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Prevotella copri transplantation promotes D
neurorehabilitation in a mouse model
of traumatic brain injury
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Abstract

Background The gut microbiota plays a critical role in regulating brain function through the microbiome-gut-brain
axis (MGBA). Dysbiosis of the gut microbiota is associated with neurological impairment in Traumatic brain injury
(TBI) patients. Our previous study found that TBI results in a decrease in the abundance of Prevotella copri (P. copri). P
copri has been shown to have antioxidant effects in various diseases. Meanwhile, guanosine (GUO) is a metabolite of
intestinal microbiota that can alleviate oxidative stress after TBI by activating the PI3K/Akt pathway. In this study, we
investigated the effect of P, copri transplantation on TBI and its relationship with GUO-PI3K/Akt pathway.

Methods In this study, a controlled cortical impact (CCl) model was used to induce TBI in adult male C57BL/6J mice.
Subsequently, P copri was transplanted by intragastric gavage for 7 consecutive days. To investigate the effect of

the GUO-PI3K/Akt pathway in P copri transplantation therapy, guanosine (GUO) was administered 2 h after TBI for 7
consecutive days, and PI3K inhibitor (LY294002) was administered 30 min before TBI. Various techniques were used to
assess the effects of these interventions, including quantitative PCR, neurological behavior tests, metabolite analysis,
ELISA, Western blot analysis, immunofluorescence, Evans blue assays, transmission electron microscopy, FITC-dextran
permeability assay, gastrointestinal transit assessment, and 16 S rDNA sequencing.

Results P copri abundance was significantly reduced after TBI. R copri transplantation alleviated motor and cognitive
deficits tested by the NSS, Morris's water maze and open field test. R copri transplantation attenuated oxidative

stress and blood-brain barrier damage and reduced neuronal apoptosis after TBI. In addition, P copri transplantation
resulted in the reshaping of the intestinal flora, improved gastrointestinal motility and intestinal permeability.
Metabolomics and ELISA analysis revealed a significant increase in GUO levels in feces, serum and injured brain

after P copri transplantation. Furthermore, the expression of p-PI3K and p-Akt was found to be increased after P

copri transplantation and GUO treatment. Notably, PI3K inhibitor LY294002 treatment attenuated the observed
improvements.
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Conclusions We demonstrate for the first time that P copri transplantation can improve Gl functions and alter gut
microbiota dysbiosis after TBI. Additionally, P copri transplantation can ameliorate neurological deficits, possibly via the

GUO-PI3K/Akt signaling pathway after TBI.

Keywords Traumatic brain injury, Prevotella copri, Neurorehabilitation, Gut microbiota, Guanosine, GUO-PI3K/Akt

pathway

Background

Traumatic brain injury (TBI) represents an enormous
challenge to public health. More than 50 million people
worldwide suffer TBI each year, and it is estimated that
approximately half of the world’s population will experi-
ence one or more TBI during their lifetime [1]. It is well
established that secondary injury is the major cause of
TBI-associated brain damage. In the past few decades,
much progress has been made in studying the patho-
logical mechanisms of TBI and in developing therapeutic
strategies [2, 3]. Targeting the unfavorable lesion micro-
environment such as free radicals and neuroinflamma-
tion after TBI holds great promise for restoring neural
function [4]. Excessive reactive oxidative stress (ROS)
production is associated with neuroinflammation and
chronic neurodegeneration following TBI [5]. Inhibi-
tion of oxidative stress after TBI markedly reduces pro-
inflammatory activation of macrophages/microglia with
a concomitant increase in anti-inflammatory responses
[6]. Therefore, anti-oxidative stress treatment helps alle-
viate neuroinflammation after TBI. Although anti-oxi-
dative stress target and anti-neuroinflammation target
are fairly distinct, they are interwoven, interactive and
interdependent.

At present, many drugs showed good therapeutic
effects in experimental animals, but most of their clinical
trials failed, it still remains a challenging task to develop
an effective strategy for the treatment of TBI [7]. On the
other hand, it has been found that some central nervous
system (CNS) diseases, including acute ischemic stroke
[8, 9], Alzheimer’s disease [10] and Parkinson’s disease
[11], can be treated by regulating the gut microbiome.
Likewise, it has been found that TBI can cause changes in
the intestinal microbiota, and the intestinal flora changes
significantly in number and categories, mainly involv-
ing the pseudorod Bacteria, Purpuromonas, Firmicutes,
Proteobacteria among others [12, 13]. In our previous
research, we found that fecal microbiota transplantation
can restore gut microbiota dysbiosis and alleviate neuro-
logical deficits after TBI [14]. Randall et al. found that the
change in Prevotella was the most significant microbiota
after TBIL, and the abundance of P copri in Prevotella
was significantly reduced by 4.5-fold [15]. However, in-
depth studies on how to affect the disease course after
TBI by regulating a specific strain of gut microbiota are
still lacking. Prevotella are Gram-negative anaerobes that
have previously been identified as potential key factors in

shaping gut function and host health [16]. Prevotella can
ferment dietary fiber to produce the short chain fatty acid
(SCFA) acetate. They can also metabolize dietary fiber
and fat to produce succinate [17, 18]. P. copri is an abun-
dant member of the human gastrointestinal microbiota.
The effect of P copri on human health is currently incon-
clusive. Its relative abundance may play a positive or
negative role in disease [19]. Whether P. copri transplan-
tation can have a protective effect on TBI’s neurological
function is still in need of further confirmation.

Gut bacteria regulate the central nervous systems
through dynamic bidirectional communication along the
‘gut-brain axis’ in a microbial metabolites-dependent
manner [20]. Guanosine (GUO) is an intermediate prod-
uct of nucleotide metabolism, which is produced by the
decomposition of GMP by the 5 ‘-nucleotidase (5" -NT)
of intestinal bacteria, and is absorbed into the blood
by intestinal epithelial cells. Then GUO is transported
through the Nucleotide transporter on the surface of
cerebral microvascular endothelial cells and enters the
brain tissue rapidly through the blood brain barrier (BBB)
[21, 22]. Guanosine plays an important neuroprotective
role in CNS neural injury. Guanosine is neuroprotective
against focal cerebral ischemia by inhibiting microglia/
macrophage activation and mediating anti-inflammatory
response that ameliorates neural injury [23]. Guanosine
inhibits LPS-induced pro-inflammatory response and
oxidative stress in hippocampal astrocytes [24]. Previous
studies have confirmed that GUO can alleviate oxidative
stress after TBI by activating PI3K/Akt pathway in astro-
cytes and hippocampus cultured in vitro [25]. GUO also
reduces mitochondrial oxidative stress damage caused by
inhibition of mitochondrial complex by activating PI3K/
Akt pathway in neuroblastocytes [26].

In this study, we hypothesized that P copri transplan-
tation could relieve the neurological deficits in a TBI
mouse model in a GUO-dependent manner. GUO might
be upregulated by P. copri treatment and thereafter acti-
vating the antioxidant PI3K/Akt pathway.

Materials and methods

Animals

Adult C57BL/6] mice (18-22 g, 8 weeks old) were pur-
chased from the Laboratory Animal Center of Chongq-
ing Medical University (Chongqing, China). The groups
were housed separately. Mice were kept under standard
conditions (temperature, 22+2 °C; humidity, 55+10%)
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with a 12:12 light/dark cycle. Food and water were avail-
able ad libitum. All procedures were performed in a
specific pathogen-free (SPF) environment, and all tools
and materials were sterilized with 75% alcohol. The
type of bedding was poplar wood shavings (Chongg-
ing Tengxin Biotechnology Co., LTD), the food was
standard chow(Beijing Huafukang Biotechnology Co.,
LTD), the water was autoclaved purified water.All pro-
cedures on animals were approved by the Institutional
Animal Care and Use Committee of Chongqing Medi-
cal University(approval No. 2,019,335) and carried out in
accordance with ARRIVE guidelines [27].

CCl model

A standard protocol and a controlled cortical impact
(CCI) device (TBI-0310, Precision Systems and Instru-
mentation, Fair fax, VA, USA) were utilized to induce
brain injuries as described previously [28]. Mice were
anesthetized with isoflurane (3% induction, 2% main-
tenance) when they underwent any surgeries. Briefly, a
circular craniotomy was performed in the right senso-
rimotor cortex and above the hippocampus (center of the
impact: A/P, —2.00 mm; M/L, 2.50 mm from bregma).
Following craniotomy, a CCI model was established with
a TBI-0310 TBI model system, and the impact parame-
ters were set as follows: 5 m/s velocity, 100 ms dwelling
time, 2 mm depth and 3 mm diameter impactor. A pneu-
matic impactor was used to provide the power for impact
(Jun-Air Model 3-4). Sham control group mice under-
went only craniotomy without CCI. Following the injury,
the hole was sealed with bone wax, and the skin incision
was sutured. Finally, the mice were kept on an electric
blanket (69,001, RWD Life Science, China) to maintain
their body temperature at 37.5+0.5 °C until completely
awakening (about 3—4 h).

Pharmacological intervention

In accordance with a previous study, antibiotics interven-
tion was used to remove intestinal flora and minimize
the difference in intestinal flora among the experimen-
tal groups of mice before the CCI operation or P. copri
treatment [29]. Before the CCI operation, we admin-
istered antibiotics to adult mice (6 weeks of age) in all
groups through drinking water containing 0.2 g/L ampi-
cillin (Macklin, China), neomycin (Macklin, China),
metronidazole (Macklin, China) and 0.1 g/L vancomy-
cin (Macklin, China) daily for 2 weeks. At 2 h after TBI,
the TBI+Vehicle group received 0.1 ml of 10% glycerol
in PBS solution, while the TBI+P copri group received
a dose of 0.1 ml containing 5x10° CFU/mL P. copri in
10% glycerol in PBS via intragastric gavage [30]. Then,
the same perfusion method was performed for 7 con-
secutive days (every morning at 9-10 a.m.). As previously
described, GUO (Macklin, China) solution dissolved in
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0.9% saline was maintained at 37 °C before injections to
prevent any drug precipitation [31]. GUO (7.5 mg/kg)
was intraperitoneally administered (1 mL/kg) to mice at
every day for 7 days (every morning at 9-10 a.m.) and
the first administration was performed 2 h after TBIL
LY294002 (Macklin, China) solution dissolved in 5%
dimethyl sulfoxide and 25 mg/kg LY294002 were admin-
istered via intracerebroventricular injection 30 min
before TBI [32].

Experimental protocols
All experimental protocols and setups are shown in
Fig. 1.

Experiment 1

To determine the time course of P copri abundance in
the feces of mice after TBI. Feces sample from a group of
three mice feces were collected at different time periods:
before TBI,1d,3d,7d, 14d, 21 d, and 28 d after TBIL. A
quantitative real-time PCR (QPCR) assay was performed
to evaluate the changes in P. copri abundance.

Experiment 2

To evaluate the effects of P copri on neurological func-
tion in mice after TBI, 32 mice were randomly divided
into four groups: sham group, TBI group, TBI+ Vehicle
group, TBI+P copri group (n=8 per group). All mice
were subjected to Neurological Severity Scores (NSS) and
wire grip tests to evaluate short-term neurological func-
tion. Subsequently, all mice were subjected to the Mor-
ris water maze (MWM) and the open field test (OFT) to
evaluate learning and memory function. The OFT and
MWM were performed up to 2 weeks after TBI.

