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ARTICLE INFO ABSTRACT

Handling Editor: Professor A.G. Marangoni Lactoferrin (Lf) has been shown to benefit cognitive function in several animal models. To elucidate the un-

derlying mechanisms, male C57BL/6J mice were randomly divided into the control (CON), Western-style diets

Keywords: (WD), lactoferrin (Lf), and Lf + antibiotics (AB) groups. The Lf group was intragastrically administered with Lf,
‘Lacmfemn . and the Lf + AB group additionally drank a solution with antibiotics. After 16 weeks of intervention, Lf improved
Weste.m style d_lets the cognitive function as indicated by behavioral tests. Lf also increased the length and curvature of postsynaptic
Neuroinflammation

density and upregulated the related protein expression, suggesting improved hippocampal neurons and synapses.
Lf suppressed microglia activation and proliferation as revealed by immunofluorescence analysis. Lf decreased
the serum levels of pro-inflammatory cytokines and downregulated their protein expressions in the hippocampus
region. Lf also inhibited the activation of NF-xB/NLRP3 inflammasomes in the hippocampus. Meanwhile, Lf
upregulated the expression of tight junction proteins, and increased the abundance of Bacteroidetes at phylum
and Roseburia at genus, which are beneficial for gut barrier and cognitive function. The antibiotics eliminated the
effects of long-term Lf intervention on cognitive impairment in the Lf + AB group, suggesting that gut microbiota
participated in Lf action. Short-term Lf intervention (2 weeks) prevented WD-induced gut microbiota alteration
without inducing behavioral changes, supporting the timing sequence of gut microbiota to the brain. Thus, Lf
intervention alleviated cognitive impairment by inhibiting microglial activation and neuroinflammation through
the microbiome-gut-brain axis.

Cognitive impairment
Behavioral change
Hippocampus

Gut microbiota
Microbiome-gut-brain axis

1. Introduction been proposed to be an important pathophysiological hallmark under-

lying these diseases (Kwon and Koh, 2020). Thus, neuroinflammation

High-energy-dense Western-style diets (WD) rich in fat and simple
carbohydrates contribute to the development of obesity and obesity-
related chronic diseases (Fan et al., 2017). Obesity is a risk factor for
neurodegenerative diseases, such as Alzheimer’s disease (AD) and Par-
kinson’s disease (PD) (Leigh and Morris, 2020). Chronic inflammation is
one of the mechanisms contributing to the development of
obesity-related diseases, including neurodegenerative diseases. Micro-
glia are the resident immune cells of the brain, and their activation in-
duces the secretion of pro-inflammatory factors and hippocampal
inflammation (Farruggia and Small, 2019). Neuroinflammation has
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improvement is an optional way to prevent cognitive impairment.
Stable gut microbiota composition is critical in sustaining the bal-
ance of intestinal barrier integrity and inflammation, thus positively
regulating brain development and behavior through the microbiome-
gut-brain axis (Diaz Heijtz et al., 2011; Buford, 2017). The gut micro-
biome is strongly associated with neurodegenerative diseases, modu-
lates behavior, and contributes to neurological disorders (Fung et al.,
2017). Gut dysbiosis may promote amyloid-beta aggregation, neuro-
inflammation, and oxidative stress in the pathogenesis of AD (Liu et al.,
2020). Transferring the microbiota of AD patients to amyloid precursor
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protein (APP)/presenilin-1 (APP/PS1) mice can promote microglia
activation and inflammatory response in the hippocampus, further
aggravating the pathological progression of AD and leading to declined
cognitive and behavioral abilities (Shen et al., 2020). Therefore, mi-
crobial alteration is involved in neuroinflammation and cognitive
impairment (Bruce-Keller et al., 2015).

These neurodegenerative diseases are currently not curable; how-
ever, the Lancet Commission reported that more than one-third of cases
may be prevented by addressing lifestyle factors, including diet (Liv-
ingston et al., 2017). Emerging evidence suggests that diets can influ-
ence the gut microbiome by modulating brain functions through the
gut-brain axis. Lactoferrin (Lf) is a component of whey protein and
possesses multiple functions, such as anti-inflammatory, antibacterial,
reactive oxygen species (ROS) modulator, antiviral, and antitumor im-
munity effects (Brimelow et al., 2017). A population-based study found
that salivary Lf is associated with cortical amyloid-beta load, cortical
integrity, and memory in aging (Reseco et al., 2021). Lf administration
could improve the cognitive function of AD patients by affecting key
inflammatory and oxidative stress (Mohamed et al., 2019). Lf was
detected in senile plaques and neurofibrillary tangles (NFTs) from APP
transgenic (APP-Tg) miceand AD patients (Guo et al., 2017; Abdelhamid
et al., 2020). Several animal models were used to investigate the effect of
Lf administration on cognitive function. Both Lf and hydrolyzed Lf
attenuated memory impairment by inhibiting the amyloidogenic pro-
cessing of APP in APP-Tg mice (Abdelhamid et al., 2020). Similarly,
intranasal Lf administration improved cognitive function in APP/PS1
mice (Guo et al., 2017). In addition, the intervention of Lf and other
whey proteins was observed to modulate gut microbiota (Boscaini et al.,
2019; Hu et al., 2020), which is strongly associated cognitive impair-
ment (Fung et al., 2017; Liu et al., 2020). However, our previous study
found that Lf did not affect cognitive function but benefited gut micro-
biota homeostasis in young and middle-aged APP/PS1 mice (Zhou et al.,
2021). Thus, the relationship between Lf and cognitive impairment re-
mains inconclusive, and the mechanisms underlying this relationship
are not fully elucidated.

