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Abstract: Clostridioides difficile infection (CDI) is responsible for an increasing number of cases of
post-antibiotic diarrhea worldwide, which has high severity and mortality among hospitalized elderly
patients. The disruption of gut microbiota due to antibacterial medication facilitates the intestinal
colonization of C. difficile. In the present study, a murine model was used to investigate the potential
effects of antibiotic administration and subsequent colonization by C. difficile, as well as the effects of
three different 10-day treatments (metronidazole, probiotics, and fecal microbiota transplantation), on
the brain metabolome for the first time. Four different metabolomic-based methods (targeted HILIC-
MS/MS, untargeted RP-LC-HRMS/MS, targeted GC-MS/MS, and untargeted GC-MS) were applied,
resulting in the identification of 217 unique metabolites in the brain extracts, mainly glycerophos-
pholipids, glycerolipids, amino acids, carbohydrates, and fatty acids. Univariate and multivariate
statistical analysis revealed that CDI, as well as the subsequent treatments, altered significantly
several brain metabolites, probably due to gut dysbiosis, and affected the brain through the gut–brain
axis. Notably, none of the therapeutic approaches completely restored the brain metabolic profile to
the original, healthy, and non-infected phenotype, even after 10 days of treatment.

Keywords: Clostridioides difficile; mice; antibiotics; FMT; metabolic profiling; metabolomics; LC-MS;
GC-MS; brain

1. Introduction

Antibiotics are useful for fighting or preventing bacterial infections, but they can also
disrupt gut microbiota [1]. This imbalance can reduce resistance and allow the colonization
of opportunistic pathogens in intestinal lumen, including Clostridioides difficile [2,3], an
obligate anaerobic, spore-forming, gram-positive bacillus found in mammals [4]. When
colonization occurs, C. difficile (CD) causes a wide spectrum of gastrointestinal infections,
ranging from asymptomatic or mild cases to severe pseudo-membranous colitis, toxic
megacolon, and even death [5]. The growing interest in C. difficile infection (CDI) comes
from the particularly high number of cases and resulting deaths worldwide. For example,
the United States is facing a heavy burden, with the number of cases and deaths per year
amounting to 500,000 and 30,000, respectively [1,6].

The main risk factor for developing CDI is the frequent use of antibiotics, such as
clindamycin, cephalosporins, penicillin, and, more recently, fluoroquinolones [2], used to
treat nosocomial infections (NIs) [7]. Colonization of C. difficile disrupts the equilibrium
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of gut bacteria, and thus, dysbiosis is established. There is increasing evidence that gut
dysbiosis is correlated with some of the more common mental health conditions, such as
depression, anxiety, obsessive-compulsive disorder (OCD), schizophrenia, bipolar disorder
(BP), and dementia [8,9]. CDI has also been linked to mental health conditions [10–12],
such as Autism Spectrum Disorders (ASD), Parkinson’s disease, Alzheimer’s disease,
and Multiple sclerosis. The mechanism behind this correlation is the gut–brain axis, in
which the gut microbiome either communicates with the brain directly through vagal
nerves or communicates indirectly through gut symbiome-derived metabolites involved
in endocrine signaling and immune system activation, as well as neural and metabolic
signaling [9]. This can trigger several psychiatric conditions [13], indicating that brain
biochemistry and metabolism can be affected by dysbiotic conditions. Antibiotics, such as
metronidazole and vancomycin, are usually used in the first line of therapy for primary
CDI [3,4]. Unfortunately, about one-third of patients may experience recurrence since
antibiotic treatment alone usually fails to cure the disease triggered by CDI [6].

