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KEYWORDS Abstract Alterations in glucose metabolism occur in the brain in the early stage of Alzhei-
Alzheimer’s disease; mer’s disease (AD), and menopausal women have more severe metabolic dysfunction and
Estrogen deficiency; are more prone to dementia than men. Although estrogen deficiency-induced changes in
Glucose metabolism glucose metabolism have been previously studied in animal models, their molecular mecha-
disorder; nisms in AD remain elusive. To investigate this issue, double transgenic (APP/PS1) female mice
GSK-3B; were subjected to bilateral ovariectomy at 3 months of age and were sacrificed 1 week, 1
IGF-1; month and 3 months after surgery to simulate early, middle and late postmenopause, respec-
Mitochondria tively. Our analysis demonstrated that estrogen deficiency exacerbates learning and memory

deficits in this mouse model of postmenopause. Estrogen deficiency impairs the function of
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mitochondria in glucose metabolism. It is possible that the occurrence of AD is associated with
the aberrant mitochondrial ERB-mediated IGF-1/IGF-1R/GSK-3p signaling pathway. In this
study, we established a potential mechanism for the increased risk of AD in postmenopausal
women and proposed a therapeutic target for AD due to postmenopause.

Copyright © 2022, Chongging Medical University. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/

by-nc-nd/4.0/).

Introduction

Alzheimer’s disease (AD), also known as dementia, is a
neurodegenerative disease that is highly associated with age
and causes the gradual loss of memory and cognitive func-
tion." As aging progresses, the cumulative risk of AD in-
creases. According to demographic information, it has been
predicted that the worldwide population of individuals with
AD will exceed 100 million by 2050.% This will undoubtedly
place substantial economic and mental burdens on patients,
their families, and society. The main pathological features of
AD include senile plaques (SPs) formed by extracellular
amyloid B peptide (AB) deposition, neurofibrillary tangles
(NFTs) formed by intracellular tau hyperphosphorylation,
synaptic reduction in the hippocampus and cortex, and
degeneration and loss of neurons caused by lesions.?
Currently, the etiology and pathogenesis of AD are still un-
clear, and no effective therapeutic strategy has been re-
ported to prevent and delay the progression of AD.

A large number of epidemiological surveys have shown
that the incidence of AD in postmenopausal women is
approximately three times higher than that in men of the
same age.”” A decline in estrogen level is closely related to
the high risk of AD in women during different menopausal
stages. Usually, endogenous estrogen deficiency occurs
before the onset of AD.® Estrogen can promote the growth
and survival of memory-associated cholinergic neurons,
inhibit the production and toxicity of AB, ameliorate neu-
rotrophy, and reduce the hyperphosphorylation of tau
protein.” Estrogen also plays a key role in the central
regulation of energy homeostasis.® Estrogen exerts biolog-
ical effects through its receptors. ERa acts as a transcrip-
tion factor in the reproductive system and during human
development, and ERB is widely expressed in the cortex,
hippocampus and other brain areas associated with learning
and memory.”'” In recent years, many studies have
confirmed the presence of estrogen receptors in mito-
chondria, and further studies have shown that ERB in the
brain is mainly localized to mitochondria.’' "3

With the rapid development of neuroimaging technol-
ogy, PET has become a reliable tool for the diagnosis of
AD.™ Many studies have shown that a decreased cerebral
glucose metabolic rate is one of the common changes in AD.
Energy metabolism in the brain has been shown to decrease
before the appearance of clinical symptoms and cortical
atrophy.'"® Furthermore, clinical studies have shown that
severe metabolic disorders occur in the brains of post-
menopausal women, and age-related decreases in meta-
bolism are more prominent in women than in men."’
Insulin-like growth factor-1 (IGF-1) is a potent trophic

factor that binds its cognate receptor as a ligand and plays
an important role in the energy metabolism of nerve cells,
and the levels of IGF-1 substantially decline with age.'®"
IGF-1 and the dimerization and trans-autophosphorylation
of the intracellular kinase domains of its cognate receptor
activate downstream signaling cascades, including the
prototypical PI3K/AKT pathway, which drives cell survival
and growth, and the glycogen synthase kinase-3p (GSK-3B)
pathway, which is closely related to the three character-
istic pathological changes of AD.?>2" However, the molec-
ular mechanism of IGF-1 in AD is still unclear.

In this study, we showed that spatial learning and
memory deficits as well as a large amount of neuritic plaque
deposition were associated with long-term estrogen defi-
ciency. More importantly, ovariectomy (OVX) induced im-
pairments in mitochondrial energy metabolism. To elucidate
the potential mechanism by which estrogen deficiency ex-
acerbates energy metabolism and cognitive dysfunction, the
aberrant mt-Erp-mediated downregulation of the IGF-1/IGF-
1R/GSK-3B signaling pathway was investigated.

