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Probiotic therapy modulates the brain-gut-liver microbiota axis 
in a mouse model of traumatic brain injury

Wellington Z. Amarala,1, Natalie Kokrokob,1, Todd J. Treangenb, Sonia Villapolc, Fernando 
Gomez-Pinillaa,*

a Departments of Neurosurgery and Integrative Biology and Physiology, University of California, 
Los Angeles, CA, USA

b Department of Computer Science, Rice University, Houston, TX, USA

c Department of Neurosurgery and Center for Neuroregeneration, Houston Methodist Research 
Institute, Houston, TX, USA

Abstract

The interplay between gut microbiota and host health is crucial for maintaining the overall 

health of the body and brain, and it is even more crucial how changes in the bacterial profile 

can influence the aftermath of traumatic brain injury (TBI). We studied the effects of probiotic 

treatment after TBI to identify potential changes in hepatic lipid species relevant to brain function. 

Bioinformatic analysis of the gut microbiota indicated a significant increase in the Firmicutes/

Bacteroidetes ratio in the probiotic-treated TBI group compared to sham and untreated TBI 

groups. Although strong correlations between gut bacteria and hepatic lipids were found in sham 

mice, TBI disrupted these links, and probiotic treatment did not fully restore them. Probiotic 

treatment influenced systemic glucose metabolism, suggesting altered metabolic regulation. 

Behavioral tests confirmed memory improvement in probiotic-treated TBI mice. While TBI 

reduced hippocampal mRNA expression of CaMKII and CREB, probiotics reversed these effects 

yet did not alter BDNF mRNA levels. Elevated pro-inflammatory markers TNF-α and IL1-β in 

TBI mice were not significantly affected by probiotic treatment, pointing to different mechanisms 

underlying the probiotic benefits. In summary, our study suggests that TBI induces dysbiosis, 

alters hepatic lipid profiles, and preemptive administration of Lactobacillus helveticus and 

Bifidobacterium longum probiotics can counter neuroplasticity deficits and memory impairment. 
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Altogether, these findings highlight the potential of probiotics for attenuating TBI’s detrimental 

cognitive and metabolic effects through gut microbiome modulation and hepatic lipidomic 

alteration, laying the groundwork for probiotics as a potential TBI therapy.
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1. Introduction

Traumatic Brain Injury (TBI) is a severe neurological condition that often leads to long-term 

impairments in cognitive and neurological function. With approximately 1.7 million cases 

reported annually in the U.S., TBI represents a significant medical and social issue [1]. 

While most research on TBI has focused on its neurological aspects, the interaction between 

central and systemic physiology is poorly understood. Recent evidence suggests that the 

CNS plays a significant role in regulating systemic metabolism by influencing peripheral 

organ systems such as the gut, liver, and adipose tissue [2]. Therefore, the gut-brain-liver 

axis has been implicated in the physiological processes that regulate behavior, peripheral 

metabolism, systemic inflammation, and the pathogenesis of various diseases.

Multiple studies have shown that the effects of TBI extend beyond the CNS limits and can 

negatively impact gut and liver function, potentially worsening the TBI pathology. Brain 

injury results in blood-brain barrier (BBB) leakage, mitochondrial dysfunction, oxidative 

stress, accumulation of toxic neuropeptides, and impaired toxin clearance secondary to 

hepatic and renal dysfunction [3]. The gut’s bacterial composition regulates metabolism, 

immune homeostasis, and brain function, and dysbiosis in the gut has been linked to 

inflammatory and metabolic disorders [4]. TBI patients frequently experience chronic 

gut dysfunction, and the commensal microbiota is a potent mediator in the gut-brain 

axis [5]. Therefore, targeted interventions of the gut microbiome are a promising avenue 

for preventing and treating host disease. The gut-liver-brain axis plays a crucial role 

in maintaining overall health and responding to physiological insults, with probiotic 

manipulations potentially offering protection and restoration [6]. Recent studies have 

suggested that certain bacterial strains, such as Lactobacillus and Bifidobacterium, may be 

necessary to prevent or lessen some digestive, inflammatory, metabolic, and neurological 

disorders [7–9]. Lactobacillus helveticus and Bifidobacterium longum have improved 

deficits in hippocampal plasticity, mood, and cognitive behaviors after neurological and 

psychological insults [10–16].

The liver, brain, and gut work in close collaboration, and the liver is responsible for 

processing absorbed nutrients, producing and metabolizing lipids, proteins, and hormones, 

and regulating glucose metabolism [17–20]. Our previous research has shown that moderate 

TBI can cause alterations in the metabolism and homeostasis of lipids in the liver in 

rodents [21,22]. Conversely, liver dysfunction can also impact brain health and further 

complicate the TBI pathology. The gut microbiota also plays a significant role in hepatic 

function and lipid homeostasis [23], suggesting that changes in hepatic metabolism after 

Amaral et al. Page 2

Biochim Biophys Acta Mol Basis Dis. Author manuscript; available in PMC 2024 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



TBI may be related to gut microbiota alterations and that probiotics may help mitigate 

TBI-induced changes in liver lipids [24]. Emerging evidence suggests that the gut-liver-brain 

axis orchestrates the whole body’s nervous, enteric, metabolic, and immune function during 

health and in response to physiological insults. Thus, probiotic manipulations may protect 

the gut microbiota from TBI-induced disruptions, promote health, and restore balance in 

various physiological systems by harnessing the gut-liver-brain axis.

Our study employed a moderate Fluid Percussion Injury (mFPI) model to induce concussive 

brain injury in mice, which consistently induces changes in synaptic plasticity, central 

metabolism, and behavior [2]. We investigated the effects of this injury on the brain and 

memory of mice. We examined whether these changes were linked to alterations in gut 

microbiota and hepatic lipid profiles. Furthermore, we evaluated whether administering an 

oral probiotic formulation consisting of L. helveticus and B. longum could harness the 

influence of the gut microbiota to protect against both central and peripheral effects of TBI.

2. Material and methods

2.1. Animals

Twenty six-month old male C57/BL6 mice (Jackson Laboratories) were housed in 

polyacrylic cages and maintained under standard housing conditions (room temperature 

22–24 °C) with a 12 h light/dark cycle. Cages and bedding material were replaced once a 

week, and the bedding material was mixed among all cages every two days to minimize 

the mice’s exposure to communal fecal bacteria, thereby preventing co-housing effects. 

Previous studies have shown that co-housing may converge in-group microbiota profiles 

while significantly differentiating across social groups. A standard rat chow diet and 

water were supplied as ad libitum. Mice were divided into three groups through random 

assignment: Sham + control treated group (Sham; n = 6), brain injured + control treated 

group (TBI + Vh; n = 7), and brain injured + probiotic treated (TBI + Probiotic; n = 7) (Fig. 

1). All experiments were performed in accordance with the United States National Institutes 

of Health Guide for the Care and Use of Laboratory Animals. The University of California 

at Los Angeles Chancellor’s Animal Research Committee (ARC) approved animal studies 

and experimental procedures.

