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Abstract: Perioperative cognitive dysfunction is a common
complication in stroke patients undergoing secondary sur-
geries. This study investigated the effects of tibial fracture
internal fixation (TFIF) surgery on cognitive function and
the gut microbiota in mice with a history of stroke. Using
the middle cerebral artery occlusion method to induce
stroke, we assessed cognitive function via the fear condi-
tioning test and analyzed the gut microbiota through 16S
rRNA sequencing. Compared with those in the normal and
stroke groups, the cognitive function of the mice in the
stroke group that underwent TFIF surgery was signifi-
cantly impaired. Gut microbiota analysis revealed signifi-
cant changes in beta diversity, but not in alpha diversity, in
these mice. Additionally, TFIF surgery increased microglial
activation and IL-1β and lipopolysaccharide (LPS) levels in
the brain while reducing α-defensin levels and increasing
IL-1β and LPS levels in the colon. These results suggest that
TFIF surgery exacerbates cognitive impairment in stroke
mice, possibly through alterations in the gut microbiota
that impair intestinal defense and promote inflammation.
This study highlights the critical role of the gut microbiome
in cognitive function and perioperative outcomes, offering

insights into potential therapeutic strategies for periopera-
tive cognitive dysfunction in stroke patients.

Keywords: cognitive dysfunction, fracture, stroke, gut
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1 Introduction

Perioperative neurocognitive disorder (PND) encompasses
a range of cognitive function changes that occur before
and/or after surgery, significantly impacting patients’ quality
of life, hospitalization duration, and mortality rates [1]. Sur-
geries, particularly those involving anesthesia and trauma,
have been shown to influence cognitive function through
mechanisms such as neuroinflammation, oxidative stress,
and disruption of the blood‒brain barrier [2–4]. These
effects are especially pronounced in vulnerable populations,
including stroke survivors. Stroke survivors face an
increased risk of bone fractures [5], and the incidence of
stroke in young individuals is increasing [6,7]. These trends
suggest a growing need for bone fixation surgical treatments
in stroke patients. However, the impact of bone fixation
surgery on cognitive impairment in stroke patients remains
largely unexplored.

The gut microbiome is a complex microbial system that
can affect brain function and behavior through neural,
endocrine, and immune pathways, forming a bidirectional
information exchange network with the brain [8–10]. Dys-
biosis of the gut microbiome has been implicated in the
progression of cognitive dysfunction, including PND [11].
Changes in the gut microbiome can regulate neuroinflam-
matory processes, which in turn affect cognitive outcomes
[12–14]. Previous studies have demonstrated a connection
between dysbiosis of the gut microbiome and the progres-
sion of PND. Additionally, surgery under general anesthesia
has been associated with “leaky gut,” characterized by
increased intestinal permeability and gut microbiome dys-
biosis [15–17]. However, the impact of fracture fixation
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surgery after stroke on the composition of the gut micro-
biome and its relationship with the occurrence of PND
remains unclear, necessitating further investigation.

Therefore, the aim of this study was to determine the
changes in cognitive function and their correlation with
the gut microbiome before and after fracture fixation sur-
gery under normal and stroke conditions. To achieve this
objective, in the present study, mice with or without stroke
underwent fracture fixation surgery, and their cognitive
function and gut microbiome were detected. This study
may have the potential to advance our understanding of
the complex interplay between the gut microbiome and
cognitive function in stroke patients undergoing surgery.

2 Materials and methods

2.1 Reagents

Pentobarbital sodium (No. WS20140220), chromatography-
grade methanol (No. 138507), chromatography-grade acet-
onitrile (No. 173534), and chromatography-grade formic
acid (No. 172433) were purchased from Thermo Fisher
Scientific (China) Co., Ltd. The QIAamp DNAStool Mini Kit
was obtained from QIAGEN, and the AxyPrepDNA Gel
Recovery Kit was purchased from AXYGEN Corporation.