Probiotics have been extensively studied as prevention agents rather than treatment
agents for CDI [14,15]. Very recently, a published study investigating the effect of probiotics
alone or in combination with vancomycin and metronidazole on fecal metabolism indicated
that high doses of Bifidobacterium breve YH68 administrated alone or in combination with
these antibiotics offered the most promising results regarding the treatment and final
survival rate of CDI in mice [4]. The positive effect of the probiotic intervention was
attributed to an increase in the relative abundance of beneficial strains of gut microbiota that
antagonize and reduce the numbers of C. difficile and therefore affect the fecal metabolome,
leading to elevated levels of secondary bile acids and butyric acid, and reduced levels of
primary bile acids and indoles [4]. Promising results have been obtained after a single dose
of Lactobacillus reuteri, which has been administered for both the prevention and treatment
of CDI in a murine model [16]. Although scientific data encourage the use of probiotics in
order to restore eubiosis, clinicians have been hesitant to adopt probiotic therapies in the
clinical practice of CDI management and treatment because of doubts about the duration
of the offered protection [17].

Fecal microbiota transplantation (FMT) aims to restore the normal composition of gut
microbiota and has recently been recognized as a highly efficacious therapy in the fight
against the indefinite cycles of recurrent CDI (R-CDI) syndrome [6,18], but its mechanism of
action still requires thorough investigation. However, this powerful therapeutic tool is also
accompanied by certain drawbacks related to the use of FMT in clinical practice, including,
among others, the invasive administration and the risk of transmission of infection from
donor to recipient [19]. Therefore, a deeper understanding of the FMT mechanism and
exploiting the knowledge to develop efficient and safe microbiome therapies should be a
major clinical priority for the management of CDI.

In the present study, a non-toxigenic bacterial pathogen (Clostridioides difficile) was
used to further disrupt the vulnerable gut microbiome of previously antibiotic-treated
mice with the aim of investigating the effect of gut microbiome disruption on the brain
metabolome. As mentioned above, the gut–brain axis involves a bi-directional communica-
tion of multiple pathways, including neural, immune-related, endocrine, and metabolic
signaling [20]. Thus, dysbiosis caused by antibiotic administration and subsequent colo-
nization of C. difficile spores can have an impact on brain metabolism. Brain tissue extracts
from infected mice and then treated with metronidazole (G1), probiotics (G2), or fecal
microbiota transplantation (FMT) (G3) were studied in comparison to uninfected mice
(G5) and to infected but untreated mice (G4) using a metabolomics approach. Metabolic
profiling by both untargeted and targeted methods was implemented to explore the effects
of bacterial infection and treatment on the gut–brain axis. Probiotic administration was
selected as it is a mild means for restoring the gut microbiome, while FMT is an interesting
alternative to antibiotic treatment. To our knowledge, this is the first study of the impact
of gut microbiome disruption through bacterial infection and treatment with antibiotics,
probiotics, or FMT on the brain metabolome.
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2. Materials and Methods
2.1. Reagents and Materials

Methanol (MeOH), Methoxyamine hydrochloride (MeOX), N-Methyl-N-(trimethylsilyl)
trifluoroacetamide (MSTFA), trimethylchlorosilane (TMCS), and pyridine anhydrous were pur-
chased from Sigma-Aldrich (Merck, Darmstadt, Germany). Internal standards
4-phenylbutyric, myristic acid-d27, and injection standard N-pentadecane were also obtained
from Sigma-Aldrich (Merck, Darmstadt, Germany). Acetonitrile, Methyl-tert-butyl-ester
(MTBE), and ammonium formate were obtained from CHEM-LAB NV (Zedelgem, Belgium).
Deionized water was obtained from a Milli-Q ultra-pure-grade water system (Millipore, Bed-
ford, MA, USA). LC-MS grade acetonitrile and water used in the RP-HRMS/MS analysis
were purchased from Romil Ltd., Cambridge, UK. Metabolite standards and formic acid
used in the RP-LC-HRMS/MS analysis were purchased from Sigma-Aldrich (Gillingham,
UK). Antibiotics, including metronidazole, vancomycin, kanamycin, gentamycin, colistin, and
clindamycin, were purchased from Sigma–Aldrich (St. Louis, MO, USA).