2.2. Microbiota manipulations

As recent studies show that probiotic interventions may have different effects on individual 

animals due to pre-existing microbiomes [25], we pre-treated mice with a short course of 

antibiotics to weaken and standardize their gut microbiomes as a baseline for subsequent 

probiotic and control treatments. Mice were administered with a broad spectrum poorly 

absorbable antibiotic combination (2 g/L streptomycin, 2 g/L bacitracin, and 0.5 g/L 

neomycin) in drinking water for 3 days before probiotic and control treatment (Fig. 1). 

These antibiotics were selected because they are poorly or non-absorbed by the gut, 

minimizing direct effects on the host or impairing glucose absorption in the gut. We chose 

short-duration antibiotic pretreatment based on the evidence that gut bacteria quickly adapt 

to continuous antibiotic treatments, losing efficacy in a few days. Following the antibiotic 

pretreatment, mice were switched to regular drinking water and treated with probiotics or 
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control. The probiotic formulation was comprised of freeze-dried Lactobacillus helveticus 
R0052 and Bifidobacterium longum R0175 (Probio’Stick®; Lallemand Health Solutions 

Inc., Canada), dosed at 109 CFU/mL each, dissolved in water (0.5 g/mL) for 0.2 mL oral 

gavage delivery. The control formulation comprised maltodextrin, Mg stearate, and milk 

powder (also provided by Lallemand Health Solutions Inc., Canada). The equal weight of 

the control was likewise dissolved in water (0.5 g/mL) for 0.2 mL oral gavage delivery. 

The probiotic and control solutions were administered by oral gavage daily between 3 days 

pre-surgery and 4 days post-surgery, and every other day until the animals were sacrificed at 

14 days post-surgery (Fig. 1).

2.3. Fluid percussion injury (FPI)

FPI was performed as previously described [2]. In brief, animals were maintained in a deep 

anesthetic state during surgery using a Laboratory Animal Anesthesia System (VetEquip 

Inc., CA, USA). A 3.0-mm-diameter craniotomy was made over the left parietal cortex, 

3.0 mm posterior to bregma, and 6.0 mm lateral (left) to the midline with a high-speed 

drill (Dremel, WI, USA). One moderate fluid percussion pulse (between 1.3 and 1.5 atm) 

was administered to the epidural space at the first sign of hind-limb withdrawal to a paw 

pinch. Sham animals underwent an identical preparation except for the lesion. FPI averaged 

1.37 (SD = 0.15) atm pressure on the mouse cortex. Linear regression analyses of all 

experimental groups confirmed that fluid percussion pressure did not differ between TBI (M 

= 1.33, SD = 0.09) and untreated TBI (M = 1.39, SD = 0.19) groups (F (2, 17) = 0.788, p = 

0.387). Similarly, there were no differences in recovery righting times (in seconds) after FPI 

between untreated TBI (M = 211, SD = 164) and probiotic-treated TBI (M = 245, SD = 178) 

groups (F(2,17) = 0.190, p = 0.669). Visual inspection of harvested brains also showed no 

light bruising of the cortical surface after FPI or sham surgery.

2.4. Behavioral assessments

2.4.1. Spatial learning and memory—The Barnes maze test was manufactured from 

acrylic plastic to form a disk 1.5 cm thick and 115 cm in diameter, with 40 evenly spaced 

5 cm holes at its edges. Four overhead lamps were used as an aversive stimulus. Animals 

were trained to locate a dark escape chamber hidden underneath a hole positioned around 

the perimeter of a disk. All trials were recorded simultaneously by a video camera installed 

directly overhead at the center of the maze. Animals were trained with two trials per day 

for five consecutive days before being subjected to the experimental manipulations. A trial 

was started by placing the animal at the center of the maze covered under a cylindrical start 

chamber; after a 10s delay, the start chamber was raised. A training session ended after the 

animal had entered the escape chamber or when a predetermined time (5 min) had elapsed, 

whichever came first. Memory retention was tested during Barnes maze trials one week 

after injury (ten days after the probiotic intervention started). All surfaces were routinely 

cleaned with 70 % ethanol before and after each trial to eliminate possible olfactory cues 

from preceding animals.

2.4.2. Open field test—The open field test (OFT) provided information of the mice’s 

locomotor activity and anxiety-like behavior [26]. The open field arena was a square (50 

cm × 50 cm) with walls 40 cm high. Each mouse was placed individually in the center of 
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an open-field plexiglass box (60 × 60 × 20 cm), and its behavior was recorded for 10 min. 

The total distance traveled, and the cumulative time the mouse spent at the center of the 

arena were measured to assess anxiety-like behavior. Additionally, the percentage of time 

spent at the center (inner 25 % of the arena) versus the periphery (outer 75 % of the arena) 

was calculated to evaluate anxiety-like behavior. The arena was cleaned with 70 % ethanol 

between trials to remove scent cues.

2.5. Specimen collection

An inter-peritoneal glucose tolerance test (IPGTT) was performed on the eighth day post-

surgery. On post-TBI day 10, animals were euthanized by decapitation, blood samples 

were obtained by cardiac venipuncture for plasma separation, and livers were dissected. 

Specimens were frozen in dry ice and stored at −80° until thawed for assays. Cecal 

microbial samples were also collected for microbiota analyses during the dissection, flash-

frozen in liquid nitrogen, and stored at −80° until thawed for sequencing.

2.6. Glucose tolerance test

We performed the intraperitoneal glucose tolerance test (IPGTT) by the end stage (day 11 

post-TBI) to study the effects of TBI and probiotic treatments on glucose metabolism. Mice 

were fasted for 16 h before a glucose tolerance test was performed. They were weighed, 

and basal blood samples were taken from the tail tip. Mice were injected intraperitoneally 

with glucose (dextrose at 2 g/kg), and further blood samples were taken at 15-, 30-, 60- and 

120-min using glucometer (Bayer’s Contour, NJ, USA) and glucose levels were measured.

2.7. Quantitative real-time PCR (qPCR)

The injury side of the hippocampus was rapidly dissected and immediately frozen 

in dry ice before being stored at −80 °C. Total RNA was isolated using the Direct-

zol RNA MiniPrep kit (Zymo Research) per the manufacturer’s protocol. The total 

RNA was converted to cDNA using PoweUp SYBR Green Master Mix kit (Applied 

Biosystems), and the mRNA was measured using High-Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems) by the CFX96 Real-Time PCR Detection System 

(Bio-Rad). The GAPDH gene was used to standardize sample loading volumes as an 

endogenous control. The genes of interests were amplified by the following primer pairs: 

GAPDH (5′-CATGGCCTTCCGTGTTCCTA-3′, 5′-GCCTGCTTCACCACCTTCTT-3′), 

BDNF (5′-TGGCCCTGCGGAGGCTAAGT-3′, 5′-AGGGTGCTTCCGAGCCTTCCT-3′), 

CREB (5′-TGGAAGAACTGCACACGACA-3′, 5′-TCCCAGGATGGTTTGTTGGT-3′), 

CamKII (5′-TGGGTTTGGCTCTTGTATGGA-3′, 5′-AAGAAAACAGTGCAGACAGG 

AGATC-3′), TNF-alpha (5′-GCACAGAAAGCATGATCCGC-3′, 5′-CCCCAT 

CTTTTGGGGGAGTG-3′), IL1-beta (5′-ACTCCTTAGTCCTCGGCCA-3′, 

5′-TGGTTTCTTGTGACCCTGAGC-3′), PPAR-gamma (5′-ATCTTAACTGC 

CGGATCCAC-3′, 5′-AGGCACTTCTGAAACCGACA-3′).

