
risk of cognitive impairment. The loss of estrogen and
its receptor functions exacerbates metabolic disorders in
menopause [6], and it is well established that abnormal
lipid metabolism is an independent risk factor for cog-
nitive impairment [7]. In the current study, we provide
direct evidence that the postmenopausal state amplifies
lipid dyslipidemia and exacerbates cognitive dysfunction
through the ERs pathway, and that estrogen supplemen-
tation or lipid reduction is an effective way to ameliorate
postmenopausal dyslipidemia, hippocampal damage, and
cognitive dysfunction.

Fig. 7 Activating ERs improves hippocampal damage and cognitive impairment caused by ovariectomy in LDLR™~ mice. Bilateral ovariectomy
was performed in LDLR™~ mice fed a HFD to simulate a postmenopausal stage. The mice were treated with 0.13 mg/kg estradiol (E2) or 4.5 mg/
kg simvastatin (SIM) for 90 days. A Serum of mice was obtained after 90 days of treatment, and the levels of TC, TG, LDL-c and HDL-c were
detected using biochemical kits. B The levels of TC and TG in hippocampal homogenates were detected using biochemical kits. C The serum
estradiol levels were detected using an ELISA kit. D The expression of ERa, ERB and GPER in the hippocampal tissues of mice was detected

by western blot, and the relative quantitative analysis of ERa, ER and GPER expression was performed. E The learning and memory ability of mice
was evaluated by the Morris water maze after 90 days of treatment. The left panel shows the swimming paths of mice on the first and fifth
training days of the Morris water maze test. The middle panel indicates the escape latency of mice on the fifth training day of the Morris water
maze test. The right panel indicates the number of platform crossings on the sixth day of the Morris water maze test. F The learning and memory
abilities of mice were evaluated by the novel object recognition test after 90 days of treatment. G Spatial memory of mice was evaluated

by the Y-maze task after 90 days of treatment. H The expression of Bax, Bcl-2, PSD-95, and Tau in the hippocampal tissues of mice was detected

by western blot, and the relative quantitative analysis of Bax, Bcl-2, PSD-95, and Tau expression was performed. I The expression of PSD-95

and Tau was detected by immunofluorescence staining, and the cell apoptosis was detected by tunel staining in the hippocampal tissues of mice
after 90 days of administration. The magnification and scale bar are marked in the representative images. The expression levels of PSD-95 and Tau
in the hippocampus were quantified by the mean optical density, and the number of apoptotic cells in each view was counted. A, B and E-G, n=5.
D and H, n=3.1,n=4-5. In the indicated comparison, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001
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First, we analyzed two data sets (GSE36318 and
GSE1297) from the GEO database and showed that more
than 40% of the differentially expressed genes in nor-
mal breast aspirates from postmenopausal women were
enriched in cellular lipid metabolic processes. Com-
pared with women with incipient cognitive impairment,
the differentially expressed genes in the hippocampus of
women with severe cognitive impairment were enriched
in the estrogen signaling pathway and lipid metabolic
process. Analysis of these data suggests that abnormal
estrogen signaling and lipid disorders in the postmeno-
pausal stage are potential drivers of cognitive dysfunction
in older women.

The biggest problem faced by patients with cognitive
impairment is the loss of learning and memory ability,
which involves learning ability, short-term and long-
term memory, mental and emotional, personal social
behavior and many other aspects [21]. We found that,
for C57BL/6] mice, a high-fat diet alone did not lead to
cognitive impairment. LDLR knockout in mice leads to
hyperlipidemia and the same does not result in cognitive
impairment. When a high-fat diet was given to LDLR™/~
mice, more severe hyperlipidemia was present and mild
cognitive impairment was generated. When LDLR™/~
mice fed a high-fat diet underwent bilateral ovariectomy,
the lipid levels in the blood, liver, and hippocampus were
significantly increased, and cognitive function was seri-
ously damaged. These findings suggest that dyslipidemia
and postmenopausal state are risk factors for the devel-
opment of cognitive impairment and that postmenopau-
sal status is an independent promoter of dyslipidemia
and cognitive impairment.

Many studies have proven that cognitive impairment is
related to various factors, and changes in neurotransmit-
ters are the most important [22]. For decades, studies on
the effects of neurotransmitters on cognitive impairment
have made continuous progress, and studies on combat-
ing cognitive impairment by regulating neurotransmit-
ters have increased in recent years [23]. Regulating the
levels of neurotransmitters in the brain, including ACh,
DA and NE, can alleviate cognitive dysfunction [24].
Most of the drugs approved by the FDA for the treat-
ment of AD are inhibitors of AchE, and their mechanism
is to inhibit the activity of AchE, thereby increasing the
content of ACh neurotransmitters in the brain [25]. Our
present results showed that DA and NE levels were sig-
nificantly decreased in the hippocampal tissues of mice
after high-fat diet, LDLR knockout and ovariectomy.
The activity of AchE increased and AChT decreased
in LDLR™/~ mice fed a high-fat diet after ovariectomy,
which may be responsible for the remarkably reduced
Ach content in ovariectomized LDLR™'~ mice.
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In addition to neurotransmitters, the loss of synap-
tic plasticity and integrity is another important cause of
cognitive dysfunction [26]. Changes in the content and
distribution of Nissl bodies are important indicators
of neuronal function injury. Normal central regions are
rich in Nissl bodies, but when neurons are damaged, the
content of Nissl bodies decreases [27]. Current results
show that the content and distribution of Nissl bodies
in the hippocampus of LDLR™/~ mice fed a high-fat diet
are significantly decreased, which cooccurred with syn-
aptic damage and hippocampal neuron apoptosis. All of
these phenomena were further exacerbated by ovariec-
tomy in LDLR™~ mice. Postsynaptic denser (PSD), as a
complex of signaling molecules in the postsynaptic mem-
brane after excitation, is an important substance for syn-
aptic transmission function [28]. As the highest content
of microtubule-related protein, Tau protein content and
phosphorylated Tau protein content in the brain of AD
patients increase significantly, and abnormal phospho-
rylation of Tau promotes synaptic loss and neuron dam-
age [29]. Our results confirm that PSD-95 expression in
the hippocampus was significantly reduced, while Tau
protein expression was significantly increased in mice in
the postmenopausal stage, which may be the reason hip-
pocampal damage and cognitive dysfunction occurred in
ovariectomized mice. As we observed, with the change
in the expression of PSD-95 and Tau, the increase in Bax
expression and a decrease in Bcl-2 expression emerged in
hippocampal ovariectomized mice. A range of postmen-
opausal effects are closely related to reduced estrogen
levels and decreased estrogen receptor function, includ-
ing cognitive dysfunction [30].