This study aimed to investigate whether Lf alleviates cognitive
impairment through neuroinflammation and gut microbiota in obese
mice fed WD for 16 weeks. Cognitive function was measured by
behavioral tests. Neurological condition was observed by analyzing the
ultrastructure of hippocampal synapses. Neuroinflammation was
detected by examining microglial activation and proliferation. Toll-like
receptor 4 (TLR4)/nuclear factor kappa-B (NF-kB) signaling and NOD-
like receptor thermal protein domain associated protein 3 (NLRP3)
inflammasomes in the hippocampus were further analyzed. For the
study on the role of gut microbiota, the intestinal microbiota of one
group was depleted by administering broad-spectrum antibiotic cock-
tail. Some of the mice in each group were killed at 2 weeks to analyze
whether the gut microbiota is altered prior to behavioral changes and to
confirm the microbiome-gut-brain axis.

2. Materials and methods
2.1. Animals and grouping

Sixty-six male C57BL/6J mice aged 3 months were purchased from
Shanghai Jihui Laboratory Animal Care Company (Shanghai, China) and
housed in a standard specific pathogen-free animal laboratory (tem-
perature 20-26 °C; relative humidity 40-60%; 12 h light—dark cycle)
with access to food and liquid ad libitum. All procedures were performed
in accordance with the Guidelines in the Care and Use of Animals and
with the approval of the Soochow University Animal Welfare Committee
(No. 202009A661). After 1 week of acclimation, the mice were
randomly divided into four groups: the CON (n = 18), WD (n = 18), Lf
(n = 18), and Lf + antibiotics (AB) (n = 12). The mice in the CON group
were fed with a standard diet (AIN93G, kcal%: protein 20.3%, carbo-
hydrate 63.9%, and fat 15.8%), while the other three groups were fed
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with WD (D18061501, kcal%: protein 17%, carbohydrate 43%, and fat
40%). Both diets were purchased from Dyets Inc., (Wuxi, Jiangsu,
China) (Table A.1). Native bovine Lf (92.5% purity) was obtained from
Hilmar Cheese Company (CA, USA). Based on the previous animal study
(Abdelhamid et al., 2020), the mice in the Lf group were intragastrically
administered with Lf at approximately 500 mg/kg body weight five
times a week. To achieve this amount, Lf was prepared as a 65 mg/mL
solution in distilled water, and orally administered to mice (25-30 g) in a
volume of approximately 0.2 ml. The mice in the Lf + AB group were
administered the same dose of Lf and drank the solution containing
antibiotics (ampicillin 1 g/L, metronidazole 1 g/L, both from Fujifilm
Wako Pure Chemical Corporation, Tokyo, Japan; neomycin 1 g/L, and
vancomycin 0.25 g/L, both from Sigma-Aldrich Co. Ltd, MO, USA), as
described previously by Shi et al. (2020). Mice drink approximately 3 g
of water every day. Thus, they received approximately 0.75 mg of
vancomycin and 3 mg of ampicillin, metronidazole, and neomycin,.
Drinking water was freshly prepared in distilled water every 2 days.
Body weight, diet, and water amounts were recorded weekly.

After 2 weeks, a short-term experiment was performed. Six mice
from the CON, WD, and Lf groups were randomly selected for the
behavior tests. After the behavior tests, the mice were euthanized and
their cecal contents were collected for gut microbiota analyses. The
remaining mice in the four groups (each group n = 12) were maintained
under the same conditions. The experiments were ended at 16 weeks
and performed the following analysis. The experimental design and
animal groups are shown in Fig. Al.

2.2. Behavioral tests

The nesting behavior test, novel object recognition (NOR) test, and
Morris water maze (MWM) test were used to examine recognition
memory and spontaneous rodent behaviors. The results were recorded
by a video tracking system (SuperMaze software, Shanghai Xinruan
Information Technology Co., Ltd., China). Using the previous studies
(Bevins and Besheer, 2006; Deacon, 2006; Vorhees and Williams, 2006)
as references, the tests procedures were briefly described.

Nesting behavior test: Approximately 1 h before the dark phase, the
mice were transferred to individual testing cages with an unscented
paper towel of uniform size. The next morning, the nests were assessed
on a rating scale from 1 to 5: 1) paper towels intact; 2) paper towels
remain largely intact (>90% complete); 3) paper towels are mostly
chopped but no recognizable nest position; 4) a flat nest can be seen and
the paper towels are arranged in a certain direction; and 5) the nest is
constructed higher than the mouse, and the circumference can
completely surround the mouse.

NOR test: The mice were habituated to the testing arena with two
identical objects for 10 min for 2 consecutive days. On day 3, the mice
were first permitted to explore the arena for 10 min for the familiar-
ization phase and then returned to their home cages. After 30 min, one of
the objects was replaced with a novel object of similar size, and the mice
were placed in the testing arena. Short-term object memory was assessed
by object exploration defined as an animal’s nose approaching the object
inside a 2 cm radius around the objects.

MWM test: MWM test was routinely performed using a water maze
device with a 150 cm diameter and 35 cm high circular pool (XR-
XM101, Shanghai Xinruan Information Technology Co. Ltd., Shanghai,
China). The mice were individually housed for 1 day and then acquisi-
tively trained over 5 consecutive days with four trials per day. On day 6,
the platform was removed and the mice were returned to the device.
Latency to the platform, time spent in the target quadrant, and the
number of platform crossings were recorded to indicate the degree of
memory consolidation.

