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ARTICLE INFO ABSTRACT

Keywords: Aims: : Alzheimer's disease (AD) is closely related to abnormal glucose metabolism in the central nervous
Alzheimer's disease system. Progesterone has been shown to have obvious neuroprotective effects in the pathogenesis of AD, but the
Progesterone specific mechanism has not been fully elucidated. Therefore, the purpose of this study was to investigate the
Glucose uptake effect of progesterone on the glucose metabolism of neurons in amyloid precursor protein (APP)/presenilin 1
gtﬁgi (PS1) mice and AB-induced AD cell model.

PGRMC1 Materials and methods: :APP/PS1 mice were treated with 40 mg/kg progesterone for 40 days and primary cul-

tured cortical neurons were treated with 1 uM progesterone for 48 h.Then behavior tests,2-NBDG glucose uptake
tests and the protein levels of glucose transporter 3 (GLUT3), GLUT4, cAMP-response element binding protein
(CREB) and proliferator-activated receptor y (PPARY) were examined.

Key findings: :Progesterone increased the expression levels of GLUT3 and GLUT4 in the cortex of APP/PS1 mice,
accompanied by an improvement in learning and memory. Progesterone increased the levels of CREB and PPARy
in the cerebral cortex of APP/PS1 mice. In vitro, progesterone increased glucose uptake in primary cultured
cortical neurons, this effect was blocked by the progesterone receptor membrane component 1 (PGRMC1)-
specific blocker AG205 but not by the progesterone receptor (PR)-specific blocker RU486. Meanwhile, proges-
terone increased the expression of GLUT3, GLUT4, CREB and PPARy, and AG205 blocked this effect.
Significance: These results confirm that progesterone significantly improves the glucose metabolism of
neurons.One of the mechanisms of this effect is that progesterone upregulates protein expression of GLUT3 and
GLUT4 through pathways PGRMC1/CREB/GLUT3 and PGRMC1/PPARY/GLUT4.

1. Introduction Glucose requirements for the brain are completely derived from

blood circulation and transported by glucose transporters (GLUTSs)

Alzheimer's disease (AD), the most common type of senile dementia,
is a degenerative disease of the central nervous system characterized by
progressive cognitive and memory impairment [1]. Studies have shown
a close relationship between AD and glucose metabolism [2]. All types
of AD are accompanied by decreased neuron glucose utilization, insulin
pathway abnormalities and energy utilization disorder, resulting in
insufficient neuron function, decreased neuron number, and apoptosis
and necrosis, thereby aggravating AD progress [3-5]. Therefore, re-
search on the relationship between abnormal glucose metabolism and
the pathogenesis of AD has attracted much attention in recent years.

across the blood-brain barrier to the central nervous system [6]. The
two most important types of GLUTs in central nervous system neurons
are GLUT3 and GLUT4. Among the brains of patients with AD, the
expression levels of GLUT3 and GLUT4 are significantly reduced, which
leads to a decrease in the glucose transport rate, abnormal neuron
glucose metabolism, and neuron energy metabolism disorder, resulting
in neuron degeneration and the corresponding symptoms of AD [7,8].
Studies have confirmed that decreased GLUT3 and GLUT4 expression
causes neuron degeneration rather than neuron degeneration de-
creasing GLUT3 and GLUT4 expression [9]. Therefore, upregulating
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GLUT3 and GLUT4 expression and increasing neuronal glucose trans-
port, thus improving neuronal energy metabolism, may be an important
way to prevent the progression of AD.

Progesterone, as an important neurosteroid, is an endogenous neu-
romodulator produced by the central nervous system and is widely
involved in various physiological and pathological processes of the
central nervous system [10,11]. Progesterone has a significant neuro-
protective effect, improving learning and memory and the survival rate
of newborn hippocampal neurons in rats [12,13]. More importantly,
progesterone is closely associated with the development of AD. Epide-
miological and clinical investigations of AD have confirmed that the
level of progesterone in the brain of AD patients is significantly lower
than that of their normal peers [14,15]. The above results suggest that
progesterone may be a new target to delay the progression of AD.

Previous studies in our laboratory have confirmed that progesterone
can inhibit neuronal apoptosis, reduce oxidative stress and induce
neural stem cells to differentiate into neurons in an AD cell model
[16,17]. However, whether progesterone can promote the glucose up-
take ability of neurons in animal and cell models of AD has not been
reported. Therefore, this study used the amyloid precursor protein
(APP)/presenilin 1 (PS1) transgenic mouse AD animal model and the
AP25-35-induced primary cultured rat cortical neurons AD cell model
to investigate the effect of progesterone on the glucose uptake capacity
of AD neurons and the specific molecular mechanism.

2. Materials and methods
2.1. Animals

Six months male APP/PS1 transgenic c57-bl mice and wild-type
c57-bl mice of the same age were purchased from Beijing HFK
bioscience company and kept in laboratory animal center of Bethune
international peace hospital.36 male c57-bl mice were divided into
three groups: control group (wild-type mice), model group (APP/PS1
mice), and progesterone group (APP/PS1+PROG).The progesterone
group was given progesterone by gavage on the first day, once a day
with a dose of 40 mg/kg.The other two groups were given the same
volume of dissolved oil by gavage.After 40 days of continuous admin-
istration, morris water maze experiment were conducted on days
41-46.In the morris water maze experiment, the escape platform was
placed 2 cm below the water surface. The ambient temperature is 27 °C,
and the water temperature is 24°C— 26 °C. The position of platform,
water maze and surrounding environment remained unchanged during
the whole experiment. The animals were killed on days 47 and their
brains were taken for immunohistochemical experiments.The ethical
standards of all research are consistent with the National Institutes of
Health guide for the care and use of Laboratory animals. Ethical pro-
tocol of the current research was approved by Bethune International
Peace Hospital of Chinese PLA, China. (Ethics Committee Issue
Number:2019-KY-47,26th March 2019).