2.8. DNA extraction and long read 16S rRNA gene sequencing

DNA extraction and sequencing of the 16S ribosomal RNA gene were performed for 

mouse fecal samples as previously described by [27]. In brief, bacterial DNA was extracted 
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using the ZymoBIOMICS DNA kit (cat#D4300) with bead beating. The V4 region of 

the 16S gene was amplified and barcoded using 515f/806r primers, and then 250 × 2 

bp sequencing was performed on an Illumina Miseq system. Raw sequence data were 

demultiplexed, then quality filtered and denoised with DADA2 [27] by trimming forward 

and reverse sequences off at 13 bases and truncating forward sequences at 249 bases 

and reverse sequences at 156 bases. All amplicon sequence variants (ASVs) were aligned 

with mafft [28] and used to construct a phylogeny using Fasttree [29]. Taxonomy was 

assigned to ASVs using the naïve Bayesian taxonomy classifier described in [30] against 

the Silva_nr_v132_train_set reference sequences from the Silva database. [2]. An average of 

101966 (SD = 33325) sequences per sample were detected in the 16S sequencing data. After 

quality filtering, denoising, and merging, we obtained an average of 87824 (SD = 23899) 

non-chimeric sequences per sample, which were used for all microbiota analyses. There 

were no differences in sequencing depth across experimental conditions (F(2,17) = 0.087, p 
= 0.917).

2.9. Microbiota diversity indices generation

With the Amplicon Sequence Variant (ASV) generated from DADA2, Weighted UniFrac 

[31] and unweighted UniFrac [32] measures of beta diversity were generated in R using the 

phyloseq package. Principle Coordinate Analysis (PCoA) was done for both the weighted 

and unweighted Unifrac using the phyloseq object, which comprises the phylogenetic 

tree, the ASV tables from DADA2, and the metadata containing sample information. The 

statistical differences between the groups were analyzed using p values simulated by 999 

permutations in ANOSIM. Also, Alpha diversity analyses were performed with Python 

v3.10.12 using the sci-kit biodiversity package v0.5.9. Three indices of alpha diversity 

were used to assess for sample richness and evenness: Simpson index (the species’ relative 

abundance), Shannon index (richness and evenness), and Chao1 index (richness). The 

p values of these diversity metrics were calculated using one-way ANOVA to find the 

statistical differences between the TBI + Probiotic, TBI + Vh, and Sham conditions. UniFrac 

beta diversity measures identify differences in bacterial community structure or profile 

dispersion and composition. Weighted UniFrac accounts for the abundance of bacteria, while 

unweighted UniFrac accounts for the presence or absence of bacteria. Within-group 3D 

weighted and unweighted UniFrac PCoA plots were generated in R and used to identify 

group outliers beyond the boundaries of the group’s 90 % ellipse error threshold.

2.10. Lipidomics

50–100 mg of tissue were collected in a tube pre-loaded with 2.8 mm ceramic beads (Omni 

#19–628). Tissue was homogenized with PBS in the Omni Bead Ruptor Elite (3 cycles of 

10 s at 5 m/s with a 10-s dwell time), and 3–6 mg of homogenate was used for extraction 

[33]. Before biphasic extraction, a 13-lipid Lipidyzer Internal Standard Mix was added to 

each sample (AB Sciex, 5040156). Following two successive extractions, pooled organic 

layers were dried in a Genevac EZ-2 Elite. Lipid samples were resuspended in 1:1 methanol/

dichloromethane with 10 mM Ammonium Acetate and transferred to robovials (Thermo 

10800107) for analysis. Samples were analyzed on the Sciex Lipidyzer Platform for targeted 

quantitative measurement of 1100 lipid species across 13 classes. The differential Mobility 

Device on Lipidyzer was tuned with a SelexION tuning kit (Sciex 5040141). Data analysis 
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was performed on Lipidyzer software, and quantitative values were normalized to mg 

amounts used.

2.11. Comparison analyses

Group comparison analyses of behavioral and physiological measures and other specific 

variable analyses were carried out with the support package in R by linear regression 

modeling of ANOVA and multiple regression analysis for specific effect size estimates 

and, when appropriate, to adjust for multiple or covariate effects. Categorical variables 

were dummy-coded, where the TBI condition was coded (zero) as the reference group 

unless otherwise specified. This allows the specific assessment of whether differences can 

be detected between sham and untreated TBI mice and between untreated and treated TBI 

mice. The signs of regression coefficients were adjusted to reflect the directionality of 

effects. When necessary, natural logarithm transformation was applied to approach model 

assumptions of normality of the regression residuals. Fluid percussion pressure and mouse 

righting time after FPI were analyzed to mitigate confounding differences between TBI and 

TBI+ probiotic conditions. Locomotion was also tested to discriminate behavioral effects 

not due to differences in motor activity. Where appropriate, Benjamini-Hochberg’s false 

discovery rate (FDR) correction was chosen to adjust for multiple testing effects in the 

omics experiments unless otherwise specified.

2.12. Differential abundance analyses of bacterial taxa

To analyze whether any of the conditions exhibited a significant difference in relative 

abundance, we carried out a multivariate association with linear models in MaAsLin2 

(MaAsLin2, R package version 1.15.1) analysis [34] on the samples at the genus level. The 

taxonomic classification done by DADA2 was used as the input for the association studies. 

MaAsLin2 analysis aimed to uncover the microbial taxonomic differences associated with 

the three conditions (TBI + Probiotic, TBI + Vh, and the Sham). MaAsLin2 was run with 

its default parameters while having its fixed effects as the conditions of the samples. A 

0.1 % and 1 % threshold were set for the minimum prevalence and minimum abundance, 

respectively. This filtering step was applied to focus the analysis on more abundant features. 

Boxplots were generated to visualize the relative abundance of the genus in each condition. 

To ascertain the statistical significance of these abundances and plots, raw P values, 

P-adjusted values (q value), and FDR (False Discovery Rates) were generated for each 

condition against the reference level specified, the Sham in Maaslin2. Finally, taxonomic 

abundance information was used to generate stacked bar plots at the phylum level to 

estimate the relative abundance among the three experimental conditions.