2.3. Biochemical analyses

At the end of the experiment, the mice were deprived of food for 12 h
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and sacrificed. Serum was separated by centrifugation (3000 g, at 4 °C
for 15 min) and stored at —80 °C. Serum total cholesterol (TC), tri-
glyceride (TG), low-density lipoprotein cholesterol (LDL-C), and high-
density lipoprotein cholesterol (HDL-C) were detected using commer-
cial kits (Applygen Technologies Inc., Beijing, China). Serum TNF-o and
IL-6 were analyzed by ELISA kits (MultiSciences (Lianke) Biotech Co.,
Ltd., Hangzhou, China).

2.4. Hematoxylin-eosin (HE) staining and immunofluorescence double
labeling

The mice from the CON, WD, and Lf groups were perfused via the tips
of the heart with phosphate-buffered saline (PBS, pH 7.2) and 4%
paraformaldehyde. The mouse brains were then maintained in 4%
paraformaldehyde for 48 h and embedded into a paraffin block. The
paraffin-embedded brains were sagittally cut into 4 pm-thick slices. For
histopathological examination, the sections including cortex and hip-
pocampus (cornuammonis (CA) and dentate gyrus (DG)) were assessed
with routine HE staining. For immunofluorescence double labeling, the
sections were blocked with bovine serum albumin and then incubated
with a primary antibody mixture including mouse anti-BrdU (1:500,
Wuhan Servicebio Technology Co., Ltd., Wuhan, China) and rabbit anti-
Ibal (1:500, Servicebio) overnight at 4 °C. After incubation with the
secondary antibodies for 1 h at room temperature in the darkness, DAPI
(Invitrogen, CA, USA) was applied for counterstaining and images were
taken using Pannoramic Midi (3D Histech Ltd., Budapest, Hungary).

2.5. Analysis of the synapse ultrastructure in the hippocampus

After undergoing transcardial perfusion with saline, the brain tissues
were taken out and a 1 mm? tissue block was cut from the hippocampus.
After being dehydrated in ascending graded ethanol series and
embedded in epoxy resin, the block was fixed in 2% paraformaldehyde-
2.5% glutaraldehyde mixture for 24 h and treated post-fixation with 1%
osmium tetroxide (0OsO4) for 2 h. Sections (70 nm) were cut and stained
with 4% uranyl acetate and 0.5% lead citrate. Images were observed
under a JEM-1230 transmission electron microscope (TEM) equipped
with a side inserted BioScan camera (Veleta, EMSIS GmbH, Germany).
Synaptic morphometrics (postsynaptic density, synaptic clefts width and
the curvature of the synaptic interface) were analyzed by the previously
described methods using Image J software (Pan et al., 2021).

2.6. Measurements of colon length and colonic mucus layer thickness

The distal colon was removed quickly, and its length was measured
using a high-precision electronic digital caliper (Deli, dl-150, Ningbo,
Zhejiang). The colon was cleaned, and some parts of the colon tissues
were stored at —80 °C for further use. The remaining descending colons
were fixed in Carnoy’s solution. After being washed in anhydrous
methanol, the tissues were placed in cassettes and stored in anhydrous
methanol. To detect colonic mucus layer thickness, the tissues were
embedded in paraffin and cut into 5 pm-thick slices. After mounting on
glass slides with Alcian blue staining, the thickness of the colonic mucus
layer was observed under an eclipse microscope (Nikon, Tokyo, Japan).

2.7. Quantitative real-time polymerase chain reaction (qQRT-PCR)
analysis

Total mRNA was extracted from the tissues using the RNA quick
purification kit (Yeasen Biotechnology, Shanghai, China), and cDNA
was synthesized using Hifair®II1st Strand cDNA Synthesis SuperMix
(Yeasen Biotechnology, Shanghai, China) and GeneAmp PCR system
9700 (Applied Biosystems) following the manufacturer’s instructions.
qRT-PCR was performed using Hieff® qPCR SYBR Green Master Mix
(Yeasen Biotechnology, Shanghai, China) and QuantStudio 6 Flex Real-
Time PCR System (Thermo, USA). Relative mRNA expression level was
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determined using the 2-AACt method with GAPDH as the internal
reference control (Livak and Schmittgen, 2001). Table A.2 shows the
gene-specific mouse primers.

2.8. Western blot analysis

The tissues were homogenized in ice-cold RIPA lysis buffer (Beyo-
time, Shanghai, China) and supplemented with complete EDTA-free
protease inhibitor cocktail and PhosSTOP Phosphatase Inhibitor. The
protein samples were mixed with 5 x dual color protein loading buffer
(Fudebio, Hangzhou, China) and boiled at 98 °C for 10 min. Equal
amounts of protein (30 pg/lane) were loaded on a SDS-PAGE gel at a
constant voltage and then transferred to a polyvinylidene difluoride
membrane (Millipore, MA, USA). After being blocked and incubated
with the primary and secondary antibodies, the bands were visualized
using a chemiluminescence image analysis system (Tanon, Shanghai,
China) with FDbioFemto ECL (Fudebio, Hangzhou, China). The band
intensities were quantified using Gel-Pro Analyzer software (Media
Cybernetics, Maryland, USA). The primary antibodies were included the
following: synaptosomal associated proteins 25 (SNAP-25; Abcam,
ab109105), postsynaptic density proteins 95 (PSD-95; CST, 3450), Ibal
(Abcam, ab178846), TNF-o (Abcam, ab215188), IL-6 (Abcam,
ab233706), NLRP3 (Abcam, ab263899), IL-18(Abcam, ab243091), IL-
1B (Abcam, ab254360), caspase-1 (Abcam, ab207802), TLR4 (Abcam,
ab22048), myeloid differentiation factor 88 (MyD88; Abcam,
ab133739), NF-kB p65 (Abcam, ab32536), GAPDH (ABclonal, AC033),
Z0-1 (ABclonal, A11417), occludin (ABclonal, A12621) and f-actin
(ABclonal, AC026).