2.2. Reagent

The glucose uptake kit was purchased from Biovisio.Membrane
protein and cytoplasmic protein extraction kit and BCA protein quan-
titative kit were purchased from Beyotime company.ECL glow kit from
Santa Cruz.Progesterone, AG205 and RU486 were purchased from
Sigma,666-15 and GW9662 were purchased from Abmole.The GLUT3,
GLUT4, polyclonal rabbit antibody purchased from Zenbio biological
company. Polyclonal rabbit antibody to proliferator-activated receptor
y(PPARy), cAMP-response element binding protein (CREB), and
horseradish peroxidase(HRP) were purchased from Abways.Polyclonal
mouse antibodies to neuronal nuclear antigens(NEUN)were purchased
from Abcam.Alex flour 488 goat anti mouse IgG and Alex flour 594 goat
anti rabbit IgG were purchased from Abways.
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2.3. Primary cortical neuron cultures

New SD suckling rats were born within 24 h. The head was cut off,
and the brain was removed under aseptic conditions. The soft me-
ninges, hippocampus and other tissues were removed, and only the
cortex was retained. The tissue was then washed with D-hank's solution,
cut into pieces, and digested with 1.25mg/ml trypsin solution for
13 min. After the digestion was terminated by the addition of DMEM
complete culture medium, the cells were inoculated in a 200-mesh sieve
and incubated in a cell culture plate at 37 °C with 5% CO,, at a constant
temperature for 8h. The medium was replaced with neurobasal
medium (2% B27) after the cells attached to the wall and was changed
every three days. Neurons were cultured for 7 days for experiments.
Primary cultured neurons were randomly divided into a control group,
AB2s.3s treatment group (25uM), progesterone treatment group
(25 yM ABos.35+1 UM progesterone), AG205 group (25 pM Af,s
35+ 1 UM progesterone+ 10 pM AG205), RU486 group (25 uM Afos.
35+1 UM progesterone +10 puM RU486),666-15 group (25 pM Af,s.
3s+1 pM progesterone+0.1 uM 666-15) and GW9662 group
(25 uM AP2s3s+1 UM progesterone + 0.1 uM
GW9662).AG205,RU486,666-15 and GW9662 were added 1 h in ad-
vance. The cells were cultured for 48 h after treatment and then used
for the various experiments.

2.4. Behavior tests

Morris water maze experiment was performed on day 41st after 40
consecutive days of progesterone administration. Positioning naviga-
tion experiments were trained twice at 9:00 a.m. and twice at 3:00 p.m.,
four times a day for five days and record the time it takes to find the
escape platform.The escape platform was placed 2 cm below the water
surface. The ambient temperature is 27 °C, and the water temperature is
24°C- 26 °C. The position of platform, water maze and surrounding
environment remained unchanged during the whole experiment.The
space exploration experiment was conducted on the 46th day, the
platform was removed, and The Times of crossing the platform in 90s
and the percentage of time spent in the quadrant of the platform were
recorded.

2.5. Immunohistochemistry

After the mice were anaesthetized and sacrificed, the brain tissue
was fixed in 4% paraformaldehyde for 24 h, dehydrated and embedded
with wax blocks, and then cut into thin slices of 5 um. After the antigen
was repaired, the tissue was sealed with goat serum for 2h, washed
with PBS and then incubated with GLUT3, GLUT4,CREB,PPARY pri-
mary antibodies (dilution times were 1:200) overnight at 4 °C. After the
tissue was rinsed with PBS, the tissue was incubated in secondary an-
tibody (dilution times were 1:500) at room temperature for 1h. After
the tissue was rinsed with PBS, a DAB kit was used for colour rendering.

2.6. Glucose uptake tests

More than 2000 cells were inoculated per hole in the 96-well plates,
glucose uptake was tested after culture for 7 days.The specific steps of
the glucose uptake experiment were carried out according to the in-
structions of Glucose Uptake Colorimetric Assay Kit. The main reagents
in the kit included Neutralization Buffer, 2-Deoxyglucose (2-DG,
10 mM), Assay Buffer, Enzyme Mix, Recycling Mix, 2-DG6P Standard,
Glutathione Reductase,Substrate-DTNB.PBS was used for washed and
incubated overnight with 100pul serum-free medium, followed by
starvation incubation with KRPH buffer containing 2% fetal bovine
serum for 40min, 10 uM/ml 2-dg of 10 pul was added to cells in each well
and incubated for 20min.PBS was used to wash the cells for 3 times, cell
lysis solution was added to lyse the cells, heated at 85°C for 40min,
frozen at -20 °C for 5min, and 10 pl neutralization buffer was added to
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each well.Add Assay buffer to 50 pl. Add 10 pl mixA(Assay buffer 8 pl,
Enzyme mix 2 ul) to each well. Then incubated at 37 °C for 1 h, 90 ul
Extraction buffer was added to each hole, heated at 90 °C for 40min,
and 38 pul mixB(Glututhione Reductase 20 ul, DTNB 16 pl, Recycling
mix 2 ul) was added to each well.The absorbance value was measured
with the wavelength of 412 nm, and the glucose uptake rate was cal-
culated according to the standard curve.

2.7. Western blot analysis

After cell culture, cells were collected, cytoplasmic protein and
membrane protein were extracted using a protein extraction kit, protein
was quantified using a BCA Kkit, protein samples were normalized to
5pg/ul, and SDS-PAGE electrophoresis was carried out. After electro-
phoresis, the separating gel was cut to the appropriate size according to
the position of the marker, and the proteins were transferred to the
membrane. The membrane was sealed with protein sealant for 2h,
rinsed with TTBS, incubated with primary antibody overnight at 4 °C
(GLUT3 and GLUT4 primary antibody dilution times were 1:2000,
CREB and PPARy primary antibody dilution times were 1:1000 (3-actin
primary antibody dilution times were 1:5000)and then rinsed with
TTBS three times. The membrane was then incubated with the sec-
ondary antibody(dilution times were 1:5000) at 37 °C for 2 h. The ECL
kit was then used for colour rendering, and the image was exposed in
the dark room.

2.8. Immunofluorescence

Mature neurons cultured for 7 days were used for immuno-
fluorescence assay. Washing neurons with PBS 3 times. Then the cells
were fixed with 4% paraformaldehyde for 30 min at 4 °C. After 3 rinses
with PBS, use 1% TritonX-100 incubate 20 min.Then with rabbit
polyclonal anti-GLUT3 or anti-GLUT4 (1:200) and mouse polyclonal
anti-NEUN (1:200) overnight at 4 °C. After washing with PBS, the cells
were incubated with Alex flour 488 goat anti mouse IgG and Alex
flour594 goat anti rabbit IgG (1:500) for 1hat room temperature
(25 + 2°C). After final washing with PBS, the neurons were observed
using Inverted fluorescence Microscope.

2.9. Statistical analysis

The above quantitative data were expressed as the mean = SD.
One-way ANOVA was used for statistical analysis of the data of each
group, and Student-Newman-Keuls(SNK) method was selected for
pairwise comparison between groups. P < 0.05 indicated a statistically
significant difference.

