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Recent studies have revealed that the microbiota may be implicated in diabetes-
related cognitive dysfunction. However, the relationship between gut microbiota and
cognitive dysfunction during the progression of type 2 diabetes remains elusive.
We used 16S rRNA sequencing combined with conventional behavioral tests to
explore the longitudinal changes of gut microbiota and cognition in diabetic db/db
mice (leptin receptor knockout mice) and their wild-type littermates at different ages.
Prussian blue staining was performed to detect the microhemorrhage in the brain,
and immunofluorescent study was applied to analyze microglia activation. Moreover, a
Meso Scale Discovery kit was used to determine the cytokine levels in the brain. Db/db
mice exhibited age dependent pathological characteristics, including cognitive deficits,
neuron damage, spontaneous hemorrhages and neuroinflammation. Furthermore, we
observed that the diversity and composition of gut microbiota significantly differed
between the wild-type and db/db mice during aging. We found that compared to
age-matched wild-type mice, genus Helicobacter was significant higher in db/db mice
at 18 and 26 weeks. Correlation analysis revealed that Helicobacter is positively
associated with Iba-1 positive cells and TNF-α expression. Collectively, our longitudinal
study suggests that diabetic cognitive impairment during aging is associated with
abnormal gut microbiota composition, which may play a role in the regulation
of neuroinflammation.

Keywords: type 2 diabetes, cognitive dysfunction, gut microbiota, neuroinflammation, aging

INTRODUCTION

Type 2 diabetes (T2DM) is a chronic metabolic disorder and its prevalence is on the rise throughout
the world. It causes serious complications in various organs, including the central nervous system
(Zhao et al., 2019). Numerous studies have reported that diabetic patients have a high risk of
developing cognitive impairment which is also termed as “diabetes-related cognitive dysfunction”
(Umegaki, 2018; Liu et al., 2020; van Sloten et al., 2020). Diabetes-related cognitive dysfunction
is manifested as decreased learning and memory, weakened executive ability, and emotional
disturbance. Considering the prevalence of T2DM, diabetes-related cognitive dysfunction will
inevitably bring arduous challenges and an immeasurable economic burden to social public health.
Nevertheless, the knowledge on diabetes-related cognitive dysfunction is still insufficient, and
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available treatments for this complication are currently not
effective enough. Therefore, it is imperative to explore the
underlying pathogenesis of cognitive dysfunction caused by
diabetes, and new strategies to delay or reduce the occurrence of
the disease are needed.

As a metabolic disease, T2DM coexists with chronic
inflammation, which has been considered as a key factor that
contributed to the development of neurodegenerative diseases
(Sankar et al., 2020). Studies have shown that neuroinflammation
caused by persistent over-activation of microglia is implicated
in the pathophysiology of cognitive impairment (Jackson et al.,
2020). Activated microglia can release a variety of neurotoxic pro-
inflammatory factors including Interleukin 6 (IL-6) and tumor
necrosis factor α (TNF-α), which further activates microglia to
aggravate neuroinflammation. The etiology of diabetes-related
cognitive dysfunction may be multi-factorial. Recent studies have
revealed that patients with T2DM and control subjects differed in
gut microbiota composition (Karlsson et al., 2013; Bakir-Gungor
et al., 2021). Microbiota homeostasis is not only essential for the
maintenance of gut health, but also affects central nervous system
by regulating the release of neurotransmitters and inflammatory
factors (Collins et al., 2012). A number of studies have shown
that gut microbiota composition and diversity of Alzheimer’s
disease patients were different from those of healthy controls
(Cattaneo et al., 2017; Sun et al., 2020). However, there are
no relevant reports on how the gut microbiota changes with
the progression of T2DM and whether it is related to diabetic
cognitive dysfunction.

Given the potential role of gut microbiota in diabetes-related
cognitive dysfunction, we undertook a comprehensive study to
investigate the longitudinal changes of gut microbiota in db/db
mice, a typical T2DM rodent model, using 16S ribosomal RNA
sequencing combined with conventional behavioral tests and
pathological analysis.