2.9. 16S rRNA gene sequencing and analysis

DNA was extracted by a PowerMax extraction kit (MoBio Labora-
tories, CA, USA) following the product introduction. The V3-V4 region
of the bacteria’s 16S rRNA gene was amplified using a thermocycler PCR
system. PCR products were purified using AMPure XP Beads (Beckman
Coulter, IN, USA) and quantified using PicoGreen dsDNA Assay Kit
(Invitrogen); Finally, the sequencing was conducted using 2 x 150 bp
pair-end configuration on Illumina HiSeq4000 platform. The 16S rRNA
data were analyzed using Quantitative Insights into Microbial Ecology
(QIIME) and R package (v3.2.0). Quality filtering was performed to
obtain the effective sequence, and the effective sequence clustering with
a 97% confidence threshold was grouped into operation taxonomic units
(OTUs) by Vsearchv2.4.4. Representative sequences of OTUs were
selected and annotated based on SILVA128. The community composi-
tion of each sample and the abundance of OTUs were counted at the
levels of kingdom, phylum, class, order, family, genus, and species.
Alpha diversity index (including Chaol, abundance-based coverage
estimator (ACE), Shannon and Simpson indexes) was calculated with
QIIME software to compare OTUs abundance, evenness, and the dif-
ference between groups. Linear discriminant analysis effect size (LefSe)
was used to select the biomarkers for comparison among the groups
(Bioproject PRINA 982274).

2.10. Statistical analysis

Data were analyzed using the statistical package SPSS (Version 20,
Chicago, USA). Differences among the intervention groups were deter-
mined using one-way analysis of variance (ANOVA) followed by least
significant difference (LSD, if homogeneity of variance was satisfied) or
Tamhane’s T2 (if homogeneity of variance was not satisfied) for multi-
ple comparisons. A p-value of <0.05 was considered to be statistically
significant. For the results of this study, data were quantified and re-
ported as mean + SEM. For 16S rRNA gene sequencing analysis, all
reads were deposited and grouped into OTU at a sequence identity of
97%. The taxonomic affiliation of the OTUs was determined with
quantitative insights into microbial ecology (QIIME, version 1.8.0)
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against the Greengenes database version 13.8.

3. Results

3.1. Lf intervention decreased body weight and improved lipid profiles

During the experimental period, the mice fed with WD had heavier
body weights than those fed with a standard diet. However, the body
weight was significantly decreased by 28.3% in the Lf group, compared
with the WD group (Fig. 1A and B). WD feeding resulted in a significant
accumulation of white adipose tissues. A significant decrease in the
weight of subcutaneous, perirenal and epididymal fats was observed in
the Lf group (Fig. 1C). Although the mice in the WD group had less food
intake, there was no significant difference in energy intake among the
three groups (Fig. 1D). WD feeding caused dyslipidemia due to increased
serum TC, TG, and LDL and decreased serum HDL in the WD group. This
phenomenon was reversed in the Lf group (Fig. 1E-H).

3.2. Lf intervention ameliorated cognitive impairment

Nesting behavior was impaired in the WD and improved in the Lf
group (Fig. 2A), as quantitatively confirmed by the nesting score
(Fig. 2B). In the NOR test, the mice in the WD group had a significantly
decreased number of head explorations and exploration time with a
novel object. These two indexes were restored by Lf intervention, sug-
gesting the improvement of novel object recognition memory (Fig. 2C-
E). The total exploration time of objects was comparable among the
three groups (Fig. 2F). In the MWM test, the mice in the WD group spent
more time and distance to find the platform from the third day. How-
ever, the time and distance significantly reduced in the Lf group
compared with the WD group (Fig. 2G-I). Compared with the WD group,
Lf significantly decreased escape lantency by 30.5% and increased the
numbers crossing platform and proportion of distance in the target
quadrant by 57.1% and 27.7%, respectively (Fig. 2J-L). During the test,
the mice in the 3 groups swim at a similar speed (Fig. 2M). Thus, Lf
ameliorated the WD-induced impairment of cognitive function.

3.3. Lf intervention improved the hippocampal neurons and synapses

The hippocampus and cortex are the main regions implicated in
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cognitive processing, learning, and memory. HE staining showed that
the mice in the CON group had normal morphology of neurons in the
hippocampus region. Swollen neurons with a loose structure, increased
nuclear pyknosis, and neuronal damages were observed in the WD
group; these neuronal pathological changes were partially ameliorated
in the Lf group (Fig. 3A). TEM analysis showed that WD feeding reduced
the length, width, and curvature of the PSD in the hippocampus region
(Fig. 3B). Quantitatively, their length and curvature were significantly
increased by 25.5% and 79.1% in the Lf group, compared with the WD
group (Fig. 3C-E). Meanwhile, the decreased protein expression levels of
PSD-95 and SNAP-25 in the WD group were significantly upregulated in
the Lf group (Fig. 3F-H). Thus, Lf improved the WD-induced damage of
hippocampal neurons and synapses.