2.2 Experimental design and treatment
of mice

Healthy 8-week-old male C57BL/6 mice were obtained from
Shanghai SLAC Laboratory Animal Co., Ltd. All experimental
protocols and procedures were approved and licensed by the
Nanjing Medical University Animal Care and Use Committee in
accordance with the National Institutes of Health Guide for the
Care andUse of Laboratory Animals (approval number: 2207037).
The mice were housed in the SPF-grade animal facility at the
Animal Experimental Center of Nanjing Medical University with
a 12 h light‒dark cycle, a temperature of 25 ± 1°C, and relative
humidity ranging from 40 to 60%.

The C57BL/6 mice were randomly divided into two
groups: the control group (NC) and the middle cerebral
artery occlusion (MCAO) group. After 1 week of acclima-
tion, the mice in the MCAO group underwent the modified
Z-longa suture method to induce MCAO, whereas those in
the control group (NC) received no surgical treatment but
were subjected to the same conditions as the MCAO mice.
Fear conditioning tests (FCTs) were conducted on the 14th

and 23rd days after stroke induction. On the 23rd day after
stroke, both the control group and the MCAO group experi-
enced tibial bone fracture and intramedullary fixation sur-
gery. FCTs were repeated on the third and seventh days
after surgery for both groups.

Ethical approval: The research related to animal use has
been complied with all the relevant national regulations
and institutional policies for the care and use of animals,
and has been approved by the Nanjing Medical University
Animal Care and Use Committee in accordance with the
National Institutes of Health guide for the care and use of
Laboratory animals (approval number: 2207037).

2.3 Replication of the mouse stroke model

After 7 days of adaptive feeding, a stroke model was
induced in C57BL/6 mice. In the model group, the mice
were subjected to suturing to induce MCAO. A suture was
inserted into the left external carotid artery and advanced
through the internal carotid artery. The insertion was
stopped and fixed upon encountering resistance. After
45 min, the suture was removed to allow for reperfusion.
The criteria for successful model induction were as fol-
lows: the mice exhibited conscious left limb paralysis,
unsteady posture, and circling toward one side when their
tail was lifted.

2.4 Neurological scoring

Neurological function impairment following ischemic injury
was evaluated in a blinded manner using the Longa scoring
system at 72 h post-injury. The scoring system was as fol-
lows: 0 = normal, 1 = failure to fully extend the left forelimb,
2 = circling to the left during walking, 3 = leaning to the left
during walking, and 4 = inability to ambulate spontaneously
and loss of consciousness. Additionally, if the mouse failed
to perform tasks such as flexion of the forelimbs, flexion of
the hindlimbs, andmoving the head >10° off the vertical axis
within 30 s when lifted by the tail, an additional score of 1
was assigned.

2.5 Tibial fracture internal fixation (TFIF)
surgery

The mice were subjected to intramedullary fixation sur-
gery for tibial fracture under isoflurane anesthesia, fol-
lowing the procedure described in a previous study [18].
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Briefly, the mice were anesthetized with isoflurane (2.0%
isoflurane, 0.30 FiO2) and maintained throughout the pro-
cedure. A skin incision was made below the knee to expose
the tibia. A 0.3 mm needle was inserted into the medullary
cavity of the tibia for intramedullary fixation. A fracture
was subsequently created at the midpoint of the tibia using
scissors. Finally, the wound was thoroughly cleaned and
sutured. The animals were then allowed to recover from
anesthesia. Throughout the procedure, a warming pad was
used to maintain the body temperature of the mice at
approximately 37°C. Postanesthesia, a single dose of bupre-
norphine (0.4 mg/kg) was administered subcutaneously for
analgesic treatment prior to skin closure.