MATERIALS AND METHODS

Animals
Male db/db (BKS-Leprem2Cd479/Gpt) and age-matched WT
(wild-type) (C57BLKS/JGpt) mice were purchased from Jiangsu
GemPharmatech Biotechnology Co., Ltd. (Jiangsu, China) and
housed in a specific pathogen-free animal center under controlled
temperature (20–25◦C) and light (12 h light/12 h dark)
conditions, with water and food available ad libitum until 6, 18,
and 26 weeks of age. Body weight and fasting blood glucose
level was measured at the end of the experiment. All procedures
were performed in accordance with the principles outlined in the
National Institutes of Health (NIH) Guide for the Care and Use
of Laboratory Animals. The study was approved by the ethical
committee on animal welfare of Shanghai Jiao Tong University
Affiliated Sixth People’s Hospital.

Morris Water Maze Test
The Morris Water Maze (MWM) test was performed to measure
the spatial learning and memory as we described previously
(Zhang J. et al., 2021). The utilized maze consisted of a circular

pool (height 50 cm, diameter 120 cm), divided into four
quadrants, filled up to a depth of 30 cm with tepid water
(25 ± 1◦C). A submerged escape platform (10 cm in diameter)
1 cm below the water surface was used for training. The maze was
surrounded by curtains with visual cues of four different shapes
and sizes placed in the four quadrants. Hidden platform task
consisted of four trials per day on 5 consecutive days. Mice were
allowed to swim for a maximum trial duration of 60 s and with
10 s on the platform at the end of the trials. During each trial, the
latency required to reach the platform was measured as the escape
latency. The platform was withdrawn at the sixth day of training
for probe trial. The mice were released from the 4th quadrant
which is opposite to the target quadrant and allowed to navigate
freely for 60 s. During the probe trial, the number of times across
the retracted platform, the percentage of time spent in the target
quadrant and the average swimming speed were recorded.

Novel Object Recognition Test
The NOR test was performed as described previously with
slight modifications (Wang et al., 2020). In brief, on the
first day, mice were habituated to experimental apparatus
(40 cm × 40 cm × 50 cm) in the absence of objects for 5 min.
On the second day, in the training phase, mice were exposed
to two identical cubes which were fixed 9 cm from the wall for
5 min. A short-term memory test was performed 1 h later, mice
were allowed to explore the apparatus for 5 min in the presence
of the familiar cube and the novel triangular object. On the third
day, to examine long-term memory, mice were allowed to explore
the apparatus for 5 min in the presence of the familiar cube and
the novel cylinder. In each phase, the amount of time mice spent
exploring each object was recorded and the discrimination index
was calculated as [(time with novel object − time with familiar
object)/(time with novel object + time with familiar object)].

Nissl Staining
After behavioral experiments, mice were transcardially perfused
with 0.9% saline followed by 4% paraformaldehyde. And then
the brains were embedding in paraffin and sectioned into 8-
µm thick slices by a microtome for further staining. Briefly,
the brain sections were deparaffinized, gradually rehydrated in
graded concentrations of ethanol, and treated with conventional
Nissl staining solution and the images were obtained using an
optical microscope (× 100 and× 400).