3.4. Lf intervention suppressed microglia activation and inflammation in
the brain

The hippocampus and cortex are particularly vulnerable to inflam-
mation (Jeon et al., 2012; Dinel et al., 2014). With Ibal as the marker of
microglial activation in the brain (Lituma et al., 2021), immunofluo-
rescence analysis showed that WD feeding increased the number of
activated microglia in the hippocampal regions. However, the number of
activated microglia with Ibal* was significantly decreased by 16.7% in
the Lf group, compared with the WD group (Fig. 4A and B). BrdU is
incorporated in the S-phase cells in the cell cycle to detect cell prolif-
eration (Cheng et al., 2019). Double staining further showed signifi-
cantly more BrdU™ Ibal* positive cells in the WD group than in the CON
group, and these positive cells were significantly inhibited by 31.5% in
the Lf group (Fig. 4A and C). Meanwhile, WD feeding upregulated the
protein expression levels of TNF-o and IL-6 significantly in the cortex
and hippocampus, which were significantly inhibited by Lf intervention
(Fig. 4F and G). Similarly, compared with those in the CON group, the
serum levels of TNF-a and IL-6 significantly increased in the WD group,
but were significantly lower in the Lf group than in the WD group
(Fig. 4H and I). Thus, Lf prevented WD-induced microglia activation and
neuroinflammation.
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3.5. Lf intervention inhibited the activation of NF-xB/NLRP3
inflammasomes in the hippocampus

NF-kB/NLRP3 inflammasome signaling pathways in the hippocam-
pus were detected by PCR and Western blot. The results showed that the
mRNA and protein expression of NF-kB p65 and MyD88 levels were
upregulated in the WD group. NF-kB can be activated by TLR4, which
was also upregulated by WD. By contrast, Lf intervention downregulated
the mRNA and protein expression of TLR4, MyD88, and NF-kB p65
(Fig. 5A-C). Stimulation of the NF-kB signal transduction pathway is an
early event for NLRP3 inflammasome activation (Bauernfeind et al.,
2009). The results showed that the mRNA and protein expression of
NLRP3, caspase-1, IL-18, and IL-1p were significantly higher in the WD
group than in the CON group. Nevertheless, Lf significantly down-
regulated the expression of these four proteins, and the mRNA of IL-18
and IL-1, compared with those in the WD group (Fig. 5D-F). Therefore,
Lf inhibited the WD-induced activation of the NF-«xB/NLRP3 inflam-
masome signaling pathway in the hippocampus.

3.6. Lf intervention maintained colonic integrity and alleviated
inflammation

The colonic physiological function is dependent on the colon length.
At autopsy, the colon of the mice in the WD group was significantly
shortened. However, Lf intervention significantly increased the length
by 9.1%, and its length is almost the same as the CON group (Fig. 6A and
B). Alcian blue staining showed that the mucosal thickness in the colon
was decreased in the WD group compared with that in the CON group,
and was increased by Lf intervention (Fig. 6C). In terms of the integrity
of the gut barrier, the expression of tight junction proteins occludin and
Z0-1 was significantly downregulated in the WD group, but upregulated
in the Lf group. A significant difference in ZO-1 protein was observed in
the Lf group compared with that in the WD group (Fig. 6D and E). Given
that shortened colon length and damaged colonic integrity are associ-
ated with inflammation, further analysis revealed that Lf intervention
significantly inhibited the WD-induced upregulation of protein expres-
sion of TNF-qa, IL-6, and IL-1p in the colon tissues (Fig. 6F and G). These
results indicated that Lf maintained colonic function, which provides the
basis for gut microbiota.
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3.7. Lf intervention improved gut microbiota alteration

The effects of Lf on the community structure of the gut microbiota
were investigated by 16S rRNA gene-based profiling of fecal microbiota.
The a diversity of the gut microbiota was assessed by Chao 1, Shannon
indices, and ACE, all of which reflect species richness. Compared with
the CON group, the WD group presented a decrease in a diversity in the
gut microbiota. Meanwhile, Lf intervention significantly increased the
mean community diversity indices (Chaol and Shannon) compared with
those in the WD group (Fig. 7A—C). Principal coordinate analysis
(PCoA) of the colonic microbiota community revealed a separated mi-
crobial cluster of three groups, and the unweighted unifrac test indicated
that the abundance of the gut microbiota accounted for 42.33% and
11.08% difference of the total variations. (Fig. 7D and E). Figs. A.2
shows the differences among the three groups at the phylum, class, and
family levels, respectively. Firmicutes, Bacteroidetes, Deferribacteres,
and Proteobacteria were the dominant bacteria at the phylum level.
Clostridia, Bacteroidia, Deferribacteres, and Deltaproteobacteria were
the dominant bacteria at the class level. Ruminococcaceae, S24-7,
Lachnospiraceae, and Desulfovibrionaceae were the dominant bacteria
at the family level. WD feeding significantly decreased the relative
abundance of Bacteroidetes and Proteobacteria and increased Firmi-
cutes compared with those in the CON group. However, Lf restored the
abundance of Bacteroidetes and Proteobacteria to the level in the CON
group. WD feeding increased Firmicutes/Bacteroidetes (F/B) ratio,
which was reversed by Lf intervention, although no significant differ-
ence was observed among the three groups (Fig. 7F). LEfSe analysis
indicated that bacteria belonging to the Firmicutes phylum, Tenericutes
class, Clostridiales order, and Roseburia genus differentially enriched the
gut bacterial communities (Linear discriminant analysis score >3) of the

CON and WD groups (Fig. 7G and H). Lf intervention regulated the WD-
induced shift in microbiome composition by increasing the relative
abundances of Bacteroidetes phylum and Roseburia genus (Fig. 7I and
J). Further analysis was conducted on the relationship between the gut
microbiota and behavior test results using Spearman’s correlation.
Cognitive function was positively correlated with phylum Bacteroidetes
and Verrucomicrobia, and genus Odoribacter, but negatively correlated
with phylum Proteobacteria and Actinobacteria, and genus AF 12
(Fig. A2).