2.13. Assessing the impact of TBI on hepatic lipid profiles through multivariate analyses

Principal Component Analyses (PCA) analyses were performed in R to assess whether there 

were global differences in hepatic lipid profiles across the experimental conditions. We also 

used the principal component results to test whether the experimental conditions caused 

constrictions of global lipidomic profiles. Depending on whether each PCA component 

data was normally distributed and the degree of departure from normality, assessed by the 

Shapiro test and visually, we used Bartlett’s test (parametric), Levene’s test (parametric 

but less sensitive to departures from normality) or Fligner-Killen test (non-parametric) to 
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assess the homogeneity of variances. While PCA analyses maximize variance, Partial Least 

Square (PLS) is a preferred method of multivariate dimension reduction that maximizes 

the covariances within datasets. A PLS approach to Discriminatory Analyses (DA) allowed 

us to assess the discriminating features that differentiate the three experimental conditions 

based on specific subsets of lipids. Further, we used a spare PLS-DA, which imposes 

a penalization, removing uninformative variables and allowing for variable selection, 

thereby identifying potential physiological biomarkers. sPLS-DA implementation in the 

MixOmics R package was performed to identify differences in hepatic lipids by assessing 

the differential enrichment of lipids that characterize each experimental condition. Before 

sPLS-DA, the hepatic lipid data was preprocessed: lipids missing 10 % or more of data 

were removed; lipids missing at <10 % were imputed using nipals; and lipids exhibiting 

near-zero variances were removed. After preprocessing the data, PLS-DA models were 

generated, evaluated, and tuned with the Mfold validation method using 5-fold cross-

validation repeated 100 times, and balanced and overall error rates were assessed using 

Mahalabonis distances. The DA components of the final optimized PLS-DA model were 

used for comparison and downstream analyses. Further, association analyses were carried 

out between hepatic lipids enriched in each condition and the microbiota taxa at the genus 

level.

3. Results

3.1. Probiotic treatment prevents memory deficits after brain injury

The total latency time (time to enter the escape box) in the Barnes Maze revealed differences 

in memory recall across conditions (ANOVA; F(2,17) = 4.6447, p = 0.0246). Specifically, 

untreated TBI mice exhibited greater latency times compared to sham mice (β = 56.67, 

F (2,17) = 7.156, p = 0.016), while probiotic-treated TBI mice exhibited lower latency 

compared to untreated TBI mice (β = −52.79, F(2,17) = 7.098, p = 0.016) (Fig. 2a). The 

OFT yielded no differences in spontaneous locomotor activity levels (total distance traveled) 

between groups (ANOVA; F(2,17) = 1.491, p = 0.253). These results suggest that cognitive 

performance measures were not confounded by possible effects of concussive injury on 

locomotor activity levels. In the OFT, we also analyzed the percentage of time spent by 

the mice in the center of the arena as a measure of anxiety-like behavior. There were no 

significant differences in the time spent in the center among the sham, untreated TBI, and 

probiotic-treated TBI groups (sham vs. untreated TBI, β = −2.783, F = 0.080, p = 0.7809; 

and untreated TBI vs. probiotic-treated TBI, β = −6.104, F = 0.439, p = 0.5165).

3.2. Effects of probiotic treatment on glucose metabolism

We determined whether probiotic administration would influence the action of TBI on 

systemic glucose metabolism. Mice subjected to TBI showed a trend to impaired glucose 

metabolism and slowly metabolized glucose compared to sham vehicle controls (Fig. 

2b). The TBI-probiotic mice showed lower plasma glucose levels than the TBI-Vh group 

(Fig. 2b). There were no differences in body weight across the different groups and time 

points (data not shown). It is reasonable to assume that the observed changes in glucose 

metabolism are aggravated by TBI pathogenesis. One-way ANOVA with Tukey’s multiple 

comparison test (*p < 0.05, **p < 0.01), n = 6–8/group.
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3.3. Probiotic treatment counteracted the TBI-induced reduction in hippocampal mRNA 
levels of the plasticity markers CaMKII and CREB

We found group differences in BDNF mRNA (ANOVA; F(2,17) = 4.126, p = 0.036), 

CaMKII mRNA (ANOVA; F(2,17) = 23.221, p < 0.001), and CREB mRNA (ANOVA; 

F(2,17) = 14.621, p < 0.001) and across conditions (Fig. 3a–c). Specifically, TBI reduced 

levels of CamKII mRNA (β = −4.419, F(2,17) = 46.383, p < 0.001) and CREB mRNA (β = 

−2.240, F(2,17) = 29.060, p < 0.001) while probiotic treatment exerted reverse effect on both 

CaMKII mRNA (β = 2.134, F(2,17) = 12.811, p = 0.003), and CREB mRNA (β = 1.266, 

F(2,17) = 10.010, p = 0.006). TBI also decreased the mRNA levels of BDNF (β = 0.42, 

F(2,17) = 0.153, p = 0.014), however probiotic treatment did not affect BDNF mRNA levels 

(F(2,17) = 0.147, p = 0.474).

3.4. Probiotic treatment did not affect the TBI-related increases in hippocampal 
proinflammatory TNF-α and IL1-β and the metabolic-related PPAR-ɣ

We detected group differences in mRNA levels for TNF-α (ANOVA; F (2,17) = 21.853, p < 

0.001) and IL1-β (ANOVA; F(2,17) = 17.546, p < 0.001), as well as for PPAR-ɣ (ANOVA; 

F(2,17) = 4.711, p = 0.025). There were greater hippocampal mRNA levels of TNF-α and 

IL1-β (β = 2.32, F(2,17) = 22.047, p < 0.001 and β = 2.32, F(2,17) = 20.678, p < 0.001, 

respectively) in untreated TBI mice, compared to sham controls (Fig. 3d–f). There also were 

greater PPAR-ɣ mRNA levels (β = 1.66, F (2,17) = 7.339, p = 0.016) in the hippocampus. 

However, the probiotic treatment did not prevent level changes in TNF-α and IL1-β mRNAs 

(F (2,17) = 2.378, p = 0.143 and F(2,17) = 0.785, p = 0.389, respectively), nor PPAR-ɣ 
mRNA (F(2,17) = 0.030, p = 0.8655).

3.5. Impact of probiotic treatment on gut microbiota diversity and composition in a 
mouse model of TBI

In the effects of probiotic treatment on gut microbiota diversity and composition in a mouse 

model of TBI, distinct microbial community dynamics were observed. Principal coordinates 

analysis (PCoA) based on Weighted UniFrac distances demonstrated clear segregation of 

microbiota communities among Sham, TBI-Vh, and TBI-Probiotic, as seen in the abundance 

of bacteria, weighted (Fig. 4a, R = 0.3325, p = 0.001) and in global bacterial profiles in 

terms of the presence or absence of specific bacteria, unweighted (Fig. 4b, R = 0.3196, p = 

0.001) plots. POC analyses revealed that the probiotic treatment prevented the effect of brain 

injury on the number of observed OTUs: untreated TBI-Vh mice exhibited lower richness 

than sham control and TBI-Probiotic mice (β = −22.94, F(2,17) = 4.986, p = 0.039) with 

no difference between sham and TBI-Probiotic groups (β = 0.88, F(2, 17) = 0.006, p = 

0.939) (Fig. 4c, *p < 0.05). Despite these differences in richness, the biodiversity indices, 

including the Simpson index (Fig. 4d, p = 0.727) and the Shannon index (Fig. 4e, p = 0.303), 

along with the Chao1 estimator (Fig. 4f, p = 0.101), indicated no significant variations 

in biodiversity across the groups. Moreover, the relative abundance profiles of major 

bacterial phyla (Fig. 4g) were dominated by Firmicutes and Bacteroidetes in all groups. 