3. Results
3.1. Effects of progesterone on learning and memory in APP/PS1 mice

As shown in Fig. 1, the average swimming speed in the Morris water
maze did not differ among mouse groups(Table 1). The APP/PS1 mice
had a significantly longer escape latency than the control mice
(P < 0.05), confirming that the learning and memory ability of APP/
PS1 mice was significantly impaired. However, compared with the
APP/PS1 group, the progesterone treatment group exhibited a sig-
nificantly shorter escape latency beginning at the third day of training
(P < 0.05) (Fig. 1A, B). In the space exploration experiment, the APP/
PS1 group had a lower number of platform-area crossings and percen-
tage of time spent in the platform quadrant than the control group
(P < 0.05). However, progesterone treatment increased the number of
platform-area crossings in APP/PS1 mice by 4.0 times (P < 0.05) and
the percentage of time spent in the platform quadrant by 2.23 times
(P < 0.05) (Fig. 1C, D). These results confirm that progesterone sig-
nificantly improved the learning and memory ability of APP/PS1 mice.
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3.2. Effects of progesterone on GLUT3 and GLUT4 expression levels in the
cerebral cortex of APP/PS1 mice

As shown in Fig. 2,immunohistochemistry analysis showed that
GLUT3 and GLUT4 expression in the cortex of the normal control group
mice was higher than that in the cortex of the APP/PS1 mice
(P < 0.01). After 40 days of treatment with progesterone, the GLUT3
expression level in the cerebral cortex of APP/PS1 mice was 2.1 times
higher (P < 0.01), and the GLUT4 expression level was 1.8 times
higher (P < 0.05) than that in the APP/PS1 group (Fig. 2A-C).

After homogenization of mouse cortical tissue, the protein was ex-
tracted, and Western blot was used to detect the protein expression
levels of GLUT3 and GLUT4. Compared with normal control group, the
APP/PS1 group exhibited a 52.0% reduction in GLUT3 protein ex-
pression (P < 0.01) and a 76.5% reduction in GLUT4 protein expres-
sion (P < 0.01). Progesterone significantly improved GLUT3 and
GLUT4 protein expression, with GLUT3 expression 1.8 times
(P < 0.01) that in the untreated APP/PS1 group and GLUT4 expression
2.9 times (P < 0.01) that in the untreated APP/PS1 group (Fig. 2D-F).

3.3. Effects of progesterone on cAMP-response element binding protein
(CREB) and proliferator-activated receptor y (PPARY) expression in the
cerebral cortex of APP/PS1 mice

As shown in Fig. 3, the expression levels of CREB and PPARY in the
cerebral cortex of mice in the normal control group were higher than
those in the APP/PS1 group. In the cerebral cortex of APP/PS1 mice,
CREB protein expression was decreased by 54.0% (P < 0.01), and
PPARYy expression was decreased by 59.3% (P < 0.01). Progesterone
treatment significantly increased the expression levels of CREB and
PPARy in the cerebral cortex 1.9 (P < 0.01) and 1.8 (P < 0.01) times,
respectively (Fig. 3A-C).

Western blotting was used to detect the protein expression levels of
CREB and PPARy in the cortical tissues of mice. Compared to the
normal control group, APP/PS1 mice displayed a 44.9% decrease in
CREB protein expression and a 59.1% decrease in PPARy protein ex-
pression in the cortex (P < 0.01). After treatment with progesterone,
CREB protein levels in the cortex increased 1.5 times those in the un-
treated APP/PS1 group (P < 0.01), and PPARy protein levels increased
2.2 times (P < 0.01). These results confirm that progesterone in-
creased the expression levels of CREB and PPARYy in the cerebral cortex
of APP/PS1 mice (Fig. 3D-F).

3.4. Effects of progesterone on glucose uptake capacity of cortical neurons
and expression of GLUT3 and GLUT4

In vitro, glucose uptake was assessed to detect the glucose uptake
capacity of primary cultured cortical neurons. As shown in Fig. 4,
compared with the glucose uptake capacity in the normal control
group, the AB-induced glucose uptake capacity of neurons was 51.2%
lower (P < 0.01). However, progesterone treatment increased the
glucose uptake capacity of neurons 1.7 times (P < 0.01). AG205, a
specific blocker of progesterone receptor membrane component 1
(PGRMC1), significantly inhibited the increase in glucose uptake of
neurons caused by progesterone. Compared with the glucose uptake
ability in the progesterone treatment group, the glucose uptake ability
decreased by 37.2% with the applications of AG205 (P < 0.05), while
the specific progesterone receptor (PR) blocker RU486 had no sig-
nificant effect on the glucose uptake ability of neurons (Fig. 4A).

Western blotting was used to detect GLUT3 and GLUT4 protein
expression in primary cultured cortical neurons. As shown in Fig. 4B-D,
GLUT3 and GLUT4 were highly expressed in the total proteins of neu-
rons in the normal control group. After AP induction, GLUT3 and
GLUT4 protein expression levels were significantly reduced, with the
GLUT3 expression level 68.8% lower (P < 0.01) and the GLUT4 ex-
pression level 77.1% lower (P < 0.01) than that in the normal control
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Fig. 1. Progesterone improves learning and
memory in APP/PS1 mice. (A) The swim-
ming pathway of mice in each group. (B)
Effects of progesterone on escape latency in
APP/PS1 mice. (C) Effect of PROG on
numbers of platform crossings. (D) Effect of
- PROG on IVtime ratio. The data were pre-
sented as mean = SEM, n = 12 in each
group.*P < 0.05, **P < 0.01.
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group. After treatment with progesterone, the expression levels of
GLUT3 and GLUT4 in the total protein increased significantly to 1.4
times and 1.3 times those in the Af-induced group, respectively
(P < 0.01). The increases in GLUT3 and GLUT4 expression induced by
progesterone were obviously blocked by AG205, with GLUT3 protein
expression 75.4% lower (P < 0.01) and GLUT4 protein expression
70.1% lower (P < 0.01) in the AG205-treated group than in the group
treated with progesterone alone.

We extracted membrane proteins from primary cultured cortical
neurons and detected GLUT3 and GLUT4 protein expression in the
membrane proteins by Western blot. As shown in Fig. 4E-G, GLUT3 and
GLUT4 protein expression levels were significantly reduced by A to
levels 64.7% and 50.2% lower than those in the normal control group,
respectively (P < 0.01). GLUT3 and GLUT4 expression levels in the
membrane proteins of neurons were significantly increased by proges-
terone to levels 1.79 times and 1.85 times those in the Af-induced
group, respectively (P < 0.01). AG205 significantly blocked this effect
of progesterone; compared with the progesterone treatment group, the
group also treated with AG205 showed a 29.2% reduction in GLUT3
membrane protein expression (P < 0.01) and 47.7% reduction in
GLUT4 membrane protein expression (P < 0.01).Immunofluorescence
results also confirmed that progesterone could up-regulate the expres-
sion of GLUT3 and GLUT4, and this effect could be blocked by
AG205(Fig. 4H-K).
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3.5. Effects of progesterone on CREB and PPARY expression in primary
cortical neurons