Prussian Blue Staining
The Prussian blue staining followed the procedures described
previously (Villarreal et al., 2017). In short, slides were washed
in distilled water and then immersed in a working solution
of Prussian blue (5% hydrochloric acid and 5% potassium
ferrocyanide). Slides were rinsed with distilled water and then
counterstained for 5 min using Nuclear Fast Red. A final series
of distilled water washes were performed before dehydration and
being coverslipped. Then, the Prussian blue staining images were
obtained using an optical microscope (× 40 and× 400).
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Immunofluorescence Staining
Paraffin sections were deparaffinized, rehydrated, and subjected
to heat-induced antigen retrieval using a microwave, then rinsed
in distilled water. The sections were blocked in 3% bovine
serum albumin (BSA, Servicebio) for 30 min, and then incubated
in anti-Iba-1 primary antibody (1:500, mouse, servicebio) at
4◦C overnight. On the second day, the sections were then
rinsed in 0.01-M PBS (pH 7.4) and incubated with an anti-
mouse HRP-conjugated secondary antibody for 1 h at room
temperature. Finally, Immunoreactivity was visualized using
diaminobenzidine tetrahydrochloride (DAB), and the sections
were stained with hematoxylin and mounted. The localization
and distribution of immunoreactive positive cells in the brain
were observed using a microscope (× 40 and × 400, IX53,
Olympus, Tokyo, Japan).

Meso Scale Discovery for Inflammatory
Cytokines
The Meso Scale Discovery kit (MSD, Meso Scale Diagnostics,
Rockville, MD, United States) was used for cytokine detection
following the manufacturer’s instructions. Briefly, the whole brain
was lysed and protein supernatants were quantified using a
BCA kit. Fifty microliter of sample and standard were added
in antibody-coated 96-well plates for incubation followed by
washing three times with PBST. And then 25 µl of the prepared
detection antibody was added to each well and the plates were
sealed with parafilm and shaked at room temperature for 2 h.
After washing three times with PBST, 150 µl of reading buffer
was added in the plates. Cytokine levels were determined using a
MESOTM QuickPlex SQ 120 (Meso Scale Diagnostics, Rockville,
MD, United States).

16S rRNA Gene Sequencing of Fecal
Samples
DNA from fecal samples was extracted using the E.Z.N.A. R©

Stool DNA Kit (D4015, Omega, Inc., United States) according to
manufacturer’s instructions. The V3-V4 region of the prokaryotic
(bacterial and archaeal) small-subunit (16S) rRNA gene was
amplified with universal primers 341F and 805R. The 5′ ends of
the primers were tagged with specific barcodes per sample and
sequencing universal primers. The PCR products were purified
by AMPure XT beads (Beckman Coulter Genomics, Danvers,
MA, United States) and quantified by Qubit (Invitrogen,
United States). The amplicon pools were prepared for sequencing
and the size and quantity of the amplicon library were assessed
on Agilent 2100 Bioanalyzer (Agilent, United States) and with
the Library Quantification Kit for Illumina (Kapa Biosciences,
Woburn, MA, United States), respectively. The libraries were
sequenced on NovaSeq PE250 platform.

Statistical Analysis
Statistical analysis was performed using GraphPad Prism 7
(GraphPad Software Inc., La Jolla, CA). The data were presented
as mean ± standard error of the mean (SEM). Differences
between groups were performed using one-way analysis of
variance (ANOVA) followed by a false discovery rate (FDR)

correction for multiple comparisons. Correlation analysis was
conducted using Spearman rank correlation analysis. For the
hidden-platform training of the Morris water maze test, the
escape latency was analyzed by two-way repeated-measures
ANOVA followed by Tukey’s post hoc test. Statistical significance
was set at p < 0.05.