Materials and methods
Animals

Three-month-old APP/PS1 double transgenic female mice
expressing a chimeric mouse/human amyloid precursor
protein (Mo/Hu APP695swe) and a presenilin 1 delta exon 9

mutation (PS1-dE9) ([D000268] B6/JNju-Tg (APPswe,
PSEN1dE9)/Nju) were purchased from the Nanjing
Biomedical Research Institute of Nanjing University

(Approval Number: SCXK (Su) 2015-0001). Mice were housed
in groups of five in the IVC transgenic room of Chongqing
Medical University Animal Center under a 12 h light/12 h
dark cycle at constant temperature with food and water
provided ad libitum. The animal procedures conformed to

Table 1  Basic information of clinical human brain tissue.
Group Case Age Sex Cause of death
Aged 1 97 M Multiple organ failure
2 88 M Coronary heart disease
3 87 M brain tumor
4 70 F septicemia
AD 1 99 F AD, cerebral stroke
2 88 M AD
3 82 M AD
4 70 M AD
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the guidelines of the Ethics Committee of Chongging Med-
ical University.

Postmortem human brains

We obtained human brain tissue from the human brain
bank of Xiangya Medical College of South Central Univer-
sity. Samples from clinically diagnosed AD patients and
age-matched non-AD subjects were selected for use in the
present study (Table 1). Neuropathological changes in AD
brains were evaluated using Braak’s staging system, and
cases with a clinical history of dementia and a Braak’s
stage of IV or higher were selected for study. The cases in
the control group showed no or only mild amyloid and/or
tau pathology in the cerebrum, and neuropathology was
limited to Braak’s stages I—Il. All human brains were
preserved according to a standardized procedure with one
side of each brain rapidly frozen and stored at —70 °C for
future biochemical studies and the other side immersion
fixed in 10% formalin for anatomical/pathological studies.
In the present study, sections from a slice of the mid-
hippocampal temporal lobe (-2 cm thick) were used.
The temporal lobe block was removed from the formalin-
fixed hemisphere, cryoprotected in 30% sucrose, and cut
at the frontal plane using a cryostat into 12 sets of sec-
tions (40 pum thick), with each set consisting of four
equally sized (12 x 40 pm or ~500 pm?) sections. The
sections were then stored in a cryoprotectant at —20 °C
until histological processing.

Experimental design and ovariectomy

Three-month-old female AD model mice and their litter-
mates were randomly divided into two groups: the bilateral
ovariectomized (AD-OVX) group and the sham operation
group (AD-Sham) (n = 18). Wild-type mice (WT-OVX, WT-
Sham) of the same age were selected as controls. Mice
were anesthetized with 0.1% pentobarbital. After skin
disinfection, a skin incision approximately 0.5 cm in length
was made along the posterior midline of the back on the
level of the connecting line between the bilateral upper
margin of the hindlimb root. White fat masses close to the
lower pole of the kidney, which are important anatomical
landmarks for locating the ovary, were viewed through the
thin muscle layer. After bilateral ovariectomy, the incisions
were sutured. The sham operation groups underwent a
similar procedure except that the ovaries were not
removed. The mice were evaluated 1 week, 1 month, and 3
months after surgery.

Morris water maze

The Morris water maze was used to examine spatial learning
and memory. The maze consisted of a circular pool
approximately 1 m in diameter. The pool was divided into 4
quadrants with an escape platform approximately 10 cm in
diameter placed in one quadrant. The water temperature
was maintained at approximately 25 °C.

The experiment consisted of a place navigation test
and a spatial probe test. The place navigation test las-
ted for six days. On the first day, a visible platform
experiment was performed: the platform was exposed
1 cm above the water so that the mice could easily find
it. The mice were placed in the water according to the
established procedure, and the movement of the mice
during the experiment was recorded by an image
tracking system; the time to find the platform within a
60-s escape latency and the path length were measured.
If a mouse did not find the platform at the end of the
60-s period, the experimental operators guided the
mouse to the platform and allowed the mouse to remain
on the platform for 15 s to learn its location. For the
next three days, hidden platform experiments were
performed: the platform position was fixed during the
entire process, and the mice were placed in the water
at different locations. The training method was the
same as that in the visible platform experiment. On the
seventh day, the spatial probe test was performed: the
platform was removed, and the mice were allowed to
swim freely in the pool for 1 min. The number of times
each mouse passed across the platform was recorded on
the probe day.

Tissue preparation and mitochondrial extraction

The experimental animals were deeply anesthetized and
transcardially perfused with ice-cold 0.9% saline solution.
Following perfusion, half of the brain extracted from the
skull was stored at —80 °C and prepared for protein and
mitochondrial analysis. The other half of the brain was
postfixed in freshly prepared 4% paraformaldehyde (PFA)
overnight at 4 °C and then dehydrated in a gradient of 20%
and 30% sucrose and 0.1 M phosphate-buffered saline
(PBS, pH = 7.4) until it sank and embedded in tissue
embedding medium (4583, OCT Compound; Sakura Fine-
tek Tissue-Tek, Tokyo, Japan). Coronal sections (10 um
thick) encompassing the entire cortex and hippocampus
were cut with a freezing microtome (CM1860; Leica,
Wetzlar, Germany), collected sequentially in 6-well plates
filled with 0.01 M PBS and mounted onto slides for
immunofluorescence analysis. Uteri were dissected and
weighed. The manufacturer’s instructions for the mito-
chondrial extraction kit (SM0020, Beijing Solarbio Science
& Technology Co., Ltd.) were followed closely. We ob-
tained high purity mitochondria by the differential
centrifugation method. It is worth noting that all of the
abovementioned procedures should be performed at a low
temperature.