Western blotting was used to detect the protein expression levels of
CREB and PPARy in primary cultured cortical neurons. As shown in
Fig. 5A and B, A significantly reduced the protein expression level of
CREB in neurons by 67.8% compared with no A induction (P < 0.01).
Progesterone significantly increased the protein expression of CREB to
levels 2.2 times higher than those in the AfB-induced cells (P < 0.01).
AG205 blocked the upregulation of CREB expression caused by pro-
gesterone; the expression level of CREB in AG205-treated cells was
59.9% lower than that in the progesterone group (P < 0.01). Figure 5A
and 5Cshows the effect of progesterone on PPARy expression in primary
cultured cortical neurons. Af significantly inhibited the expression of
PPARY, decreasing its expression by 34.3% compared with no AP in-
duction (P < 0.01). PPARy expression was significantly increased by
progesterone to levels 1.5 times higher than those in the Af-induced
cells (P < 0.01). AG205 blocked the upregulation of PPARy expression
induced by progesterone; the expression level of PPARy in AG205-
treated cells was 22.4% lower than that in the progesterone group
(P < 0.01).Fig. 5D and E show the effect of CREB inhibitor 666-15 on
GLUTS3 expression. The results show that 666-15 can significantly in-
hibit the wup-regulation of GLUT3 expression induced by
progesterone.Fig. 5F and G show the effect of PPARy inhibitor GW9662
on GLUT4 expression. The results show that GW9662 inhibit the up-
regulation of GLUT4 expression induced by progesterone significantly.

Table 1
Effect of PROG A on APP/PS1 mice mean swim speed in the Morris water maze on different days (mean * SD, n = 12).
D1 D2 D3 D4 D5
Ctr 199.8 = 10.2 199.0 = 11.2 199.2 = 99 195.1 = 11.6 198.1 = 10.1
APP/PS1 199.1 = 11.1 197.1 = 9.2 195.6 = 9.3 199.0 = 11.1 195.3 * 13.5
APP/PS1 +PROG 198.1 + 8.4 1979 = 9.5 197.5 = 10.7 201.4 = 15.4 200.1 *= 11.5
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Fig. 2. Effects of progesterone on GLUT3
and GLUT4 expression levels in the cerebral
cortex of APP/PS1 mice. (A) GLUT3 and
GLUT4 were detected by im-
munohistochemistry. (B) and ((¥)
Immunohistochemistry were quantitated by
densitometry, the relative level of GLUT3
and GLUT4 is presented as mean + SD. (D)
Western blots of GLUT3 and GLUT4 in the
cortex. The immunoreactivity of protein was
normalized to B-actin. (E) and (F)Western
blots were quantitated by densitometry, the
relative level of GLUT3 and GLUT4 is pre-
sented as mean SD. *P < 0.05,
**P < 0.01.

=+

Fig. 3. Effects of progesterone on CREB and
PPARy expression levels in the cerebral
cortex of APP/PS1 mice. (A) CREB and
PPARy were detected by im-
munohistochemistry. (B) and ©
Immunohistochemistry were quantitated by
densitometry, the relative level of CREB and
PPARy is presented as mean =+ SD. (D)
Western blots of CREB and PPARy in the
cortex. The immunoreactivity of protein was
normalized to B-actin. (E) and (F)Western
blots were quantitated by densitometry, the
relative level of CREB and PPARy is pre-
sented as mean * SD. *P < 0.05,
**p < 0.01.
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Fig. 4. Progesterone increases the glucose
uptake capacity of cortical neurons by pro-
moting the expression of GLUT3 and
GLUT4. (A)Effects of progesterone against
AB25-35 induced glucose uptake defection
in primary cultured cortical neurons.(B)
Western blots of total GLUT3 and GLUT4 in
primary cultured cortical neurons. The im-
munoreactivity of protein was normalized to
B-actin. (C) and (D) Western blots were
quantitated by densitometry, the relative
level of total GLUT3 and GLUT4 is presented
as mean =+ SD. (E)Western blots of mem-
brane GLUT3 and GLUT4 in primary cul-
tured cortical neurons. The i
munoreactivity of protein was normalized to
Na + -K + -ATPase. (F) and (G) Western
blots were quantitated by densitometry, the
relative level of membrane GLUT3 and
GLUT4 is presented as mean = SD.(H) The
co-expression of GLUT3 and NEUN in neu-
rons. GLUT3-positive cells are red. NeuN-
positive cells are green.(I) The co-expression
of GLUT4 and NEUN in neurons. GLUT4-
positive cells are red. NeuN-positive cells
are green. (J) and (K) Immunofluorescence
were quantitated by densitometry, the re-
lative level of total GLUT3 and GLUT4 is
presented as mean = SD.*P < 0.05,
**pP < 0.01. (For interpretation of the re-
ferences to colour in this figure legend, the
reader is referred to the Web version of this
article.)
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Fig. 5. Effect of progesterone on CREB and
PPARy expression in primary cortical neu-
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4. Discussion

Previous studies have shown a bilateral decline in the whole-brain
glucose metabolism rate of AD patients to levels 30% to 70% of those in
normal people [18]. In the early stage of AD, the decrease in the glucose
metabolism rate is mainly observed in the parietal cortex and cingulate
gyrus [19,20]. As the disease progresses, the glucose metabolism rate in
the temporal lobe and part of the frontal cortex also decreases sig-
nificantly [21]. Once AD has progressed to a later stage, the glucose
metabolism rate of the bilateral parietal lobe, frontal lobe and temporal
lobe is significantly reduced [22]. Moreover, the degree and range of
glucose metabolism rate reduction are positively correlated with AD
severity [21]. However, the glucose metabolism rate of the occipital
cortex does not significantly change across the development and pro-
gression of AD.Memory is a complex process involving multiple brain
regions.Although the hippocampus is an important part of the brain
responsible for memory, but in addition to the hippocampus, other
structures in the brain, such as the frontal cortex, parietal cortex, tha-
lamus and amygdala, also play a key role in learning and memor-
y.Spatial memory is a form of memory used to identify the external
geographic environment or direction.Among the animal experiments,
morris water maze experiment is a common method to measure the
spatial memory ability of animals.The parietal cortex and the hippo-
campus are the areas of the brain that are most closely associated with
spatial memory.In animal experiments, damage to the parietal lobe can
lead to damage to spatial memory [23], and in humans, the medial
parietal sulcus in the parietal cortex is thought to be closely related to
spatial memory [24]. At the early stage of AD, the glucose metabolism
rate in the parietal cortex shows a significant downward trend. There-
fore, in this study, parietal cortical neurons of APP/PS1 mice and par-
ietal cortex neurons of newborn Sprague-Dawley (SD) rats were se-
lected as the research objects of the in vivo model and in vitro model,
respectively.