2.6 FCTs

FCTs were conducted on the 14th and 23rd days after stroke
induction, as well as on the 3rd and 7th days after TFIF. Each
mouse was acclimated to the conditioned fear chamber for
120 s, followed by exposure to an auditory stimulus (3.6 kHz,
70 dB) and an electric foot shock during the last 2 s of the
auditory stimulus (2 s, 0.8mA). This combined auditory‒foot
shock training was repeated three times with a 60 s interval
between each training session. After the three training ses-
sions, the mice were removed from Chamber A after 1min.
Twenty-four hours later, contextual FCT was conducted. Each
mouse was placed back into the conditioned fear chamber,
where it was trained, and observed for 6min without any
auditory or electric shock stimulation. Freezing behavior was
scored during this period. Two hours after the contextual FCT,
the auditory-conditioned fear test was performed in a new
experimental chamber. Each mouse was placed in the
chamber and allowed to explore for 3min. The auditory
stimulus was subsequently presented for 3min, and freezing
behavior was recorded. Freezing behavior was defined as the
absence of all visible movements except for respiration and
was assessed using an automated video tracking system (ACT-
100A; Coulbourn, USA).

2.7 2,3,5-Triphenyltetrazolium chloride (TTC)
staining

To determine the size of the infarction, the whole brains
of the mice were stained with TTC to obtain 2 mm-thick
brain slices. The infarct size was quantified using i-
Solution software (Image and Microscope Technology,
Vancouver, Canada).

2.8 Ionized calcium binding adaptor
molecule 1 (IBA1) immunohistochemical
staining of mouse brain tissue

As previously described [19], 5 μm-thick paraffin-embedded
coronal sections of the hippocampus were mounted on
Superfrost microscope slides. Antigen retrieval was per-
formed by incubating the sections in Tris/EDTA buffer
(10mM Tris base, 1 mM EDTA, 0.05% Tween 20, pH 9.0) at
95–100°C for 20min. After being washed in Tris-buffered
saline (TBS) containing 0.025% Triton X-100, the sections
were blocked in 10% donkey serum with 1% bovine serum
albumin in TBS for 2 h, followed by overnight incubation
at 4°C with a primary rabbit polyclonal anti-ionized cal-
cium-binding adapter molecule 1 (Iba-1) antibody (1:500,
019–19741; Wako Chemicals, USA). The sections were subse-
quently incubated with the appropriate secondary antibody
and nuclear stain. The assembled slice images were cap-
tured using a microscope (Olympus BX43). Three indepen-
dent microscopic fields were randomly obtained in the
dentate gyrus region of each slice using a counting frame
size of 0.4 mm, and three slices per mouse were imaged.
Quantification was performed using ImageJ (National Insti-
tutes of Health, Bethesda, USA). The level of positive immu-
noreactivity was evaluated by the average optical density of
positively stained areas. The average optical density of these
identified positive regions was then calculated, with mul-
tiple measurements taken across different fields of the
sample.

2.9 ELISA detection

ELISA was performed to measure the levels of the inflam-
matory cytokines IL-1β and lipopolysaccharide (LPS) in the
hippocampal tissue and colonic mucosa of each group of
mice. The specific procedures were conducted strictly
according to the instructions provided with the ELISA kit.

