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ORIGINAL RESEARCH ARTICLE

Imbalance of gut Bacteroides and Prevotella
contributes to memory decline in
ovariectomized mice fed with high-fat diet

Lu Zeng', Xiaobin An', Wentao Xu, Jing Ma, Yang Qu, Guitian Cong,
Meijie Chen, Yan Wu, Xuqiao Wang, Jinan Yang, and Jing Ai*

Department of Pharmacology (The State-Province Key Laboratories of Biomedicine-Pharmaceutics
of China), College of Pharmacy of Harbin Medical University, Harbin, Heilongjiang, China

Abstract

The rates of incidence and progression of Alzheimer’s disease (AD) vary significantly
among post-menopausal women. However, the mechanisms that underlie
this phenomenon remain obscure. Here, we established the high-fat diet-fed
ovariectomized (OVXHF) mouse model and observed significant memory deficits
in this model. Using 16S rDNA sequencing, we found that OVXHF mice displayed
higher biodiversity and a distinct gut microbiome composition compared with
normal chow-fed mice. Functional analysis further revealed that genes associated
with the iron complex transport system and ATP-binding cassette are differentially
expressed in OVXHF mice. Moreover, normal fecal microbiota transplantation (FMT)
successfully restored the cognitive impairments in OVXHF mice through rebalancing
the gut microbiota. In particular, the Bacteroides-to-Prevotella ratio was significantly
increased in OVXHF mice but rescued by FMT. Altogether, these results suggest that
an imbalance between Bacteroides and Prevotella in the gut microbiota accelerates
the process of cognitive dysfunction in postmenopausal women on a high-fat diet.

Keywords: Estrogen deficiency; High-fat diet; Cognition decline; Gut microbiome;
Bacteroides-Prevotellaimbalance

1. Introduction

Dementia is a pathological neurodegenerative disorder characterized by a progressive
decline in cognition. Alzheimer’s disease (AD) accounts for 60-80% of all dementia
cases, making it the predominant neurodegenerative cause of the condition."* Increasing
evidence suggests that AD affects men and women unequally. It has been reported that
after the age of 65, 5.8 million Americans are diagnosed with AD, including 3.6 million
women and 2.2 million men.’ These findings suggest that sex differences matter in
the development of AD. One potential explanation for the increased susceptibility of
women to AD is menopause, which causes a drastic decline in estrogen levels. Estrogens
(including estrone, estradiol, and estriol) are a group of neuroactive steroid hormones
related to memory and cognition.* As expected, estrogen deprivation of women after
menopause can increase the risk of AD, according to a 3-year longitudinal study.’
Accordingly, studies have found that estrogen hormone replacement therapy can have
a protective effect against cognitive decline.*® However, other evidence also shows that
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hormone replacement therapy has no benefit in AD, with
some cases even indicate a negative effect on cognition.**
Considering the fact that estrogen supplementation fails to
consistently relieve AD symptoms and not all aged women
develop AD, we wondered whether there were other risk
factors underlying the high morbidity of AD in female.

In light of the multifactorial origin of dementia, mounting
evidence suggests that lifestyle factors significantly contribute
to its progression.'' Lately, the connection between diet and
brain function has become a major focus of research. The
Mediterranean diet (MD), which is characterized by high
portion of whole grains, veggies, nuts, beans, and olive oil,
moderate amount of fish, and limited portion of dairy and
meat,'” is widely considered a major boon to overall health.
Extensive research indicates a correlation between adherence
to MD and a reduced risk of AD, as well as enhanced
cognitive abilities."” !> Conversely, a high-fat Western dietary
pattern may hasten cognitive impairment.'®” Therefore, this
raises the question: what distinguishes MD from the Western
diet, and how do these differences exert opposite effects on
dementia? One of the most noteworthy features of MD is its
low-fat content. Therefore, we speculated that a high-fat diet
(HFD) may be a contributory factor accelerating cognitive
decline in postmenopausal women.

With the rapid development and evolution of new
technologies, the microbiota residing in the gastrointestinal
tract has been increasingly regarded as the “second
brain” that regulates host heath.'®'® The gut-brain axis, a
concept proposed by researchers, describes a bidirectional
communication between gut microbiota and the brain,
facilitated through the sympathetic and parasympathetic
nervous systems, as well as circulating neuro-modulatory
molecules and bacterial metabolites.?** Moreover,
the microbiome is highly adaptable and susceptible to
change due to a range of environmental and host-specific
triggers. When it comes to these influencers, dietary
habits stand out as the main driver in shaping both the
composition and operational aspects of the microbiome.*
HFD has been associated with an increased abundance
in  lipopolysaccharide  (LPS)-expressing  bacteria,
resulting in higher LPS levels in both human® and mice
circulation.” Furthermore, lard-rich diet can increase
the abundance of Bacteroides, Turicibacter, and Bilophila
spp., promoting white adipose tissue inflammation and
insulin insensitivity.” However, it remains unknown how
HFD in combination with estrogen deficiency affects gut
microbiota and cognitive functions.

To explore the role of HFD in facilitating estrogen
deficiency-induced cognition impairment, we established
an ovariectomized (OVX) mouse model fed with HFD to
mimic the situation of postmenopausal women adopting

a fat-enriched diet. We then examined the effect of OVX
and HFD on the intestinal microbiota. We found that HFD
accelerated cognitive decline in OVX mice. Moreover, 16S
rDNA sequencing facilitated a comparative analysis of
gut microbiota composition and profiles across groups.
Finally, we also examined whether normal fecal microbiota
transplantation could reverse the cognitive impairment
and gut microbiota structure of HFD-fed OVX mice.