Previous studies have confirmed that progesterone can improve
memory [25] and glucose metabolism [26]. Our results show that the

spatial memory function of APP/PS1 mice has been significantly im-
proved after progesterone intervention, which is consistent with pre-
vious studies.At the early stage of AD, the glucose metabolism rate in
the parietal cortex shows a significant downward trend. Therefore, we
speculate that progesterone improves glucose metabolism in parietal
cortex may be one of the reasons that progesterone improves memory.

The brain's demand for glucose depends entirely on the transport of
glucose from the blood across the blood-brain barrier to neurons, a
process that must be facilitated by glucose transporters [27]. Among the
cortical neurons, the two most important glucose transporters are
GLUT3 and GLUT4 [28]. In the pathogenesis of AD, downregulation of
the expression of GLUT3 and GLUT4 has been confirmed to lead to the
decline in the glucose uptake rate of neurons, thus causing abnormal
glucose metabolism, accelerating the degeneration and apoptosis of
neurons and resulting in cognitive impairment [29-35]. Im-
munohistochemical results showed that the expression levels of GLUT3
and GLUT4 in the cortex of APP/PS1 mice were significantly lower than
those in the cortex of control mice, while the expression levels of
GLUT3 and GLUT4 were significantly increased by progesterone treat-
ment. In addition, progesterone significantly shortened the escape la-
tency of APP/PS1 mice and increased the number of times APP/PS1
mice crossed the platform area and the percentage of time spent in the
platform quadrant. The above results suggest that progesterone upre-
gulates the expression levels of GLUT3 and GLUT4 in cortical neurons,
which is one of the mechanisms by which progesterone improves AD.

To further study the mechanism by which progesterone upregulates
GLUT3 and GLUT4 expression, primary cortical neurons of newborn SD
rats were used in in vitro experiments. Progesterone plays a biological
role mainly by binding progesterone and its receptor, thus mediating a
series of downstream biological effects [36,37]. The receptors for pro-
gesterone are mainly divided into two categories: the classical proges-
terone receptor (PR) and the progesterone receptor membrane com-
ponent (PGRMC). Classical PRs are located in many regions of the
central nervous system, including the cortex, hippocampus, hypotha-
lamus and cerebellum [38,39]. In addition to the classical PR, an
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important PGRMC, PGRMC1, has also been found to be expressed in the
central nervous system [40,41]. Our previous results confirmed that
PGRMC1 is expressed in primary cortical neurons of rats and that
PGRMC1 is involved in the neuroprotective effects of progesterone
[16,17]. The glucose uptake experiment showed that the glucose up-
take capacity of primary neurons was significantly decreased by Af
injury and that progesterone treatment improved the glucose uptake
capacity of the AB-injured neurons. AG205, a specific antagonist of
progesterone [42], blocked this effect, while RU486, a specific an-
tagonist of the classic PR [43], had no such effect. Western blot analysis
and immunofluorescence also confirmed that AG205 blocked the up-
regulation of GLUT3 and GLUT4 expression induced by progesterone.
The above results suggest that progesterone upregulates the expression
of GLUT3 and GLUT4 through its membrane receptor PGRMC1, and the
classic PR is not involved in this effect.

At present, there is abundant evidence of a trend towards a low
GLUT3 expression in the brains of AD patients, which may be an im-
portant reason for the reduced brain glucose uptake rate and energy
metabolism disturbance, resulting in the degeneration of neurons
[30-32,44]. As an important nuclear transcription factor, CREB is ob-
viously associated with many related genes during the occurrence of AD
[45,46]. The target genes of CREB play an important role in central
nervous system development, synaptic plasticity and neuroprotection
[47,48]. CREB binds to the cyclic adenosine phosphate reactive element
(CRE) in the promoter and regulates transcription of downstream target
genes [49]. In the animal model of spinal cord injury, progesterone
increased the expression of BNDF by up-regulating the expression of
CREB, so as to alleviate spinal cord injury [S0].However, the GLUT3
gene does not contain the typical CRE structure but contains three base
sequences similar to the CRE structure, which are called CRE1, CRE2
and CRE3 [51]. The ability of these three sequences to bind CREB is
weaker than that of the sequence with the typical CRE structure. When
CRE1 is missing, there is no obvious effect on the expression of GLUT3,
whereas mutation or deletion of CRE2 and CRE3 significantly inhibits
the expression of GLUT3, thus confirming that GLUT3 expression is
regulated by CREB [52]. Previous studies have shown that the expres-
sion level of CREB is significantly decreased in the brains of patients
with AD [53]. Our results show that progesterone upregulates the ex-
pression of CREB, and this effect can be blocked by AG205, To further
prove the relationship between CREB and GLUT3, in this part, we used
a specific inhibitor 666-15 of CREB in vitro to illustrate the relationship
between CREB and GLUT3.The results showed that the expression of
GLUT3 decreased significantly after adding the specific inhibitor of
CREB 666-15, which confirmed that CREB was a decisive transcription
factor in the upstream of GLUT3. Our results suggesting that one of the
mechanisms by which progesterone upregulates GLUT3 expression is
mediated by the upregulation of CREB.

PPARy belongs to the superfamily of intranuclear nonsteroidal
hormone receptors and is a ligand-dependent transcription factor that
plays a key role in various biological processes, such as glucose meta-
bolism, lipogenesis, inflammation, immunity, tumour cell differentia-
tion and apoptosis [54-58]. PPARy is mainly distributed in fat cells,
immune cells and some parts of the brain, such as the cerebral cortex,
hippocampus, substantia nigra, striatum and midbrain [59]. The high
expression of PPARYy in the brain is thought to be closely related to some
pathophysiological processes of the central nervous system. Previous
studies have shown that the protein expression level of PPARy in the
brain of AD patients is approximately 40% lower than that of normal
people, suggesting that PPARy plays a crucial role in the pathogenesis
of AD [60]. PPARy has the potential to become a therapeutic target for
the treatment of neurodegenerative diseases, including AD [61,62].
More importantly, PPARy plays a critical role in glucose metabolism.
PPARy improves insulin resistance, enhances the insulin signalling
pathway and lowers blood glucose [63,64]. PPARy can directly bind to
the PPAR response elements on the GLUT4 promoter and promote the
transcription level of GLUT4, thus promoting GLUT4 protein expression

Life Sciences 238 (2019) 116979

and increasing the glucose uptake ability of cells [65-67]. Here, pro-
gesterone significantly increased the protein expression level of PPARy
in a cell model of AD, and this effect was blocked by AG205. These
observations suggest that one of the mechanisms by which progesterone
upregulates GLUT4 expression is achieved by upregulating the expres-
sion of PPARy.To further demonstrate the relationship between PPARy
and GLUT4, we used a specific inhibitor of PPARy, GW9662, in cell
experiments to illustrate the relationship between PPARy and
GLUT4.The results showed that GW9662 could significantly block the
up-regulation of GLUT4 expression caused by progesterone.Therefore,
one of the mechanisms by which progesterone up-regulates GLUT4
expression is to activate PPARy expression.