RESULTS

Learning and Memory Performance Was
Impaired in Db/db Mice
Consistent with previous studies, the db/db mice in our study
developed T2DM with age. Compared with age-matched WT
mice, db/db mice had a phenotype of increased blood glucose and
weight gain at 6 weeks, but the phenotype became more obvious
as time reached 18 weeks or even 26 weeks (Figures 1A–C). To
determine the effect of T2DM and age on cognitive function,
spatial learning and memory performance was assessed via
Morris water maze in 6, 18, and 26 weeks db/db and WT mice.
The results revealed that the latency to reach the platform of
WT mice was not statistically different acrossing the age, as
indicated by a non-significant difference in the latency from 1st
to 5th days at the age of 6, 18, and 26 weeks (Figure 1D). Db/db
mice showed an age-dependent decline in the learning capacity
indicated by a significant increase in the escape latency on the
4th and 5th days at the age of 18 and 26 weeks in comparison
to 6 weeks (Figure 1D). For the factor T2DM, no significant
difference was observed in 6-week-old WT and db/db mice.
However, a significant effect of T2DM was observed at the age
of 18 weeks, with db/db mice consistently taking longer time
to reach the platform than WT mice, especially on the 4th and
5th days. A similar performance was observed in 26-week-old
db/db mice as compared to age-matched WT mice (Figure 1D).
To evaluate memory preservation, mice were subjected to a
probe trial 24 h after the last training session. The number of
times across the retracted platform and the percentage of time
spent in the target quadrant were taken as an index of mice’s
memory capacity. The analysis revealed that 18- and 26-week-old
db/db mice showed difficulties remembering where the platform
was originally placed and spent significantly shorter time in
the target quadrant when compared to the rest of the groups
(Figures 1E,F), supporting the cognitive impairment observed
during the training phase.

We also routinely assessed the motor function of the mice
and found that the swimming speed of the db/db mice at 18 and
26 weeks was significantly slower than that of the other groups
(Figure 1G). To ensure that the cognitive dysfunction observed
in the MWM were not attributed to the limitation in locomotor
activity, NOR, a test less affected by motor ability, was used to
further evaluate the cognitive impairment in mice. The analysis
revealed that the discrimination index of WT and db/db mice
at the age of 6 weeks was no statistically significant difference.
At the age of 18 and 26 weeks, WT mice performed normally
as shown by a significantly higher discrimination index for the
novel object compared to the familiar object, while no significant
difference discrimination index was found for the age-matched
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FIGURE 1 | Learning and memory performance was impaired in db/db mice. (A) Schematic diagram of the experimental procedure. (B) Body weight at different
ages. (C) Blood glucose at different ages. (D) The escape latency of mice in the training trials of the hidden platform task. (E) Frequency of platform crossing in the
probe trial. (F) Percentage of time spent in the target quadrant in the probe trial. (G) Swimming speed in the probe trial. (H) The experimental design of novel object
recognition test. (I) The discrimination index of 1 h test trials. (J) The discrimination index of 24 h test trials. (n = 8 per group); ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001.

db/db mice (Figures 1H–J), indicating memory impairment of
these mice. Collectively, the results in the behavioral tests indicate
that learning and memory performance is impaired during the
progression of T2DM in db/db mice.

Brain Pathology Was Severe in Db/db
Mice
Subsequently, Nissl staining was performed to assess the
pathological morphology of neuronal cells in mouse brain. Nissl
body is an indicator that reflects the functional state of neurons.
When neurons are damaged, the Nissl bodies would decrease or

even disappear. We found that the neurons exhibited a normal
morphology with distinct nuclei and abundant Nissl bodies in
the cytoplasm in the WT mice of all ages (Figures 2A–C). On the
other hand, the neurons randomly showed nuclear condensation,
sparse Nissl bodies and abnormal staining at 18 and 26 weeks of
age in db/db mice (Figures 2A–C).

It is reported that microhemorrhage is a common pathological
feature of db/db mice. Therefore, Prussian blue staining was
used to further detect the microhemorrhage in the brain
tissue of each group of mice. The results revealed that only
negligible microhemorrhages could be detected in 6-week-old
db/db and WT mice. However, significant increase number
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FIGURE 2 | Nissl staining was used to analyze the pathological changes of neuronal cells in mice. (A,B) Representative Nissl staining of neurons in the cortex at
different ages. Scale bar = 50 or 10 µm. The red arrow points to the Nissl body. The yellow arrow points to damaged neurons. (C) Quantitative analysis of Nissl body
positive cells. (n = 3 per group); ∗∗P < 0.01; ∗∗∗P < 0.001.

of microhemorrhages were observed in db/db mice at the
age of 18 and 26 weeks when compared to age-matched WT
mice (Figures 3A,B). Taken together, these results indicate that
the pathological changes of brain tissues aggravate during the
progression of T2DM in db/db mice.