Experiment 3

To evaluate the effects of P. copri transplantation on body
weight, food intake, intestinal permeability and micro-
biome analysis in TBI, mice were randomly divided into
three groups: sham group, TBI group, TBI+P copri
group (n=18 per group). We randomly recorded body
weight and food consumption of 8 mice in each group.
Four mice were subjected to immunofluorescence stain-
ing, 8 mice were used for FITC-dextran permeability
assay, and 6 mice were used for microbiome analysis. To
evaluate the effects of P copri transplantation on gastro-
intestinal motility, mice were randomly divided into four
groups: sham group, sham+2 copri group, TBI group,
TBI+P. copri group (n=4 per group), and 4 mice in each
group were used for gastrointestinal transit assessment.

Experiment 4

To estimate the effects of P copri on serum metabolites
in TBI mice, 15 mice were randomly divided into three
groups: the sham group, the TBI group, and the TBI+P
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Experment 1. Time course the abundance of P. copri after TBI
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Experment 2. The effect of P copri on neurological function in mice after TBI
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Experment 3. The effect of P. copri on bodyweight, food taking, gastrointestinal
peristalsis, intestinal permeability and gut microbiota of TBI mice
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Experment 4. The effect of P. copri on metabolites in serum tissue of TBI mice
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Experment 5. The expression time course of GUO expression in the feces, serum
and brain tissue of mice

Pcopri ELISA  ELISA ELISA Groups:
()sham (2)TBI+P. copri 1d
¢ i ¢ ¢ (3)TBI+P. copri 3d
S .
> (4 TBI+P. copri 7d n=6
* m 1 3d ™ Groups:
P. copri was performed (1)sham (2)TBI 1d
for 7 consecutive days (3)TBI 3d
(4TBI 7d n=6

Experment 6. The effect of P. copri on oxidative stress, blood-brain barrier(BBB)
and neuronal apoptosis in TBI mice
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Experment 8. GUO-PI3K/AKkt axis participated in the effect of P. copri on oxidative
stress, blood-brain barrier(BBB) and neuronal apoptosis in TBI mice
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Fig. 1 Schematic diagram of the different experimental protocols and setups used in this study. P. copri, Prevotella copri; CCl, controlled cortical impact;
TBI, traumatic brain injury; WB, western blot; IF, immunofluorescence; GUO, guanosine; BBB, blood-brain barrier; TME, transmission electron microscopy
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copri group (n=>5 per group). After 7 days of P copri
treatment, serum from each mouse was collected for
metabolite analysis.

Experiment 5

To evaluate the time course of GUO presence in the feces,
serum and brain tissue of mice at the injury site after P
copri treatment, 48 mice were used in this experiment:
[1] 24 mice were continuously treated with P copri for
7 days after TBI and randomly divided into four groups:
sham, TBI+P copri 1d, TBI+P copri 3d, and TBI+P.
copri 7d (n=6 per group); [2] as a control, 24 mice were
not transplanted with P copri after TBI and were ran-
domly divided into four groups: sham, TBI 1d, TBI 3d,
and TBI 7d (n=6 per group). ELISA was performed to
evaluate the changes in GUO presence.

Experiment 6

To investigate the effect of P copri transplantation on
oxidative stress, blood-brain barrier (BBB) permeability
and neuronal apoptosis in TBI mice, mice were randomly
divided into four groups: sham group, TBI group, TBI+P.
copri group, and TBI+GUO group. For oxidative stress
study, every 6 mice in each group were assigned to Cata-
lase (CAT) measurements, Superoxide dismutase (SOD)
measurements, Reactive oxygen species (ROS) mea-
surements, Oxidized glutathione (GSSG) and Reduced
glutathione (GSH)/GSSG ratio measurements. For BBB
permeability study, every 6 mice were assigned to West-
ern blot analysis; 4 mice were assigned to immunofluo-
rescence staining of Occludin; 6 mice were assigned to
Evans blue (EB) assay, 4 mice were assigned to EB fluo-
rescence observation; and 4 mice were assigned to trans-
mission electron microscopy examination. For neuronal
apoptosis study, 4 mice were assigned to immunofluores-
cence staining.

Experiment 7

To determine whether the GUO-PI3K/Akt pathway
plays a role in the neuroprotective effects of P copri
transplantation, mice were randomly divided into six
groups: sham group, TBI group, TBI+P copri group,
TBI+GUO group, TBI+P2 copri+1Y294002 group, and
TBI+GUO+LY294002 group. Western blot analysis was
performed to detect key proteins (p-PI3K, p-Akt) in the
GUO-PI3K/Akt pathway using 6 mice per group. For
behavioral tests, 8 mice were assigned to each group as
carried out in Experiment 2.

Experiment 8

To determine whether the GUO-PI3K/Akt pathway is
involved in the effects of P copri on oxidative stress,
blood-brain barrier (BBB), and neuronal apoptosis in
TBI mice, mice were randomly divided into five groups:
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sham group, TBI group, TBI+P copri group, TBI+P
copri+1Y294002 group and TBI+GUO+LY294002
group. For oxidative stress study, every 6 mice in each
group were assigned to SOD measurements and ROS
measurement. For BBB permeability study, every 6 mice
were assigned to Western blot analysis of ZO-1 and
Occludin; 4 mice were assigned to immunofluorescence
staining of Occludin. For neuronal apoptosis study, 6
mice were assigned to Western blot analysis of Bcl-2 and
Bax.

Real-time quantitative PCR (qPCR)

Total DNA from mouse feces was extracted using TRIzol
(Invitrogen, Carlsbad, CA, USA) based on the manu-
facturer’s protocol. Confirmation of colonization was
achieved with pcopri2F_pcopri2R (F: ACCACTTGGGG
ATAACCTTG, R: TACATGCAAAAAGCCTCACGAG
GC). Detailed procedures are provided in Supplemental
File.

Neurobehavioral assessment

The investigators were blinded to the experimental
groups for all tests. Tests were conducted in a quiet room
at 22+2 °C and 55+10% relative humidity.

NSS scores and wire grip test

NSS analyses and wire grip tests were performed in
accordance with previous research [33]. The Neurologi-
cal Severity Scores (NSS) measured general behavior,
alertness, balance and motor ability using ten different
tasks. Two researchers who were blinded to each group
used NSS to assess the neurologic deficits on 1 day pre-
injury and on days 1, 3 and 7 after TBL. One point was
obtained for each failed task. Zero points represented the
minimum deficit, and ten points represented the maxi-
mum deficit. Table 1 in supplemental file shows details of
the NSS score.

Wire grip tests were used to evaluate vestibular motor
function. A 45-cm-long, 3-mm-diameter metal wire
was suspended 45 cm above the ground with two verti-
cal wooden sticks. Mice were placed on the bar midway
between the supports and were observed for 60 s, and
then the latency to fall was recorded and assessed.

Open field test (OFT)

As previously reported [34], On day 14 after TBI, we used
the open-field experiment to assess anxiety behavior in
mice. The equipment used for the open-field experiment
consisted of an organic 50 cmx50 ¢cmx50 cm polyvinyl
chloride box. The bottom was uniformly divided into 25
small compartments, and its interior and bottom were
covered with a black opaque and non-reflective coating.
A digital camera was installed 2 m above the plate. The
entire interior of the field was visible, with the 9 center
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Table 1 Neurological severity score (NSS) for head-injured mice
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Task

NSS

Presence of mono- or hemiparesis

Inability to walk on a 3-cm-wide beam 1

Inability to walk on a 2-cm-wide beam

Inability to walk on a 1-cm-wide beam

Inability to balance on a 1-cm-wide beam
Inability to balance on a round stick (0.5 cm wide)
Failure to exit a 30-cm-diameter circle (for 2 min)
Inability to walk straight

Loss of startle behavior

Loss of seeking behavior

Maximum total

O = = . s s s s s s

One point is awarded for failure to perform a task

grids in the central area and the remaining grids in the
peripheral area. A video tracking system (ANY-maze
Stoelting USA) was used to monitor the behavior of the
mice, and the entire measurement process lasted for
5 min. The overall time in the center area and the total
distance during the recording were recorded and ana-
lyzed. The experiment time is between 10am and 3pm at
a quiet environment.

Morris water maze test (MWM)

Cognitive function was assessed using the Morris water
maze test for 6 consecutive days. Briefly, the latency to
find the platform was measured from day 15 to 19 post-
CCI using the navigation test. The time spent in the cor-
rect quadrant was measured on day 20 post-CCI using
the probe trial test [33]. The Morris water maze test was
performed using a swimming pool (1.2 m diameter,40 cm
height). A platform (8 cm diameter,20 cm height) was
placed in one of four quadrants of the pool. The pool was
filled with water (22£1 °C) to a depth of 5 cm above the
platform. Visual cues (i.e., black landmark) were placed
on the wall of the water maze. The mice behavior was
recorded using an camera that was placed above the pool,
and ANYmaze 7.0 software system was used for record-
ing and analysis. The data were exported to Microsoft
Excel. The order of the animals was randomized within
trials. The test consisted of 5 days of training (four trials,
60 s each). Memory was tested at day 6. For the test, the
platform was removed, and the animals were allowed to
swim in the pool for 60 s. The time to locate the platform
was measured during all training days. Swimming speed
was also recorded to assess motor performance. Data
from the spatial learning test and the memory test were
recorded and analyzed using a video-based tracking sys-
tem (ANY-maze, Stoelting, USA).

FITC-dextran intestinal permeability assay
Measurement of serum concentration of 4-kDa fluores-
cein isothiocyanate-dextran (FITC-dextran) represents

for intestinal permeability. Seven days after TBI, mice
were fasted for 14 h and gavage with 4-kDa FITC-dex-
tran (Sigma-Aldrich, Madrid, Spain) at a dose of 60 mg
per 100 g body weight in a volume of 0.2 ml. Four hours
later, blood was collected by cardiac puncture and clotted
for 30 min, followed by centrifugation at 6000 g for 90 s.
Serum was diluted equally with PBS, and 100 pL dilu-
tions were measured in a 96-well plate at 481 nm excita-
tion and 524 nm emission. FITC-dextran was quantified
by reference to standard curve measurements in the
same plate [29].

Gastrointestinal transit assessment

GI motility was assessed by radiographic methods 7
days after TBI. Specifically, animals were intragastrically
gavaged with barium (0.2 ml, 2 g/ml). All mice were anes-
thetized with isoflurane (3% induction, 2% maintenance)
and immobilized in the supine position temporally by fix-
ing the limbs on the exam stage with adhesive tapes. Plain
radiographs of the gastrointestinal tract were obtained
using a digital radiographer (Siemens, Germany). To fur-
ther reduce stress, mice were released immediately after
each imaging session (immobilization lasted 1-2 min).
Radiographs were taken at different times (1, 3, and 8 h
after barium administration). Analysis of the radiographs
was performed by a trained investigator blinded to the
different groups [35]. Changes in GI motility were deter-
mined semiquantitatively from the images by assigning a
composite value to the indicated regions of the GI tract,
taking into account the following parameters: percent-
age of the GI region filled with contrast (0—4); intensity
of the contrast (0—4); homogeneity of the contrast (0-2);
and sharpness of the profile of the GI region (0-2). Each
of these parameters was scored and a total score (0-12
points) was calculated. X-ray images were also analyzed
morphometrically using Image] software (Image] 1.4,
NIH, Bethesda, MD, USA).
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Microbiome analysis

Feces from each mouse were collected in autoclaved ster-
ile vials on day 7 after TBI and stored at —80 °C. Samples
were shipped to Shanghai Majorbio Bio-Pharm Tech-
nology Co., Ltd. for analysis. Briefly, bacterial genomic
DNA was extracted, and the bacterial V3-V4 region was
amplified using barcode-indexed primers (338 F, ACTC
CTACGGGAGGCAGCAG; 806 R, ACTCCTACGGGA
GGCAGCAG). PCR products were sequenced using the
[lumina MiSeq platform and analyzed on the Majorbio
Cloud platform [36].