2.10 Detection and analysis of the mouse
fecal microbiota

Fresh fecal pellets were collected 48 h after MCAO and
tibial bone fracture with intramedullary fixation surgery.
The samples were immediately flash-frozen in liquid nitrogen
and stored at −80°C for future analysis. High-throughput
sequencing and analysis of the mouse fecal samples were
subsequently performed. The microbial community total
DNA was extracted using the CTAB method from various
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microbial community samples from different sources. The
quality of the extracted DNA was assessed by agarose gel
electrophoresis, and DNA quantification was performed
using a UV spectrophotometer. High-throughput sequencing
analysis was conducted on the V4–V5 region of the 16S rDNA
gene. Using purified DNA as a template, PCR amplification
was performed on the target fragment of the 16S rDNA
V4–V5 region using the universal primers 515F (5′-GTGCCA
GCMGCCGCGG-3′) and 926R (5′-CCGTCAATTCMTTTGAGTTT-
3′). The PCR products were detected by 2% agarose gel elec-
trophoresis, and the products were recovered using AMPure
XT beads. The purified PCR products were evaluated using
an Agilent 2100 Bioanalyzer (Agilent, USA) and a library quan-
tification kit from Illumina (KapaBiosciences, Woburn, MA,
USA). Qualified libraries were gradient diluted and mixed in
the appropriate proportions based on the desired sequencing
volume and then denatured with NaOH to generate single-
stranded templates for sequencing. Sequencing was per-
formed on a NovaSeq 6000 sequencer using a 2 × 250 bp
paired-end sequencing protocol and a NovaSeq 6000 SP
Reagent Kit (500 cycles). After all the raw data were screened,
optimized sequences were obtained and subjected to opera-
tional taxonomic unit clustering. Alpha diversity analysis and
beta diversity analysis were performed on the basis of the
obtained ASV (feature) sequences and ASV (feature) abun-
dance tables. Alpha diversity analysis was used to evaluate
the diversity within the habitat using six indices: Chao1,
observed_species, Shannon, Simpson, goods_coverage, and
pielou_e. Beta diversity analysis was used to assess the diver-
sity between habitats (samples/groups) using four distances
(weighted_unifrac, unweighted_unifrac, jaccard, bray_curtis)
and six analyses. PCoA and NMDA analyses were conducted
using the R language (version 3.2.3). The microbiota at dif-
ferent taxonomic levels were defined, and their relative
abundances were calculated. Different types of visualization
graphics were used to display and describe the data. Welch’s
t test in the STAMP software was used to filter out parts with
P ≥ 0.05. The functional differences between different groups
were analyzed using the PICRUSt2 software (https://github.
com/picrust/picrust2).

2.11 Immunohistochemical staining for
α-defensin

Mouse colon tissues were harvested on the seventh day
following the intramedullary fixation of tibial fractures.
These tissues were fixed in paraformaldehyde after being
rinsed with saline, followed by dehydration using sucrose
postfixation. The tissues were subsequently embedded in

paraffin and sectioned. The sections were dewaxed and
rehydrated through a series of alcohol gradients. To block
nonspecific binding, the sections were incubated in 10%
donkey serum plus 1% bovine serum albumin in TBS for
2 h. The samples were then incubated overnight at 4°C with
a primary antibody specific for α-defensin. After thorough
washing, the sections were incubated with a biotinylated
secondary antibody, followed by the addition of an avidin–
biotin–peroxidase complex. The immunoreactivity was visua-
lized using a chromogenic substrate. Counterstaining was
performed with hematoxylin to highlight the tissue mor-
phology. The sectionswere dehydrated, cleared, andmounted
with permanent mounting medium. The level of positive
immunoreactivity was evaluated by assessing the intensity
and distribution of the brown-stained areas under a light
microscope (Olympus BX43).

2.12 Statistical analyses

In addition to the partial intestinal microbiota sequencing
results, the other quantitative data were subjected to sta-
tistical analysis using GraphPad Prism 9.0 software. The
results are presented as the means ± standard deviations.
The differences between two groups were analyzed via
t tests, with P < 0.05 considered statistically significant.
Multiple group comparisons were performed using one-
way analysis of variance, with P < 0.05 indicating statistical
significance.

3 Results

3.1 TFIF increased brain inflammation and
promoted cognitive dysfunction in
stroke model mice

First, we investigated the effects of TFIF surgery on brain
tissue inflammation and cognitive impairment in mice
with stroke. The experimental timeline and procedures
are illustrated in Figure 1a. The mice exhibited stroke-
related sensorimotor deficits 72 h after stroke induction
(Figure 1b). Cognitive function was assessed using a FCT
at 14 and 23 days poststroke, revealing recovery of cogni-
tive function in stroke mice after 2 weeks (Figure 1c and d).
TFIF surgery was performed on stroke mice 23 days post-
stroke, and the results were compared with those of non-
stroke mice that underwent the same surgery. The stroke
mice presented a significant reduction in freezing time on
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the third day after TFIF surgery (Figure 1e), which was
lower than that of the surgery-only mice without a history
of stroke on the seventh day (Figure 1f). TTC staining was
used to evaluate the brain infarct volume in stroke and
nonstroke mice at 7 days post-TFIF surgery, which was
performed 30 days poststroke. The results revealed the
presence of an infarct area in the brain (Figure 1g and h).
In normal mice that underwent TFIF surgery for 7 days,
there was no significant activation of hippocampal micro-
glia. Stroke is a significant factor that causes microglial