However, the Firmicutes/Bacteroidetes ratio was significantly higher in the TBI-Probiotic 

group than in the TBI-Vh and Sham groups (Fig. 4h, *p < 0.05). This increase in the 

Firmicutes/Bacteroidetes ratio following probiotic treatment suggests a specific alteration in 

Amaral et al. Page 9

Biochim Biophys Acta Mol Basis Dis. Author manuscript; available in PMC 2024 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



gut microbiota composition, which could have implications for the gut-brain axis and the 

overall health of the TBI mice.

3.6. Changes in bacterial genera following probiotic treatment and traumatic brain injury

Following experimental TBI, we characterized the mouse gut microbiome using 16S rRNA 

full gene analysis of multiple stool samples. During our investigation into how the gut 

microbiome reacts to probiotic treatment (initiated three days before TBI and maintained for 

ten days after TBI), we discovered notable changes in the composition of bacterial genera. 

Fig. 5 displays the relative abundance of these bacteria across three different groups: Sham, 

TBI-Vh, and TBI-Probiotic mice. The abundance of Turicibacter was significantly elevated 

in the Sham group compared to the TBI-Vh and TBI-Probiotic groups (Fig. 5a, *p < 0.05, 

**p < 0.01). Similarly, Acetatifactor levels were higher in the TBI-Probiotic group compared 

to the Sham group (Fig. 5b, *p < 0.05). At the same time, Marvinbryantia and Roseburia 
showed no substantial variation across the groups (Fig. 5c and d). Ruminiclostridium was 

more abundant in the Sham group relative to the TBI-Vh and TBI-Probiotic groups (Fig. 

5e, *p < 0.05, **p < 0.01), and Lachnospiraceae levels were notably increased in the 

TBI-Probiotic group (Fig. 5f, ****p < 0.0001). Ruminococcaceae was more prevalent in 

the Sham group compared to the other two groups (Fig. 5g, *p < 0.05, **p < 0.01), while 

Bifidobacterium levels remained consistent across all groups (Fig. 5h). The abundance of 

Lactobacillus was higher in the TBI-Probiotic group than in TBI-Vh but did not differ 

significantly from the Sham group (Fig. 5i). Butyricicoccus increased in the TBI-Probiotic 

group compared to the TBI-Vh and Sham groups (Fig. 5j, *p < 0.05). Akkermansia was 

significantly reduced in the Sham and TBI-Probiotic groups compared to the TBI-Vh group 

(Fig. 5k, *p < 0.05). Lastly, the levels of Clostridium were dramatically decreased in the 

TBI-Probiotic group relative to both the Sham and TBI-Vh groups (Fig. 5l, ****p < 0.0001). 

These findings suggest that probiotic treatment can modulate the gut microbiome in the TBI 

condition, potentially influencing recovery and health outcomes.

3.7. TBI caused an alteration of overall lipidomic signatures

Fig. 6 underscores the effectiveness of Sparse Partial Least Squares Discriminatory Analysis 

(sPLS-DA) in detecting and visualizing variations in hepatic lipid profile resulting from TBI 

and probiotic pre-treatment. Each point on the plot corresponds to an individual sample’s 

lipid profile, projected onto two principal components that elucidate 7 % and 9 % of the 

variance, respectively. The first component effectively discriminates between sham-operated 

(blue) and probiotic-treated (green) mice, whereas the second component distinctly separates 

the TBI vehicle-treated (red) mice. The clustering within the plot’s ellipses, representing 

the 95 % confidence interval for each group, underscores the unique lipid signatures and 

the minimal overlap between them, showcasing the clear lipidomic divergence among the 

groups. The first component suggests that the probiotic intervention yields a lipidomic sub-

profile distinct from the sham and TBI vehicle-treated conditions. The second component, 

accounting for a substantial portion of the variation, further delineates the effects of TBI and 

the probiotic treatment. Two principal components summarized the hepatic lipidomics data, 

PC1 and PC2, accounting for 46 % and 21 % of the variance, respectively (Supplemental 

Fig. 1). Fligner-Killeen or Levene’s test for homogeneity of variances was used based on 

Shapiro’s test for data normality. Based on the Fligner-Killeen test, there were no group 
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differences in the homogeneity of variances in the PC1 lipid subset (χ2 = 0.647, df = 2, p 
= 0.724; Shapiro’s test, W = 0.743, p <0.001). However, the analysis of PC2 by Levene’s 

test revealed differences in the homogeneity of lipid profiles that are summarized by PC2 

(F(2,17) = 3.828, p = 0.042; Shapiro’s test, W = 0951, p = 0.387), indicating a constriction 

of lipid profiles in the TBI condition (red ellipse in Supplemental Fig. 1) relative to sham 

and probiotic treated groups.

3.8. TBI-induced shifts in specific hepatic lipid species, some of which were differentially 
altered by the probiotic treatment

sPLS-DA analysis revealed specific effects of TBI and probiotic treatment on lipid species 

in the liver. The optimized sPLS-DA model exhibited 2 components (sPLS-DA Components 

1 and 2) used for downstream analyses. Table 1 presents the hepatic lipids that contribute 

significantly to each condition (magnitude of DA score ≥ 0.10). The sPLS-DA Component 

1 identified 27 lipids (Supplemental Fig. 2). The experimental conditions constituted 82.6 

% of the sPLS-DA Component 1 variance. They revealed the effects of TBI and probiotic 

treatments (β = −2.68, F(2,17) = 13.933, p = 0.002 and β = −3.28, F(1,12) = 24.030, p < 

0.001, respectively), discriminating the lipids that characterized sham and probiotic treated 

animals. This analysis further revealed that the probiotic treatment did not return the lipid 

profile induced by TBI to the sham-like state but instead induced a lipid profile distinct 

from both sham and TBI groups (Fig. 4). The sPLS-DA Component 2 identified 102 lipids 

(Supplemental Fig. 3). The experimental conditions constituted 47.0 % of the variance in the 

sPLS-DA Component 2. Also, they revealed the effect of both TBI and probiotic treatment 

in opposite directions and similar magnitude (β = −5.76, F(1,10) = 9.508, p = 0.007 and β 
= 6.4, F (1,12) = 13.275, p = 0.002, respectively). This analysis discriminated the lipids that 

characterized the TBI condition and revealed a set of lipids that were affected by TBI and 

returned to a sham-like profile by the probiotic treatment.