Metabolite analysis

Serum from each mouse was collected in eppendorf
tubes on day 7 after TBI and stored at -80 °C. Samples
were sent to Shanghai Biotree Biomedical Technology
Co., Ltd. for analysis. Targeted metabolomics analysis
was performed by the ultra-performance liquid chroma-
tography coupled with triple-quadrupole tandem mass
spectrometry (UPLC-QqQ-MS/MS) and was provided
by BIOTREE (Shanghai, China) [37].

Enzyme-linked immunosorbent assay (ELISA)

The brain tissue of ipsilateral injured hemisphere and
feces were homogenized with an appropriate amount
of normal saline (saline: fecal/brain tissue=9 ml:1 g),
and the supernatant was removed by centrifugation
at 3000 rpm for 10 min at 4°C. The amount of GUO in
the supernatant and serum was measured by a mouse
cyclic guanosine monophosphate (guanosine) ELISA kit
(MEIKE Jiangsu Sumeike Biological Technology Co., Ltd)
according to the manufacturer’s instructions [38]. The
amount of GUO was normalized to protein content.

CAT, SOD, ROS and GSSG measurements

Brain samples from the ipsilateral injured hemisphere
were collected. The activities of CAT, SOD, ROS, GSSG
levels and GSH/GSSG ratio were measured using com-
mercial kits (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China) according to the manufacturer’s instruc-
tions [39, 40]. Protein concentration was measured by the
BCA kit method [41].

Western blot analysis

Western blot analysis was performed as previously
described [42]. Briefly, brain tissue including the injury
site (approximately 5 mm length x5 mm widthx3 mm
height), was collected for total protein extraction using
RIPA lysis buffer and protease and phosphatase inhibi-
tors. The sample proteins (20 pg/lane) were separated
by sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis (SDS-PAGE) (Invitrogen) and transferred onto
polyvinylidene fluoride (PVDF) membranes (Millipore,
Boston, MA, USA). Membranes were blocked with 5%
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nonfat milk for 1 h at room temperature and then incu-
bated overnight at 4 °C with primary antibodies, includ-
ing rabbit monoclonal anti-B-actin (1:5000, ab213262,
Abcam), rabbit polyclonal anti-ZO-1 (1:1000, 21773-1-
AP, Proteintech), rabbit polyclonal anti-Occludin (1:1000,
27260-1-AP, Proteintech), rabbit monoclonal anti-Bcl-2
(1:1000, ab182858, Abcam), rabbit monoclonal anti-Bax
(1:1000, ab182733, Abcam), rabbit polyclonal anti-p-Akt
(1:1000, 28731-1-AP, Proteintech), rabbit polyclonal anti-
Akt (1:1000, 10176-2-AP, Proteintech), rabbit polyclonal
anti-p-PI3K (1:1000, #4228, Cell Signaling), and rabbit
polyclonal anti-PI3K (1:1000, 60225-1-1g, Proteintech).
After being washed with Tris-buffered saline/Tween-20,
membranes were incubated for 1 h at room temperature
with horseradish peroxidase-conjugated AffiniPure goat
anti-rabbit IgG (1:5000; SA00001-2, RRID: AB_2722564,
Proteintech). Enhanced chemiluminescence was used to
detect proteins in the membranes(ECL Plus, Millipore),
and proteins were quantified using the Fusion system
(Fusion-FX7 Spectra, Vilber, France). All raw Western
blot bands are shown in Supplemental Figures.

Immunofluorescence staining

As previously reported [42], the mice were euthanized
under deep anesthesia with phenobarbital sodium
(40 mg/kg, i.p.) and then perfused with phosphate buffer
saline (PBS) and 4% paraformaldehyde (PFA) for fixation.
The collected brains were postfixed overnight at 4 °C in
4% PFA and then cryoprotected in graded sucrose (20%
and 30%). Next, the brains were embedded in optimal
cutting temperature compound and cut into 20-pum cor-
onal sections. These tissues were stained using a slide-
mounted method. After washing with PBS and PBS+0.4%
Triton X-100, the brain sections were blocked with 10%
goat serum for 1 h at 37 °C, incubated with primary anti-
bodies overnight at 4 °C and washed three times with
PBS. Then, the sections were incubated with secondary
antibodies (1:400, Beyotime Institute of Biotechnology,
Shanghai, China) conjugated to Alexa Fluor 488/594 for
1 h at room temperature. Cell nuclei were stained with
4',6-diamidino-2-phenylindole (DAPI, 1:1, Solarbio).
The primary antibodies included rabbit polyclonal anti-
ZO-1 (1:1000, 21773-1-AP, Proteintech), rabbit poly-
clonal anti-Occludin (1:1000, 27260-1-AP, Proteintech),
mouse monoclonal anti-CD31 (1:50, GTX20218, Gene-
tex), and mouse monoclonal anti-NeuN (1:100, 66836-
1-Ig, Proteintech). For each sample, 3—4 corresponding
sections at intervals of 300 pm were collected. For each
group, sections from 4 mice were used for analysis. Each
measurement was expressed as the average of all section
measurements per mouse. All sections were collected
where the lesions were located. The regions of interest
(ROIs) where the images were captured are shown in
the black box of Fig. 8D. All images were captured using
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a Leica DM4 B fluorescence microscope (Leica, DM4 B,
Wetzlar, Hesse, Germany) with a 10x eyepiece and a 20x
objective and processed using Image]. We set the same
exposure time when quantitative analysis was involved
in each experiment. The relative immunofluorescence
intensity of Occludin was calculated by the percentage
of immunofluorescence intensity of Occludin relative to
immunofluorescence intensity of CD-31 with Image].
Additionally, the relative immunofluorescence intensity
of Occludin/ZO-1 in the intestinal mucosa was also cal-
culated by the percentage of immunofluorescence inten-
sity of Occludin/ZO-1 relative to immunofluorescence
intensity of DAPI with Image] software. All counts were
obtained in a blinded fashion.

TUNEL assays were performed using a one-step
TUNEL kit (C1090, Beyotime Institute of Biotechnol-
ogy, Shanghai, China) according to the manufacturer’s
instructions. These tissues were stained using a slide-
mounted method just as above. The immune-positive cell
numbers were calculated with Image], and presented as
the mean number of cells per high power field (HPF) for
single staining or presented as the percentage of the num-
ber of cells for the main marker to the number of cells for
the secondary marker per HPF for double-staining.

BBB permeability assays

To measure BBB permeability, 2% Evans blue (EB, 4 mL/
kg) in sterile saline was injected through the tail vein 1 h
before the animals were sacrificed. The mice were trans-
cardially perfused with saline, and their brains were
dissected and weighed. The samples were then homog-
enized in PBS, sonicated for 2 min, and centrifuged at
15,000 rpm for 5 min at 4 °C, and the supernatant was
then collected in aliquots. Next, 500 uL of 50% trichloro-
acetic acid was added to each 500 pL of supernatant and
incubated overnight at 4 °C. Finally, these samples were
centrifuged at 15,000 rpm for 30 min at 4 °C, the super-
natant was collected and detected with a spectrometer at
610 nm and quantified using a standard curve that was
normalized to tissue weight (ug/g). Then, to assess the
fluorescence intensity, the brains were removed in prepa-
ration for coronal brain sectioning. Brains for Evans blue
fluorescence were removed and fixed in 4% paraformal-
dehyde at 4 °C for 24 h and prepared for coronal brain
sectioning (20 um). Red auto-fluorescence of Evans blue
was observed on the Leica DM4 B fluorescence micro-
scope with a 10x eyepiece and a 20x objective and pro-
cessed using Image] [43]. The mean red autofluorescence
of EB was evaluated by 2 observers blinded to the groups.

Transmission electron microscopy

After anesthetization, the mice were transcardially
perfused with ice-cold saline followed by 4% PFA and
2.5% glutaraldehyde with 0.1 mol/L PBS buffer. The
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pericontusional cortex tissues were microdissected into
1 mm?® specimens. Then, these samples were immer-
sion-fixed in 2% glutaraldehyde for 24 h. After washing
with PBS, they were fixed in 1% osmium tetroxide in
0.1 M PBS for 45 min. The specimens were dehydrated
in increasing concentrations of acetone and embedded
in Aralditeresin. Ultrathin 60-nm-thick sections were cut
using a diamond knife on a Leica UCT ultramicrotome
(Diatome, Wetzlar, Germany). The prepared ultrathin
sections were mounted on a copper grid, stained with
uranium acetate and lead citrate, and observed with a
JEM-1400Plus TEM (H-7500, Hitachition) as previously
described [44].

Statistical analysis

All results are presented as the means+standard devia-
tions (SDs). Before analysis, the Shapiro—Wilk test was
used to test the normality of the variables. Two-way
repeated-measures ANOVA with Tukey’s post hoc mul-
tiple-comparisons test was used to analyze continuously
measured data. One-way analysis of variance (ANOVA)
was used to compare the means of different groups fol-
lowed by a Tukey post hoc multiple-comparisons test.
All statistical analyses were performed using GraphPad
Prism software (version 9.5.1, CA, USA). In the 16 S
rRNA gene sequencing analysis, alpha diversity indices
(Ace, Chao and sobs even indices) were calculated in
QIIME (version 1.7.0) and examined using the Kruskal-
Wallis H-test in SPSS 21.0. Principal coordinate analysis
(PCoA) based on Bray-Curtis similarities. The Kruskal-
Wallis H-test with false discovery rate (FDR), multiple
comparisons correction, and Tukey’s post hoc compari-
sons test were calculated at the phylum, family, and genus
levels among each group, and corrected p<0.05 was con-
sidered statistically significant [14]. For metabolomics
analysis, orthogonal partial least-squares discriminant
analysis (OPLS-DA), a multivariate statistical analysis
model, was conducted with SIMCA16.1 software (Umet-
rics, Umed, Sweden). OPLS-DA models were validated
based on the multiple correlation coefficient (R2) and
cross-validated Q2 in cross-validation and permutation
tests by applying 200 iterations. A Q2 value of more than
0.3 showed that the model was stable and reliable. The
permutation tests are deemed valid when all Q2 and R2
values show a gradual decline. The variable importance in
the projection (VIP) value of each variable in the OPLS-
DA model was calculated to indicate its contribution to
the classification. The model validity was evaluated by
7-fold cross-validation, and a permutation test (#=200)
VIP>1 and P<0.05 were used as screening thresholds for
differentially abundant metabolites [37]. Statistical signif-
icance was defined as p<0.05.
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Results

Time course of P. Copri abundance after TBI

qPCR was used to assess the abundance of P copri in the
feces of mice at the following timepoint: before TBI, 1
d,3d,7d, 14 d, 21 d, and 28 d post-TBI. After TBI, we
found that the abundance of P copri decreased gradu-
ally over time; its abundance was lowest at 7 d and then
increased gradually at 14 d, 21 d, and 28 d. However, its
abundance at 28d post-TBI still did not reach the level
before TBI (Fig. 2A).