activation in mouse brain tissue, as evidenced by a signifi-
cant increase in the number of microglia in the hippocampal
region of both stroke and nonstroke mice. Notably, TFIF
surgery further promoted microglial activation in young
mice with stroke (Figure 1i and j). The changes in the levels
of IL-1β in the hippocampal tissue of the mice were similar
to the changes in the IBA1 expression levels among the
different groups (Figure 1k). Only the hippocampal tissue
of stroke model mice that underwent TFIF surgery pre-
sented detectable levels of LPS (Figure 1l).

Figure 1: TFIF increases brain tissue inflammation and impairs cognitive function in mice with stroke. (a) Schematic representation of mouse grouping
and different interventions, including stroke timing, TFIF procedure, and timing of laboratory assessments. (b) Neurological assessment scores of
mice 72 h after stroke. (c) FCT to evaluate memory function in mice 14 days after stroke. (d) FCT to evaluate memory function in mice 23 days after
stroke. (e) FCT to evaluate memory function in mice 3 days after TFIF performed 23 days after stroke (26 days after stroke). (f) FCT to evaluate memory
function in mice 7 days after TFIF performed 23 days after stroke (30 days after stroke). (g) and (h) TTC staining to assess brain infarct volume in mice
undergoing TFIF 7 days after stroke (30 days after stroke). (i) and (j) Immunohistochemical staining of IBA1 in mouse brain tissue and analysis of
average optical density. (k) ELISA measurement of IL-1β levels in mouse hippocampal tissue. (l) ELISA measurement of LPS levels in mouse
hippocampal tissue.
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3.2 TFIF alters the β-diversity of gut
microbiota in mice with stroke

We next examined whether the gut microbiota of mice
with a history of stroke changed after TFIF surgery. The
α-diversity refers to the diversity of species and bacteria
within a community or habitat, whereas the β-diversity
represents the differentiation among habitats. The Chao1
and observed species indices were used to characterize
richness, the Shannon and Simpson indices were used to
represent diversity, Pielou’s evenness index was used to
represent evenness, and Good’s coverage index was used
to represent coverage. There were no significant changes

in α-diversity observed in the mice before or after TFIF
(Figure 2a–f). Furthermore, principal coordinate analysis
(PCoA) and non-metric multidimensional scaling (NMDS)
analysis revealed that the impact of TFIF on the β-diversity
of the gut microbiota was greater than the impact of stroke
on the mouse microbiota. In both analyses, the two groups
of mice subjected to TFIF were separated from the two
groups of mice not subjected to TFIF, but the influence of
stroke had little effect on the separation of the microbiota
(Figure 2g and h). The distances between the gut micro-
biota compositions of the mice and the normal group
were calculated via Bray‒Curtis, Jaccard, unweighted Uni-
Frac, and weighted UniFrac metrics. Among the four

Figure 2: TFIF alters β-diversity of gut microbiota in mice with stroke. (a)–(f) Assessment of α-diversity of gut microbiota composition in mouse feces
using chao1, observed_species, shannon, simpson, goods_coverage, and pielou_e indices. (g) PCoA of gut bacteria in mice. (h) NMDS of gut bacteria in
mice. (i)–(l) Analysis of similarities to evaluate the dissimilarity among groups. The distances between the gut microbiota composition of different
groups and the normal group were calculated using four different indices: bray_curtis, jaccard, unweighted_unifrac, and weighted_unifrac. In the
normal group and MCAO/R 23d group, n = 7. In the TFIF groups, n = 10.
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different statistical algorithms, with the exception of the
Bray‒Curtis metric, the other calculations revealed that
the mice receiving TFIF after stroke had the greatest dis-
tance from the gut microbiota of normal young mice
(Figure 2i–l). Jaccard and unweighted UniFrac analysis
also revealed that stroke or TFIF alone led to the separation
of the microbiota from the normal group (Figure 2i–l).