Immunohistochemistry analysis

Brain tissue sections were immunohistochemically stained
with a specific kit (SA1020; Boster Bio, Wuhan, China). The
sections were immunostained with biotin anti-B-amyloid
17—24, monoclonal 4G8 antibody (1:250, #800704; Bio-
Legend, San Diego, CA, USA) and an anti-MAP2 antibody
(1:1000, #4542, Abcam, Cambridge, USA) overnight at 4 °C.
The next day, the sections were washed with 0.01 M PBS
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three times for five minutes each. Then, the sections were
incubated with secondary antibody for 30 min at 37 °C, and
the plaques were stained with a DAB Kit (ZLI-9018, 1:20
mixture of solutions 1 and 2; ZSGB-BIO, Beijing, China).
After another three washes with PBS, the sections were
covered with coverslips, and images were captured on a
Leica DM 4000 digital microscope (Leica, Wetzlar,
Germany).

Transmission electron microscopy

Cardiac perfusion with a preprepared solution (a mixture of
glutaraldehyde and paraformaldehyde) was performed
after anesthesia. After perfusion, the brain was quickly
removed and separated from the hippocampus, and
approximately 1 mm? of tissue was removed with a scalpel.
The sample was immediately fixed in a preprepared sta-
tionary solution (containing 3% glutaraldehyde, 1.5% para-
formaldehyde, and 0.1 M PBS, pH = 7.2). Then, the
following steps were performed: osmotic acid fixation;
buffer flushing; dehydration in gradient alcohol and
acetone; entrapment after penetration of entrapment
agent; polymerization at 36 °C—60 °C; slicing; ultrathin
sectioning; and staining. Finally, the sections were
observed under a transmission electron microscope (TEM)
(Philips, Amsterdam, Netherlands) at the Chongqging Medi-
cal University using standard techniques as described
previously.

Golgi-Cox staining

Whole brains were harvested from female mice after
ovariectomy. According to the manufacturer’s in-
structions provided with the FD Rapid GolgiStain™ Kit (FD
Neurotechnologies, Inc., USA), experimental animals
were deeply anesthetized with 0.1% pentobarbital, and
then brains were removed from the skull and rinsed in
double distilled water to remove blood from the surface.
Next, the brains were immersed in the impregnation
solution, which was made by mixing equal volumes of

solutions A and B, for 2 weeks at room temperature in
the dark. Then, the brains were transferred into solution
C and kept in the dark at room temperature for at least
72 h (up to 1 week). After that, brain sections were cut
on a freezing microtome (CM1860; Leica, Wetzlar, Ger-
many). Coronal sections (100 um thick) were cut and
transferred to gelatin-coated slides onto small drops of
solution C. The staining procedure was closely followed:
the sections were washed, dried, dehydrated with
gradient ethanol, cleared with xylene, and per-
meabilized for coverslipping. Finally, the brain sections
were imaged with a Leica DM 4000 microscope (Leica,
Wetzlar, Germany).

Western blot

Brain tissue samples were lysed in RIPA lysis buffer
(P0013B, Beyotime, Shanghai, China) and phenyl-
methanesulfonyl fluoride (PMSF, ST506, Beyotime) on
ice. The lysates were separated by 8—12% Tris-glycine
SDS-PAGE and electrotransferred to polyvinylidene
difluoride (PVDF) membranes (0.45 um pore size; 1J-58;
Millipore, Darmstadt, Germany). Then, the membranes
were blocked in 5% BSA for 2 h at 37 °C and incubated in
primary antibodies at 4 °C overnight (Table 2). The next
day, after washing in PBST three times, the membranes
were incubated in secondary antibodies from the same
species at 37 °C for 1 h. After three more washes with
PBST, the immunoreactive bands were visualized by
enhanced chemiluminescence (ECL, 4Awoll-100; 4A
Biotech Co., Ltd., Beijing, China) and captured by the
Molecular Imager ChemiDoc XRS System (731BR02996;
Bio-Rad, Shanghai, China). Densitometry analysis was
performed using Image Lab software (Bio-Rad, Hercules,
USA).

Statistical analysis

All statistical analyses were performed with GraphPad
Prism software (version 5.0). Data are expressed as the

Table 2 Information of primary antibodies in western blot.