4. Discussion

The action of gut microbiota in regulating host health and the progression of chronic 

disorders is becoming increasingly recognized. Gut microbiome-targeted interventions 

represent a promising venue to prevent and treat host disease. Results showed that 

TBI impacts gut microbiota diversity and composition, induced memory deficits, 

decreased neuroplasticity markers, and increased neuroinflammatory markers. Probiotic 

treatment with Lactobacillus helveticus and Bifidobacterium longum changed the gut 

microbiota composition in mice. The protective effects of the Lactobacillus helveticus 
and Bifidobacterium longum probiotic formulation on hippocampal plasticity, mood 

and cognitive behaviors have been examined in the context of other neurological 

and psychological challenges [35]. This formulation has also been shown to reduce 

neuroinflammatory status and hippocampal apoptosis [36] in various stressors. In addition, 

TBI promoted alterations in the profile of hepatic lipid species associated with specific 

gut bacteria species. Our data showed that the same probiotic treatment increased SCFA-

producing bacteria in the gut, reshaped the lipid species profile, counteracted memory 

deficits in the Barnes maze, and disrupted molecular markers of learning/memory in the 

hippocampus.
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Consistent with prior research [37,38], our results showed that the FPI model for concussive 

brain injury was efficient to induce memory deficits in mice and to decrease the expression 

of neuroplastic genes in the hippocampus [39]. In the current study, TBI reduced the 

expression of critical genes associated with hippocampal plasticity (BDNF, CREB, and 

CaMKII) and increased the expression of genes related to neuroinflammation (TNF-α and 

IL-1β) and metabolism (PPAR-ɣ). Elevated expression of PPAR-ɣ suggests a compensatory 

response to regulate cellular metabolism by decreasing triglycerides, increasing insulin 

sensitization, and counterbalancing the pro-inflammatory response [40]. Our results showed 

that the CREB/CaMKII signaling pathway was the most susceptible to the effects of the 

probiotics on memory performance. While the probiotic treatment did not elicit significant 

changes in TNF-α, IL-1β, or PPAR-ɣ levels, we cannot discard the possibility that 

neuroinflammatory events can influence neuroplastic processes [41].

It has been suggested that Lactobacillus helveticus and Bifidobacterium longum probiotic 

formulation can affect the brain and behavior through several mechanisms, including 

changes in glucose metabolism, one-carbon metabolism, and direct SCFA effects on cellular 

metabolic systems. Many studies suggest that SCFAs, especially butyrate, are significant 

mediators of the contribution of the gut microbiota to CNS health and behavior [42]. They 

may act through many pathways affecting cellular metabolism and eliciting major epigenetic 

reorganization.

Analyses of the gut microbiota beta diversity indicated significant differences in microbial 

profiles across sham, TBI-treated, and untreated animals, in which TBI predominantly 

affected the abundance of the existing bacteria. In addition, the probiotic treatment also 

generated an overall distinct microbiota profile, comprised of differences in both the 

abundance and presence of bacteria. Our findings align with current reports that the bacteria 

from probiotics do not necessarily colonize the intestine in a detectable manner [43]. 

Instead, probiotics can exert beneficial effects through transient interactions with the gut 

microbiota and the host’s immune and metabolic systems. These effects were reflected in 

the total number of observed bacteria, a measure of specimen richness, which was reduced 

among the TBI mice and returned to normative levels by the probiotic treatment. Greater 

richness in the gut microbiota is generally accepted as beneficial, while a reduction, as 

seen in the untreated TBI condition, is often characteristic of abnormal or dysbiotic [44]. 

TBI reduced microbiota richness and the probiotic treatment restored the richness of the 

microbiota, albeit with different bacterial composition and abundance. In addition, these 

analyses indicate that TBI affected the abundance of the bacteria in the microbiota (weighted 

Unifrac) without eliminating or eliciting the formation of novel bacteria (unweighted 

Unifrac) relative to the sham animals. On the other hand, the probiotic treatment promoted 

changes in the abundance of existing bacteria and the presence and/or absence of other 

bacteria. Our study has several limitations: Firstly, the 16S gene analysis cannot offer 

strain-level information about the bacteria within the sample. Secondly, the complete 16S 

protocol employs primers that exhibit known biases [45]. Finally, there may be challenges in 

extrapolating the findings from the murine model to humans.

Administering these probiotics to animals in the TBI condition resulted in an increase 

of three distinct bacterial genera: Acetatifactor, Lachnospiraceae, and Butyricicoccus, 
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which are known SCFA producers in the Clostridiales order and appoints the direction 

to future studies in this model. Lactobacillus helveticus and Bifidobacterium longum 
themselves were not found among the gut bacteria promoted by the probiotic treatment, in 

agreement with reports that probiotics can promote a healthy microbiota without necessarily 

colonizing the gut microbiome [42]. Probiotics can exert beneficial effects through transient 

interactions with the gut microbiota and the host’s immune and metabolic systems. For 

example, probiotics can modulate the existing gut microbiota by creating a more favorable 

environment for beneficial bacteria through competitive exclusion and production of 

antimicrobial substances [41]. These mechanisms, among others, have been posed to explain 

the observed benefits of probiotic strains despite the absence of detectable colonization. Our 

analysis revealed that Roseburia, though not statistically significant, and Akkermansia were 

the only two bacterial genera that showed differences between the sham and TBI groups, and 

their levels were normalized to sham levels upon probiotic treatment. Akkermansia is known 

to be involved in the generation of short-chain fatty acids (SCFAs), which play a crucial 

role in gut health and metabolic regulation [46]. The ability of Akkermansia to produce 

SCFAs suggests a potential mechanism through which probiotic treatment may exert its 

beneficial effects on gut and liver metabolism. This normalization of Akkermansia levels 

could contribute to the restoration of SCFA-mediated signaling pathways disrupted by TBI, 

thereby supporting the overall health of the host. It is also noteworthy that LefSE enrichment 

analysis indicated that most bacterial alterations occurred within the Clostridiales order 

(Firmicutes phylum), which is generally commensal in nature. However, this order was 

differentiated across experimental groups at the genus level.

TBI and probiotics affected lipid species with strong potential for cerebral function and 

plasticity [35]. These results point to a possible mechanism by which the probiotic-induced 

reshaping of the gut microbiota may have exerted protective effects on peripheral and central 

physiological systems, ultimately preventing the memory deficit provoked by TBI. The liver 

is an important source of lipids to be used throughout the body and brain. Lipids play crucial 

roles in energy metabolism, immune function, hormonal and cell signaling, acting across all 

organ systems, including the CNS [47]. Our results showed that TBI impacts the lipidomic 

profile of the liver and that the probiotic treatment protected the liver against several of 

these TBI-induced alterations (Fig. 6). Specific lipid profile analyses showed two subsets 

of hepatic lipids affected by TBI and the probiotic treatment. The first subset of hepatic 

lipids, comprised of 102 lipid species (sPLS-DA Component 2), showed an effect of TBI 

that was reversed by the probiotic treatment. The second subset of hepatic lipids comprised 

27 species (sPLS-DA Component 1). Among the hepatic lipids that exhibited the most 

significant enrichment in the untreated TBI condition, we found cholesterol esters (CE), 

phosphatidylethanolamines (PE), phosphatidylcholines (PC), lysophosphatidylcholine (LPC) 

and triglycerides (see Table 1). Increases in these hepatic lipids are consistent with their 

roles in liver dysfunction, inflammation, and, most interestingly, brain degeneration, which 

can have enormous implications for controlling TBI pathogenesis. LPC is a significant 

component of oxidized low-density lipoprotein produced by the liver by hydrolysis of PC 

[48]. LPC may also act as a fatty acid carrier for other tissues, including the brain [49]. 