P. Copri treatment improved neurological function in TBI
mice

The NSS score and wire grip scores were applied to
evaluate the effect of P copri transplantation on neuro-
logical deficits. The injury groups, which included the
TBI group, TBI+ Vehicle group and TBI+P copri group,
had significantly higher NSS scores than the sham group
on day 1, day 3, and day 7 after TBI. The TBI+P. copri
group had lower NSS scores than the TBI group and
TBI+ Vehicle group on day 3 and 7 after TBI, while there
were no significant differences between the NSS scores
of the TBI group and TBI+ Vehicle group (Fig. 2B). The
injury groups, which included the TBI, TBI+ Vehicle, and
TBI+P copri groups, had significantly lower wire grip
scores than the sham group on day 1, day 3, and day 7
after TBI. The TBI+P copri group had higher wire grip
scores than the TBI group and TBI+Vehicle group on
day 3 and day 7 after TBI, while there were no significant
differences between TBI group and TBI+Vehicle groups
(Fig. 2C).

Next, the open field test (OFT) was used to assess
anxiety related behavior 14 days after TBL. Our results
showed that TBI resulted in less time spent in the cen-
ter, more time spent in the periphery and immobile in the
OFT than the sham group, indicating that mice exhib-
ited anxiety related behavior after TBI. However, P. copri
transplantation reversed this effect compared to the TBI
group and TBI+Vehicle group. In addition, there was
no significant difference between the TBI group and the
TBI+ Vehicle group (Fig. 2D, E, F, H). There was no sig-
nificant difference among the four groups in the total dis-
tance traveled and mean speed in the OFT (Fig. 2G, I).

In addition, the Morris water maze was performed
to evaluate spatial learning and memory on days 15
to 20 after TBL In the learning stage, mice in the TBI,
TBI+Vehicle and TBI+P copri groups took more time
to find the correct target than those in the sham group.
There was no significant difference between the TBI and
the TBI+ Vehicle groups. However, P. copri treatment sig-
nificantly decreased the latency in the learning test com-
pared with the TBI group and the TBI+Vehicle group
(Fig. 2] and K). In the probe trial, mice in the TBI and
TBI+ Vehicle group took more time to enter the platform
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for the first time than those in the sham group, but P
copri treatment decreased the latency (Fig. 2M). Mean-
while, TBI resulted in less time spent in the correct tar-
get quadrant than that in the sham group, but P copri
treatment increased the time spent in the target quad-
rant when compared to the TBI group and TBI+ Vehicle
group (Fig. 2L). There was no significant difference in
swimming speed among the groups of mice (Fig. 2N).

P. Copri treatment improved intestinal permeability and
motility in TBI mice

P, copri transplantation has been reported to be safe in
mice [30]. In our study, body weights and food intake
were monitored and compared at the indicated time
points. The body weights of the mice were greatly
reduced in the TBI group and increased gradually after
P copri treatment (Fig. 3A). The food intakes of mice
were also greatly reduced in the TBI group and increased
gradually after P. copri treatment (Fig. 3B).

Altered intestinal barrier integrity and subsequent gas-
trointestinal dysfunction have been postulated as patho-
physiological events in TBI [45, 46]. GI transit, as an
overall measure of GI motility, was assessed in mice by
using barium gavage followed by X-ray imaging. Repre-
sentative images from different groups at different time
points are shown in Fig. 3C (1, 3, and 8 h after gavage).
Overall, TBI mice had a higher level of barium filling in
the GI tract, which indicates a slower GI transit. P copri
treatment accelerated GI transit in mice after TBI. With
respect to gut tract filling, GI motility was significantly
delayed after TBI at 8 h after barium gavage, which was
improved in TBI+P. copri mice. Meanwhile, there was no
significant difference between the sham group and the
sham+ P, copri group (Fig. 3D-E). Taken together, P. copri
treatment may have contributed to the faster GI transit
following TBI.

To test whether P copri treatment had any effect on
intestinal barrier permeability after TBI, the mice were
gavaged with FITC-labeled dextran (4 kDa) on day 7 and
blood FITC levels were measured. Intestinal permeability
was more severely disrupted in the TBI group than in the
TBI+P copri group (Fig. 3F). Intestinal tight junctions
(TJs) have been shown to be associated with intestinal
barrier integrity [47]. Therefore, in our study, we exam-
ined the expression and distribution of T] proteins in the
colon. In the TBI group, the relative immunofluorescence
intensity of Occludin and ZO-1 in the intestinal mucosa
were reduced, and P. copri treatment increased the rela-
tive immunofluorescence intensity of Occludin and ZO-1
(Fig. 3G-I). The results demonstrated that P copri treat-
ment led to an upregulation of tight junction proteins
expression and facilitated the maintenance of intestinal
barrier integrity after TBL



Gu et al. Journal of Neuroinflammation

A

200000
150000
100000

50000

0-

© P. coprilevel in feacs(copies/ul DNA)

(2024)

+ 4

ttd

AN

pre 1d 3d 7d 14d21d28d

21:147
B 1o -~ sham
. = TBI
8 - % % & TBI+Vehicle
¥~ TBI+P. copri
4
o 6
H 3
3 a
z
*#
2 %
I S—
T [ T
pre 1d 3d 7d

Cs
*#
@
- “*
B
L
2
: )
% * *
I I I
pre day1 day3 day7

center
=
periphery B
t. & Haasy
WaAS N\
® sham
E 80+ T8I F 300 G 259
TBI+Vehicle s * * £
—_ TBI+P. copri  # » 204 v
Z 60 M > o E R v
8 M S 250 = ¥ 8 154 A
S 2 4la £
= 407 v g Iy A @ ° by v
£ * * 2 v 5 104 A
2 A £ 200 =
- x4 | Q
S Ko £ ‘ 8 5
=
0 T T T T 150 T T T T 0 T T T T
H 150+ 1 0.08
*
— * —_ ° v
O A % 0.06- N v
3
g 2ot 2o A
E o v a0 ° 4 v
‘v 50 ol & &
E ° 2 0.02
= £
0 T T T T .00 T T T T
J sham TBI TBI+Vehicle  TBI+P. copri
| K
| h:
/ 0 T
—— TBI+Vehicle
60 * % ¥ TBI+P. copri
s )
%
; 40 *_*
5 #

L

Target quadrant time(s)
N
o

A TBI+Vehicle
Y TBI+P. copri

I I I I I
day15 day16 day17 day18 day19

50 0.25+
* Q)
40 H £ 0204 ¢ PO
= v,
2 - ) f 1T A%.
~ [ -
> 30 # 2 015 ° aA
c v e vY
£ 204 ®e £ 0.10
3 A £
10 Wy £ 005
° 2
[ "

0 0.00
0 T T T T .00 T T T T

Page 10 of 25

Fig. 2 P copri treatment improved neurological function in TBI mice. A. Time course of R copri abundance after TBI by gPCR. B-C. Quantitative analysis of
short-term neurological function by NSS scores (B) and wire grip scores (C). *, p < 0.05 vs. sham; #, p < 0.05 vs. TBl. =8 per group. D. Representative images
of the movement path of mice in the open field test 14 days after TBI. E-l. Quantitative analysis of central time (E), periphery time (F), total distance(G), time
immobile (H) and mean speed (I) travelled by mice in the open field test. *, p < 0.05 vs. Sham; #, p <0.05 vs. TBI, n=8 per group. J. Representative images
of the swim path of mice in the Morris water maze. K-N. Quantitative analysis of the latency in the learning test (K), the time in the target quadrant (L), the
latency (M) and the average swimming speed (N) in the probe trial. *, p <0.05 vs. Sham; #, p <0.05 vs. TBI, n =8 per group. Two-way repeated-measures
ANOVA with Tukey’s post hoc multiple-comparisons test was used to analyze continuously measured data. One-way analysis of variance (ANOVA) was
used to compare means of different groups followed by a Tukey post hoc multiple-comparisons test
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Fig. 3 P copri treatment improved body weight, food intake, intestinal permeability and intestinal motility of TBI mice. A-B. Changes of body weight
(A) and food intake (B) over time. ¥, p<0.05 vs. sham; #, p <0.05 vs. TBI. n=8 per group. C-E. Effect of P copri on gastrointestinal motility. Representative
images after administration of barium (C), the filling of the intestinal tract was measured by radiological methods (D), the size of the intestinal tract was
determined using ImageJ (E). *, p<0.05 vs. Sham; #, p <0.05 vs. TBI. n=4 per group. F. Intestinal permeability by measuring FITC intensity in serum after
oral gavage of FITC-dextran. *, p <0.05 vs. sham; #, p <0.05 vs. TBI. n=8 per group. G-I. Effect of P copri treatment on tight junction proteins expression.
Representative images of immunofluorescence staining for Occludin (green) and ZO-1 (red), nuclei were stained with DAPI (blue) (G). Scale bar =100 um.
Quantitative analysis of relative fluorescence intensity of Occludin (H) and ZO-1 (1) in different groups. *, p<0.05 vs. Sham; #, p<0.05 vs. TBI, n=4 per
group. Two-way repeated-measures ANOVA with Tukey's post hoc multiple-comparisons test was used to analyze continuously measured data. One-way
ANOVA was used to compare means of different groups followed by a Tukey post hoc multiple-comparisons test
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P. Copri treatment reshaped the gut microbiota of TBI mice
To test whether P copri treatment modulated the gut
microbiota, we performed 16 S rDNA (V3+V4 regions)
gene sequencing to analyze the bacterial taxonomic
composition following microbial therapy in TBI mice.
To measure the degree of similarity between microbial
communities, B diversity was further evaluated by using
Bray-Curtis principal coordinate analysis (PCoA), which
showed apparent clustering in different groups (Suppl
Fig. 1A-C). The a-diversity was measured by the Ace,
Chao and Sobs even indices. Results from the analysis
showed that the a-diversity index was significantly dif-
ferent among the three groups (Suppl Fig. 1D-F). Com-
munity bar plot analysis, at the phylum level, based on
taxonomic analysis, revealed 4 different phyla when
compared with the sham and TBI+P copri groups, such
as Proteobacteria, Firmicutes, Verrucomicrobiota, and
Bacteroidetes (Fig. 4A). Further analysis revealed that the
relative abundances of the phyla Firmicutes and Verruco-
microbia were lower and the relative abundance of Pro-
teobacteria was increased in the TBI group compared to
the sham or TBI+P copri groups (Fig. 4D). At the family
level, the TBI group had 11 different families compared
with the sham and TBI+P copri groups (Fig. 4B), and
species difference analysis showed that Enterobacteria-
ceae, Sutterellaceae, Morganellaceae and Staphylococca-
ceae were higher in the TBI group than in the sham and
TBI+Pcopri groups, and P. copri treatment increased the
relative abundance of Enterococcus, Akkemansia, Lachno-
spiraceae, Lactobacillus, Erysipelotrichaceae,
Eryssipelatoclostridiaceae and Peptostreptococcaceae
(Fig. 4E). At the genus level, the TBI group had 15 dif-
ferent bacteria when compared with the sham and
TBI+P copri groups (Fig. 4C). Species difference analy-
sis showed that in the TBI group induced alterations of 3
genera with high relative abundance, namely, Enterobac-
teriaceae, Parasulterella and Proteus, and in the TBI+P.
copri group, the relative abundances of Enterococcus,
Akkemansia, Lactobacillus, Turicibacter, Escherichia-
Shigella, Eryssipelatoclostridium, Morganella, Lachnospi-
raceae, Lachnospiraceae-NK4A136 and Romboutsia were
increased compared to those in the TBI group (Fig. 4F).