Antibody Name Antibody Source Catalog number Manufacturer Dilutions

CYP19A1 Rabbit mAb #DF6884 Affinity 1/100—1/10,000
ERp Rabbit mAb ab3577 Abeam 1/800

GLUT1 Rabbit mAb ab115730 Abeam 1/1000

GLUT3 Rabbit mAb ab191071 Abeam 1/1000

NeuN Rabbit mAb #24307 CST 1/1000

MAP2 Rabbit mAb #4542 CST 1/1000

IGF1 Rabbit mAb NBP2-16929 Novus 1/800

GSK3 beta Mouse mAb ab93926 Abeam 1/500—1/2000
GSK3 beta (phospho S9) Rabbit mAb ab75814 Abeam 1/10,000—1/20,000
IGF1R Rabbit mAb NBP1-77,680 Novus 1/800

PSD95 Mouse mAb ab2723 Abeam 1/200—1/1000
GAP43 Rabbit mAb ab75810 Abeam 1/100,000—1/200,000
beta actin Mouse mAb #A5441 Sigma Aldrich 1/5000—1/10,000
GAPDH Rabbit pAb AF7021 Affinity 1/3000—1/30,000

*Effective concentrations or concentration ranges were observed in their corresponding structions.
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Figure 1  Estrogen levels in the circulation and brain of mice. (A) Image of uteri from all groups. (B) Quantification of uterus
weight. (C) Western blot analysis of aromatase (CYP19A1) expression. B-actin was used as an internal control. (D) Densitometric
analysis of CYP19A1 expression normalized to B-actin. Data are presented as the mean + SEM. Compared with WT-Sham, *P < 0.05,

**P < 0.01, **P < 0.001; compared with AD-Sham, #P < 0.05, ##P

mean + standard error of the mean (SEM). Statistically
significant differences were determined by two-way anal-
ysis of variance (ANOVA) followed by the Bonferroni post
hoc test or Student’s t-test (for other comparisons between
sham and OVX). P < 0.05 was considered statistically
significant.

Results

Ovariectomy leads to estrogen deficiency in both
the circulation and brain of mice

Three experimental models (1 week, 1 month, and 3
months) were designed to imitate human early postmeno-
pause, middle postmenopause, and late postmenopause,
respectively. Uterine weight was used as a bioassay to
confirm depletion of ovarian hormones in mice. In both WT
and AD mice, OVX induced a significant decrease in uterine
weight compared with that in the sham groups (Fig. 1A, B).
Next, the distribution of aromatase (CYP19A1), a key
enzyme responsible for estrogen synthesis, in the mouse
brain was studied. In this experiment, a compensatory

< 0.1, ###P < 0.001.

increase in CYP19A1 protein expression was shown in the
AD-OVX 1-week group, and significant decreases were
found in the AD-OVX 1-month and 3-month groups (Fig. 1C,
D). In WT mice, OVX induced a significant decrease in
CYP19A1 expression only at 3 months (Fig. 1C, D). These
results suggested that OVX can lead to a decrease in es-
trogen in both the circulation and the brain, and the change
in brain estrogen in AD may be consistent with the level of
circulating estrogen.

Estrogen deficiency causes cognitive impairments
in mice

To examine the impact of OVX on spatial learning and
memory, the Morris water maze test was performed. In
hidden platform tests at 1 week after the OVX surgery, the
escape latencies and path lengths were not significantly
different between the OVX and sham groups (Fig. 2A, B).
Mice in the OVX groups began to exhibit learning and
memory impairment 1 month after the surgery, and AD-OVX
mice showed longer escape latencies and path lengths to
escape onto the hidden platform on the fourth and fifth
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Figure 2 Estrogen deficiency causes learning and memory impairments in mice. (A, B) The escape latencies and path lengths of

mice in hidden platform tests at 1 week after OVX. (C) In the probe trial, the OVX groups exhibited platform-passing times similar to
those of the sham groups at 1 week after the surgery (P > 0.05). (D, E) The escape latencies and path lengths of mice in hidden
platform tests at 1 month after OVX. (F) OVX mice at 1 month after surgery had fewer platform-passing times than sham-treated
mice (P < 0.05). (G, H) The escape latencies and path lengths of mice in hidden platform tests at 3 months after OVX. (I) OVX mice
at 3 months after surgery mice had significantly fewer platform-passing times than sham-treated mice (P < 0.05). Data are pre-
sented as the mean + SEM. Compared with WT-Sham,*P < 0.05, **P < 0.01, ***P < 0.001; compared with AD-Sham, #P < 0.05,

##P < 0.1, ###P < 0.001 (n = 6).

days (Fig. 2D, E). The deficits were increased at 3 months
after ovariectomy (Fig. 2G, H). In the spatial probe trial on
the last day, the platform was removed. At 1 week after the
surgery, AD-OVX mice exhibited platform-passing times
similar to those of the sham group (Fig. 2C). In the 1-month
and 3-month groups, AD-OVX mice had significantly fewer
platform-passing times than sham-treated mice (Fig. 2F, I).
In both the hidden platform tests and spatial probe trial,
the WT-OVX group showed tendencies similar to those of
the AD-OVX group (Fig. 2F, I). These data suggested that
prolonged estrogen deficiency exacerbated cognitive defi-
cits in female AD mice.

Estrogen deficiency increases neuritic plaques in
the brain

To investigate whether OVX could exacerbate the pathology
of AD, 4G8 immunochemical staining was used to detect AB-
containing neuritic plaques in mouse brains and human AD
brains. There were no AB plaques in the WT groups;
furthermore, plaques were first observed in mice in the OVX
3-month groups (Fig. 3A). Additionally, there was a signifi-
cant increase in plaque formation in AD mouse brains and
human AD brains relative to that in the respective normal
controls (Fig. 3B). Quantitative analysis showed that the AB
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in A = 500 um; Scale bars in B = 500 um & 100 um. The black arrows indicate plaques. Data are presented as the mean + SEM.