LPC pro-inflammatory action has been associated with atherosclerosis [50,51], diabetes 

[52], liver disease [53], and Alzheimer’s disease [54]. In addition, high hepatic LPC has 
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been recently associated with reduced neuronal excitability [55]. Two recent studies report 

increases of LPC in the brains of mice after mild TBI [56] [57], and that LPC can disturb the 

function of the blood-brain barrier [58,59]} and the regulation of myelination [60,61].

CE is also produced by the liver and has essential effects on brain cellular signaling, 

metabolic disease, and inflammation, especially in neurodegeneration [62,63]. Among 

phosphatidylcholines, ceramides (CER) and hexosylceramides (HCER) were also enriched 

in probiotic-treated TBI mice’s liver. CER and HCER serve many roles in cell membranes, 

including cellular signaling. Further, levels of CER and HCER have been shown to increase 

in the plasma after TBI [64–66]. CEs are a storage and transport form of cholesterol and 

can be found in plasma and lipid droplets. In concordance with this effect, our previous 

study showed deleterious increases in lipid droplet accumulation in the liver in rodents 

exposed to TBI [21] [22]. PE and PC are abundant glycerophospholipids phospholipids 

in mammalian cell membranes [67]. Further, hepatic PE and PC regulate blood lipid and 

lipoprotein metabolism, oxidative phosphorylation, mitochondrial biogenesis, autophagy, 

and other energy metabolism functions, playing important regulatory roles in health and 

disease [68–71]. 16 different species of PEs were enriched among untreated TBI mice, while 

few PCs were enriched in both treated and untreated TBI mice (see Table 1). We found 

that glycerophospholipids were enriched in the liver of treated and untreated TBI mice, 

and these lipids have been shown to increase in the blood of brain trauma patients and 

to associate with trauma severity [72,73]. Further, our analyses suggest that the probiotic 

treatment was not sufficient to completely protect the liver from the lipid alterations induced 

by TBI, as did not fully restore the lipid profile to a normal or adaptive state. However, the 

probiotic treatment exhibited a dual effect on liver lipid metabolism: it partially reversed 

some TBI-induced lipid alterations towards sham-like levels, while also generating a distinct 

set of liver lipids. This indicates that the probiotics had some protective effects but also 

induced unique changes in the liver lipid profile.

Studies indicate specific roles for gut bacteria in the regulation of systemic lipid metabolism 

that could be mediated through the production of bacterial metabolites such as SCFAs, 

secondary bile acids, and trimethylamine – all of which have been shown to act on the 

liver [74,75]. Other studies have also demonstrated a direct link between gut bacteria and its 

products to hepatic lipid metabolism [76,77]. Yoo et al. showed that probiotics comprised 

of specific Lactobacillus strains could produce changes in lipid metabolism in the liver, 

reducing hepatic fat accumulation, cholesterol, and triglycerides, decreasing lipogenesis and 

increasing fat oxidation [77]. Kindt et al. used a multi-omics approach to compare germ-free 

and specific pathogen-free (SPF) mice whose gut microbiota was manipulated by selective 

antibiotics [76]. They showed gut microbiota-dependent changes in liver lipidomic profiles 

relevant to the biophysical properties of cell membranes, cellular signaling, host metabolism, 

and inflammation. Our data suggest a potentially injurious decoupling of gut bacteria and 

hepatic lipids after TBI, where a probiotic treatment conferred partial protection of the 

hepatic lipid metabolism.

Our preemptive approach provides insights into the potential protective effects of probiotics. 

Future studies should aim to experiment under conditions where probiotic treatment is 

started after TBI surgery to better mimic clinical scenarios and evaluate the therapeutic 
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potential of probiotics in treating TBI. Further, we utilized only male C57/BL6 mice to 

maintain consistency and reduce variability, given our small sample sizes. Our previous 

research has shown sex-dependent effects in probiotic treatments and TBI models [78]. 

Limiting our study to males helps control for these variables. However, we acknowledge 

this limitation and recommend including both sexes in future studies to explore potential 

sex-specific responses to probiotic treatment in TBI models.

In conclusion, our research indicates that TBI can cause disturbances in the gut microbiota, 

disrupt the metabolism of lipids in the liver, and affect the communication between the 

gut and the liver. The findings suggest that manipulating or modifying the composition 

of gut bacteria might be possible to protect the brain, behavior, and liver metabolism 

from the adverse effects of TBI. Furthermore, our study highlights the intricate interplay 

between gut microbiota and liver lipids that can impact brain function and plasticity in TBI 

development. Probiotic treatment could have the potential to modify the processes leading 

to the TBI pathology. Overall, our study suggests that by understanding and intervening 

in the gut-brain-liver axis, researchers and medical practitioners could develop strategies to 

improve outcomes for individuals affected by TBI.
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Fig. 1. Study Timeline Overview.
Mice were trained in the Barnes maze, consisting of two daily trials over five consecutive 

days (days 1–5). Subsequently, all mice received antibiotics in their drinking water for a 

period of two days (days 5–7) before the initiation of treatment. Probiotic (TBI-Probiotic) or 

control solutions (TBI-Vh) were initiated the day after antibiotics application and continued 

until the conclusion of the experiment on day 24. On day 10, three days after starting the 

probiotic or Vh treatment, mice underwent either Fluid Percussion injury (FPI) or sham 

surgeries. Behavioral assessments took place one-week post-surgeries on day 21, followed 

by a glucose tolerance test on the subsequent day (day 22). On day 24, mice were sacrificed 

(14 days post-TBI), and various body tissues and cecal fecal content were collected for 

microbiome analysis.
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Fig. 2. Probiotic treatment improves memory performance and reduces glucose tolerance after 
brain injury.
(a) Mice experiencing mild FPI (TBI-Vh) demonstrated increased latency times in locating 

the escape hole during the Barnes Maze test, compared to the more efficient performance 

of sham-operated mice. However, TBI mice that received probiotic treatment showed 

latency times comparable to the sham group, indicating a potential amelioration of memory 

impairments caused by brain injury. (b) The y-axis represents the area under the curve 

(AUC) for the intraperitoneal glucose tolerance test (IPGTT). An increased AUC indicates 

impaired glucose regulation and elevated blood glucose levels, while a decreased AUC 

indicates enhanced glucose regulation and lower blood glucose levels, signifying a healthier 

metabolic state. The data demonstrate that TBI mice that received probiotic treatment 

exhibited a decrease in AUC, compared to both untreated TBI mice and sham-treated 

mice, suggesting improved glucose tolerance. One-way ANOVA with Tukey’s multiple 

comparison test (*p < 0.05, **p < 0.01).
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Fig. 3. Changes in gene expression related to hippocampal neuroplasticity and 
neuroinflammation following traumatic brain injury (TBI).
TBI was associated with a notable decrease in neuroplasticity markers and an increase 

in neuroinflammatory markers. Probiotic intervention, however, appeared to counteract the 

negative impacts of brain injury, particularly in the CaMKII/CREB signaling pathway. (a) 

Post-TBI, there was a reduction in the expression of the BDNF gene, with similar levels 

observed in both the probiotic-treated and vehicle (Vh) TBI groups. (b) In contrast, a 

decrease in CaMKII expression due to TBI was lessened by probiotic treatment. (c) CREB 

expression demonstrated a similar trend, affected by both the injury and probiotic treatment. 