3.8. Antibiotics eliminated the benefit of long-term Lf intervention in
cognitive impairment

A cocktail of oral antibiotics led to a 20-fold reduction in fecal bac-
terial load (Fig. 8A). WD feeding increased body weight and white ad-
ipose tissue weight. Compared with those in the Lf group, the mice in the
Lf + AB group gained more body weight and had heavier subcutaneous
fat at autopsy (Fig. 8B and C). Meanwhile, the indexes of behavioral tests
in the Lf + AB group were significantly different from the CON group,
and no significantly different from the WD group. Meanwhile, the
nesting score was significantly lower in the Lf + AB group than in the Lf
group (Fig. 8D). Although no significant differences were found between
the two groups, exploration time with a novel object, the number of
head exploration and crossing number were decreased and escape la-
tency were increased in the Lf + AB group (Fig. 8E-H). Thus, the
cognitive improvement effect of Lf tended to disappear when the gut
microbiota was removed.
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3.9. Short-term Lf intervention prevented WD-induced gut microbiota
alteration prior to the cognitive behavioral changes

The behavior tests and gut microbiota were analyzed at 2 weeks after
intervention. We found that Lf intervention for 2 weeks did not affect
cognitive function in the WD-fed mice based on the behavior tests
(Fig. 9A-E). However, WD feeding decreased the o diversity in the gut
microbiota, which was partly restored by Lf intervention (Fig. 9F-H).
PCoA analysis showed that the gut microbial profile in the Lf group was
separately clustered from that in the WD group (Fig. 9H). Furthermore,
the increased proportion of Firmicutes and decreased proportion of
Bacteroidetes in the WD group were restored by Lf intervention (Fig. 9J).
In other word, short-term Lf intervention modulated the gut microbial
profile and did not affect cognitive function, suggesting that Lf resulted
in gut microbiota alteration before the cognitive function changes.

4. Discussion

Accumulating evidence indicates that WD high in fat and sugar im-
pairs cognitive function (O’Brien et al., 2017; Kendig et al., 2021). The
imbalance in the microbiome-gut-brain axis may negatively affect
cognitive function (Buford, 2017; Leigh and Morris, 2020). Lf prevents
memory impairment and influences gut microbiota (Abdelhamid et al.,
2020; Tsatsanis et al., 2021; Zhou et al., 2021), but its association with

gut microbial dysbiosis in cognitive impairment is less well-established.
In this study, WD feeding for 16 weeks resulted in cognitive impairment
and gut microbial dysbiosis in mice. In addition, antibiotics partly
eliminated the effects of long-term Lf intervention on cognitive
impairment, suggesting that the gut microbiota participated in Lf action.
However, the degree to which gut microbiota may affect cognitive
function should be further investigated. On the other hand, a short-term
Lf intervention was performed to resolve the space in the
microbiome-gut-brain axis. We found that Lf intervention for two weeks
prevented WD-induced gut microbiota alteration without inducing
behavioral changes, thus supporting the timing sequence of gut micro-
biota to the brain. Thus, Lf intervention is likely to ameliorate cognitive
impairment by improving the gut-microbiome-gut-brain axis.

At first, the bioavailability of Lf should be considered since dietary
protein is hydrolyzed to small molecule peptide and amino acids in the
digestive system for absorption and utilization, and only very few pro-
teins are directly absorbed in their original from. After oral adminis-
tration of (125)I-labeling Lf, only functional fragments of Lf survived
proteolytic degradation and were detected in mouse small intestine
(Kuwata et al., 2001). However, another animal study found that Lf
resists major proteolytic degradation in the intestinal lumen and is
readily absorbed in an antigenic form in mouse blood (Fischer et al.,
2007). On the other hand, a clinical trial observed that Lf intake did not
affect the volunteers’ serum Lf content, suggesting that human could not
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directly absorb Lf into the circulatory system (Hayes et al., 2006).
However, another study reported that less than 40% of Lf was digested
and degraded in the stomach in young adults (Furlund et al., 2013).
Thus, both animal studies and human trials did not yielded consistent
results regarding the Lf bioavailability. Lf degradation and peptide for-
mation after gastric and duodenal digestion were highly dependent on
gastric pH and gastrointestinal environment. In real life, oral intake is
more common and reasonable for nutrients intervention. Intragastrical
administration of Lf was selected in the present animal study.

In the present study, the nesting behavior test, NOR test, and MWM
test were performed to explore hippocampus-dependent recognition
memory and the ability to perform activities of daily living (Bevins and
Besheer, 2006; Deacon, 2006; Vorhees and Williams, 2006). The find-
ings showed that Lf inhibited the WD-induced detriment of working
learning and memory ability. Aging may reduce spatial learning ability
and impaire spatial memory retrieval ability. Using the MWM test,
Zheng et al. (2020) found that Lf gavage for 3 months partially restored
spatial cognition in 16-month-old C57/BL6J mice. Abdelhamid et al.
used the preference index to measure cognitive function in NOR tests
and found that both Lf and hydrolyzed Lf feeding for 3 months induced a
preference for novel objects in APP-Tg mice (Abdelhamid et al., 2020).
Xu et al. (2019) also found that peritoneally Lf injection for 1 week
substantially ameliorated PD-like motor dysfunction in mouse model.
Thus, Lf benefits the impaired cognitive function in various animal
models of neurodegenerative diseases.