3.3 TFIF alters the composition of the gut
microbiota at different taxonomic levels
in mice with stroke

The relative abundances of phyla and genera of the gut
microbiota in the feces of the control, TFIF, stroke, and
stroke with TFIF groups were visualized using a heatmap
and bubble plot. The relative expression abundance of 21
phyla-level gut microbiota in different groups is displayed,
and both taxa and groups were subjected to cluster ana-
lysis. At the phylum level, the MCAO/R group was the clo-
sest to the normal group, followed by the TFIF group, and
the MCAO/R + TFIF group presented the most distinct pattern
(Figure 3a). The heatmap at the genus level displayed the
relative abundance of the top 30 species (Figure 3b). The
bubble plot represents the phyla to which the top 30 species
at the genus level belong, further highlighting their relative
differences among the groups. These predominantly enriched
phyla included Actinobacteriota, Bacteroidota, Campylobac-
terota, Desulfobacterota, Firmicutes, Patescibacteria, Proteo-
bacteria, and Verrucomicrobiota (Figure 3c).

3.4 Identification of representative species
with altered gut microbiota composition
in mice with stroke after TFIF

Representative species analysis is a classical analysis method
for amplicon data that identifies significant biomarkers. At
the genus level, we performed an analysis using the 30 most
abundant species to identify potential biomarkers. Among the
genera, the control group presented relatively greater abun-
dances of Eubacterium_coprostanoligenes_group, Lactobacillus,
Muribaculaceae_unclassified, Ligilactobacillus, Clostridiales_
unclassified, HT002, Ruminococcus, Alloprevotella, and
Oscillospiraceae_unclassified. The TFIF group presented
greater abundances of Prevotellaceae_NK3B31_group,
Ruminococcus, Muribaculaceae_unclassified, Helicobacter,
Eubacterium_coprostanoligenes_group, Colidextribacter,
Alloprevotella, and Incertae_Sedis. The stroke group presented

increased abundances of Helicobacter, Dubosiella, Fournierella,
Lachnospiraceae_unclassified, Eubacterium_xylanophilum_
group, Lactobacillus, Clostridium, and Incertae_Sedis. The post-
stroke TFIF group presented increased abundances of
Monoglobus, Ligilactobacillus, Desulfovibrionaceae_unclassified,
Akkermansia, Lachnospiraceae_NK4A136_group, Fournierella,
Enterorhabdus, and Desulfovibrio (Figure 4a).

Dominant species play crucial roles in the functioning
of the gut microbiota. To further elucidate which species
are involved in cognitive impairment following stroke and
fracture, we selected the top five dominant species within
each group on the basis of their abundance and presented them
using a circular plot. The identified dominant species were
Akkermansia, Lactobacillus, Muribaculaceae_unclassified,
Ligilactobacillus, and Clostridia_UCG-014_unclassified (Figure
4b). Among them, Akkermansia and Clostridia_UCG-014_unclas-
sified did not significantly differ among the groups. Lactoba-
cillus exhibited a significant decrease in abundance in the
stroke mice treated with TFIF, whereas TFIF significantly
reduced the abundance of Muribaculaceae_unclassified in the
nonstroke mice. Stroke significantly decreased the abundance
of Ligilactobacillus in mice (Figure 4c).