(d, e) TBI induced an upregulation in the proinflammatory genes TNF-α and IL-1β, which 

were not significantly altered by probiotic treatment. (f) Changes were also seen in the 

neuroprotective and anti-inflammatory gene PPAR-ɣ in the TBI group, with no marked 

differences between the probiotic and Vh-treated groups. One-way ANOVA with Tukey’s 

multiple comparison test, indicating statistical significance at *p < 0.05, **p < 0.01, n = 

6–8/group.
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Fig. 4. Impact of Probiotic Treatment on Gut Microbiota Diversity and Composition in a Mouse 
Model of TBI.
(a) Weighted UniFrac principal coordinates analysis (PCoA) plots showing distinct 

clustering of gut microbiota communities among sham-operated mice (Sham, blue), TBI 

mice treated with vehicle (TBI-Vh, red), and TBI mice treated with probiotics (TBI-

Probiotic, green). (b) Unweighted UniFrac PCoA plots further illustrate the differences 

in community structure between the groups. (c) Observed species richness is significantly 

higher in the Sham group compared to TBI-Vh, with the TBI-Probiotic group showing an 

intermediate level of species richness (*p < 0.05). (d) Simpson index (p = 0.727) and (e) 

Shannon index (p = 0.303) violin plots display the biodiversity within each group, indicating 

no significant differences across treatments. (f) Chao1 estimator plots also reveal similar 

patterns of species richness among the three groups (p = 0.101). (g) Relative abundance 
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bar plots of major bacterial phyla demonstrate the distribution and proportions within each 

treatment group, showing the dominance of Firmicutes and Bacteroidetes. (h) Firmicutes/

Bacteroidetes ratio bar plots highlight a significant increase in this ratio in the TBI-Probiotic 

group compared to the TBI-Vh and Sham groups (*p < 0.05).
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Fig. 5. Changes in Bacterial Genera Following Probiotic Treatment in Mice with Traumatic 
Brain Injury (TBI).
(a-l) Box plots illustrating the relative abundance of various bacterial genera in sham-

operated mice (Sham), mice subjected to TBI treated with vehicle (TBI-Vh), and mice 

subjected to TBI treated with probiotics (TBI-Probiotic). (a) Turicibacter relative abundance 

are significantly higher in the Sham group compared to both TBI-Vh and TBI-Probiotic 

groups (*p < 0.05, **p < 0.01). (b) Acetatifactor abundance is increased in the TBI-Probiotic 

group in comparison to the Sham group (*p < 0.05). In contrast, (c) Marvinbryantia and (d) 

Roseburia levels were comparatively stable across all three groups. (e) Ruminiclostridium 
is significantly more abundant in the Sham group relative to TBI-Vh and TBI-Probiotic 

groups (*p < 0.05, **p < 0.01). (f) Lachnospiraceae relative abundance is significantly 
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increased in the TBI-Probiotic group, with no significant difference between the Sham and 

TBI-Vh groups (****p < 0.0001). (g) Ruminococcaceae is significantly more prevalent in 

the Sham group compared to TBI-Vh and TBI-Probiotic groups (*p < 0.05, **p < 0.01). 

(h) Bifidobacterium shows no significant difference across the groups. (i) Lactobacillus 
abundance is higher in the TBI-Probiotic group compared to TBI-Vh but shows no 

significant change. (j) Butyricicoccus is increased in the TBI-Probiotic group compared 

to TBI-Vh and Sham groups (*p < 0.05). (k) Akkermansia is notably more abundant in 

the TBI-Vh group, with a significant reduction observed in the Sham and TBI-Probiotic 

groups (*p < 0.05). (l) Clostridium levels are dramatically reduced in the TBI-Probiotic 

group compared to both Sham and TBI-Vh (****p < 0.0001).
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Fig. 6. Differential hepatic lipid profiles among experimental groups.
The Sparse Partial Least Squares Discriminatory Analysis (sPLS-DA) multivariate technique 

was used to delineate two principal components (represented along the X- and Y-variate 

axes) that capture the variance in hepatic lipid changes. This scatter plot displays the 

segregation of hepatic lipid profiles among distinct experimental conditions as discerned 

by sPLS-DA. Each dot represents an individual sample plotted against the first and second 

sPLS-DA components, which explain 7 % and 9 % of the variance, respectively. The 

first component effectively separates the sham (blue) and probiotic-treated (green) samples, 

while the second component is distinctive for the TBI vehicle (Vh) (red) samples. The 

clustering of dots within the ellipses indicates the lipidomic signature unique to each 

experimental group, with the minimal overlap between ellipses signifying clear distinctions 

in lipid composition. The ellipses are drawn to encapsulate the 95 % confidence interval for 

each group, illustrating the robust differentiation achieved by sPLS-DA in profiling hepatic 

lipids. The first sPLS-DA component reflects the influence of TBI-probiotic intervention 

rises to a unique lipid sub-profile when compared to both sham and TBI-Vh conditions. 

Furthermore, the second component accounts for 47.0 % of the variability and captures the 

effects of TBI and probiotic treatment. Notably, the impact of TBI on the second sPLS-DA 
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component appears to be mitigated by the probiotic treatment, as suggested by the inverse 

beta coefficients of similar magnitude.
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Table 1.

Main contributors to Discriminant Analysis of hepatic lipids

Sham Control DA score TBI DA score TBI+Probiotic DA score

CE(22:2) 0.100 CE(18:2) 0.253 CER(16:0) 0.207

FFA(24:1) 0.136 CE(20:3) 0.128 CER(18:0) 0.222

PC(16:0/20:4) 0.126 LPC(16:1) 0.128 HCER(22:0) 0.169

TAG46:2-FA12:0 0.321 PC(14:0/16:1) 0.224 PC(16:0/18:0) 0.257

TAG47:0-FA17:0 0.118 PC(14:0/18:1) 0.122 PC(18:0/16:1) 0.184

TAG48:3-FA12:0 0.360 PC(16:0/14:0) 0.224 PC(18:0/18:1) 0.449

TAG48:4-FA12:0 0.410 PE(16:0/16:1) 0.132 PC(18:0/20:2) 0.242

TAG53:4-FA20:4 0.158 PE(16:0/18:1) 0.212

PE(16:0/18:3) 0.245

PE(16:0/20:4) 0.122

PE(16:0/22:4) 0.172

PE(18:0/16:0) 0.166

PE(18:1/16:1) 0.116

PE(18:1/22:4) 0.163

PE(18:2/16:1) 0.133

PE(O–16:0/22:4) 0.163

PE(O–18:0/18:1) 0.172

PE(P-16:0/20:4) 0.123

PE(P-16:0/22:4) 0.154

PE(P-18:0/20:4) 0.113

PE(P-18:1/20:3) 0.121

PE(P-18:1/20:4) 0.194

TAG49:3-FA18:2 0.134

TAG50:5-FA14:1 0.162

Lipids ordered by class; DA scores were adjusted to show magnitude, not direction; lipids selected exhibited DA scores > 0.10.
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