The findings were further demonstrated in the hippocampus, which
is involved in cognitive processing, learning, and memory. The dysre-
gulation of synaptic formation and plasticity in the hippocampus has
been implicated in cognitive impairment and AD (Lamont and Weber,
2012). As expected, WD disrupted the hippocampal ultrastructural
synaptic architecture and Lf effectively reversed the morphological
damage of postsynaptic density. PSD-95 is a member of the PSD family
and plays an important role in synaptic integration and neural function
recovery (Ugalde-Trivino and Diaz-Guerra, 2021). SNAP-25 is a member
of the receptor family of soluble N-ethyl maleimide sensitive factor
attachment proteins and regulates the extracellular secretion of synaptic
vesicles (Shaaban et al., 2019). This study demonstrated that Lf signif-
icantly upregulated the expression of synaptic functional proteins
SNAP-25 and PSD-95 in the hippocampus. Together with the results on
related protein expression, this finding supported that Lf retard the

WD-induced impairment of cognitive function.

Obesity-related diseases are characterized by chronic inflammation.
In the present study, Lf significantly decreased the body weight and
white adipose tissues, and improved the WD-induced dyslipidemia. The
mitigation of obese status by Lf was linked to inflammation inhibiiton
and immunoregulation in the brain. Microglia are the resident immune
cells of the brain that become activated in response to infections and
other injuries. Excessive microglial activation can damage the sur-
rounding healthy neural tissues. In turn, the factors secreted by the dead
or dying neurons exacerbate the chronic activation of microglia, causing
progressive loss of neurons, and subsequent cognitive impairment (Bao
et al., 2018). Immunofluorescence analysis showed that Lf inhibited
WD-induced microglial activation in the hippocampal regions. Activated
microglia produce a wide spectrum of proinflammatory cytokines,
which ultimately induce neuronal damage (Banati, 2002). Similarly, Lf
intervention downregulated the expression of TNF-a and IL-6 in the
cortex and hippocampus. On the other hand, circulation cytokines can
reach the brain via the cytokine transporters expressed by the endo-
thelial cells of the blood-brain barrier and subsequently modulate the
cytokine production of microglia (Bairamian et al., 2022). Zheng et al.
(2020) found that Lf reduced the hippocampal and serum levels of IL-1§,
IL-6, and TNF-a in aged mice. In the present study, the cross-talk of
peripheral and central inflammation was observed because Lf simulta-
neously alleviated the serum levels of TNF-a and IL-6.

As the first-line host defense against invading pathogens on the
surface of microglia, TLR4 activates multiple downstream signaling
pathways, such as NF-kB signaling pathways (Lu et al., 2008). After
binding with Ap, TLR4 can activate the NF-kB complex and downstream
events that participate in the transcriptional expression of NLRP3 and
pro-IL-p (Zhou et al., 2014). In normal inflammatory cells, activated
TLR4 can bind directly to intracellular protein myeloid differentiation
factor MyD88. MyD88 upregulation can further increase the expression
of inflammatory cytokines such as TNF-a and IL-1f (Zhao et al., 2014).
On the other hand, NF-xB mediates the formation of NLRP3 inflamma-
some, which recruits and polymerizes ASC, leading to caspase-1 acti-
vation. An activated caspase-1 promotes the maturity and release of
pro-inflammatory cytokines (Yu et al., 2022). As a result, numerous
neuroinflammation processes further exacerbate the pathological pro-
cesses that cause cognitive impairment (Holmes, 2013). In this study,
NF-xB/NLRP3 inflammasome activation mediated neuroinflammation
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Fig. 7. Lf intervention influenced gut microbiota alteration in mice fed with ‘Western’-style diets (WD). A. Chao 1 diversity index; B. Shannon diversity index; C.
abundance-based coverage estimator (ACE) diversity index; D. principal coordinates analysis (PCoA) based on unweighted UniFrac distances; E. unweighted uniFrac
distances; F. the ratio of Proteobacteria/Bacteroidetes; G,H. linear discriminant analysis effect size (LEfSe) showing the most differentially significant abundant taxa
enriched in microbiota from the CON and WD; LJ. LEfSe showing the most differentially significant abundant taxa enriched in microbiota from the Lf and WD (n = 6
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caused by WD feeding. Lf intervention inhibited the WD-induced upre-
gulation of the NF-kB/NLRP3/caspase-1/IL-1f/IL-18 axis. The benefit of
Lf on NF-kB/NLRP3 inflammasome was previously observed on other
cells or organ injury. Nemati et al. demonstrated that Lf downregulated
TLR4, MyD8S8, 1L-6, and TNF-a expression in
lipopolysaccharide-activated murine RAW264.7 cells (Nemati et al.,
2021). Madkour et al. (2022) found that Lf administration significantly
ameliorated glycerol-induced rhabdomyolysis and acute kidney injury
by decreasing renal IL-18, NLRP3 and NF-kB. As far as we know, the
present study is the first to demonstrate that the anti-inflammation ef-
fects of Lf may be related to its inhibition of NF-xB/NLRP3

11

inflammasome activation in the hippocampus.

Impaired gut permeability allows for the influx of adverse substances
and disrupts the gut bacterial ecosystem (Malesza et al., 2021).
Obese-type microbiota transplantation disrupts intestinal barrier func-
tion and induces a cognitive decline in mice (Bruce-Keller et al., 2015).
In this study, WD diet intake dramatically increased intestinal inflam-
mation and diminished intestinal barrier integrity, which was consistent
with previous studies (Tsatsanis et al., 2021). Lf intervention increased
colon length, upregulated colonic tight-junction protein occludin, and
lowered colonic inflammation. Similarly, Hu et al. (2022) found that Lf
treatment restored the deoxynivalenol induced damage of mouse
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intestinal integrity by enhancing the occludin expression and reducing
the production of proinflammatory cytokines.