P. Copri treatment caused changes in serum metabolomics
in TBI mice

The results of behavioral testing showed that vehicle
treatment does not impact neurological behaviors after
TBI, therefore we choose the sham group, TBI group and
TBI+P copri groups for in-depth metabolomics analysis.
To profile differential metabolism, OPLS-DA was per-
formed using these three groups, which were compared
in pairs and possessed satisfactory fit. The results showed
a clear separation in the two groups (Suppl Fig. 2A-C).
Permutation tests with 200 iterations were performed,

Page 12 of 25

which also validated these models. In the serum, 38
metabolites were found to be differentially expressed
between the sham group and the TBI group, 37 metab-
olites were differentially expressed between the TBI
group and the TBI+P copri group, 64 metabolites were
differentially expressed between the sham group and
the TBI+P copri group (Fig. 5A and B). Combining the
matchstick analysis of the serum metabolites suggested
that guanosine (GUO) was elevated simultaneously in
serum of the TBI+P copri group when compared to
the sham group and the TBI group (VIP>1 and p<0.05,
Fig. 5C and D).

P. Copri treatment increased the level of GUO in the feces,
serum and brain tissue of TBI mice

In metabolomics analysis, GUO was one of the most
significantly upregulated metabolites after P copri treat-
ment, thereafter ELISA analysis of GUO was subse-
quently performed. The level of fecal GUO after TBI
at the 1st day and 3rd day were significantly decreased,
and there is no significant difference at day 7 compared
with sham group (Fig. 6A). The level of serum GUO after
TBI at the 1st day was significantly decreased, and there
is no significant difference at day 3 and day 7 compared
with sham group (Fig. 6B). In the brain tissue, the change
between each group did not reach statistical significance
after TBI (Fig. 6C). After P. copri treatment, compared to
the sham group, the level of fecal GUO was significantly
decreased on the 1st day and 3rd day. Compared with
the 1st day, the level of GUO increased gradually at 7th
day (Fig. 6D). The level of serum GUO was significantly
decreased on the 1st day and 3rd day but increased at 7th
day compared to the sham group. Compared with the 1st
day, the level of serum GUO increased gradually at 3rd
and 7th day (Fig. 6E). The level of brain GUO after.

P copri treatment at 3rd day and 7th day was signifi-
cantly higher than that in the sham group as well as the
1st day group (Fig. 6F).

P, copri treatment. *, p<0.05 vs. sham; #, p<0.05 vs. day
1. n=6 per group. One-way ANOVA was used to com-
pare the means of different groups followed by a Tukey
post hoc multiple-comparisons test.

P. copri treatment attenuated oxidative stress after TBI

The TBI group showed a significant decrease in CAT
and SOD activities compared to the sham group. The
TBI group showed higher levels of ROS and GSSG, along
with a lower GSH/GSSG ratio than the sham group. After
treatment with P copri transplantation or GUO intake,
both the TBI+P2 copri group and the TBI+GUO group
showed significant increases in CAT and SOD activi-
ties compared to the TBI group (Fig. 7A and B). In addi-
tion, the TBI+P. copri group and the TBI+GUO group
had significantly reduced ROS and GSSG levels and an
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Fig.4 P copritreatment reshaped the gut microbiota of TBI mice. A-C. Bar plot analysis of gut microbiota relative abundance of bacterial phylum (A), fam-
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Fig. 6 P copritreatmentincreased the presence of GUO in the feces, serum and brain tissue of TBI mice. A-C. The changes of GUO level in feces (A), serum
(B) and brain (C) after TBI were detected by ELISA. *, p <0.05 vs. sham; #, p <0.05 vs. day 1. n=6 per group. D-F. Changes in GUO level in feces (D), serum

(E) and brain (F) after

increased GSH/GSSG ratio compared to the TBI group
(Fig. 7C-E). All of these results indicated that P copri or
GUO treatment can effectively reduce oxidative stress
after TBL

P. Copri treatment attenuated BBB disruption after TBI
Evans blue assays indicated that TBI caused more Evans
blue leakage than the sham group, and 2. copri and GUO
visually mitigated EB dye leakage after Evans blue injec-
tion (Fig. 8A-C). Meanwhile, double-immunofluores-
cence staining showed that Occludin was decreased
significantly in the TBI group compared to the sham
group, and treatment with P copri and GUO attenu-
ated this damage compared with the TBI group (Fig. 8E
and F). Similarly, Western blot assays revealed that the
expression of BBB-associated proteins (ZO-1, Occludin)
was decreased significantly after TBI compared to sham
group. By contrast, both P copri treatment and GUO
treatment showed an increase level compared to that in
the TBI group (Fig. 8G-I).

Furthermore, we investigated the ultrastructure of
the tight junctions by transmission electron micros-
copy analysis. In the sham group, we observed smooth
and continuous T] structures between endothelial cells,
and the basement membrane was intact. After TBI, the
microvilli of endothelial cells protruded, the continu-
ity was interrupted, the density of intercellular TJ struc-
tures was reduced, and the opening is increased to form
cracks. After treatment with P copri or GUO, the above
manifestations were improved: the opening of intercellu-
lar TJ structures was reduced, and the basement mem-
brane was relatively intact (Fig. 8]). A scoring system was
used to quantitatively determine the number of intact
tight junctions, which were rated as follows: perfect tight
junctions worth 3 points; patches of blurriness worth 2
points; totally blurred worth 1 point. In the TBI group,
the number of intact tight junctions was significantly
lower than that in the sham group, while P. copri or GUO
treatment increased their expression compared to that in
the TBI group (Fig. 8K). Overall, 2. copri transplantation
help to attenuated BBB disruption in mice after TBIL.
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P. Copri treatment attenuated neuronal apoptosis after TBI
The TUNEL-positive neurons surrounding the trauma
site was significantly increased after TBI. However, they
were reduced in the TBI+P copri group and TBI+GUO
groups compared to the TBI group as shown by double
immunofluorescence staining of TUNEL and NeuN
(Fig. 9A and B). Furthermore, Western blotting was used
to measure the expression of the apoptotic markers Bcl-2
and Bax after TBI. The results showed that the expres-
sion of Bcl-2 was significantly increased and the expres-
sion of Bax was significantly decreased with P copri or
GUO treatment when compared with the TBI group
(Fig. 9C-E).

The GUO-PI3K/Akt pathway was involved in the
neuroprotective effects of P. Copri treatment
Previous research has verified that GUO can reduce oxi-
dative stress after TBI by activating the PI3K/Akt path-
way [25]. Therefore, we use Western blot analysis to
examine the expression of PI3K/Akt pathway. The results
showed that after P copri or GUO treatment, the expres-
sion of p-PI3K and p-Akt significantly increased when
compared with both the sham group and TBI group, and
LY294002 inhibited the increase in p-PI3K and p-Akt
expression caused by P. copri or GUO (Fig. 10A-C).
Furthermore, the administration of LY294002
resulted in the inhibition of the decrease in NSS
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Fig. 9 P copri treatment attenuated neuronal apoptotic death and expression of apoptosis-related proteins after TBI. A. Representative images of dead
cells (TUNEL, red) and neurons (NeuN, green) surrounding the lesion sites. Scale bar =100 um. B. Quantitative analysis of TUNEL-positive neurons sur-
rounding lesion sites after TBI. *, p < 0.05 vs. sham; #, p < 0.05 vs. TBI, n=4 per group. C. Representative Western blot bands of Bcl-2, Bax and B-actin at the
lesion sites after TBI. D-E. Quantitative analysis of Bcl-2 (D) and Bax (E) density at the lesion sites after TBI. *, p <0.05 vs. sham; #, p <0.05 vs. TBI, n=6 per
group. One-way ANOVA was used to compare the means of different groups followed by a Tukey post hoc multiple-comparisons test

scores and enhancement in wire grip scores caused
by P. copri or GUO (Fig. 11A-B). The OFT test showed
the mice in the TBI+P copri+L1Y294002 group and
TBI+GUO+LY294002 groups exhibited more anxiety
related behavior as opposed to those in the TBI+P2. copri
group and TBI+GUO group (Fig. 11C-H). Learning and
memory function in mice was weakened in the TBI+P.
copri+1Y294002 group and TBI+GUO+LY294002
groups in comparison to the TBI+P copri group and
TBI+GUO groups, as evidenced by the results of Morris
water maze test (Fig. 11I-M).

The GUO-PI3K/Akt axis regulated the effects of P. Copri

on oxidative stress, the blood-brain barrier and neuronal
apoptosis in TBl mice

Compared with the sham group, all the experi-
ment groups (including the TBI group, TBI+P
copri+1Y294002 group and TBI+GUO+LY294002
group) displayed a significant decrease in SOD activ-
ity, with no statistical significance among them. Notably,
the TBI+P copri group showed a significant increase
in SOD activity compared to the TBI group (Fig. 12A).
At the same time, compared to the sham group, higher
levels of ROS were measured in the TBI group, TBI+P
copri+1Y294002 group and TBI+GUO+LY294002
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Fig. 10 The GUO-PI3K/Akt axis was involved in the neuroprotective effects of P copri. A. Representative Western blot bands of total PI3K, p-PI3K, total Akt,
p-Akt and B-Actin at the lesion sites after TBI. B-C. Quantitative analysis of p-PI3K (B) and p-Akt (C) density at the lesion sites after TBI. *, p < 0.05 vs. sham;
#, p<0.05 vs. TBI+ P, copri or TBI+GUO, n=6 per group. One-way ANOVA was used to compare the means of different groups followed by a Tukey post

hoc multiple-comparisons test

group, while the TBI+P. copri group showed significantly
reduced ROS compared to the TBI group (Fig. 12B).

In addition, LY294002 prevented the improvement of
P. copri on loss of Occludin after TBI (Fig. 12C and D).
Western blot assays revealed that LY294002 inhibited the
increase in ZO-1 and Occludin expression (Fig. 12E-G).
We examined Bcl-2 and Bax expression by western blot
to determine the effect of LY294002 on the apoptosis.
The results showed that LY294002 inhibited the increase
in Bcl-2 expression and the decrease in Bax expression
caused by P, copri (Fig. 12E, H and I).

Discussion

Numerous studies have confirmed changes in the gut
microbiota after TBI that can produce a series of effects
on the central nervous system through the brain-gut axis
[13, 48-50]. It has been reported that Prevotella changes
significantly after TBI, in which P. copri bacteria are sig-
nificantly reduced [15, 51], but it has not been reported
whether.