***P < 0.001.

plaque number and burden were significantly increased in
the cortex and hippocampus of the 3-month AD-OVX group
compared with those of the AD-Sham group (Fig. 3C). The
number of neuritic plaques in human menopausal AD fe-
male brains was obviously greater than that in the control
brains (Fig. 3D). These results suggested that long-term
ovarian hormone deprivation induced the deposition of
neuritic plaques in the brains of AD patients.

Estrogen deficiency exacerbates hippocampal
neuron loss in mice

To further examine the effects of the loss of ovarian hormones
on neuronal morphology and protein levels, immunohisto-
chemical staining and western blotting of the neuronal-
associated markers MAP2 and NeuN were performed. The
results revealed that the number of MAP2-positive cells in the
hippocampus and the level of NeuN protein expression were

increased in the OVX 1-week groups compared to the age-
matched sham groups (Fig. 4A, a—d, B, C). In the OVX 1-month
and 3-month groups, these changes occurred in both the
hippocampus and cortex (Fig. 4A, e—l, B, C). These data
indicated that long-term estrogen deficiency facilitated
neuronal loss in the brains of AD mice.

Estrogen deficiency reduces the number of
hippocampal dendritic spines in mice

Golgi-Cox staining was used to study neuron morphology in
the dentate gyrus (DG) of the hippocampus, which is a part
of the limbic system of the brain and is a key brain region
related to learning and memory.?? First, the number of
dendrites per neuron was compared, and there was no
difference between the OVX group and the sham group at 1
week after OVX (Fig. 5A, D). However, notably, dendrite
number was decreased in the 1-month and 3-month OVX
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Estrogen deficiency exacerbates hippocampal neuron loss in mice. (A) Immunohistochemical staining of neuronal

(MAP2) morphology in mouse brain. Scale bar = 500 um. (B) Western blot analysis of NeuN expression. GAPDH was used as an
internal control. (C) Densitometric analysis of NeuN expression normalized to GAPDH. Data are presented as the mean + SEM.
Compared with WT-Sham,*P < 0.05, **P < 0.01, ***P < 0.001; compared with AD-Sham, #P < 0.05, ##P < 0.1, ###P < 0.001.

groups (Fig. 5B—D). Next, the dendritic spine numbers were
assessed, and no obvious morphological changes were
observed between the OVX group and the sham group at 1
week after OVX (Fig. 5A, E). The statistical analysis showed
that the numbers of dendritic spines in the 1-month OVX
groups declined relative to those in the sham groups (Fig.
5A, E), and more pronounced declines in dendritic spine
number were shown in the 3-month OVX groups (Fig. 5C, E).
These results suggested that long-term estrogen deficiency
reduced the number of dendritic spines in the hippocampus
of AD mice.

Estrogen deficiency damages the hippocampal
synaptic structure of mice

Learning and memory are associated with biochemical and
morphological changes at the synaptic level. OVX leads to
spatial learning and memory deficits in mice. Therefore,
transmission electron microscopy (TEM) was used to

observe the synaptic structure in the hippocampus
(Fig. 6.1A). The results revealed that the number of syn-
apses in the hippocampus was not significantly different
between the AD-OVX group and the respective sham group
at 1 week after OVX (Fig. 6.1B). However, the number of
synapses in the hippocampus was significantly increased in
the WT-OVX group compared to the WT-Sham group
(Fig. 6.1B). At 1 and 3 months after OVX surgery, the syn-
apse numbers in the hippocampus were significantly
decreased in both AD and WT mice compared with the
respective sham-treated mice (Fig. 6.1B). The number of
presynaptic vesicles was markedly decreased only in the 3-
month AD-OVX female mice (Fig. 6.1C). This change
occurred earlier in the WT-OVX group at 1 month
(Fig. 6.1C). TEM analysis showed that the length of the
synaptic active zone was increased in the 1-week OVX
group (Fig. 6.1D). However, a significant decrease was
found in the 1- and 3-month OVX female mouse groups
(Fig. 6.1D). The levels of the synapse-related proteins
GAP43 and PSD-95 were further analyzed by western
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blotting. GAP43 and PSD95 protein expression levels in 1-
week OVX 2xTgAD female mouse brains were not signifi-
cantly different from those in sham mouse brains
(Fig. 6.2A). However, there was an upward trend in GAP43
and PSD95 protein expression in the WT-OVX groups, and
the difference was statistically significant (Fig. 6.2B, C).
The expression levels of GAP43 and PSD95 in the 1- and 3-
month OVX groups significantly decreased compared with
those in the sham groups (Fig. 6.2B, C). These results

suggested that long-term estrogen deficiency can cause the
destruction of hippocampal synapses.