In the current study, ovariectomized mice showed
significant reductions in estradiol levels and ERq,
ERB, and GPER expression, and they showed signifi-
cant correlations with dyslipidemia and cognitive dys-
function. ERa and ERP regulate gene transcription by
binding to specific sequences in the promoters of tar-
get genes, which is a classic gene transcription effect
[31]. GPER mainly activates intracellular second mes-
sengers, regulates cAMP, and activates protein kinases
through signal transduction pathways, thus leading to
indirect changes in gene expression [32]. To investigate
the relationship between ERa, ERP and GPER and dys-
lipidemia in nerve cells, we incubated SH-SY5Y cells
with palmitic acid (PA) to replicate a nerve damage cell
model. ERa, ERB and GPER are expressed positively in
SH-SY5Y cells [33], so SH-SY5Y cells are often used as
an in vitro cell model to research the protective effect
of estrogen receptors on neurons [34, 35]. However,
PA can trigger neuronal apoptosis and neuroinflamma-
tion, leading to cognitive impairment [36]. Our find-
ings are consistent with previous reports that neuronal
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apoptosis increases with the application of PA [37].
Moreover, PA resulted in a decrease in PSD-95 expres-
sion and an increase in Tau expression in SH-SY5Y
cells. Interestingly, PA led to decreased ERa, ERp and
GPER expression in SH-SY5Y cells, which is inconsist-
ent with our in vivo results. In vivo, only ovariectomy
leads to decreased estradiol levels and ERs expression,
and hyperlipidemia alone, including LDLR knockout or
a high-fat diet, does not affect estradiol levels and ERs
expression in mice. The in vivo results may indicate a
systemic regulatory effect of the hormone system.

In vitro, we demonstrated that ERa, ERp and GPER
jointly mediate the protective effects of lipid-lower-
ing agents on nerve cells. Specifically, AB23A, a sub-
stance that can significantly reduce blood lipids and
lipid accumulation in the liver and intestines [38-40],
increases PSD-95 and Bcl-2 expression and decreases
Tau and Bax expression in SH-SY5Y cells. The paired
application of GPER inhibitor G15, ER a inhibitor MPP
and ER B inhibitor PHTPP did not affect the protective
effect of AB23A on SH-SY5Y cells. However, the com-
bined application of G-15, MPP, and PHTPP reversed
the inhibitory effect of AB23A on SH-SY5Y cell apopto-
sis. These results highlight the important role of ERs in
the use of reagents to improve the activity and function
of nerve cells.

Previous studies have shown that long-term treat-
ment with estradiol improves cognitive impairment and
restores synaptic plasticity in ovariectomized rhesus
monkeys [41]. Simvastatin has also been proven to reduce
obesity-induced cognitive dysfunction in rats [42]. So, we
next treated bilateral ovariectomized LDLR ™/~ mice with
estradiol or simvastatin to evaluate their effects on cogni-
tive function. Our results showed that in ovariectomized
mice, estradiol increased serum estradiol levels and ERs
expression, reduced hyperlipidemia, and decreased apop-
tosis of nerve cells in the hippocampus to improve cog-
nitive function. Simvastatin reduced hyperlipidemia and
decreased apoptosis of nerve cells in the hippocampus
to improve cognitive function, without affecting serum
estradiol levels, but upregulating ERs expression. These
findings highlight the central role of hyperlipidemia in
promoting cognitive impairment in the postmenopausal
stage and suggest that regulating estrogen and its recep-
tor function is an effective way to ameliorate cognitive
impairment in the postmenopausal stage.

In conclusion, we confirmed that postmenopausal
women and women with cognitive impairment have
abnormal lipid-related processes and signals. Decreased
estradiol levels and ERs expression in the postmeno-
pausal period contribute to lipid disorders and cogni-
tive dysfunction. Moreover, we demonstrated that ERa,
ERB and GPER jointly mediate the protective effect of
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lipid-lowering agents on nerve cells, and supplementing
estradiol or lowering lipids is an effective way to improve
hippocampal damage and cognitive dysfunction caused
by hyperlipidemia in the postmenopausal period by up-
regulating ERs.
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