2. Materials and methods
2.1. Mice and diet

Juvenile female C57BL/6 mice were obtained from the
Animal Center of the Second Affiliated Hospital of Harbin
Medical University. Mice were housed in a temperature-
controlled room at 25°C under a 12 h light/dark cycle and
had ad libitum access to food and water. Under specific
pathogen-free conditions, all mice were maintained in
a climate chamber with controlled light and humidity
(4 mice/chamber), supplied with HEPA-filtered air, and
provided with irradiated food and water. The mice were fed
either a regular chow diet or an HFD, which consisted of
45% of calories from fat, 35% from carbohydrates, and 20%
from protein (HFK Bioscience, #H10045). Body weight was
measured weekly. After 8 weeks of feeding, the mice were
subjected to behavioral tests or fecal collection. All animal
experiments were approved by the Institutional Animal
Care and Use Committee of Harbin Medical University
and the Institute of Laboratory Animal Science of China.
All procedures conformed to the Directive 2010/63/EU of
the European Parliament.

2.2.0VX surgery

Two-month-old female mice were anesthetized using an
intraperitoneal injection of sodium pentobarbital (100 mg/
kg). After prepping the surgical site, we shaved the fur
from the flank region, specifically the area nestled between
the last rib and just above the pelvis. The skin was then
disinfected with chlorhexidine solution before making
an incision along the dorsal midline. The muscle layers
were carefully separated with curved-tip scissors, and
the ovarian fat pad was gently exteriorized through the
opening. Hemostatic tweezers were used to firmly clamp
the region just below the ovary, and the area to be removed
was tied off with two knots using sterile thread, effectively
demarcating the surgical field. Following this, the ovary
was excised. The same procedure was then replicated on the
left side. Following the procedure, the abdominal incision
was closed using stainless steel wound clips. The animals
were kept under observation in the laboratory until they
had fully come around from the anesthesia. After that, they
were returned to the animal care facilities and checked on
a daily basis.
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2.3. Barnes-Maze test

Behavioral assessments using the Barnes maze were
conducted following established protocols with minor
adjustments.” In a nutshell, the mice were subjected to
evaluations during the day’s light phase, and they were
moved into the behavioral testing area an hour ahead
of the experiment’s kickoff. The Barnes maze featured
a clear, elevated, well-lit white circular platform,
measuring 91 cm across, and it had 20 evenly spaced,
5 cm wide holes around the edge, with one of those
leading to a secret exit. The walls of the testing area were
adorned with spatial cues featuring unique patterns
and forms. The assessment was broken down into
phases of habituation, learning, and the probe test. In
the experimental setup, a 500-lux light and an electric
fan were employed to generate light, air currents, and
noise—key elements to trigger escape responses. On the
day of habituation, the research mouse spent 30 seconds
acclimatizing to the target box, before being positioned
in the center of the apparatus. It was then allowed to
roam until it discovered the escape tunnel or the 200-s
test session was reached. The acquisition phase entailed a
total of 5 days of daily training sessions, with two rounds
of trials each day (with a time cap of 3 min per trial;
approximately an hour between trials), and the starting
point was shuffled among the four quadrants. Each trial
began with the mouse placed in a start chamber situated
in the middle of one of the quadrants. A 15-s countdown
was initiated, and following its conclusion, the start
chamber was raised, unleashing the mouse to navigate the
maze. The trial comes to a close either when the mouse
makes a beeline for the escape tunnel or when the clock
strikes 3 min. Should the mouse be unable to locate the
escape tunnel within the 3-min window, the researcher
will assist it and let it chill in the tunnel for 15 s. Post-
trial, the maze and escape tunnel are sanitized with a
75% ethanol solution. Throughout the training phase,
the mouse’s path, errors, and time taken to locate the
target hole were meticulously documented using a video
tracking software called SuperMaze (Shanghai XinRuan
Software, China). Three days after the final training
session, the probe trial takes place, where the escape box
is eliminated, and the start chamber is centered in the
apparatus. The subject mouse was permitted to locate
the target hole within a 3-min window, with the response
latency and errors for finding the target hole recorded.

2.4. Novel object recognition test

Inaccordancewith the previously outlined methodology,””*

novel object recognition tests (ORTs) were conducted.
Before the acclimatization phase, the mice were permitted
to roam freely in an open field to become acclimated.

Following this, on the day after the habituation period,
the mice were given the opportunity to freely investigate
two indistinguishable objects—a pair of Lego bricks,
12.5 cm tall, 2.5 cm deep, and 7.5 cm wide, constructed
from alternating hues of blue, yellow, red, and green—
positioned at predetermined spots within the testing
area for a duration of 10 min. To track the duration of
exploration for each object, the SuperMaze video-tracking
system, developed by XinRuan in Shanghai, China and
utilizing nose-point detection technology, was employed.
Investigative engagement was defined as olfactory or
tactile interaction with an object when the mouse’s nose
was within 2 cm of the item. At the end of each session, the
mice were gently returned to their familiar habitats, and the
testing chamber, along with all objects was meticulously
sanitized with 75% ethanol solution, followed by a thorough
air-drying process for a duration of 3 min. After a 24-h
intersession interval (ISI) without intervention, one of the
familiar objects was swapped out for a new one—a tissue
culture flask that stood at 15.5 cm tall, 3.5 cm deep, and
9 cm across. The following formula was used to determine
object preference: Preference percentage = (Time to
investigate the particular object/total exploration time for
both objects) x 100%. If the overall exploration time was
<10 s, the data were not included.