Estrogen deficiency downregulated glucose
transport proteins in the brains of mice

The earliest defect in the pathological progression of AD is
associated with impaired energy metabolism.?>** The
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cellular energy of brain metabolism comes from glucose
metabolism, and impaired cerebral glucose metabolism is
one of the most important clinical and biochemical char-
acteristics leading to AD. Thus, the levels of glucose
transporters in the brain were measured by western blot-
ting. The results showed that the protein levels of the
glucose transporters GLUT-1 and GLUT-3 in the AD-OVX
group were significantly higher than those in the AD-
Sham group 1 week after OVX, while 1 month and 3
months after OVX, the protein levels of the glucose
transporters were significantly lower in the AD-OVX groups
than in the AD-Sham groups; additionally, the same trend
was observed in the WT groups (Fig. 7). These results
suggested that long-term estrogen deficiency can down-
regulate the protein expression of glucose transporters in
the mouse brain.

Estrogen deficiency damages the mitochondrial
ultrastructure of mice

Mitochondria are the key organelles of cellular energy
metabolism. To investigate the impact of OVX on mito-
chondrial ultrastructure and function, TEM was used to

observe their structure. The TEM images showed that
there were no obvious abnormalities in mitochondrial
structure in the early stage at 1 week after OVX
(Fig. 8a—d). As the time after OVX was increased to 1
month, mitochondrial abnormalities began to appear
(Fig. 8e—h). Notably, severe swelling occurred inside the
mitochondria in the 3-month OVX group (Fig. 8i—l). Mito-
chondria were isolated from mouse brains. These results
suggested that prolonged estrogen deficiency can damage
the structure of mitochondria.

Estrogen deficiency induces abnormal upregulation
of mitochondrial ERB in mice

Estrogen functions by binding to estrogen receptors (ERs).
ERB is strongly expressed in the hippocampus and other
cognition-related brain regions.”'® To investigate the
impact of OVX on ERB, we first assessed the level of ERB in
the whole brain. The statistical analysis showed that at 1
week after OVX, there were no significant differences be-
tween the OVX and sham groups in either WT or AD mice
(Fig. 9A, E). At 1 month after OVX, loss of ovarian hormones
induced a significant decrease in ERB expression in both WT
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and AD female mice (Fig. 9A, B). At 3 months after OVX,
there was a difference in the expression of ERB between
WT and AD mice. In WT mice, OVX induced a significant
decrease in the level of ERB. However, in AD mice, the
difference in the level of ERpB in the OVX group and the
sham group was not statistically significant (Fig. 9A, B).
Next, mitochondria were isolated from mouse brain tissues,
and the level of ERB was assessed by Western blot. The
statistical analysis showed that 1 week after OVX, there
was a significant increase in mitochondrial ERB (mt-ERB)
levels in the WT-OVX group compared to the WT-Sham
group, but no significant difference was shown between
the AD-OVX group and the AD-Sham group (Fig. 9C, D). One
month after the surgical operation, significant decreases in
mtERB were observed in both WT-OVX and AD-OVX mice
compared to the respective sham-treated mice (Fig. 9C, D).
However, at three months after the surgery, long-term
ovariectomy induced a significant increase in the mtERB
expression level in the OVX groups compared with the
corresponding sham groups (Fig. 9C, D). These results

suggested that long-term estrogen deficiency can induce
abnormal upregulation of mt-ERB expression in the brain
tissue of AD mice.

Estrogen deficiency might regulate energy
metabolism through the IGF-1/IGF-1R/GSK-38
signaling pathway

To understand the molecular basis of the effect of estrogen
deficiency on brain energy metabolism, some molecules
associated with energy metabolism signaling pathways
were evaluated. The results showed that OVX induced sig-
nificant increases in IGF-1, IGF-1R and the ratio of p-GSK3p
to t-GSK-3pB at 1 week after OVX. At 1 and 3 months after
OVX, significant decreases in the levels of IGF-1 and IGF-1R
and the ratio of p-GSK3p to t-GSK-3B were observed in the
OVX groups compared to the corresponding sham groups
(Fig. 10A—D). These results suggested that estrogen
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Estrogen deficiency downregulated glucose transport proteins in the mouse brain. (A) Western blot analysis of GLUT-1

and GLUT-3 expression. B-actin was used as an internal control. (B, C) Densitometric analysis of GLUT-1 and GLUT-3 expression
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deficiency might regulate energy metabolism through the
IGF-1/1GF-1R/GSK-3p signaling pathway.

Discussion

AD is a progressive age-related neurodegenerative disorder
characterized by cognitive impairment.?® The incidence of
AD in women is 3 times higher than that in men of a com-
parable age.?® Menopausal status increases the risk of de-
mentia in women.?” In addition, compared with men at the
same stage of AD, postmenopausal women with AD have
more severe cognitive impairments.”® Previous studies have
shown that estrogen can promote the growth and survival
of memory-associated cholinergic neurons, inhibit the
production and toxicity of AB, strengthen neuronutrition
and reduce the hyperphosphorylation of tau.?’ Clinical
studies have shown that estrogen replacement therapy can
improve AD-related cognitive impairments and reduce the
risk of AD in early menopausal women.3%3" These findings
indicate that estrogen plays an important role in AD.
However, there is still a lack of systematic research on this
issue, and the underlying mechanism is unclear. This study
aimed to explore the effect of estrogen deficiency on the
development and progression of AD to clarify the potential

molecular mechanism. We hope to provide a new concep-
tual basis for investigating the pathogenesis of AD.