Neuroinflammation Was Prominent in
Db/db Mice
To evaluate the role of neuroinflammation on T2DM-mediated
cognitive dysfunction and neuron injury, microglial activation
was assessed by quantifying Iba-1 immunoreactivity and the
production of pro-inflammatory cytokines, including IL-6 and
TNF-α. Analysis showed that Iba-1 positive cells in the
hippocampus and cortex were not significantly different between
db/db and WT mice at 6 weeks of age. At 18 and 26 weeks
of age, db/db mice displayed a significant increase of activated
microglia in both the hippocampus and cortex compared to the
age-matched WT mice (Figures 4A–C). We further evaluated

the expression of pro-inflammatory cytokines including IL-6
and TNF-α in the whole brain. Analysis by MSD revealed that
IL-6 and TNF-α expressions remained unaffected in both WT
and db/db mice at 6 weeks of age, whereas a dramatically
increase of IL-6 and TNF-α expressions were observed in 18-
week-old db/db mice compared with WT mice. At 26 weeks
of age, when compared with WT mice, the expression of TNF-
α in db/db mice was significantly increased, and the trend
of IL-6 expression was consistent with TNF-α but without
significant statistical difference (Figures 4D,E). The results
demonstrate that T2DM could promote microglia activation
and subsequent production of pro-inflammatory cytokines in
db/db mice with age.

Alterations in Gut Microbiome
Composition in Db/db Mice
To delineate the influence of T2DM and age on the diversity
of gut microbiota, we use the UpSet plot, an advanced
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FIGURE 3 | Prussian blue staining was used to detect the microhemorrhage in mice. (A) Representative images of hemorrhages in the cortex. Scale bar = 500 or
20 µm. The red arrow points to the hemorrhages. (B) Quantitative analysis of hemorrhages. (n = 3 per group); ∗∗∗P < 0.001.

Venn diagram, for the quantitative analysis of sets and their
intersections (Ballarini et al., 2020). The analysis showed that
the number of gut microbiota increased with age in both
WT and db/db mice, whereas WT mice increased significantly
compared with age-matched db/db mice. Intriguingly, the
intersection of db/db mice and age-matched WT mice decreased
with age (Figure 5A). To further determine the differences of
gut microbiota diversity, the alpha and beta diversities were
evaluated. The within-sample alpha diversity analysis showed a
significant decrease in gut microbial community evenness and
richness of 18- and 26-week-old db/db mice compared with
age-matched WT mice based on Chao 1, Observed-otus, and
Shannon indices. The alpha diversity showed a slight decrease in
db/db mice than in WT mice at 6 weeks of age, but the result was
not significant difference (Figures 5B–D). Principal coordinate
analysis (PCoA) based on unweighted Unifrac was used to
measure beta diversity and visualize the bacterial composition
dissimilarity among each group. The analysis showed that the
cluster for db/db mice was similar to WT mice at the age of
6 weeks. Nevertheless, the clusters for db/db mice were clear

separated from WT mice at 18 and 26 weeks of age (Figure 5E).
Overall, these results suggest that both T2DM and age have an
effect on the gut microbiota composition of db/db mice.