2.5. Fecal microbiota transplantation

Fecal microbiota transplantation was performed
as previously described.”® To deplete native gut
microorganisms, OVXHF mice were given 0.2 mL/mouse
of triple antibiotics (1.25 mg/L vancomycin, 2.5 mg/L
ampicillin, and 2.5 mg/L metronidazole) every day for
three consecutive days before transplantation. Then,
200 mg of stool (from Sham mice) was reconstituted in
5 mL of PBS, vortexed for 3 min, and allowed to settle by
gravity for 2 min. A 200 uL of the supernatant was then
administered to recipient mice by oral gavage to accomplish
the transplant. FMT was conducted on OVXHF mice once
daily for 30 consecutive days through oral gavage 1 month
after OVX surgery and HFD exposure.

2.6. Gut microbiota DNA extraction

Fecal DNA was extracted using the QIAamp DNA Stool
Mini Kit (Qiagen). Approximately 200 mg of mouse fecal
sample was mixed with 1 ml of EX Inhibition Buffer and
the proper quantity of glass beads (Qiagen) with a 0.5 mm
diameter. After that, the sample was homogenized by
vortex-mixing twice a minute at 60 Hz. The following
procedures were applied to the supernatant after it had
been treated with an InhibitEX Tablet. A NanoDrop 2000
spectrophotometer (Thermo Scientific, MA, USA) was
used to measure the amount of DNA.
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2.7.16S rDNA gene sequencing

A universal primer targeting the conserved
region of 16S rDNA was constructed as follows:
5'-CCTACGGGRSGCAGCAG-3' (universal primer 341F)
and 5-GGACTACVVGGGTATCTAATC-3' (universal
primer 806R) for PCR amplification of the variable region
(V3+V4) of the rRNA gene or specific gene fragments. The
PCR products were analyzed using the Illumina NovaSeq
PE250 system (Illumina, Inc., CA, United States).

2.8. Gut microbiota taxonomical and functional
annotation

After sifting through the raw data and removing reads
with over 10 substandard bases (those less than Q20) or
15 adapter sequence bases, clean reads were processed
in QIIME2 for taxonomic annotation. Operational
taxonomic units (OTUs) were clustered at 97% sequence
similarity using UPARSE. Functional prediction of
microbial communities was performed with PICRUSt2
(v2.3.0) based on ASV data and taxonomic information,
yielding KEGG Orthology (KO) pathway distributions
for each sample. To measure the alpha diversity across the
samples, we used Mothur (v.1.30) and its suite of tools such
as the Rarefaction curve, Shannon index, Rank abundance
curve, Chaol richness estimator, and the Simpson diversity
index. Beta diversity was analyzed using unweighted
UniFrac bandwagon, followed by principal component
analysis (PCA), principal coordinates analysis (PCoA),
and unweighted pair-group method with arithmetic mean
(UPGMA) clustering. Finally, linear discriminant analysis
effect size (LEfSe) was applied to assess the impact of the
intestinal microbiome.

2.9. Statistical analysis

The results were presented as mean * standard error
of mean. A Students t-test was applied for statistical
comparisons between two groups, whereas a one-way
analysis of variance was utilized to assess differences across
three or more groups. Tukey’s post hoc tests were conducted
to delve into the significant main effects. Findings were
deemed statistically significant when p<0.05.

3. Results

3.1. HFD facilitated episodic and spatial memory
impairment in OVX mice

To investigate whether HFD could predispose estrogen-
deficient mice to cognitive impairment, we subjected
female mice to HFD following ovariectomy (OVX)
surgery. Previous studies have shown that HFD is
always accompanied by overweight and serum lipid
disturbances.’ Interestingly, after 1 month of HFD, we

found no differences in body weight or serum lipid levels in
any group (Figure 1A-D). Analogous to the above results,
there were no differences in latency and error times in
the Barnes maze or discrimination index in novel ORT in
each group (Figure 1E-R). The above result indicates that
there is no episodic and spatial memory impairment after
1 month of HFD in OVX mice.

Even after 2 months of HFD, there was still no
differences in body weight and serum lipid levels,
including total triglyceride (TG) and total cholesterol
(TC), in the Sham+HFD group (Figure 2A-D). However,
these parameters were significantly increased in 2-month
OVXHF mice, indicating that HFD could affect the body
weight and serum lipid levels of estrogen-deficient mice
(Figure 2A-D). We also found that 2-month OVXHF
mice displayed significantly impaired spatial memory,
manifested as extended total distance (Figure 2E-G),
prolonged escape latency (Figure 2H and I), and more
errors (Figure 2] and K) during probe trial of the Barnes
maze test. Notably, no significant difference of average
speed was found among the four groups (Figure 2L).
As for novel object recognition (NOR), OVXHF mice
showed decreased exploration frequency (Figure 2N),
time spent with the novel object (Figure 2Q), and a lower
discrimination index (Figure 20-R) on day 2, reflecting
attenuated episodic memory. Together, these results
showed that HFD could facilitate the episodic and spatial
memory impairment in OVX mice.