5. Conclusions

Progesterone significantly improves the ability of neurons to uptake
glucose in AD models. One of the mechanisms of this effect is that
progesterone upregulates the expression of GLUT3 and GLUT4 by ac-
tivating PGRMC1. Our study also confirmed that progesterone promotes
the expression of GLUT3 by upregulating the expression of CREB, while
progesterone promotes the expression of GLUT4 by upregulating the
expression of PPARY.

Author contributions

Y.H. was responsible for the conception of the research. H.W.was
responsible for the design of the research, most of the experiments,
experimental data analysis, and manuscript preparation.Z.W. and
W.S.were responsible for a part of experiments. H.G. is responsible for a
part of manuscript preparation and the proofreading of manuscripts.
HH.W. was responsible for providing experimental sites and equipment.
F.B. and P.J. were responsible for animal management.

Funding

This research was funded by National Science Foundation of China
(NSFC, 81571217).

Declaration of competing InterestCOI
The authors declare no conflict of interest.
Acknowledgments

H.W. would like to express his profound gratitude to Li Dong-dong,
Lu Yu and Du Hui-juan (from Department of Hepatology, the third
hospital of Hebei Medical University) for the technical support in im-
munohistochemistry.

References

[1] G. Mawuenyega, W. Sigurdson, V. Ovod, et al., Decreased clearance of CNS beta
amyloid in Alzheimer's disease, Science 330 (2010) 1774.

[2] Y. Chornenkyy, W.X. Wang, A. Wei, et al., Alzheimer's disease and type 2 diabetes
mellitus are distinct diseases with potential overlapping metabolic dysfunction
upstream of observed cognitive decline, Brain Pathol. 1 (2019) 3-17.

[3] A. Tumminia, F. Vinciguerra, M. Parisi, et al., Type 2 diabetes mellitus and
Alzheimer's disease: role of insulin signalling and therapeutic implications, Int. J.
Mol. Sci. 19 (2018) 11.

[4] P. Denver, A. English, P.L. McClean, Inflammation, insulin signaling and cognitive
function in aged APP/PS1 mice, Brain Behav. Immun. 70 (2018) 423-434.

[5] E.M. Ribe, S. Lovestone, Insulin signalling in Alzheimer's disease and diabetes: from

epidemiology to molecular links, J. Intern. Med. 5 (2016) 430-442.

L. Szablewski, Glucose transporters in brain: in Health and in Alzheimer's disease, J.

Alzheimer's Dis. 4 (2017) 1307-1320.

[7] Y. An, V.R. Varma, S. Varma, et al., Evidence for brain glucose dysregulation in
Alzheimer's disease, Alzheimers Dement 3 (2018) 318-3209.

[8] L.T. Oliveira, G.V.O. Leon, D.W. Provance Jr.et al., Exogenous (-amyloid peptide
interferes with GLUT4 localization in neurons, Brain Res. 30 (2015) 42-50.

[9] T. Niccoli, M. Cabecinha, A. Tillmann, et al., Increased glucose transport into

[6


http://refhub.elsevier.com/S0024-3205(19)30906-3/sref1
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref1
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref2
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref2
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref2
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref3
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref3
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref3
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref4
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref4
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref5
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref5
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref6
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref6
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref7
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref7
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref8
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref8
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref9

H. Wu, et al.

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[331]
[34]
[35]
[36]
[37]
[38]
[39]

[40]

neurons rescues Af toxicity in Drosophila, Curr. Biol. 17 (2016) 2291-2300.

W. Mayo, V. Lemaire, J. Malaterre, et al., Pregnenolone sulfate enhances neuro-
genesis and PSA-NCAM in young and aged hippocampus, Neurobiol. Aging 26
(2005) 103-114.

E. Baulieu, Neurosteroids: a new function in the brain, Biol. Cell. 71 (1991) 3-10.
M. Schumacher, R. Guennoun, D.G. Stein, et al., Progesterone: therapeutic oppor-
tunities for neuroprotection and myelin repair, Pharmacol. Ther. 1 (2007) 77-106.
M.C. Gonzalez Deniselle, L. Garay, S. Gonzalez, et al., Progesterone modulates brain
derived neurotrophic factor and choline acetyltransferase in degenerating Wobbler,
J Motoneurons 2 (2007) 406-414.

J.C. Carroll, E.R. Rosario, L. Chang, et al., Progesterone and estrogen regulate
Alzheimer-like neuropathology in female 3xTg-AD mice, J. Neurosci. 48 (2007)
13357-13365.

E.R. Rosario, L. Chang, E.H. Head, F.Z. Stanczyk, C.J. Pike, Brain levels of sex
steroid hormones in men and women during normal aging and in Alzheimer's dis-
ease, Neurobiol. Aging 32 (2011) 604-613.

Y. Qin, Z. Chen, X. Han, et al., Progesterone attenuates AB(25-35)-induced neuronal
toxicity via JNK inactivation and progesterone receptor membrane component 1-
dependent inhibition of mitochondrial apoptotic pathway, J. Steroid Biochem. Mol.
Biol. 154 (2015) 302-311.

Y. Hong, X. Wang, S. Sun, et al., Progesterone exerts neuroprotective effects against
AB-induced neuroinflammation by attenuating ER stress in astrocytes, Int.
Immunopharmacol. 33 (2016) 83-89.

D.H.1 Silverman, G.W. Small, C.Y. Chang, et al., Positron emission tomography in
evaluation of dementia: regional brain metabolism and long-term outcome, J. Am.
Med. Assoc. 7 (2001) 2120-2127.

J. Schroder, J. Pantel, Neuroimaging of hippocampal atrophy in early recognition of
Alzheimer's disease-a critical appraisal after two decades of research, Psychiatry
Res. Neuroimaging. 30 (2016) 71-78.

J.R. Cirrito, K.A. Yamada, M.B. Finn, et al., Synaptic activity regulates interstitial
fluid amyloid-beta levels in vivo, Neuron 22 (2005) 913-922.

E.J. Kim, S.S. Cho, Y. Jeong, et al., Glucose metabolism in early onset versus late
onset Alzheimer's disease: an SPM analysis of 120 patients, Brain 128 (2005)
1790-1801.

C. Tauber, E. Beaufils, C. Hommet, et al., Brain [18F]FDDNP binding and glucose
metabolism in advanced elderly healthy subjects and Alzheimer's disease patients,
J. Alzheimer's Dis. 2 (2013) 311-320.