3.5 TFIF impaired intestinal defenses and
promoted intestinal inflammation in
stroke mice

The functional differences between different groups were
analyzed using the PICRUSt2 software (https://github.com/
picrust/picrust2), and a predicted functional analysis of the
gut microbiota was conducted. The results revealed signif-
icant alterations in the microbiota between the normal
group and the TFIF group. The microbiota was found to
be involved in various biological functions, with the
highest abundance of permease among the top 30 signifi-
cantly altered functions (Figure 5a). After the levels of
colonic α-defensins in the mice were evaluated, neither
stroke alone nor TFIF alone caused a decrease in the
colonic α-defensin level. However, in the mice that experi-
enced stroke and received TFIF surgery for 7 days, a sig-
nificant reduction in the colonic α-defensin level was
observed (Figure 5b and c). The colonic IL-1β levels in the
mice showed that stroke alone or TFIF alone was sufficient
to increase the levels of IL-1β in the gut, while the mice that
underwent stroke combined with TFIF surgery presented
the highest levels of IL-1β (Figure 5d). Compared with mice
subjected to stroke alone or TFIF alone, mice that received
TFIF after stroke presented significantly greater LPS levels
in the colonic villi (Figure 5e).
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4 Discussion

The risk of fracture is significantly increased after a stroke,
and fracture internal fixation surgery is the most common
procedure performed after a fracture [20,21]. In the context
of repeat surgical treatment for stroke patients, many ques-
tions remain unanswered, particularly regarding the inci-
dence and potential mechanisms of perioperative cognitive
dysfunction under different surgical conditions [5,22]. The
FCT has been widely used to assess symptoms of cognitive

dysfunction in rodent models. In this study, we confirmed
cognitive impairment in mice receiving TFIF surgery even
when cognitive function was not impaired under conditions
of prolonged stroke. We found that stroke model mice that
underwent TFIF surgery presented abnormal cognitive
function at 3 and 7 days after surgery. Neuroinflammation
is considered a major cause of cognitive decline in patients
with perioperative neurocognitive disorders (PNDs) [23].
Clinical studies have shown elevated levels of peripheral
inflammatory cytokines, increased risk of long-term

Figure 3: TFIF alters the composition of gut microbiota at different taxonomic levels in mice with stroke. (a) Heatmaps displaying the composition of
gut bacteria at the phylum level in the four groups of mice. (b) Heatmaps displaying the composition of gut bacteria at the genus level in the four
groups of mice. (c) Bubble plot illustrating the phyla to which the different genera-level gut bacteria in the feces of mice belong, along with their
relative expression.
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Figure 4: Selection of representative species with altered gut microbiota composition in young mice after TFIF and stroke. (a) Bubble plot generated
from the phylum-level indicator analysis indicates the top 30 abundant species, where the square root of the indicator value (sqrt IV) is represented.
(b) Circular plot showing the top five dominant species at the genus level in the gut microbiota of the four groups of mice, arranged in descending
order of abundance on the left, with grouping information on the right. (c)–(g) Differential analysis of species abundance profiles extracted from the
top five dominant species (genus level) in the fecal samples of the four groups of mice. The species include Akkermansia, Lactobacillus,
Muribaculaceae_unclassified, Ligilactobacillus, and Clostridia_UCG-014_unclassified. In the normal group and MCAO/R 23d group, n = 7. In the
TFIF groups, n = 10.
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cognitive impairment, and decreased brain function in PND
patients [24]. We found significantly increased activation of
microglia and increased levels of the inflammatory cytokine
IL-1β in the hippocampus of mice with stroke but not in
those of mice subjected to TFIF alone. Interestingly, in
mice with stroke, TFIF led to increased activation of micro-
glia in the hippocampus and increased levels of inflamma-
tory cytokines, and LPS was detected in the hippocampal
tissues of all the mice with a history of stroke who under-
went TFIF. These findings indicate that TFIF promotes brain
inflammation in mice with stroke.

Alpha diversity and beta diversity are effective and
practical indicators of the overall composition of the gut
microbiota [25]. We found that stroke and TFIF, whether
implemented separately or in combination, altered the

beta diversity of the mouse gut microbiota rather than
the alpha diversity. In particular, TFIF surgery changed
the composition of the gut microbiota at different levels
in mice before and after stroke. We identified changes in
representative species of the gut microbiota at the genus
level. Additionally, compared with those in the control
group, nine specific gut bacteria exhibited significant
changes in the stroke group. This finding is consistent
with previous studies that reported an increase in the
abundance of Bacteroides in mice following ischemic
stroke [26].