2.2. C. difficile Spore Purification

A non-toxigenic (tcdA- tcdB- cdtA- cdtB-) C. difficile strain [21] was cultured onto a
Columbia blood agar plate and incubated anaerobically at 37 ◦C for 48 h [22]. The fol-
lowing day, the inoculum was added to 40 mL autoclaved Clospore liquid medium culture
prepared as described by Perez et al., 2011 [23]. The 16-day incubation took part at 37 ◦C
under anaerobic conditions [24]. Harvesting and purification of spores was performed by
3 cycles of 20 min centrifugation at 10,000× g. Subsequently, the formed pellet was washed
at least 3 times with sterile deionized water and stored at 4 ◦C for a short period. At the
beginning of the in vivo experiment, C. difficile spores were heated in a water bath at 65 ◦C
for 20 min to kill vegetative cells. To achieve the desired density (2000 spores/20 µL), spores
were further diluted in sterile water. Before dilution, the spores were counted microscopically
after Schaeffer–Fulton endospore staining [25]. Viable spores were also enumerated for cross-
checking of the desired dose by plating colony-forming units (c.f.u.) mL−1 on taurocholate,
cefoxitin, cycloserine, and fructose agar (TCCFA) after thermal shocking [22] and anaerobic
incubation for 48 h at 37 ◦C. Verification of C. difficile colonization was performed by culturing
homogenized mouse fecal samples on TCCFA plates. After homogenization with sterile PBS
and vigorous vortexing, fecal samples were plated on TCCFA plates after 1h treatment with
50% ethanol. All procedures were performed under biosafety level II conditions.

2.3. Animal Experiment

The animal study took place in the Laboratory of Development–Breeding of Animal
Models and Biomedical Research, School of Health Science, Aristotle University of Thessa-
loniki, Greece. All procedures were conducted in accordance with the 2010/63/EU Directive
and Presidential Decree No. 56/2013 of Greek legislation for the care and use of laboratory
animals and were approved by the Department of Rural Economy and Veterinary Medicine,
Prefecture of Central Macedonia, Hellenic Republic [Protocol number: 634754(2485)].

Fifty C57BL/6 male mice were bred under a regulated 12 h light/12 h dark cycle and
controlled temperature (22–25 ◦C) and humidity (50%) conditions, receiving autoclaved
food, water, and bedding. At their twelfth week of age, the animals were divided into
five groups housed in group cages of five animals each (n = 5) following an acclimati-
zation period of one week before the initiation of the treatment. Then, for four days,
mice of groups G1 to G4 were exposed to an antibiotic cocktail containing metronidazole
0.215 mg mL−1, vancomycin 0.045 mg mL−1, kanamycin 0.4 mg mL−1, gentamycin
0.035 mg mL−1 and colistin 850 U mL−1 via their drinking water.

On the sixth day, after one day of no intervention, a single intraperitoneal injection of
clindamycin 10 mg kg−1 was administrated [26,27]. The next day, the four animal groups
(G1, G2, G3, and G4) were challenged with the non-toxigenic (TCDA-, TCDB-) bacterial
pathogen (Clostridioides difficile) through their drinking water, which was prepared by
suspending C. difficile spores (104 spores mL−1) for 24 hours [24]. The animals in the fifth
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group (G5, n = 10) were not treated with antibiotics and did not come in contact with the
pathogen (control group). Verification of C. difficile colonization in the mice of G1–G4 was
performed by culturing homogenized mouse fecal samples, as described in Section 2.2.

Three days after infection with C. difficile, animals in groups G1, G2, and G3 underwent
different treatments, each for a period of 10 days via their daily drinking water, while the
fourth infected group (G4, n = 10) remained untreated. The treated animals received either
metronidazole (50 mg/kg/day) (G1, n = 10) [28], or a commercially available probiotic
product containing 5 × 109 viable strains: L. casei, B. lactis, B. longum, B. bifidum, L. salivarius,
L. bulgaricus, L. plantarum, L. rhamnosus, L. acidophilus, S. thermophiles, Lactococcus lactis (G2,
n = 10) or were subjected to Fecal Microbiota Transplantation (FMT) by receiving 10% fecal
water prepared from the fecal samples of controls (400 mg/mL) diluted in sterile PBS [29]
(G3, n = 10). The water consumption was measured and recorded daily for every group of
mice, and no statistically significant differences were observed.