Mulugeta Semework, Sara C. Steenrod, Michael E. Goldberg, A spatial memory
signal shows that theparietal cortex has access to a craniotopic representation of
space, Elife 16 (2018) 7.

W.E. Mackey, O. Devinsky, W.K. Doyle, et al., Human parietal cortex lesions impact
the precision of spatial working memory, J. Neurophysiol. 116 (2016) 1049-1054.
S. Yousuf, D.J. Brat, H.K. Shu, et al., Progesterone improves neurocognitive out-
comes following therapeutic cranial irradiation in mice, Horm. Behav. 96 (2017)
21-30.

X. Li, H. Han, R. Hou, et al., Progesterone treatment before experimental hypoxia-
ischemia enhances the expression of glucose transporter proteins GLUT1 and
GLUT3 in neonatal rats, Neurosci Bull 29 (2013) 287-294.

M.O. Welcome, N.E. Mastorakis, Emerging concepts in brain glucose metabolic
functions: from glucose sensing to how the sweet taste of glucose regulates its own
metabolism in astrocytes and neurons, NeuroMolecular Med. 3 (2018) 281-300.
D. Bucci, J.E. Rodriguez-Gil, C. Vallorani, GLUTs and mammalian sperm metabo-
lism, J. Androl. 4 (2011) 348-355.

F.A. Beltran, A.L. Acuna, M.P. Mird, et al., Ascorbic acid-dependent GLUT3 inhibi-
tion is a critical step for switching neuronal metabolism, J. Cell. Physiol. 226 (2011)
3286-3294.

I.A. Simpson, P. Davies, Reduced glucose transporter concentrations in brains of
patients with Alzheimer's disease, Ann. Neurol. 36 (1994) 800-801.

I.A. Simpson, K.R. Chundu, T. Davies-Hill, et al., Decreased concentrations of
GLUT1 and GLUT3 glucose transporters in the brains of patients with Alzheimer's
disease, Ann. Neurol. 35 (1994) 546-551.

J. Gu, N. Jin, D. Ma, et al., Calpain I activation causes GLUT3 proteolysis and
downregulation of O-GlcNAcylation in Alzheimer's disease brain, J. Alzheimer's Dis.
4 (2018) 1737-1746.

Piroli GG1, C.A. Grillo, L.R. Reznikov, et al., Corticosterone impairs insulin-sti-
mulated translocation of GLUT4 in the rat hippocampus, 85 (2007) 71-80.

T. Alquier, C. Leloup, A. Lorsignol, et al., Translocable glucose transporters in the
brain, Diabetes 55 (2006) 131-138.

E.M. Bingham, D. Hopkins, D. Smith, et al., The role of insulin in human brain
glucose metabolism, Diabetes 51 (2002) 3384-3390.

Hampl R. BicikovaM, Neurosteroids and their function, Cas. Lek. Cesk. 3 (2007)
223-226.

N. Pluchino, A. Santoro, E. Casarosa, et al., Advances in neurosteroids: role in
clinical practice, Climacteric 1 (2013) 8-17.

S. Kim, H.J. Lee, Y.B. Kim, Neural stem cell based treatment for neurode -generative
diseases, 5 (2013) 491-504.

D. English, N.K. Sharma, K. Sharma, et al., Neural stem cells-trends and advances, J.
Cell. Biochem. 4 (2013) 764-772.

J.J. Peluso, J. Romak, X. Liu, Progesterone receptor membrane component-1
(PGRMC1) is the mediator of progesterone's antiapoptotic action in spontaneously
immortalized granulosa cells as revealed by PGRMC1 small interfering ribonucleic

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

Life Sciences 238 (2019) 116979

acid treatment and functional analysis of PGRMC1 mutations, Endocrinology 149
(2008) 534-543.

J.J. Peluso, X. Liu, A. Gawkowska, et al., Progesterone activates a progesterone
receptor membrane component 1-dependent mechanism that promotes human
granulosa/luteal cell survival but not progesterone secretion, J. Clin. Endocrinol.
Metab. 94 (2009) 2644-2649.

E.A. Will, X. Liu, J.J. Peluso, AG 205, a progesterone receptor membrane compo-
nent 1 antagonist, ablates progesterone's ability to block oxidative stress-induced
apoptosis of human granulosa/luteal cells, Biol. Reprod. 4 (2017) 843-854.

K. Yasuda, G.I. Sumi, H. Murata, et al., The steroid hormone dydrogesterone in-
hibits myometrial contraction independently of the progesterone/progesterone re-
ceptor pathway, Life Sci. 15 (2018) 508-515.

S.J. Vannucci, F. Maher, I.A. Simpson, Glucose transporter proteins in brain: de-
livery of glucose to neurons and glia, Glia 21 (1997) 2-21.

C. Guo, Z.H. Yang, S. Zhang, et al., Intranasal lactoferrin enhances a-secretase-
dependent amyloid precursor protein processing via the ERK1/2-CREB and HIF-1a
pathways in an Alzheimer's disease mouse model, Neuropsychopharmacology 13
(2017) 2504-2515.

D.S. Sun, L.F. Gao, L. Jin, et al., Fluoxetine administration during adolescence at-
tenuates cognitive and synaptic deficits in adult 3 x TgAD mice,
Neuropharmacology 126 (2017) 200-212.

Y. Shen, M. Tian, Y. Zheng, et al., Stimulation of the hippocampal POMC/MC4R
circuit alleviates synaptic plasticity impairment in an Alzheimer's disease model,
Cell Rep. 7 (2016) 1819-1831.

M. Ettcheto, S. Abad, D. Petrov, et al., Early preclinical changes in hippocampal
CREB-binding protein expression in a mouse model of familial Alzheimer's disease,
Mol. Neurobiol. 6 (2018) 4885-4895.

M. Comb, N.C. Birnberg, Seasholtz A. Herbert, et al., A cyclic AMP- and phorbo
ester-inducible DNA element, Nature 323 (1986) 353-356.

AF. De Nicola, S.L. Gonzalez, F. Labombarda, et al., Progesterone treatment of
spinal cord injury: effects on receptors, neurotrophins, and myelination, J. Mol.
Neurosci. 28 (2006) 3-15.

H. Liu, X. Jin, X. Yin, et al., PKA-CREB signaling suppresses tau transcription, J.
Alzheimer's Dis. 1 (2015) 239-248.

N. Jin, W. Qian, X. Yin, et al., CREB regulates the expression of neuronal glucose
transporter 3: a possible mechanism related to impaired brain glucose uptake in
Alzheimer's disease, Nucleic Acids Res. 5 (2013) 3240-3256.