3.2, HFD induces gut dysbiosis in OVX mice

HFD has been reported to alter the intestinal microbiome
and induce cognitive decline through the gut-brain
axis.*»” To investigate whether HFD induces specific
changes in the gut microbial population in OVX mice,
we conducted 16S rDNA sequencing to characterize the
gut microbiota (GM) under different conditions. After
size and quality screening, as well as chimera elimination,
we got the sequence length distribution histogram so that
optimized sequences for accurate analysis can be obtained
(Figure 3A). OTUs were clustered at 97% sequence
similarity using Usearch,* and 117 OTUs were identified
as the core microbiome across all samples (Figure 3B).
PCA revealed significant clustering of microbiota
across groups (Figure 3C). Although the Sham+HFD
and OVX groups showed significant difference in the
first and second principal components, respectively
(PCAL: 15.91%, PCA2: 9.53%) when compared to Sham
group, the two experimental groups were found to be on
par with one another, while they markedly differed from
OVXHF group. These results indicated that the HFD
caused significant changes on GM in OVX mice.
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Figure 1. One-month HFD failed to cause cognitive decline in OVX mice. (A) Comparison of the body shape of 1-month (1M) Sham, Sham+HFD, OVX,
and OVXHF mice. (B) Body weight at the 4™ week for Sham (1 = 9), OVX (1 = 8), Sham+HFD (n = 8), OVXHF (n = 9). (C) The levels of total glycerol in
serum of 1M Sham (n = 6), OVX (n = 6), Sham+HFD (n = 6), OVXHF (n = 6). (D) The levels of total cholesterol in the serum of the above four groups.
(E) Schematic diagram of the traces in the Barnes maze test during the probe trial. (F) Total distance during the Barnes maze test for IM Sham (n = 6),
IM OVX (n = 6), IM Sham+HFD (n = 6), IM OVXHEF (n = 6). (G) Total distance of the four groups in the Barnes maze during the probe trial. (H) Escape
latency during the Barnes maze test of these four groups. (I) Escape latency of the four groups in the Barnes maze during the probe trial. (J) Number of
errors in the Barnes maze test. (K) Number of errors in the Barnes maze test during the probe trial. (L) Average moving speed of the four groups during
the Barnes maze test. (M) Preference index for frequency on day 1 of 1M Sham (n = 8), OVX (n = 8), Sham+HFD (n = 8), OVXHF (n = 8) in the ORT.
(N) Preference index for frequency on day 2 of the above four groups. (O) Discrimination index for the frequency of the four groups. (P) Preference index
for contact time on day 1 of the four groups. (Q) Preference index for contact time on day 2 of the four groups. (R) Discrimination index for contact time
of the four groups. Data are presented as mean + SEM and analyzed by one-way ANOVA.

Abbreviations: ANOVA: Analysis of variance; 1 M: 1-month; HFD: High-fat diet; ORT: Object recognition test; OVX: Ovariectomized; OVXHF: HFD-fed
OVX; SEM: Standard error of the mean.

Volume 5 Issue 1 (2026) 97 doi: 10.36922/AN025200055


https://dx.doi.org/10.36922/AN025200055

Advanced NeurO'.Ogy Gut dysbiosis impaired memory in OVXHF mice

(g}
&)

- gham = OVX
-+ Sham+HFD -» OVXHF

12
[m) —_
Q <
LIL L 308
¥ o £
= X ‘E’o4
s g oo
n (@]

Weeks
E Barnes maze
"Sham  Sham+HFD
-~ Sham
£ 4000 ot x
£ -+ Sham+HFD _ 3
Tésooo = OVXHF s o
: Iy
S 2000 :
. ®
S 1000 § g .
R e 01 2 3 4 5 9
Days .
| J L
-e- Sha -
30 - S :
925 -+~ Sham+HFD £
2 g = OVXHF @12
= £ 20 8 <
: g I =l n%,
% £ 10 /1 5 -
- 5 2 :
5 g :
0 . §
01 2 3 4 5 9
Days
Day2
" N 5 72 00001 <0.0001 <0001
x O~ 0,05;91 « 0
i e § 3 60-
£% £S : % -
ge 40 1 : -
5 g o 58l
S o0 852
& ge” E 8 201
g &’ AQB AlB AlB Al B o é u\;—40-
0 o .60-
SRR
s o KK y
S O
a
2
P 64 Day1 Q 75co000t <9901 <qoo0s R -y
: § i —3 o421 % 80- >
2 € 60 142 5 -
248 Es i :
§°GE, 32 § g 45 é §
SE 5 E i3
- ® —
® 16 5 i
T NE OE AE JE e 1: Ao § ) :
: 8 -60-
S QK SRR
& o L & & o KX L S O &
‘ & # O K
a
23 S 6&&

Figure 2. Two-month HFD facilitated cognitive impairment in OVX mice. (A) Comparison of the body shape of 2-month (2M) Sham, Sham+HFD, OVX,
and OVXHF mice. (B) Weekly body weight of Sham (n = 9), OVX (n = 8), Sham+HFD (n = 8), OVXHEF (n = 9) mice. (C) The levels of total cholesterol
in the serum of 2M Sham, OVX, Sham+HFD, and OVXHE. n = 6 for each group. (D) The levels of total glycerol in the serum of the above four groups.
(E) Schematic diagram of the traces in the Barnes maze test during the probe trial. (F) Total distance during the Barnes maze test for each group (n = 8).
(G) Total distance of the four groups in the Barnes maze during the probe trial. (H) Escape latency during the Barnes maze test of the four groups. (I)
Escape latency during the Barnes maze test of the four groups. (J) Number of errors in the Barnes maze test. (K) Number of errors in the Barnes maze
test during the probe trial. (L) Average moving speed of the four groups during the Barnes maze test. (M) Preference index for frequency on day 1 of 2M
Sham (n = 8), OVX (n = 8), Sham+HFD (n = 8), OVXHF (n = 8) mice in the ORT. (N) Preference index for frequency on day 2 of the above four groups.
(O) Discrimination index for the frequency of the four groups. (P) Preference index for contact time on day 1 of the four groups. (Q) Preference index for
contact time on day 2 of the four groups. (R) Discrimination index for contact time of the four groups. Data are presented as mean + SEM and analyzed
by one-way ANOVA.