P copri has an effect on the pathophysiology of TBL
In our study, we found that P copri experienced a con-
tinuous decline for 7 days after TBI, which was consis-
tent with reports in the literature. We found that P copri
treatment improved neurological dysfunction after TBI,
including learning memory function and anxiety related

behaviors in TBI mice. P copri transplantation helps
recover dysbiosis of the gut microbiota after TBI and
increases the level of guanosine. Furthermore, we proved
that P copri transplantation relieved neurological deficits
possibly through the GUO-PI3K/Akt signaling pathway.
The safety of P copri transplantation in normal mice
has been proved by Phebe Verbrugghe et al [30]. They
found that histological analysis of liver, pancreas, colon,
heart, lung, spleen, kidney, testis, brain and epididymal
fat showed no microscopic abnormalities after a long
period (for 29 consecutive days) P copri oral adminis-
tration. Repeated-dose oral administration of P copri
did not result in any significant changes in the blood cell
count or serum biochemistry parameters. On the basis
of this valuable study, we discovered more roles for P
copri. We found that P copri could improve intestinal
permeability and intestinal motility and reshape the gut
microbiota of TBI mice. Gastrointestinal motility con-
tributes to the maintenance of a healthy intestinal bar-
rier as it clears luminal debris and, importantly prevents
the proliferation of microbiota. Impaired motility can
potentially contribute to bacterial dysbiosis in TBI, which
may have deleterious effects on gut barrier integrity [45].
Besides, the FITC-dextran assay was used in this study
as a measure of intestinal permeability. The gut-transit
time affects the speed of movement of the FITC-dextran
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Fig. 11 LY294002 inhibited the neuroprotective effects of P copri. A-B. Quantitative analysis of short-term neurological function using NSS scores (A) and
wire grip scores (B). *, p <0.05 vs. sham; #, p < 0.05 vs. TBI+ P, copri or TBI+GUO. n=8 per group. C. Representative images of the movement path of mice
in the open field test 14 days after TBI. D-H. Quantitative analysis of central time (D), periphery time (E), total distance (F), time immobile (G) and mean
speed (H) travelled by mice in the open field test. *, p <0.05 vs. sham; #, p <0.05 vs. TBI+ P, copri or TBI+GUO, n=8 per group. l. Representative images
of the swim path of mice in the Morris water maze. J-M. Quantitative analysis of latency in the learning test (J), the time in the target quadrant (K), the
latency (L) and the average swimming speed (M) in the probe trial. *, p <0.05 vs. sham; #, p <0.05 vs. TBI+ P, copri or TBI+GUO, n=8 per group. Two-way
repeated-measures ANOVA with Tukey's post hoc multiple-comparisons test was used to analyze continuously measured data. One-way ANOVA was
used to compare means of different groups followed by a Tukey post hoc multiple-comparisons test
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Fig. 12 The GUO-PI3K/Akt axis was involved in the effects of P copri on oxidative stress, blood-brain barrier and neuronal apoptosis in TBI mice. A-B.
Oxidative stress after TBI. SOD activity (A) and ROS level (B). *, p <0.05 vs. Sham; #, p <0.05 vs. TBI+ P, copri, n=6 per group. C. Representative images of
double immunofluorescence staining for Occludin and CD31, nuclei were stained with DAPI (blue). Scale bar =100 um. D. Quantitative analysis of relative
Occludin fluorescence intensity in different groups. *, p <0.05 vs. sham; #, p <0.05 vs. TBI+P. copri, n=4 per group. E. Representative Western blot bands
of ZO-1, Occludin, Bcl-2, Bax and B-Actin at the lesion sites after TBI. F-I. Quantitative analysis of the relative density of ZO-1 (F), Occludin (G), Bcl-2 (H)
and Bax (I). *, p<0.05 vs. sham; #, p < 0.05 vs. TBI+ P, copri, n=6 per group. One-way ANOVA was used to compare means of different groups followed by

a Tukey post hoc multiple-comparisons test
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along the digestive tract [52]. FITC-dextran reached its
maximal concentration in the plasma of adult wildtype
C57BL/6 mice 4 h after its oral administration. With a
physiologic gut-transit time, FITC-dextran can reach the
colon within 4 h [53]. However, a recent study in adult
wildtype C57BL/6 mice reported that FITC-dextran
reached its maximal concentration in plasma within the
first 2 h after oral administration [54]. Therefore, mea-
suring the plasma concentration of FITC-dextran at only
one time point cannot accurately assess the site of intes-
tinal barrier dysfunction. Thus, we used the concentra-
tion of FITC-dextran in plasma only as a measure for the
intestinal permeability assay. Together with the results
of tight junction proteins in the intestinal wall, it is well
convinced that P. copri treatment can improve intestinal
permeability and motility in TBI mice.

Through 16 S rDNA sequencing, we found that P. copri
treatment increased Akkemansia, Lactobacillus, Lachno-
spiraceae and Lachnospiraceae-NK4A136. As an impor-
tant genus of intestinal bacteria, Akkermansia degrades
mucin and enhances gut barrier function [55]. Lactoba-
cillus, Lachnospiraceae and Lachnospiraceae-NK4A136
bacteria in the gastrointestinal tract produce butyrate
and other short-chain fatty acids (SCFAs) by hydrolyz-
ing starch and other sugars, which directly interact with
the host’s immune system and regulate the surrounding
microbial environment [56]. SCFAs are not only the main
energy source of the colon but also responsible for intes-
tinal epithelial protection and the regulation of inflam-
matory intestinal responses, favoring mucus synthesis
and upregulating tight junction proteins [57]. Previous
study mentioned that Prevotella can ferment dietary fiber
to produce the SCFA acetate [17] and metabolize dietary
fiber and fat to produce succinate [18]. However, we did
not find a direct relationship between P. copri and SCFAs
alterations in the serum metabolomics (Fig. 5). Therefore,
the relationships between SCFAs and P, copri transplan-
tation in TBI may require further detection over time.

In a study encompassing both humans and mice, P
copri was shown to enhance the ability to utilize complex
polysaccharides, potentially by increasing glycogen stor-
age [58]. In our study, we interestingly found that guano-
sine (GUO) expression was significantly increased after P
copri treatment. It has been reported that the gut micro-
biota is one of the contributors to guanosine nucleotide
biosynthesis, such as Akkermansia [59] and Lachnospira-
ceae [60]. The increase in GUO might be related to the
change in intestinal flora. That is to say, P copri treatment
may not only cause the remodeling of bacterial flora but
also directly lead to an increase in GUO. A large num-
ber of studies have confirmed that GUO could reduce
oxidative stress, inflammation and neuronal apopto-
sis after TBI and improve the destruction of the blood
brain barrier after TBI [61]. GUO is an endogenous
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neuroprotective nucleoside that provides the long-term
benefits in controlling brain neurodegeneration, mainly
due to its capacity to activate the antioxidant defense sys-
tem and maintain the redox system [61]. Intraperitoneal
administration of GUO increases GUO of cerebrospinal
fluid levels approximately two to three times in 30 min
[62]. GUO is effective in reducing ROS generation [63]
and preventing the collapse of mitochondrial membrane
potential in hippocampal slices subjected to oxygen
glucose deprivation [64]. In our study, treatment with
P copri or GUO ameliorated oxidative stress, repaired
blood-brain barrier disruption, and reduced neuronal
apoptosis in TBI mice. Therefore, the neuroprotective
effect of P. copri treatment on TBI mice is firmly related
to the increase in GUO.

Previous studies have confirmed that GUO can reduce
oxidative stress after TBI by activating the PI3K/Akt
pathway. GUO can reduce the excessive production of
ROS by activating the PI3K/Akt pathway in astrocytes
and hippocampal tissue in vitro [25]. GUO also alleviates
mitochondrial oxidative stress injury caused by inhibition
of the mitochondrial complex by activating the PI3K/Akt
pathway in neuroblast cells [26]. In our experiment, we
detected the key proteins in the PI3K/Akt pathway and
found that the two proteins were significantly increased
after P copri treatment. Meanwhile, a PI3K inhibitor
(LY294002) significantly inhibited the neuroprotective
effect of P. copri and suppressed the effects of P copri on
oxidative stress, the blood-brain barrier and neuronal
apoptosis in TBI mice. It can be suggested that P. copri
transplantation causes GUO elevation, which activates
the PI3K/Akt pathway and ultimately ameliorates neuro-
logical dysfunction in TBI mice.

TBI is a severe injury, and there is no effective thera-
peutic method that can be used in the current clinical
scenario. In recent years, certain progress has been made
in research on the brain-gut axis [65, 66]. The neuro-
protective effect of fecal transplantation on TBI has also
been confirmed by the literature [14, 67]. In our study, we
used the common intestinal bacteria in the genus Pre-
votella (P. copri) for gavage treatment to further investi-
gate the role of a specific bacterial species in TBI. There is
still great controversy about the role of P. copri in human
health. Even in the same disease, two opposite results
have appeared [31]. There may be many reasons for this,
such as the different diets of subjects in different experi-
ments and the large differences between P copri strains.
All these factors affect the pathophysiological role of P
copri in the development of diseases. We believe that it
is through the synergistic effect of multiple targets that P
copri can exert a beneficial action on TBI mice.

In this study, we have demonstrated for the first time
that P copri can promote the recovery of neurological
function after TBI, however, there are several limitations
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in this study. First, antibiotics pretreatment was used to
remove intestinal flora and minimize the gut microbi-
ome difference between the experimental groups in a
large number of studies. However, recently published
study find that microbiome depletion prior to brain
injury may exacerbate secondary inflammatory cascades
[68]. Therefore, to further elucidate the impact of micro-
bial alterations on the repair of brain injury, we suggest
that an integrated approach to simultaneously avoid the
secondary injury should be explored in future studies.
Meanwhile, TBI patients will not likely have a depleted
microbiome or antibiotics pretreatment upon injury in
reality. In the future study, P copri transplantation study
without prior microbiome manipulation should be con-
sidered. Another limitation is that the research is carried
out in male mice. However, sex plays a significant role in
the outcome of TBI [69]. Female mice have higher ROS
activities in the brain in the acute phase [70]. Glial cells
in female mice are also less activated in the subacute
phase of brain injury [71].Meanwhile, recent studies also
found that post-CCI neurological complications may be
influenced by the differential gut microbiota perturba-
tion in a gender-dependent manner [72]. Thus, in order
to minimize the confounding factors caused by gender,
only single-sex mice were used in this study. In the future
preclinical studies, mice of both sexes must be included
for further in-depth studies. On the other hand, we used
CCI model to mimic TBI in vivo, and craniotomy is an
essential step in the CCI procedure. There is evidence
that the craniotomy is not atraumatic and the effects of
surgery should be controlled [73]. However, recently in
vivo study of CCI model showed that no pathology was
present in sham operated mice (craniotomy only) by MRI
scan [74]. To mitigate these concerns to some extent, we
included the craniotomy surgical sham groups as control
in our study.

Conclusions

In conclusion, the current study showed that P copri
transplantation can improve GI functions and remodel
the gut microbiota after TBI. P copri transplantation
relieved the blood-brain barrier damage and reduced
neuronal apoptosis through elevating GUO and activat-
ing the PI3K/Akt pathway. As a result, P. copri transplan-
tation could relieve the neurological deficits, exerts an
antioxidant effect.

Abbreviations

ANOVA  Analysis of variance

APES 3-Aminopropyl-triethoxysilane
BBB Blood-Brain Barrier

Bax BCL2-Associated X protein

Bcl-2 B cell ymphoma/leukemia-2 gene
CNS Central nervous system

CAT Catalase

ca Controlled Cortical Impact

Page 23 of 25

DAPI 4'6-diamidino-2-phenylindole
DMB 3,3-dimethyl-1-butanol

EB Evans blue

ECs Endothelial cells

ECL Electro-chemi-luminescence
GSSG Oxidized glutathione

GSH Reduced glutathione

GM Gut Microbiome

IF Immunofluorescence

MGBA Microbiome-Gut-Brain Axis
MWM Morris water maze test

NSS Neurological Severity Score
OFT Open field test

PVDF Polyvinylidene Fluoride

PFA Paraformaldehyde

P, copri Prevotella copri

PBS Phosphate buffer saline

PAGE Polyacrylamide gel eletrophoresis
ROS Reactive oxygen species

SDS Sodium dodecyl sulfate

SOD Superoxide dismutase

TBI Traumatic brain injury

T Tight junction

TME Transmission electron microscope
WB Western blot

Z0-1 Zona Occludens 1

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/512974-024-03116-5.