The gut microbiota exerts its action partly by modulating neuro-
inflammation. Microglia, which are involved in neuroinflammation
development, are mediated by the gut microbiota (Bairamian et al.,
2022). Altered gut microbiota was positively correlated with micro-
gliosis and increased cerebral NLRP3 inflammasome and IL-1f in a
mouse model of AD (Shukla et al., 2021). Transplantation of the gut
microbiota of AD patients induced the activation of NLRP3 inflamma-
some and caused the release of inflammatory factors in the intestinal
tract of mice (Shen et al., 2020). By contrast, the transplantation of
healthy fecal microbiota protected the PD mice by suppressing neuro-
inflammation and inhibiting TLR4/TNF-a signaling pathway(Sun et al.,
2018). In the present study, Lf restored the WD-induced decrease in the o
diversity of the gut microbiota, which was consistent with the findings of
other studies using suckling piglets and APP/PS1 mice (Hu et al., 2020;
Zhou et al., 2021). Thus, the observed benefits of Lf on cognitive
impairment, neuroinflammation, and NF-kB/NLRP3 inflammasomes in
the hippocampus are possibly linked to the gut microbiota.

Bacteroidetes are beneficial for the gut barrier (Desai et al., 2016). In
a cross-sectional study, a low Bacteroidetes abundance was found in the
gut microbiota of dementia patients (Saji et al., 2019). In the present
study, Lf restored the WD-induced decrease in Bacteroidetes and
improved epithelial damage and memory impairment. Correlation
analysis further indicated that cognitive function was positively corre-
lated with Bacteroidetes. Therefore, Lf regulated Bacteroidetes in the
microbiome-gut-brain axis to alleviate cognitive impairment. F/B ratio
is significantly increased in obese mice (Koliada et al., 2017). In humans,
the F/B ratio increases several folds with aging, a major risk of neuro-
degenerative diseases (Ley et al., 2006). In the present study, Lf inter-
vention tended to decrease the F/B ratio, which was consistent with
other study using high-fat diet mice treated with Lf(Li et al., 2022).
Roseburia genus is associated with obesity and neurodegenerative dis-
eases (Karlsson et al., 2013; Keshavarzian et al., 2015). A systematic
search found that Roseburia is the lean-associated genus in the Eastern
population (Xu et al., 2022). Hu et al. (2020) found that suckling piglets
that drank Lf-containing solution had a high Roseburia abundance. In the
present study, Lf intervention increased the abundance of Roseburia,
which is probably linked to improved cognitive impairment.

5. Conclusion

Overall, our findings demonstrated the beneficial effects of Lf
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intervention on the cognitive impairment of WD-induced obese mice by
alleviating synaptic damages and inhibiting microglial activation. The
underlying mechanism may involve decreased neuroinflammation by
inhibiting the activation of NF-kB/NLRP3 inflammasomes and amelio-
rating the shift in gut microbiota composition through the microbiome-
gut-brain axis. More well-designed experiments are warranted to
elucidate the complex interplay of gut microbiota, inflammation, and
cognitive function.
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ingredient Standard diet(grams/kg) WD (grams/kg)
Casein 200 195
DL-Methionine (DL) 3
L-Cystine 3

Sucrose 100 410
Cornstarch 389.486

Maltodextrin 10 81
Dyetrose 132

Milkfat 20
Ethoxyquin 0.04
Corn oil 10
Soybean oil 70

Cellulose 50

Mineral Mix #20000 35 35
Vitamin Mix # 300050 10 10
Choline Bitartrate 2.5 2
Cholesterol 12.66
Kcal/g 4 4.63
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Table A.2
Paired primers for qRT-PCR analysis

Gene Primer sequence (5'-3")

Forward Reverse
NLRP3 GTGGTGACCCTCTGTGAGGT TCTTCCTGGAGCGCTTCTAA
IL-18 CAATGGTTCCTTCATTGAGC AACAAACAGGAGAAGTTGGT
IL-1B TCAGGCAGGCAGTATCACTC CATGAGTCACAGAGGATGGG
Caspase-1 ACAAGGCACGGGACCTATG TCCCAGTCAGTCCTGGAAATG
TLR4 CTGGGTGAGAAAGCTGGTAA AGCCTTCCTGGATGATGTTGG
MyD88 TATACCAACCCTTGCACCAAGTC TCAGGCTCCAAGTCAGCTCATC
NF-kB CCAAAGAAGGACACGACAGAATC GGCAGGCTATTGCTCATCACA
Z0-1 CACACGATGCTCAGAGACGAAGG CTGTATGGTGGCTGCTCAAGGTC
Occludin GACCTTGTCCGTGGATGACTTCAG ATCAGCAGCAGCCATGTACTCTTC
TNF-o GGCGTGTTCATCCGTTCTC CTTCAGCGTCTCGTGTGTTTC
IL-6 ATTGTATGAACAGCGATGATGCAC CCAGGTAGAAACGGAACTCCAGA
Gapdh ATGACTCTACCCACGGCAAG GATCTCGCTCCTGGAAGATG

I
1 2 3 12 13__14 15 16

Behavioral
tests

Behavioral
tests

gut microbiota Neurological condition
Neuroinflammation
NF-kB/NLRP3

gut microbiota

Lf+AB (n=12)

Fig. Al. The experimental design.
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