Differentially Represented Bacterial Taxa
in Db/db Mice
The analysis of the gut microbiota composition at the phylum
and genus levels showed specific differences between the WT
and db/db mice at different ages. Among the common bacterial
communities, Bacteroidetes, Firmicutes, Proteobacteria,
Actinobacteria, and Verrucomicrobia were the main five phyla
present in the gut microbiota of all groups (Figures 6A,B).
Many studies have shown that obesity and diabetes mellitus are
closely related to the ratio of Firmicutes to Bacteroidetes (Ley
et al., 2005; Grigor’eva, 2020; Hung et al., 2021). However, the
results revealed a slight increase of the Firmicutes/Bacteroidetes
ratio in db/db mice than in WT mice at each age, but without
significant difference (Figure 6C). In addition, no significant
differences were observed in microbiota composition between
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FIGURE 4 | Increased microgliosis and pro-inflammatory cytokines in db/db mice with age. (A) Representative immunofluorescent staining of Iba-1-positive
microglia in the cortex and hippocampus of mice. Scale bar = 200 or 20 µm. (B,C) Quantification of Iba-1-staining positive cells within the cortex or the
hippocampus. (D,E) MSD was performed to detect the protein levels of IL-6 and TNF-α. (n = 3 per group); ∗P < 0.05; ∗∗P < 0.01.

the 6-week-old db/db and WT mice at the phylum or genus
level (Figures 6, 7). Compared to age-matched WT mice,
the relative abundance of phylum Proteobacteria, phylum
Deferribacteres, and genus Helicobacter were significant higher
in db/db mice at 18 weeks, whereas the relative abundance of
genus Akkermansia and genus Barnesiella were significant lower

in db/db mice at 18 weeks (Figures 6D,F, 7B,E). Moreover,
compared to age-matched WT mice, the relative abundance
of phylum Epsilonbacteraeota, genus Helicobacter, and genus
Parabacteroides increased significantly in db/db mice at
26 weeks, whereas the relative abundance of genus Akkermansia,
genus Barnesiella, genus Bacteroidales-unclassified, and
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FIGURE 5 | Alpha and beta diversities of the gut microbiota in db/db mice with age. (A) UpSet plot for the quantitative analysis of sets and intersections in each
group. (B–D) Variation in alpha diversity (Chao1, Observed-otus, and Shannon) in mice at different ages. (E) PCoA analysis of gut microbiota. (n = 6 per group);
∗P < 0.05.
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FIGURE 6 | Alteration of gut microbiota composition in db/db mice at the phylum level. (A,B) The Circos and bar chart of common bacterial communities in each
group. (C) The ratio of the abundance of Firmicutes to Bacteroidetes in each group. (D–F) The relative abundance of three bacterial communities in each group.
(n = 6 per group); ∗P < 0.05; ∗∗P < 0.01.

genus Prevotellaceae-UCG-001 decreased significantly in
db/db mice at 26 weeks (Figures 6E, 7B–G). The results
above collectively indicate that the abundance of several gut
bacteria differ significantly between the WT and db/db mice as
T2DM progresses.

Correlation Analysis of Mouse
Phenotypes and Gut Bacteria
Spearman correlation analysis was used to evaluate the significant
difference between mouse phenotypes and phylum/genus-level
gut bacteria. At the phylum level, the relative abundance of
Bacteroidetes was positively associated with crossing times and

Nissl staining positive cells while negatively correlated with
body weight, Iba-1 positive cells, and the expression of TNF-
α (Figure 8A). Firmicutes was positively correlated with the
number of hemorrhage while negatively correlated with crossing
times (Figure 8A). The change in Epsilonbacteraeota levels
was positively associated with body weight, Iba-1 positive cells,
and the expression of TNF-α (Figure 8A). At the genus level,
correlation analysis revealed a positive association between
the relative abundance of Helicobacter and body weight, Iba-
1 positive cells, and the expression of TNF-α (Figure 8B).
Muribaculaceae-unclassified was negatively correlated with body
weight, blood glucose, Iba-1 positive cells, and the expression of
TNF-α (Figure 8B).
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FIGURE 7 | Alteration of gut microbiota composition in db/db mice at the genus level. (A) Community heatmap at the genus level. (B–G) The relative abundance of
six bacterial communities in each group. (n = 6 per group); ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001.
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FIGURE 8 | Heatmaps showing correlations between phenotypes and gut microbiota. (A) Correlation analysis at the phylum level. (B) Correlation analysis at the
genus level. (n = 6 per group); *P < 0.05.