The health status of the mice was recorded daily throughout the experiment, and
their body weights were recorded weekly. Fecal samples were collected at all critical time
points, while tissues were collected postmortem after each mouse was sacrificed by cervical
dislocation. The collected brain tissues were washed with saline solution, frozen in liquid
nitrogen, and stored at −80 ◦C. All procedures (bedding changes, infection, and sample
collection) were performed under a laminar flow hood and using appropriate personal
protective equipment by trained lab animal science technicians and veterinarians. The
laminar flow hood work area was sterilized between experimental treatments to prevent
potential cross-contamination by spores. A schematic illustration of the experimental
design, including the respective timelines, is given in Figure 1.
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2.4. Metabolites’ Extraction

Brain tissues were left to thaw at room temperature and then homogenized us-
ing a Bead mill Homogenizer (BEAD RUPTOR ELITE, Omni International, Kennesaw,
Georgia). Two extracts were obtained for hydrophilic and lipophilic metabolites using a
two-step procedure.

First, tissues were weighed (360.82 mg ± 40.22) and transferred to 1.5-mL tubes
containing 1.0 mm zirconium oxide beads. A solvent mixture of MeOH—IPA—H2O,
1:1:2 (v/v/v) in a ratio of tissue weight/solvent volume of 1:3 (wbr/vsol) was added, and
then the samples were vortexed, sonicated, and homogenized (3 cycles of 30 s, at a speed of
6.00 m/s). The homogenates were centrifuged for 20 min at 10,000× g and the supernatant
hydrophilic extracts were collected and divided into 4 aliquots for different analyses; 200 µL
were retrieved for HILIC-MS/MS analysis and 100 µL for GC-MS analysis. All aliquots
were evaporated to dryness (SpeedVac, Eppendorf Austria GmbH, Wien, Austria).

In the second step, the pellet residues remaining in the 1.5 mL tubes containing zirconium
oxide beads were further extracted for lipophilic metabolites. A solvent mixture of MTBE—
MeOH 3:1 (v/v) was added to the dry pellet in a proportion of tissue weight/solvent volume
1:3 (wbr/vsol) and then, the samples were vortexed for 20 min. After centrifugation for 30 min
at 10,000× g, 600 µL of the supernatant extracts were transferred to 1.5 mL Eppendorf tubes
and evaporated to dryness by Speedvac for RP-LC-HRMS/MS analysis.

The same extraction procedure was performed for the preparation of procedural blank
samples, and finally, all evaporated sample extracts were kept at −80 ◦C until the analysis.

2.5. Sample Preparation and Analysis

For the analysis of hydrophilic extracts, 3 different methods were applied: untar-
geted GC-MS, targeted GC-MS/MS and targeted HILIC-MS/MS. The targeted GC-MS/MS
method focused on 52 organic acid metabolites, while HILIC-MS/MS was applied to cap-
ture information on a certain set of 110 hydrophilic metabolites. In addition, an untargeted
RP-LC-HRMS/MS method was applied for the global metabolic profiling of the combined
hydrophilic and lipophilic extracts. In every case, QC samples were prepared by mixing
equal volumes of the final extract and were analyzed every ten samples (or every five for
RP-LC-HRMS/MS).

2.5.1. GC-MS Analysis

For the GC-MS analysis, 10 µL of myristic acid-d27 (IS, 100 µg/mL) and 10 µL
4-phenylbutyric acid (IS, 100 µg/mL) were added to each 100 µL extract before evap-
oration. The dried residues were reconstituted in 65 µL of anhydrous pyridine, 2% MeOX,
following incubation at 70 ◦C for 2 h. Then, the samples were allowed to cool at room tem-
perature, and 125 µL MSTFA, 1% TMCS were added and incubated for 1 h at 70 ◦C for the
formation of TMS derivatives. Subsequently, 10 µL of injection standard (N-pentadecane,
100 µg/mL) were added and the samples were split into 2 vials for the analysis in targeted
and untargeted mode.