The APP/PS1 double transgenic mouse is a well-
characterized AD mouse model. In OVX mice, the time
points of six days and three months after OVX correspond to
early and late postmenopause in women, respectively.3?:>3
Therefore, mice at one week after OVX (simulating early
postmenopause) and at one and three months after OVX
(simulating middle and late postmenopause, respectively)
were used in this study. Uterine weight is widely used as a
bioassay to determine the levels of hormones produced by
the ovaries.> The results in this study showed that the
uterine weight of AD mice began to decrease one week
after OVX. At one month and three months after OVX, the
uterine weight was decreased significantly, indicating that
OVX simulates decreased circulating estrogen levels. The
change in estrogen in the brain was evaluated by detecting
the expression of aromatase (CYP19A1), which is an enzyme
that converts testosterone into estrogen.>* The results
showed that the expression of aromatase (CYP19A1) in the
brain was increased one week after OVX but decreased one
month and three months after surgery. These results sug-
gest that compensatory regulation may occur,> and
changes in brain estrogen levels may be consistent with
changes in peripheral estrogen levels.
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According to recent research, estrogen in the brain is a
new type of neuroregulator that may play a role in syn-
aptic plasticity and learning and memory formation.
Studies have shown that mice with decreased brain es-
trogen levels had deficits in spatial memory and cognitive
and situational fear memory, and memory impairments
improved when estrogen levels were restored.?’ This study
observed changes in the learning and memory of mice
induced by estrogen deficiency for different time periods.
The results showed that long-term estrogen deficiency
promoted the impairment of learning and memory in mice,
which is consistent with previous reports. However, it re-
mains unknown why estrogen deficiency causes cognitive
impairment.

The classical pathological features of AD include senile
plaques formed by extracellular A deposition, neurofi-
brillary tangles (NFTs) formed by intracellular tau hyper-
phosphorylation, and the synaptic reduction, degeneration
and loss of memory-related neurons.” Clinical studies have
confirmed that the accumulation of AR can cause NFTs,
synaptic damage and neuronal apoptosis in the brains of AD
mice.>®3° The results of our study showed that there were
no SPs in the brains of AD mice at one week or at one month
after OVX, but obvious SPs appeared at three months after
OVX. The reason for these results may be related to the
characteristics of this animal model and age-related fac-
tors. Furthermore, we detected SPs in the brains of post-
menopausal women with AD, which was consistent with an
earlier report.”® As described in the results section, we
confirmed that long-term estrogen deficiency can cause

neuron loss, and further experiments also confirmed
structural changes in the brain. These results verified that
estrogen deficiency caused pathological changes in the AD
mouse brain.

Synapses and dendritic spines are dynamic structures,
and their plasticity is considered to be the basis of learning
and memory.*' It has been reported that synaptic density
and dendritic spines were decreased significantly in AD
patient brains, especially in the cortex and hippocampus,
and the loss of dendritic spines was correlated with a low
emotional state.*”** However, there is still a lack of
research on the structural basis of learning and memory
impairment caused by estrogen deficiency. In this study,
the dynamic changes in synapses and dendritic spines in
mice after OVX were observed in detail. The results showed
that long-term estrogen deficiency caused the loss of syn-
apses and dendritic spines in AD and WT mice. To some
extent, these results enrich the evidence of structural
changes in learning and memory after OVX. Thus, it has
been shown that long-term estrogen deficiency causes
cognitive impairments by altering the structure of the
brain.

Studies have shown that the earliest defect in the
pathological progression of AD is the impairment of energy
metabolism.*~*’ Glucose metabolism provides the main
energy source for biological activities. Many studies have
proven that impaired brain glucose metabolism is one of
the most important biochemical characteristics of AD.*®*°
Estrogen is beneficial to the biological energy system of the
brain,”® and estrogen depletion affects glucose
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metabolism.>' Glucose uptake by cells to provide energy for
the brain is mediated by glucose transporters. Two types of
glucose transporters (GLUT-1 and GLUT-3) are present in
the membranes of brain endothelial cells, astrocytes, and
neurons.”” GLUT-1 is a low-affinity transporter, but it is
highly sensitive to changes in glucose levels. GLUT-3 is a
high-affinity transporter expressed on the neuronal mem-
brane that facilitates glucose transport into neurons. Our
results showed that in the brain, GLUT-1 and GLUT-3 were
increased in the early stage of OVX but decreased in the
middle and late menopausal stages. This trend was
consistent with previous reports.’>>* Glucose metabolism
depends on glucose uptake by the cells. Therefore, a
decrease in glucose transporters reflects a decrease in
glucose metabolism.

Mitochondria are the main sites of energy metabolism.
There is growing evidence that mitochondrial dysfunction
is closely related to age-related neurodegenerative dis-
eases, including AD.*®**>" |t was reported that

mitochondrial energy metabolism disorder predated the
appearance of pathological features in AD female mice. In
the present study, we observed the mitochondrial ultra-
structure by transmission electron microscopy, and the
results showed that the structure of brain mitochondria
was disordered after bilateral ovariectomy in mice. The
structural abnormalities became increasingly obvious with
time. Thus, it can be speculated that mitochondrial
structural abnormalities led to impaired energy meta-
bolism, and estrogen deficiency was one of the causes of
abnormal mitochondrial structure. Thus, we hypothesized
that the mitochondrion could be a target organelle of
estrogen.