[ Supplementary Material 1 J

Acknowledgements
We would like to thank the service provided by the Chongging Key Laboratory
of Neurology (Chongging, China).

Author contributions

NNG, ZJH, XCS and CJC conceived and designed the study. NNG, JY, WT, ZSZ,
LW and ZL performed the experiments and analyzed the results. NNG wrote
the manuscript. ZJH, XCS and CJC revised the manuscript. YWW, YJZ and ST
participated in the data acquisition, analysis, and interpretation. ZJH, XCS
and CJC provided funding support. All authors read and approved the final
manuscript.read and approved the final manuscript.

Funding
This work was supported by the National Natural Science Foundation of China
(82172193,82102316 and 82071397).

Data availability
All data generated or analyzed during this study are included in thispublished
article and its supplementary files.

Declarations

Ethics approval and consent to participate

Animal protocols have been approved by the Animal Care and Use
Committee of Chongging Medical University. Surgical interventions and
postoperative animal care were performed in accordance with the guidelines
and policies for rodent survival surgery provided by the Experimental Animal
Committee of Chongging Medical University.

Consent for publication
All the authors consented to the publication of the study once it is accepted.

Competing interests
The authors declare that they have no competing interests.


https://doi.org/10.1186/s12974-024-03116-5
https://doi.org/10.1186/s12974-024-03116-5

Gu et al. Journal of Neuroinflammation

(2024) 21:147

Author details

'Department of Neurosurgery, The First Affiliated Hospital of Chongging
Medical University, Chongging 400016, China

’Department of Neurosurgery, The Second Clinical Medical College of
North Sichuan Medical College, Nanchong Central Hospital, Nanchong,
China

*Emergency Department, Chengdu First People’s Hospital, Chengdu,
China

“Department of Neurosurgery, Suining Central Hospital, Suining, China

Received: 30 January 2024 / Accepted: 30 April 2024
Published online: 04 June 2024

References

1.

20.

21,

Maas AIR, Menon DK, Adelson PD, Andelic N, Bell MJ, Belli A, et al. Traumatic
brain injury: integrated approaches to improve prevention, clinical care, and
research. Lancet Neurol. 2017;16(12):987-1048.

Stein DM, Feather CB, Napolitano LM. Traumatic Brain Injury advances. Crit
Care Clin. 2017;33(1):1-13.

Gardner AJ, Shih SL, Adamov EV, Zafonte RD. Research Frontiers in Traumatic
Brain Injury. Phys Med Rehabil Clin North Am. 2017;28(2):413-31.

Zhang D,RenY,He Y, Chang R, Guo S, Ma S, et al. In situ forming and biocom-
patible hyaluronic acid hydrogel with reactive oxygen species-scavenging
activity to improve traumatic brain injury repair by suppressing oxidative
stress and neuroinflammation. Mater Today Bio. 2022;15:100278.
Abdul-Muneer PM, Chandra N, Haorah J. Interactions of oxidative stress and
neurovascular inflammation in the pathogenesis of traumatic brain injury.
Mol Neurobiol. 2015;51(3):966-79.

Barrett JB Henry RJ, Villapol S, Stoica BA, Kumar A, Burns MP, et al. NOX2
deficiency alters macrophage phenotype through an IL-10/STAT3 depen-
dent mechanism: implications for traumatic brain injury. J Neuroinflamm.
2017;14(1):65.

Armstead WM, Vavilala MS. Improving understanding and outcomes of trau-
matic brain injury using bidirectional translational research. J Neurotrauma.
2020;37(22):2372-80.

Benakis C, Brea D, Caballero S, Faraco G, Moore J, Murphy M, et al. Commensal
microbiota affects ischemic stroke outcome by regulating intestinal yo T cells.
Nat Med. 2016;22(5):516-23.

Arya A, Hu B. Brain—gut axis after stroke. Brain Circ. 2018;4(4):165.

Sun M, Ma K, Wen J,Wang G, Zhang C, Li Q, et al. A review of the brain-gut-
Microbiome Axis and the potential role of Microbiota in Alzheimer’s Disease.
JAD. 2020;73(3):849-65.

Dutta SK, Verma S, Jain V, Surapaneni BK, Vinayek R, Phillips L, et al. Parkinson’s
disease: the emerging role of Gut Dysbiosis, Antibiotics, Probiotics, and fecal
microbiota transplantation. J Neurogastroenterol Motil. 2019;25(3):363-76.
Treangen TJ, Wagner J, Burns MP, Villapol S. Traumatic brain Injury in mice
induces Acute Bacterial Dysbiosis within the fecal microbiome. Front Immu-
nol. 2018,9:2757.

Wen L, You W, Wang Y, Zhu Y, Wang H, Yang X. Investigating alterations in Cae-
cum Microbiota after Traumatic Brain Injury in mice. JOVE. 2019;(151):59410.
Du D, Tang W, Zhou C, Sun X, Wei Z, Zhong J et al. Fecal Microbiota Transplan-
tation Is a Promising Method to Restore Gut Microbiota Dysbiosis and Relieve
Neurological Deficits after Traumatic Brain Injury. Mosca L, editor. Oxidative
Medicine and Cellular Longevity. 2021;2021:1-21.

Urban RJ, Pyles RB, Stewart CJ, Ajami N, Randolph KM, Durham WJ, et al.
Altered fecal Microbiome years after traumatic brain Injury. J Neurotrauma.
2020;37(8):1037-51.

Brooke CG, Najafi N, Dykier KC, Hess M. Prevotella copri, a potential indicator
for high feed efficiency in western steers. Anim Sci J. 2019;90(5):696-701.
Franke T, Deppenmeier U. Physiology and central carbon metabolism of the
gut bacterium Prevotella copri. Mol Microbiol. 2018;109(4):528-40.

Zhong Y, Marungruang N, Fak F, Nyman M. Effects of two whole-grain barley
varieties on caecal SCFA, gut microbiota and plasma inflammatory markers in
rats consuming low- and high-fat diets. Br J Nutr. 2015;113(10):1558-70.
Claus SP.The strange case of Prevotella copri: Dr. Jekyll or Mr. Hyde? Cell Host
Microbe. 2019;26(5):577-8.

Cryan JF, O'Riordan KJ, Cowan CSM, Sandhu KV, Bastiaanssen TFS, Boehme M,
et al. The Microbiota-Gut-Brain Axis. Physiol Rev. 2019;99(4):1877-2013.
Ganzella M, de Oliveira EDA, Comassetto DD, Cechetti F, Cereser VH, Moreira
JD, et al. Effects of chronic guanosine treatment on hippocampal damage

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Page 24 of 25

and cognitive impairment of rats submitted to chronic cerebral hypoperfu-
sion. Neurol Sci. 2012;33(5):985-97.

Patil SD, Unadkat JD. Sodium-dependent nucleoside transport in the human
intestinal brush-border membrane. Am J Physiology-Gastrointestinal Liver
Physiol. 1997;272(6):G1314-20.

Hansel G, Tonon AC, Guella FL, Pettenuzzo LF, Duarte T, Duarte MMMF, et al.
Guanosine Protects against Cortical Focal Ischemia. Involvement of inflam-
matory response. Mol Neurobiol. 2015;52(3):1791-803.

Bellaver B, Souza DG, Bobermin LD, Gongalves CA, Souza DO, Quincozes-
Santos A. Guanosine inhibits LPS-induced pro-inflammatory response and
oxidative stress in hippocampal astrocytes through the heme oxygenase-1
pathway. Purinergic Signal. 2015;11(4):571-80.

Quincozes-Santos A, Bobermin LD, De Souza DG, Bellaver B, Gongalves CA,
Souza DO. Gliopreventive effects of guanosine against glucose deprivation in
vitro. Purinergic Signalling. 2013;9(4):643-54.

Dal-Cim T, Molz S, Egea J, Parada E, Romero A, Budni J, et al. Guanosine
protects human neuroblastoma SH-SY5Y cells against mitochondrial oxida-
tive stress by inducing heme oxigenase-1 via PI3K/Akt/GSK-3B pathway.
Neurochem Int. 2012;,61(3):397-404.

Percie Du Sert N, HurstV, Ahluwalia A, Alam S, Avey MT, Baker M, et al. The
ARRIVE guidelines 2.0: updated guidelines for reporting animal research.
Boutron I. Editor PLoS Biol. 2020;18(7):23000410.

Wu N, Cheng CJ, Zhong JJ, He JC, Zhang ZS, Wang ZG, et al. Essential

role of MALAT1 in reducing traumatic brain injury. Neural Regen Res.
2022;17(8):1776.

Jing Y, Yu, Bai F,Wang L, Yang D, Zhang C, et al. Effect of fecal microbiota
transplantation on neurological restoration in a spinal cord injury mouse
model: involvement of brain-gut axis. Microbiome. 2021;9(1):59.

Verbrugghe P, Brynjolfsson J, Jing X, Bjorck I, Hallenius F, Nilsson A. Evaluation
of hypoglycemic effect, safety and immunomodulation of Prevotella copriin
mice. Sci Rep. 2021;11(1):21279.

Courtes AA, Gongalves DF, Hartmann DD, Da Rosa PC, Cassol G, Royes LFF, et
al. Guanosine protects against behavioural and mitochondrial bioenergetic
alterations after mild traumatic brain injury. Brain Res Bull. 2020;163:31-9.
Shen M, Wang S, Wen X, Han XR, Wang YJ, Zhou XM, et al. RETRACTED:
Dexmedetomidine exerts neuroprotective effect via the activation of the
PI3K/Akt/mTOR signaling pathway in rats with traumatic brain injury. Biomed
Pharmacother. 2017;95:885-93.

Zhou C, Chen H, Zheng JF, Guo ZD, Huang ZJ, Wu Y, et al. Pentraxin 3 contrib-
utes to neurogenesis after traumatic brain injury in mice. Neural Regen Res.
2020;15(12):2318.

Li L, Luo Q, Shang B, Yang X, Zhang Y, Pan Q et al. Selective activation of can-
nabinoid receptor-2 reduces white matter injury via PERK signaling in a rat
model of traumatic brain injury. Exp Neurol. 2022;347:113899.

Cabezos PA, Vera G, Castillo M, Fernandez-Pujol R, Martin MI, Abalo R. Radio-
logical study of gastrointestinal motor activity after acute cisplatin in the rat.
Temporal relationship with pica. Auton Neurosci. 2008;141(1-2):54-65.

Shou JW, Shaw PC. Berberine activates PPARS and promotes gut microbiota-
derived butyric acid to suppress hepatocellular carcinoma. Phytomedicine.
2023;115:154842.

Chen L, Ding H, ZhuY, Guo Y, Tang Y, Xie K, et al. Untargeted and targeted
metabolomics identify metabolite biomarkers for Salmonella enteritidis in
chicken meat. Food Chem. 2023;409:135294.