DISCUSSION

Recent studies have shown possible links between gut microbiota
and T2DM-related cognitive dysfunction (Yu et al., 2019; Zhang
Y. et al., 2021). However, there is no report on the relationship
between gut microbiota and cognitive dysfunction during the
progression of T2DM. Therefore, we investigated the longitudinal
changes of gut microbiota and cognition in db/db mice from an
early age, using 16S ribosomal RNA sequencing combined with
conventional behavioral tests.

In the present study, we used db/db mice, a typical T2DM
mouse model, to characterize the natural progression of the
metabolic disorder and its effect on pathological changes of the
central nervous system, especially cognitive function. Similar to
previous reports, we observed that db/db mice exhibited obesity
and hyperglycemia phenotypes with age, indicating that a stable
T2DM phenotype was formed. It has been reported that aged
db/db mice have an increased risk of spontaneous hemorrhage
compared with mice without diabetes and are closely related to
cognitive deficits (Ramos-Rodriguez et al., 2013). Consistently,
our study also found that spontaneous hemorrhage became
more pronounced as diabetes progressed in db/db mice. The
above data are in accordance with clinical studies that prolonged
hyperglycemia is associated with microvascular complications
(Kruyt et al., 2010; Luitse et al., 2012). Evidence shows that
diabetes is closely related to cognitive dysfunction, and both
the level of hyperglycemia and the duration of diabetes are
associated with cognitive dysfunction (Rawlings et al., 2019).
Recent epidemiological studies have found that compared with
non-diabetic individuals, diabetic patients have an increased risk
of cognitive dysfunction and even dementia (Huang et al., 2014).
The MWM is widely used to assess spatial learning and memory.
Previous studies have reported that the cognitive function of
diabetic mice is impaired, and it worsens with the prolongation of
diabetes (Ramos-Rodriguez et al., 2013). Similar to the previous

study, our study found that the pre-diabetic mice (6 weeks of age)
performed well at the MWM, but when the db/db mice reached
18 weeks of age, obvious cognitive dysfunction appeared, showing
inferior learning and memory performance. Since the swimming
speed of db/db mice at 18 and 26 weeks was significantly slower
than that of the WT group, it may be considered that the
behavioral results were biased due to the high body weight of
these mice. However, the swimming speed of obese db/db mice at
6 weeks has already decreased, while spatial learning and memory
are almost unaffected, indicating the synergistic effect of diabetes
and age. NOR is a test less affected by motor ability (Ennaceur and
Delacour, 1988). We further applied NOR analysis and confirmed
the reliability of MWM, indicating that learning and memory
capacities decrease with the progression of T2DM.

Neuroinflammation, including activation of glial cells and
secretion of inflammatory cytokines, is increasingly recognized
as the underlying pathogenesis of diabetes-associated cognitive
dysfunction (Marioni et al., 2010; Dinel et al., 2011). Iba-1 is
widely used as a specific marker of microglia. In the present
study, we found that compared with WT mice, the number of
Iba-1-positive cells in db/db mice showed a significant increase
in the cortex and hippocampus as diabetes progressed, which
is in consistent with the previous work where they showed
that diabetes-induced cognitive dysfunction was accompanied
by microgliosis (Infante-Garcia et al., 2017). It has also been
reported that the levels of pro-inflammatory factors IL-6 and
TNF-α are significantly increased in both STZ-induced diabetic
rats and db/db mice (Miao et al., 2015; Lee and Yang, 2019).
Consistently, our study found that the levels of IL-6 and TNF-
α in db/db mice at 18 and 26 weeks were significantly higher than
those in age-matched WT mice.