Abbreviations: ANOVA: Analysis of variance; HFD: High-fat diet; ORT: Object recognition test; OVX: Ovariectomized; OVXHF: HFD-fed OVX;
SEM: Standard error of the mean; 2M: 2 months.
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Figure 3. HFD altered the alpha and beta diversities of gut microbiota in OVX mice. (A) The sequence length distribution histogram of 16S rDNA
sequencing. (B) Core microbiome that covers 100% samples. (C) Principal component analysis (PCA) of the microbiota composition in 2-month Sham
(n=7),OVX (n=7), Sham+HFD (n = 8), and OVXHF (n = 7) mice. (D-G) Shannon and Simpson indices of 16S rDNA sequencing indicated community
diversity in the four groups. (H-I) Chaol index of 16S rDNA sequencing shows community richness in the above four groups. (J) Principal coordinates
analysis (PCoA) based on unweighted UniFrac analysis of the Adonis test shows beta-diversity of these four groups. Each symbol represents a single fecal

sample. Data are presented as mean + SEM and analyzed by one-way ANOVA.

Abbreviations: HFD: High-fat diet; OVX: Ovariectomized; OVXHF: HFD-fed OVX; SEM: Standard error of the mean; ANOVA: Analysis of variance.

Alpha diversity reflects both sample diversity,
represented by indices like Shannon and Simpson, and
species richness, such as Chaol.*> Compared to the Sham
group, Shannon and Simpson indices were significantly
reduced in the OVX-only group. However, in the OVXHF
mice, these indices bounced back, mirroring the levels seen
in the Sham+HFD group. This suggests that HFD reshapes
gut bacterial diversity in OVX mice, counteracting the

diversity loss caused by estrogen deficiency (Figure 3D-G).
The Chaol indices were significantly decreased in the
Sham+HFD, OVX, and OVXHF groups compared to the
Sham group, but there were no significant differences
among them. This indicates that both HFD and OVX
can decrease gut bacterial richness; however, HFD
does not affect the gut bacterial richness in OVX mice
(Figure 3H and I). PCoA of Aitchison distances further
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revealed significantly altered GM composition in OVX,
Sham+HFD, and OVXHF groups compared to the Sham
control, while the Sham+HFD and OVXHF groups were of
similar composition (Figure 3J). Accordingly, these results
suggest that HFD can change the GM composition and
induce GM dysbiosis in OVX mice.

3.3.The ratio of Bacteroides/Prevotella increased in
OVXHF mice

To further clarify the effects of HFD and estrogen depletion
on intestinal flora at the genus level, bacterial makeup was
examined thoroughly. LEfSe analysis was used to present
the bacteria that played an important role in Sham, OVX,
Sham+HFD, and OVXHF mice (Figure 4A). Bar plots
presented a comprehensive breakdown of the prevalence
of various genera across the 29 fecal samples, with
Alloprevotella, Prevotella, Lactobacillus, Clostridium XIVal,
and Bacteroides dominating in the four groups (Figure 4B).
Then, we analyzed the explicit alterations of these bacterial
genus, respectively. In total, we identified 6 genera
significantly changed in Sham+HFD, OVX, or OVXHF
mice, respectively (Figure 4C-H). Notably, Alloprevotella
abundance was increased in OVX mice compared to the
Sham group but significantly reduced in both Sham+HFD
and OVXHF mice (Figure 4C). Streptococcus was the only
genus consistently decreased in all three groups (Figure 4D).
The level of Turicibacter and Bifidobacterium was both
elevated in OVXHF mice but not OVX and Sham+HFD
mice (Figure 4E and F). The relative prevalence of Prevotella
in OVX and OVXHF mice mirrored that of Alloprevotella,
while stayed unchanged in Sham+HFD mice (Figure 4G).
The level of Bacteroides was significantly upregulated in
Sham+HFD and OVXHF mice (Figure 4H). This study
indicates that the human gut microbiota can be categorized
into three distinct enterotypes, primarily characterized by
Bacteroides, Prevotella, or Clostridiales organisms.* Thus,
we wondered whether the ratio of Bacteroides/Prevotella
(B/P) was associated with the cognitive impairment caused
by HFD and OVX co-exposure. OVX alone failed to cause
disturbance on the B/P ratio while HFD slightly increased
this ratio (Figure 4I). Interestingly, the combination of
HED with OVX led to dramatic elevation of the B/P ratio
(Figure 4I). In conclusion, HFD reshaped the microbial
spectrum in OVX mice, and the rise of B/P ratio may
represent a key microbial signature associated with
cognitive impairment under combined HFD and estrogen
deficiency.