S. Pugazhenthi, M. Wang, S. Pham, et al., Downregulation of CREB expression in
Alzheimer's brain and in Af-treated rat hippocampal neurons, Mol. Neurodegener.
6 (2011) 60.

A. Ammazzalorso, C. Maccallini, P. Amoia, et al., Multitarget PPARy agonists as
innovative modulators of the metabolic syndrome, Eur. J. Med. Chem. 1 (2019)
261-273.

J.B. Lee, S.J. Yoon, S.H. Lee, et al., Ginsenoside Rg3 ameliorated HFD-induced
hepatic steatosis through downregulation of STAT5-PPARY, J. Endocrinol. 3 (2017)
223-235.

S.P. Lakshmi, A.T. Reddy, A. Banno, et al., Airway epithelial cell peroxisome pro-
liferator-activated receptor y regulates inflammation and mucin expression in al-
lergic airway disease, J. Immunol. 15 (2018) 1775-1783.

1. Tikhanovich, J. Zhao, J. Olson, et al., Protein arginine methyltransferase 1
modulates innate immune responses through regulation of peroxisome proliferator-
activated receptor y-dependent macrophage differentiation, J. Biol. Chem. 28
(2017) 6882-6894.

G. Goyal, K. Wong, C.J. Nirschl, et al., PPARy contributes to immunity induced by
cancer cell vaccines that secrete GM-CSF, Cancer Immunol Res 6 (2018) 723-732.
S. Villapol, Roles of peroxisome proliferator-activated receptor gamma on brain and
peripheral inflammation, Cell. Mol. Neurobiol. 1 (2018) 121-132.

J.C. Corona, M.R. Duchen, PPARYy as a therapeutic target to rescue mitochondrial
function in neurological disease, Free Radic. Biol. Med. 100 (2016) 153-163.
W.J. Hsu, N.C. Wildburger, S.J. Haidacher, et al., PPARgamma agonists rescue in-
creased phosphorylation of FGF14 at S226 in the Tg2576 mouse model of
Alzheimer's disease, Exp. Neurol. 295 (2017) 1-17.

J.B. Jahrling, C.M. Hernandez, L. Denner, et al., PPARy recruitment to active ERK
during memory consolidation is required for Alzheimer's disease-related cognitive
enhancement, J. Neurosci. 12 (2014) 4054-4063.

K.T. Dineley, J.B. Jahrling, L. Denner, Insulin resistance in Alzheimer's disease,
Neurobiol. Dis. 72 (2014) 92-103.

S. Raichur, S.T. Wang, P.W. Chan, et al., CerS2 haploinsufficiency inhibits -oxi-
dation and confers susceptibility to diet-induced steatohepatitis and insulin re-
sistance, Cell Metabol. 7 (2014) 687-695.

X. Yang, M. Huang, J. Yang, et al., Activity of isoliensinine in improving the
symptoms of type 2 diabetic mice via activation of AMP-activated kinase and reg-
ulation of PPARY, J. Agric. Food Chem. 23 (2017) 7168-7178.

G.R. Gandhi, G. Jothi, P.J. Antony, et al., Gallic acid attenuates high-fat diet fed-
streptozotocin-induced insulin resistance via partial agonism of PPARy in experi-
mental type 2 diabetic rats and enhances glucose uptake through translocation and
activation of GLUT4 in PI3K/p-Akt signaling pathway, Eur. J. Pharmacol. 745
(2014) 201-216.

M. Ahmadian, J.M. Suh, N. Hah, et al., PPARy signaling and metabolism: the good,
the bad and the future, Nat. Med. 19 (2013) 557-566.


http://refhub.elsevier.com/S0024-3205(19)30906-3/sref9
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref10
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref10
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref10
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref11
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref12
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref12
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref13
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref13
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref13
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref14
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref14
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref14
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref15
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref15
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref15
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref16
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref16
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref16
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref16
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref17
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref17
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref17
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref18
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref18
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref18
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref19
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref19
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref19
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref20
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref20
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref21
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref21
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref21
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref22
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref22
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref22
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref23
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref23
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref23
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref24
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref24
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref25
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref25
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref25
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref26
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref26
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref26
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref27
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref27
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref27
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref28
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref28
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref29
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref29
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref29
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref30
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref30
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref31
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref31
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref31
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref32
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref32
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref32
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref33
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref33
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref34
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref34
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref35
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref35
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref36
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref36
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref37
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref37
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref38
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref38
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref39
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref39
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref40
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref40
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref40
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref40
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref40
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref41
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref41
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref41
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref41
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref42
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref42
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref42
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref43
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref43
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref43
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref44
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref44
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref45
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref45
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref45
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref45
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref46
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref46
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref46
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref47
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref47
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref47
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref48
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref48
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref48
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref49
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref49
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref50
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref50
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref50
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref51
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref51
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref52
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref52
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref52
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref53
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref53
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref53
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref54
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref54
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref54
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref55
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref55
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref55
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref56
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref56
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref56
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref57
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref57
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref57
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref57
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref58
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref58
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref59
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref59
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref60
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref60
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref61
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref61
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref61
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref62
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref62
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref62
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref63
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref63
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref64
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref64
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref64
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref65
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref65
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref65
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref66
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref66
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref66
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref66
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref66
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref67
http://refhub.elsevier.com/S0024-3205(19)30906-3/sref67

	Effects of progesterone on glucose uptake in neurons of Alzheimer's disease animals and cell models
	Introduction
	Materials and methods
	Animals
	Reagent
	Primary cortical neuron cultures
	Behavior tests
	Immunohistochemistry
	Glucose uptake tests
	Western blot analysis
	Immunofluorescence
	Statistical analysis

	Results
	Effects of progesterone on learning and memory in APP/PS1 mice
	Effects of progesterone on GLUT3 and GLUT4 expression levels in the cerebral cortex of APP/PS1 mice
	Effects of progesterone on cAMP-response element binding protein (CREB) and proliferator-activated receptor γ (PPARγ) expression in the cerebral cortex of APP/PS1 mice
	Effects of progesterone on glucose uptake capacity of cortical neurons and expression of GLUT3 and GLUT4
	Effects of progesterone on CREB and PPARγ expression in primary cortical neurons

	Discussion
	Conclusions
	Author contributions
	Funding
	Declaration of competing InterestCOI
	Acknowledgments
	References