The gut microbiota, composed of trillions of symbiotic
microorganisms, is essential for host’s health and survival (Fung
et al., 2017). In addition, microbial diversity usually increases
after birth, and microbial composition changes gradually during
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late childhood, adolescence, and adulthood (Odamaki et al., 2016;
Kundu et al., 2017; Chen et al., 2020). We observed a trend
toward increased diversity and richness from 6 to 26 weeks
in both WT and db/db mice as indicated by the UpSet plot,
Chao 1, Observed-otus, and Shannon indices, suggesting aging is
an important factor affecting microbial composition. Moreover,
the gut microbiota has been implicated to play an important
role in regulating immunity and metabolism (Petra et al., 2015;
Ochoa-Reparaz and Kasper, 2016) and in the development of
obesity and T2DM (Ten Kulve et al., 2015, 2016; Wijdeveld and
Nieuwdorp, 2020). It has been reported that short-chain fatty
acids derived from the metabolites of Akkermansia muciniphila
can bind to a few G protein-coupled receptors to activate
signaling pathways and participate in the regulation of blood
glucose levels (Zhai et al., 2019). Previous studies have also
shown that abnormal blood glucose levels were related to changes
in gut microbiota (Tilg and Moschen, 2014; Wen and Duffy,
2017). The increase in blood glucose has been reported to
be accompanied with an decrease in the relative abundance
of Bacteroides acidifaciens, Butyricimonas virosa, Bacteroides
eggerthii, and Desulfovibrio oxamicus in the gut (Zheng et al.,
2021). From PCoA results, we found that the clusters of db/db
mice at 18 and 26 weeks were significantly separated from
the clusters of age-matched WT mice, indicating that the gut
composition changes as T2DM progresses. Furthermore, we
observed that the differences in bacterial taxa between the WT
and db/db mice increased with age, which coincides with the
progression of cognitive dysfunction and microglial activation in
db/db mice. Growing evidence reports that the gut microbiota
plays a preeminent role in the pathogenesis of central nervous
system diseases via the gut–brain axis (Mayer, 2011). Previous
study has demonstrated that the gut microbiota composition
and relative abundance were strongly associated with cognitive
dysfunction in STZ-induced diabetic mice (Yu et al., 2019). We
found that compared to age-matched WT mice, the relative
abundance of phylum Proteobacteria, phylum Deferribacteres,
and genus Helicobacter were significant higher in db/db mice at
18 weeks, whereas the relative abundance of genus Akkermansia
and genus Barnesiella were significant lower in db/db mice at
18 weeks. Akkermansia muciniphila, a mucin-degrading bacteria
that resides in the mucus layer, is considered as a promising
probiotic candidate (Collado et al., 2007). It is reported that the
abundance of Akkermansia inversely correlates with obesity and
T2DM in mice and humans (Derrien et al., 2004; Belzer and de
Vos, 2012; Everard et al., 2013). Recent studies have also shown
that Akkermansia treatment reduces hippocampal microgliosis
and proinflammatory cytokines by improving gut permeability,
ultimately alleviating cognitive dysfunction of high-fat diet-fed
mice (Yang et al., 2019). Altered Proteobacteria and Helicobacter

composition has been reported to be implicated in inflammatory
reactions and cognitive function (Kountouras et al., 2009; Shin
et al., 2015; Berrett et al., 2016; Vogt et al., 2017). Similarly, we
found that the increase in the relative abundance of Helicobacter
is positively associated with body weight, Iba-1 positive cells,
and the expression of TNF-α, suggesting that Helicobacter may
be a sensitive indicator of neuroinflammation in db/db mice.
We also observed that the number of crossing platforms is
positively correlated with Bacteroidetes and negatively correlated
with Firmicutes. These data provide potential non-invasive
biomarkers for the diagnosis of diabetic cognitive dysfunction.

Overall, the current longitudinal research suggests that
abnormal gut microbiota composition may contribute to
diabetic cognitive impairment by regulating neuroinflammation.
Nevertheless, future work is warranted to determine the
underlying molecular mechanism of the gut microbiota on the
diabetes-related cognitive dysfunction.
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