3.4. Microbial functional alterations in the OVXHF
mice

After dissecting the bacterial composition across groups,
we further explored the enrichment of KO functions in

OVXHF mice. By comparing the 16S rDNA gene sequences
against genomic reference databases, the functional
potential of the microbial community was predicted.
LEfSe analysis was employed to assess the impact of KO
genes from each group on the differential outcomes and to
identify corresponding KO genes responsible for notable
differential effects (Figure 5A). Among these, only the
ATP-binding cassette (ABC)-2 type transport system
permease protein was increased in OVX, Sham+HFD,
and OVXHF group versus Sham group (Figure 5B).
Subfamily B of the ABC proteins showed a modest rise in
the OVX cohort versus the Sham, whereas HFD induced
a notable drop in the ABC subfamily B levels in OVX
mice (Figure 5C). Furthermore, genes belong to the iron
complex transport system, RNA polymerase sigma-70
factor, and 3-oxoacyl- [acyl-carrier protein] reductase
were remarkably decreased in OVX group in contrast to
Sham group (Figure 5D-G, K). Comparatively, expression
of these genes demonstrates a reverse pattern in the
OVXHEF cohort relative to OVX mice (Figure 5D-G, K).
In addition, the abundance of cold shock protein, methyl-
accepting chemotaxis protein, and 2,3-biphosphoglycerate-
dependent phosphoglycerate showed no obvious difference
between Sham and OVX group, but HFD separately
increased or decreased the abundance of these genes in
the OVX group (Figure 5H-]). Taken together, the results
suggest that HFD causes disturbance in the functional
structure of GM in OVX mice which may account for the
cognitive impairment induced by HFD.

In addition, we investigated the association between
bacterial genera and host physiological or behavioral
parameters. LEfSe correlation analysis revealed that
the weight of mice was positively correlated with
Elusimicrobium, Blautia, and Christensenella but negatively
correlated with Odoribacter, Mycoplasma, Clostridium
XVIII, Sporobacter, and Paraprevotella. Barnes maze
errors showed positive associations with Desulfovibrio
and Turicibacter but inversely correlated with Prevotella,
Alloprevotella, and Streptococcus. We also identified
the genera that are closely correlated with the levels of
5-hydroxytryptamine (5-HT), L-Kynurenine (L-KYN) and
L-Tryptophan (L-TRP), which are indispensable nutrients
for the hosts (Figure 5L).

3.5. Fecal microbiota transplantation restored
cognitive impairment in OVXHF mice

Our findings demonstrate that HFD accelerates
memory decline in OVX mice while disrupting both the
composition and functional capacity of the gut microbiota.
However, it is still not clear whether these gut imbalances
are the culprit behind the cognitive decline. To address
this, we introduced healthy murine gut microbiota into
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Figure 4. Characterization of gut microbiota composition at the genus level. (A) Linear discriminant analysis (LDA) effect size (LEfSe) analysis showing
the bacteria that played an important role in 2-month Sham (n = 7), OVX (n = 7), Sham+HFD (n = 8), and OVXHF (n = 7) mice. (B) Proportions of
different bacterial genus in the gut microbiota of the above four groups. Each column represents one mouse sample. (C-H) The bacterial genus that
were dysregulated by OVX and HFD, including Alloprevotella, Prevotella, Streptococcus, Bacteroides, Turicibacter, and Bifidobacterium. (I) The ratio of
Bacteroides and Prevotella in the four groups. Data are presented as mean + SEM and analyzed by one-way ANOVA.

Abbreviations: ANOVA: Analysis of variance; HFD: High-fat diet; OVX: Ovariectomized; OVXHF: HFD-fed OVX; SEM: Standard error of the mean.

the digestive systems of OVXHF mice through oral receiving FMT exhibited markedly improved path length,

administration. FMT alleviated weight gain and serum latency, and error times in locating the escape aperture
TC and TG levels in OVXHF mice (Figure 6A-D). (Figure 6E-L). In ORT study, FMT notably augmented
Moreover, the Barnes maze task showed that OVXHF mice OVXHEF mice interaction duration and rate with the novel
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Figure 5. KEGG ortholog functional analysis of gut microbiota in Sham, OVX, Sham+HFD, and OVXHF mice. (A) LEfSe analysis was used to find the
counterpart KEGG ortholog (KO) genes that produce significant differential effects (default screening criteria LDA >2). The ordinate represents the log
value obtained by LDA for KO genes with a significant effect in the 2-month Sham, OVX, Sham+HFD, and OVXHF groups. (B-K) The KO genes that
were dramatically altered by OVX and HFD in Sham (n = 7), OVX (n = 7), Sham+HFD (n = 8), and OVXHF (n = 7) mice. (L) LEfSe analysis revealed the
correlation of various genera with body weight, error times, 5-HT, L-KYN, and L-TRP levels. Data are presented as mean + SEM and analyzed by one-way

ANOVA. “p<0.05; *p<0.01.

Abbreviations: ANOVA: Analysis of variance; HFD: High-fat diet; LDA: Linear discriminant analysis; LEfSe: LDA effect size; OVX: Ovariectomized;

OVXHF: HFD-fed OVX; SEM: Standard error of the mean.
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Figure 6. Fecal microbiota transplantation restored the spatial and episodic memory impairment of OVXHF mice. (A) Comparison of the body shape of
2M Sham, OVXHE and OVXHF+FMT mice. (B) Weekly body weight of Sham (n = 7), OVXHF (n = 6), and OVXHF+FMT (n = 7) mice. (C) The levels
of total cholesterol in the serum of 2-month Sham, OVXHEF, and OVXHF+FMT mice. # = 6 for each group. (D) The levels of total glycerol in the serum
of the above four groups. (E) Schematic diagram of the traces in the Barnes maze test during the probe trial. (F) Total distance during the Barnes maze
test for Sham (n = 7), OVXHEF (n = 6), and OVXHF+FMT (n = 7) mice. (G) Total distance of the four groups in the Barnes maze during the probe trial.
(H) Escape latency during the Barnes maze test of these four groups. (I) Escape latency during the Barnes maze test of these four groups. (J) Number of
errors in the Barnes maze test. (K) Number of errors in the Barnes maze test during the probe trial. (L) Average moving speed of the four groups during
the Barnes maze test. (M) Preference index for frequency on day 1 of 2M Sham, OVXHE and OVXHF+FMT mice. n = 6 for each group. (N) Preference
index for frequency on day 2 of the above four groups. (O) Discrimination index for frequency of the four groups. (P) Preference index for contact time on
day 1 of the four groups. (Q) Preference index for contact time on day 2 of the four groups. (R) Discrimination index for contact time of the four groups.
Data are presented as mean + SEM and analyzed by one-way ANOVA.