Yin B, Whyatt RM, Perera FP, Randall MC, Cooper TB, Santella RM. Determina-
tion of 8-hydroxydeoxyguanosine by an immunoaffinity chromatography-
monoclonal antibody-based ELISA. Free Radic Biol Med. 1995;18(6):1023-32.
XuW, LiT, Gao L, Lenahan C, Zheng J, Yan J, et al. Sodium Benzoate attenu-
ates secondary Brain Injury by inhibiting neuronal apoptosis and reducing
mitochondria-mediated oxidative stress in a rat model of Intracerebral
Hemorrhage: possible involvement of DJ-1/Akt/IKK/NFkB pathway. Front Mol
Neurosci. 2019;12:105.

Xu X, Lv H, Xia Z, Fan R, Zhang C, Wang Y, et al. Rhein exhibits antioxida-

tive effects similar to Rhubarb in a rat model of traumatic brain injury. BMC
Complement Altern Med. 2017;17:140.

Zheng J, Shi L, Liang F, XuW, Li T, Gao L, et al. Sirt3 ameliorates oxidative stress
and mitochondrial dysfunction after Intracerebral Hemorrhage in Diabetic
rats. Front Neurosci. 2018;12:414.

Yan J,Zhang Y,Wang L, Li Z, Tang S, Wang Y, et al. TREM2 activation alleviates
neural damage via Akt/CREB/BDNF signalling after traumatic brain injury in
mice. J Neuroinflammation. 2022;19(1):289.



Gu et al. Journal of Neuroinflammation

43.

44,

45.

46.

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

(2024) 21:147

LiL,Yun D, Zhang Y, Tao Y, Tan Q, Qiao F, et al. A cannabinoid receptor 2
agonist reduces blood-brain barrier damage via induction of MKP-1 after
intracerebral hemorrhage in rats. Brain Res. 2018;1697:113-23.

Ben-Zvi A, Lacoste B, Kur E, Andreone BJ, Mayshar Y, Yan H, et al. Mfsd2a is
critical for the formation and function of the blood-brain barrier. Nature.
2014,509(7501):507-11.

Cannon AR, Anderson LJ, Galicia K, Murray MG, Kamran AS, Li X, et al. Trau-
matic brain Injury Induced inflammation and Gl motility dysfunction. Shock.
2023,59(4):621-6.

YouW, ZhuY, Wei A, Du J, Wang Y, Zheng P, et al. Traumatic brain Injury
induces gastrointestinal dysfunction and dysbiosis of gut micro-

biota accompanied by alterations of bile Acid Profile. J Neurotrauma.
2022,39(1-2):227-37.

Grander C, Adolph TE, Wieser V, Lowe P, Wrzosek L, Gyongyosi B, et al.
Recovery of ethanol-induced Akkermansia muciniphila depletion ameliorates
alcoholic liver disease. Gut. 2018:67(5):891-901.

Iftikhar PM, Anwar A, Saleem S, Nasir S, Inayat A. Traumatic brain injury caus-
ing intestinal dysfunction: a review. J Clin Neurosci. 2020;79:237-40.
Sundman MH, Chen NK, SubbianV, Chou YH. The bidirectional gut-brain-
microbiota axis as a potential nexus between traumatic brain injury, inflam-
mation, and disease. Brain Behav Immun. 2017;66:31-44.

Nicholson SE, Watts LT, Burmeister DM, Merrill D, Scroggins S, Zou Y, et al.
Moderate traumatic brain Injury alters the gastrointestinal microbiome in a
time-dependent manner. Shock. 2019;52(2):240-8.

Hayashi H, Shibata K, Sakamoto M, Tomita S, Benno Y. Prevotella copri sp. nov.
and Prevotella stercorea sp. nov, isolated from human faeces. Int J Syst Evol
MicroBiol. 2007;57(5):941-6.

Woting A, Blaut M. Small intestinal permeability and gut-transit Time deter-
mined with Low and high Molecular Weight Fluorescein Isothiocyanate-
dextrans in C3H mice. Nutrients. 2018;10(6):685.

Patel RM, Myers LS, Kurundkar AR, Maheshwari A, Nusrat A, Lin PW. Probiotic
bacteria induce maturation of intestinal claudin 3 expression and barrier
function. Am J Pathol. 2012;180(2):626-35.

Cifarelli V, lvanov S, Xie Y, Son NH, Saunders BT, Pietka TA, et al. CD36 defi-
ciency impairs the small intestinal barrier and induces subclinical inflamma-
tion in mice. Cell Mol Gastroenterol Hepatol. 2017;3(1):82-98.

Jayachandran M, Chung SSM, Xu B. A critical review of the relationship
between dietary components, the gut microbe Akkermansia muciniphila, and
human health. Crit Rev Food Sci Nutr. 2020;60(13):2265-76.

Vacca M, Celano G, Calabrese FM, Portincasa P, Gobbetti M, De Angelis M.
The controversial role of human gut Lachnospiraceae. Microorganisms.
2020;8(4):573.

lacob DG. Infectious threats, the intestinal barrier, and its trojan horse: Dys-
biosis. Front Microbiol. 2019;10.

Kovatcheva-Datchary P, Nilsson A, Akrami R, Lee YS, De Vadder F, Arora T, et
al. Dietary Fiber-Induced improvement in glucose metabolism is Associated
with increased abundance of Prevotella. Cell Metabol. 2015;22(6):971-82.
Peters BA, Wilson M, Moran U, Pavlick A, Izsak A, Wechter T, et al. Relating the
gut metagenome and metatranscriptome to immunotherapy responses in
melanoma patients. Genome Med. 2019;11(1):61.

Zhang H, Hui X, Wang Y, Wang Y, Lu X. Angong Niuhuang Pill ameliorates
cerebral ischemia/reperfusion injury in mice partly by restoring gut micro-
biota dysbiosis. Front Pharmacol. 2022;13:1001422.

o

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

1.

Page 25 of 25

Bettio LEB, Gil-Mohapel J, Rodrigues ALS. Guanosine and its role in neuropa-
thologies. Purinergic Signalling. 2016;12(3):411-26.

Jiang S, Fischione G, Guiliani P, Romano S, Caciagli F, Dilorio P. Metabo-

lism and Distribution of Guanosine Given Intraperitoneally: Implica-

tions for Spinal Cord Injury. Nucleosides, Nucleotides and Nucleic Acids.
2008;27(6-7):673-80.

Marques NF, Massari CM, Tasca Cl. Guanosine protects striatal slices against
6-OHDA-Induced oxidative damage, mitochondrial dysfunction, and ATP
depletion. Neurotox Res. 2019;35(2):475-83.

Thomaz DT, Dal-Cim TA, Martins WC, Cunha MP, Lanznaster D, De Bem AF,

et al. Guanosine prevents nitroxidative stress and recovers mitochondrial
membrane potential disruption in hippocampal slices subjected to oxygen/
glucose deprivation. Purinergic Signalling. 2016;12(4):707-18.

Rice MW, Pandya JD, Shear DA. Gut microbiota as a therapeutic target to
ameliorate the biochemical, neuroanatomical, and behavioral effects of
traumatic brain injuries. Front Neurol. 2019;10:875.

Zhu C, Grandhi R, Patterson T, Nicholson S. A review of traumatic Brain Injury
and the gut microbiome: insights into Novel mechanisms of secondary Brain
Injury and Promising targets for Neuroprotection. Brain Sci. 2018;8(6):113.
LiH, SunJ, Du J,Wang F, Fang R, Yu C, et al. Clostridium butyricum exerts a
neuroprotective effect in a mouse model of traumatic brain injury via the
gut-brain axis. Neurogastroenterology Motil. 2018;30(5):e13260.

Sgro M, lacono G, Yamakawa GR, Kodila ZN, Marsland BJ, Mychasiuk R. Age
matters: Microbiome depletion prior to repeat mild traumatic brain injury dif-
ferentially alters microbial composition and function in adolescent and adult
rats. PLoS ONE. 2022;17(11):e0278259.

Teterina A, Zulbayar S, Mollayeva T, Chan V, Colantonio A, Escobar M. Gender
versus sex in predicting outcomes of traumatic brain injury: a cohort study
utilizing large administrative databases. Sci Rep. 2023;13(1):18453.

Tarudji AW, Miller HA, Curtis ET, Porter CL, Madsen GL, Kievit FM. Sex-based
differences of antioxidant enzyme nanoparticle effects following traumatic
brain injury. J Controlled Release. 2023;355:149-59.

Doran SJ, Ritzel RM, Glaser EP, Henry RJ, Faden Al, Loane DJ. Sex differences
in Acute Neuroinflammation after Experimental Traumatic Brain Injury are
mediated by infiltrating myeloid cells. J Neurotrauma. 2019;36(7):1040-53.
Pasam T, Dandekar MP. Fecal microbiota transplantation unveils sex-specific
differences in a controlled cortical impact injury mouse model. Front Micro-
biol. 2023;14:1336537.

Osier ND, Dixon CE. The controlled cortical impact model: applications,
considerations for researchers, and future directions. Front Neurol. 2016;7:134.
Hu S, Exner C, Sienel RI, When AC, Seker FB, Boldoczki FM, et al. Characteriza-
tion of Vasogenic and cytotoxic brain edema formation after experimental
traumatic brain Injury by Free Water Diffusion magnetic resonance imaging. J
Neurotrauma. 2024:41(3-4):393-406.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿﻿Prevotella copri﻿ transplantation promotes neurorehabilitation in a mouse model of traumatic brain injury
	﻿Abstract
	﻿Background
	﻿Materials and methods
	﻿Animals
	﻿CCI model
	﻿Pharmacological intervention
	﻿Experimental protocols
	﻿Experiment 1
	﻿Experiment 2
	﻿Experiment 3
	﻿Experiment 4
	﻿Experiment 5
	﻿Experiment 6
	﻿Experiment 7
	﻿Experiment 8
	﻿Real-time quantitative PCR (qPCR)
	﻿Neurobehavioral assessment
	﻿NSS scores and wire grip test
	﻿Open field test (OFT)
	﻿Morris water maze test (MWM)
	﻿FITC-dextran intestinal permeability assay
	﻿Gastrointestinal transit assessment
	﻿Microbiome analysis
	﻿Metabolite analysis
	﻿Enzyme-linked immunosorbent assay (ELISA)
	﻿CAT, SOD, ROS and GSSG measurements
	﻿Western blot analysis
	﻿Immunofluorescence staining
	﻿BBB permeability assays
	﻿Transmission electron microscopy
	﻿Statistical analysis

	﻿Results
	﻿Time course of ﻿P. Copri﻿ abundance after TBI
	﻿﻿P. Copri﻿ treatment improved neurological function in TBI mice
	﻿﻿P. Copri﻿ treatment improved intestinal permeability and motility in TBI mice
	﻿﻿P. Copri﻿ treatment reshaped the gut microbiota of TBI mice
	﻿﻿P. Copri﻿ treatment caused changes in serum metabolomics in TBI mice
	﻿﻿P. Copri﻿ treatment increased the level of GUO in the feces, serum and brain tissue of TBI mice
	﻿﻿P. copri﻿ treatment attenuated oxidative stress after TBI
	﻿﻿P. Copri﻿ treatment attenuated BBB disruption after TBI
	﻿﻿P. Copri﻿ treatment attenuated neuronal apoptosis after TBI
	﻿The GUO-PI3K/Akt pathway was involved in the neuroprotective effects of ﻿P. Copri﻿ treatment
	﻿The GUO-PI3K/Akt axis regulated the effects of ﻿P. Copri﻿ on oxidative stress, the blood‒brain barrier and neuronal apoptosis in TBI mice

	﻿Discussion
	﻿Conclusions
	﻿References