Estrogen binds to its receptor and then exerts its
biological effects. The classic estrogen receptors (ERs)
include two subtypes: ERa and ERB. In the brain, ERa is
highly expressed in regions related to reproductive
regulation, such as the hypothalamus and the bed nu-
cleus of the stria terminalis, while ERB is strongly
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Estrogen deficiency inhibits IGF-1 activity and stimulates the GSK-3p signaling pathway. (A) Western blot analysis of

IGF-1, IGF-1R, GSK-3p and p-GSK-3pB(Ser9) expression. GAPDH was used as an internal control. (B, C) Densitometric analysis of IGF-1
and IGF-1R expression normalized to GAPDH. (D) Quantitative analysis of relative GSK-3B and p-GSK-3B (Ser9) levels. Data are
presented as the mean + SEM. Compared with WT-Sham, *P < 0.05, **P < 0.01, ***P < 0.001; compared with AD-Sham, #P < 0.05,

##P < 0.1, ###P < 0.001.

expressed in the olfactory bulb, basal forebrain, cere-
bral cortex, hippocampus and other brain areas closely
related to learning and memory.”'° Many studies have
confirmed the existence of mitochondrial ER, and in the
brain, ERB is mainly located in mitochondria.’"'? It
seems that estrogen works by binding to mitochondrial
ERB (mt-ERB). We detected the expression levels of
brain ERB and mitochondrial ERB. Our data suggested
that abnormal upregulation of ERB occurred with pro-
longed estrogen deficiency. Moreover, a lack of estrogen
causes low levels of hormone-receptor complex forma-
tion, leading to a low biological effect of estrogen. In
the end, the low rate of hormone-receptor complex
formation may cause aberrant accumulation of ER,
which may impair the function of mitochondria.

It has been reported that mt-ERp in neurons regulates
energy metabolism, and mt-ERB deficiency in AD is related
to mitochondrial dysfunction.”® ERB is not only distributed
in neurons but also expressed in glial cells.>® Based on the
distribution of ERB and considering our results and those of
other studies, we speculate that the increased protein level
of mt-ERpB after OVX may be due to mt-ERB production by
glial cells and that the mt-ERB in glial cells may perform
different functions than those of mt-ERB in neurons and
may even perform the opposite function, which may
exacerbate energy metabolism dysfunction and patholog-
ical changes in AD.

Further bioinformatics analysis of the gene network
showed that insulin-like growth factor-1 (IGF-1) was the
core promoter in early hippocampal energy metabolism. Its
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receptor, IGF-1R, was strongly expressed in the dentate
gyrus and CA2~CA3 regions of the hippocampus. Studies
have shown that IGF-1 plays an important role in regulating
the energy metabolism of nerve cells.”” Likewise, in this
study, we found that as the duration of estrogen deficiency
increased, the expression levels of IGF-1 and IGF-1R in the
OVX groups decreased significantly compared to those in
the sham groups. This finding suggests that energy meta-
bolism disorders caused by estrogen deficiency may be
related to the IGF-1 signaling pathway. Moreover, it has
been reported that IGF-1 signal transduction defects
involve the phosphatidylinositol 3-kinase (PI3K)/Akt
pathway and produce harmful cascade reactions in glucose
metabolism, and the downstream target protein glycogen
synthase kinase-3p (GSK-3B) is closely related to the char-
acteristic pathological changes of AD.2" GSK-3 is one of the
two isoforms of GSK-3, which have similar functions; the
other isoform is GSK-3a.. A large proportion of GSK-38 is
located in the cytoplasm, and a small proportion of cyto-
plasmic GSK-38 is located in mitochondria and the nucleus,
while GSK-3e. is not detected in mitochondria.’® However,
experiments with SH-SY5Y cells have shown that the ac-
tivity of GSK-3B in mitochondria and the nucleus is 5—8
times higher than that in the cytoplasm.®® GSK-3p is a
substrate of various signaling pathways. GSK-3p also plays
an important role in the regulation of mitochondrial bio-
energetic metabolism.®® Inhibitory phosphorylation at the
Ser9 site inactivates GSK-3B.°" In our research, the pro-
portion of pSer9-GSK-3p and GSK-3 decreased significantly
in the middle and late stages of estrogen deficiency. These
results suggest that abnormal activity of GSK-38 is involved
in the occurrence of AD and causes mitochondrial energy
disorders.

In summary, it can be inferred from our findings that
long-term estrogen deficiency causes aberrant accumula-
tion or upregulation of mitochondrial ERB, which mediates
energy metabolism disorders. This causes pathological
changes in the AD brain that in turn lead to learning and
memory impairment. These changes may occur through a
mechanism in which mt-ERB mediates an IGF-1 energy
metabolism signaling pathway, namely, the IGF-1/IGF-1R/
GSK-3p signaling pathway. The results of this study might
provide innovative ideas for the effective prevention and
treatment of AD.
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