Abbreviations: ANOVA: Analysis of variance; FMT: Fecal microbiota transplantation; OVXHEF: High-fat diet-fed ovariectomized mice; SEM: Standard
error of the mean; 2M: 2 months.
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item, along with elevating the novelty preference score
(Figure 6M-R). Together, these results indicate that FMT
can reverse the obesity phenotype and spatial and episodic
memory impairments in OVXHF mice. Concurrently, our
study supports the notion that HFD exacerbates cognitive
decline in OVX mice through intestinal dysbiosis.

3.6. Fecal microbiota transplantation restored
intestinal bacterial structure in OVXHF mice

To further investigate whether the beneficial effects of
EMT on cognitive function in OVXHF mice were linked
to the altered functional structure of their gut microbiota,
we re-employed 16S rDNA sequencing to pinpoint the
specific shifts in gut microbiota following FMT. First, goods
coverage indicated that the sequencing exhibits excellent
coverage (Figure 7A). The Shannon and Simpson indices
were increased in OVXHF and FMT-treated OVXHF
mice than in Sham mice, but no significant difference was
observed between the two groups (Figure 7B-C). However,
the Chaol index was reduced in OVXHF mice, whereas
FMT application dramatically increased the Chaol index
in OVXHF mice (Figure 7D). These results indicated
that FMT significantly restored the richness of OVXHF
mice. Analysis on the genus level constructure showed
that microbial composition in OVXHF mice was altered
after FMT administration (Figure 7E). Then, we further
analyzed the abundance of these bacterial genus and
identified 7 genera that changed by FMT. In particular, FMT
restored the abundance of Prevotella and Parabacteroides
in OVXHE, while increasing the abundance of Bacteroides,
Oscillibacter, Alistipes, and Flavonifractor (Figure 7F). In
accordance with the restoration of cognitive impairment
by FMT, the B/P ratio was significantly decreased in the
OVXHF mice supplied with normal gut flora (Figure 7G),
further supporting its role in the cognition decline caused
by HFD and estrogen deficiency.

Similarly, we also performed the KO functional analysis
in FMT-treated OVXHF mice. The results indicated that
the level of ABC, putative ABC transport system permease
protein, and 2,3-biphosphoglycerate mutase was restored
by FMT administration (Figure 8A-C). In addition,
genes related to ABC transport system, peptide/nickel
transport system, and Lacl family transcriptional regulator
were markedly enriched in FMT-treated OVXHF mice
(Figure 8D-J). Taken together, these functional genes
might be associated with the amelioration of cognitive
impairment caused by OVXHE

4, Discussion

Clinical evidence shows that not all women experience
rapid cognitive decline during menopause, though the
underlying reasons remain unclear. Dietary patterns affect

the cognitive process,” and it is speculated that different
diet may participate in the process of rapid cognitive
decline in menopausal women. In this study, we found that
HFD could accelerate cognitive impairment in 2-month
OVX mice rather than 1-month OVX mice. Moreover,
16S rDNA sequencing revealed considerable shifts in
both the makeup and operation of the gut microbiota in
2-month OVXHF mice. Importantly, FMT effectively
restored microbial balance and reversed cognitive
decline in these OVXHF mice. Particularly, an increase
in Bacteroides/Prevotella (B/P) ratio may account for
the cognitive impairment in OVXHF mice. The findings
clearly indicate that the HFD is a critical risk factor for AD
in post-menopausal women, suggesting that early dietary
interventions could be a potential strategy to prevent
cognitive deterioration in perimenopausal women.

The greater incidence of AD among females compared
to males has sparked significant concern.* Previous studies
have focused on the fluctuation of estrogen levels after
menopause and they actually identified a close relation
between AD and estrogen deficiency.” However, not all
women experience cognition decline after menopause, and
the disease initiation varies among individuals. Moreover,
our previous study found that female mice developed
episodic memory impairment after 3 months of estrogen
deficiency and spatial memory decline after 5 months
of estrogen deficiency, suggesting that additional risk
factors may contribute to cognitive deterioration in
postmenopausal females. HFD, an unhealthy dietary habit,
has been found to exert a more severe effect in female AD
mice rather than male AD mice.* Thus, we hypothesized
that HFD might be a potential risk factor accelerating
cognitive impairment in postmenopausal females.
However, in this study, 1-month HFD failed to induce
cognitive impairment in OVX mice. Instead, after 2-month
HFD, OVX mice showed impaired spatial and episodic
memory, indicating that 2-month HFD could expedite
the cognitive decline in OVX mice. Considering these
findings, maintaining a healthy diet may help mitigate
cognitive decline after menopause.