16S rRNA sequencing provides direct evidence of the
roles of specific bacteria in diseases and treatment pro-
cesses [27]. In this study, using multiple strategies, we iden-
tified species that were altered due to stroke and/or TFIF,

Figure 5: Alteration of intestinal defense function and promotion of intestinal inflammation in mice with TFIF and stroke. (a) Functional prediction of
differentially abundant microbiota between the normal group and the TFIF surgery group. STAMP differential analysis and COG database analysis
were performed to investigate the functional relevance of the microbiota. The left panel shows the description of the associated functions, the upper
panel indicates the 95% confidence interval, and the right panel displays the P-values. (b) and (c) Immunohistochemistry staining and analysis of
average pixel intensity for α-defensin in mouse colonic tissues. (d) ELISA measurement of IL-1β levels in the colonic mucosal homogenate of mice.
(e) ELISA measurement of LPS levels in the colonic mucosal homogenate of mice. In the normal group and MCAO/R 23d group, n = 7. In the TFIF
groups, n = 10.
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particularly dominant taxa at the genus level. Lactobacillus
was decreased in mice with stroke receiving TFIF. In mice
without stroke, the abundance of Muribaculaceae_unclas-
sified in the feces of mice receiving TFIF was significantly
reduced. Stroke, on the other hand, significantly induced a
decrease in Ligilactobacillus in the mice. Given that we
used 16S rRNA sequencing, which does not reach the spe-
cies level, further definition of some bacteria at the genus
level is needed.

The composition of the gut microbiota is complex, as
we observed changes in dozens of bacteria under different
surgical conditions. To elucidate how changes in the gut
microbiota under different surgical conditions affect cog-
nitive function, we performed functional predictions with
respect to the altered bacterial species and identified a
large number of bacteria associated with permeases.
Intestinal permeases are multihelix transmembrane pro-
teins that can bind to specific solutes and, through confor-
mational changes, transport the bound solutes to the other
side of the membrane. We speculate that the altered gut
microbiota composition in mice with stroke following TFIF
surgery may impair intestinal defense function and pro-
mote intestinal inflammation. Intestinal-derived inflamma-
tory factors such as LPS are often major peripheral factors
that contribute to systemic and brain inflammation [28].
We detected a decrease in α-defensin levels in the colon of
mice receiving TFIF only after stroke, and these mice pre-
sented significantly increased levels of IL-1β and LPS in the
colonic villous homogenate. This may be the cause of brain
inflammation and cognitive impairment following TFIF in
mice with a history of stroke.

While our study provides important insights into the
effects of TFIF surgery on cognitive impairment and gut
microbiota alterations in mice with a history of stroke,
several areas could be further refined in future research.
The use of the FCT allowed sensitive assessment of hip-
pocampus-dependent associative learning and memory.
However, incorporating additional behavioral tests
would enable a broader evaluation of cognitive function,
including spatial memory. Additionally, although animal
models serve as valuable tools for understanding biolo-
gical mechanisms, differences in physiology and micro-
biota composition between mice and humans highlight
the need for clinical studies to confirm and extend our
findings. Finally, stroke is most commonly observed in
older individuals with comorbidities such as obesity,
and animal models should ideally reflect these clinical
features. However, stroke is increasingly reported in
younger populations [29–31]. By using young mice in
this study, we aimed to focus specifically on the effects
of surgery on cognitive function in stroke survivors while

minimizing confounding factors such as aging and obesity
that affect cognition.

In conclusion, our study revealed the promoting effect
of TFIF surgery on perioperative cognitive impairment in
mice with a history of stroke and demonstrated its correla-
tion with alterations in the gut microbiota. These findings
shed light on the complex interplay between surgical
trauma, the gut microbiota, and cognitive function. By
focusing on the gut‒brain axis, this research provides a
foundation for future investigations and potential thera-
peutic strategies to mitigate perioperative cognitive dys-
function in vulnerable populations.
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