Although estrogen levels decline sharply during
menopause in women compared to the gradual reduction
of testosterone in age-matched men,” the abrupt loss
of estrogen after OVX still cannot perfectly simulate
natural menopause process concomitant with exaggerate
physiological and behavioral effects. In addition, other
ovarian hormones such as testosterone may also be
depleted after OVX, which serves as another defect of this
model.*® Thus, our future plan will continue to study the
mechanism of cognitive impairment in perimenopausal
women using the natural aging mouse model.
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Figure 7. Gut bacteria alterations after fecal microbiota transplantation in OVXHF mice. (A) The goods coverage index of 16S rDNA sequencing.
(B-D) Alpha diversity represented by Shannon, Simpson, and Chaol indices of 16S rDNA sequencing for 2-month Sham (n = 7), OVXHF (n = 7), and
OVXHF+FMT (n = 7) mice. (E) Proportional abundance of gut microbiota from the above three groups at the genus level. Each column indicates one
mouse sample. (F) The bacterial genus which relative abundance was rectified after FMT, including Alloprevotella, Prevotella, Bacteroides, Parabacteroides,
Oscillibacter, Alistipes, and Flavonifractor. (G) The Bacteroides/Prevotella ratio in the Sham (n = 7), OVXHF (n = 7), and OVXHF+FMT (n = 6) mice. Data
are presented as mean + SEM and analyzed by one-way ANOVA.

Abbreviations: ANOVA: Analysis of variance; FMT: Fecal microbiota transplantation; OVXHEF: High-fat diet-fed ovariectomized mice; SEM: Standard
error of the mean.
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Figure 8. KEGG ortholog functional analysis of gut microbiota in Sham, OVXHE and OVXHF+FMT mice. (A-C) The abundance of ATP-binding cassette,
subfamily B, putative ABC transport system permease protein, and 2,3-biphosphoglycerate-dependent phosphoglycerate mutase was restored after FMT
in OVXHF mice. n = 7 for each group. (D-J) FMT significantly increased the abundance of the ABC transport system family, peptide/nickel transport
system family, and Lacl family transcriptional regulator, galactose operon repressor. Data are presented as mean = SEM and analyzed by one-way ANOVA
Abbreviations: ANOVA: Analysis of variance; FMT: Fecal microbiota transplantation; OVXHEF: High-fat diet-fed ovariectomized mice; SEM: Standard error of the mean.
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In recent years, GM and its role in neurodegenerative
diseases have attracted considerable attention.* HFD can
effectively affect GM composition and increase the risk of
AD.* However, whether and how HFD could bring about
gut dysbiosis in OVX mice remains unclear. In this study,
we profiled the gut microbiome of OVXHF mice through
16S rDNA sequencing techniques and identified 6 genera
that exhibited notable shifts among which the abundance
of Prevotella was dramatically increased in OVX mice
while decreased in Sham+HFD and OVXHF mice. Studies
have discovered an inverse relationship between Prevotella
and cognitive impairment.*® Bacteroides is a probiotic
that provides the host with volatile fatty acids serving
as an energy source.”’ This study revealed a heightened
prevalence of Bacteroides in Sham+HFD and OVXHF
groups, a finding that appears inconsistent with some
earlier findings. However, Prevotella- and Bacteroides-
dominated gut flora have been identified as two major
enterotypes of human which are closely associated with
diet patterns.** Thereinto, the Bacteroides-dominated
enterotype mainly appears in people with high-fat/high-
sugar “Western” diet, whereas the Prevotella-dominant
enterotype is found in people possessing a fiber-rich plant-
based diet pattern.*** In this study, the B/P proportion
within the gut microbiota of mice was analyzed, revealing a
moderate rise in the HFD group and a marked increase in
the OVXHEF group. Furthermore, normal gut microbiota
transplantation successfully restored the B/P ratio. Our
findings align with previous studies and suggest that a
balance between Bacteroides and Prevotella is essential for
maintaining host neuropsychiatric health.

Beyond genus-level changes, differential genera were
correlated with environmental factors. We found that
Prevotella, Alloprevotella, and Streptococcus were negatively
correlated with error times in the Barnes maze, implying
these genera might account for the spatial memory
impairment of OVXHF mice. Tryptophan, or TRP, is
an essential amino acid, in which imbalances in TRP’s
metabolic process play a significant role in the advancement
of certain neurological disorders, including depression,
AD, and glioma.” Here, we examined links between
intestinal bacteria and L-TRP, along with its downstream
products 5-HT and L-KYN. Prevotella, Alloprevotella,
and Streptococcus were negatively correlated with L-TRP,
while Streptococcus alone was positively correlated with
5-HT. These results suggest that these three genera may
participate in the pathological process of cognitive deficit
through disruption of TRP metabolism.

Closer examination of the results revealed that the
variation trends of GM were surprisingly consistent in
the Sham+HFD and OVXHF mice but different from

that in OVX mice, suggesting that HFD exerts a stronger
influence on GM than estrogen deficiency. However, even
though the Sham+HFD and OVXHF mice shared similar
characteristics of GM, Sham+HFD mice failed to develop
cognitive impairment. This might be attributed to the
complexity of the GM composition and the absence of
estrogen deficiency which could also cause lipid and glucose
metabolic disorders.”® Thus, HFD alone was insufficient
to induce cognitive decline, whereas co-exposure with
estrogen deficiency led to pronounced spatial and episodic
memory impairments. The interaction between HFD and
estrogen deficiency on host physiology is complicated and
interesting, warranting further investigation.

5. Conclusion

Taken together, HFD serves as a critical risk factor
that facilitates cognitive decline in post-menopausal
women through gut dysbiosis. Normal fecal microbiota
transplantation effectively restored the cognitive function
caused by HFD and estrogen deficiency, with the imbalance
between Bacteroides and Prevotella likely playing a pivotal
role. Thus, further studies should focus on elucidating the
underlying mechanisms linking this imbalance in cognitive
function and exploring the feasibility of GM-based
therapeutic approaches for AD.
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