Analysis was performed on an EVOQ 456 GC-TQ-MS system (Bruker, Billerica, MA,
USA) equipped with a CTC automatic sampler and PTV injector, controlled by Compass
Hystar software. A 30 m HP-5 MS UI (Agilent J&W) column (0.25 mm, ID of 0.25 µm) was
used, onto which 1 µL of sample was injected in splitless mode. The carrier gas was helium
(99.999%), used at a flow rate of 1.5 mL/min. For the untargeted analysis, the initial inlet
temperature was 110 ◦C for 1 min and then increased to 250 ◦C with a 720 ◦C/min rate,
where it was held for 12 min. The temperature returned to the initial conditions for the
remaining 23 min of the run. The column temperature was set to 70 ◦C for the initial 5 min
before increasing to 100 ◦C (5 ◦C/min), then to 200 ◦C (10 ◦C/min), where it was held for
2 min and finally reaching 320 ◦C (15 ◦C/min) with a hold for 5 min. The total analysis
time was 36 min. Electron ionization (EI) was applied, and ion source and transfer line
temperatures were set to 230 ◦C and 250 ◦C respectively. Mass spectra were acquired over
the range of 50–600 amu in full scan mode, with a solvent delay of 5.9 min.
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2.5.2. GC-MS/MS

For the targeted analysis, a method previously developed by our group [30] was
applied. Mass spectrometer (MS) detection in MRM mode was performed, providing data
for 52 organic acids in a total analysis time of 32.5 min EVOQ 456 GC-TQ-MS system, as
above. The inlet and oven conditions are provided in detail in the previously published
method [30].

2.5.3. HILIC-MS/MS Analysis

Before the analysis, the dried residues were reconstituted in 70 µL of acetonitrile-
water, 95:5 (v/v) and vortex-mixed. A hydrophilic interaction liquid chromatography
(HILIC)—MS/MS method [31] was applied, focusing on 110 key hydrophilic metabolites.
The separation was performed on an ACQUITY UPLC H-Class system using an ACQUITY
UPLC BEH Amide column (Waters Ltd., Elstree, UK). A Xevo TQD mass spectrometer
(Waters Corporation, Millford, MA, USA) was operated in MRM mode in both positive
and negative electrospray ionization (ESI) modes. The mobile phase consisted of (A)
acetonitrile-water, 95:5 (v/v) and (B) acetonitrile-water, 30:70 (v/v), both containing 10 mM
ammonium formate at pH 6.

2.5.4. RP-LC-HRMS/MS Analysis

Dried hydrophilic and lipophilic extracts were reconstituted in 200 µL methanol,
vortex-mixed and shaken at 720 rpm for 45 min. The two extracts were subsequently com-
bined, and then these samples were centrifuged at 16,000× g for 20 min. The supernatants
were transferred to LC-MS vials.

The samples were analyzed in positive and negative ESI modes using data-independent
acquisition (DIA)-MS/MS based on a previously published method [32]. The RP-LC-
HRMS/MS system was comprised of a Nexera X2 LC coupled to an LCMS-9030 quadrupole-
time of flight (Q-TOF) high resolution accurate mass MS system (Shimadzu Corporation,
Kyoto, Japan). Chromatographic separations were performed using an ACQUITY UPLC
BEH C18 column (1.7 µm, 2.1 × 100 mm, Waters Ltd., Elstree, UK) with a 35 min binary
gradient of Solvent A (water with 0.1% formic acid) and Solvent B (acetonitrile with 0.1%
formic acid). The method acquired a single TOF MS scan (m/z 65–1000) followed by
27 DIA-MS/MS mass scans over a mass range of m/z 40–1000. Each DIA-MS/MS mass
scan had a precursor isolation width of 35 Da and a collision energy spread of 5–55 V,
resulting in a cycle time of <1 s. This allowed the collection of fragmentation data for all
masses in the spectra across the entire LC gradient.

2.6. Data Analysis

GC-MS untargeted data were initially processed with AMDIS software to achieve
chromatographic peak deconvolution and identification. NIST (mainlib) and FIEHN li-
braries were used for the identification, applying simple mode with a minimum match
factor of 50%. Peak areas of the compounds extracted by AMDIS were calculated using the
Gavin3 script in MATLAB. RP-LC-HRMS/MS untargeted data were analyzed using Lab-
Solutions Insight software (v3.8). GC-MS/MS data were processed using Bruker MSWS8
software, and peak areas were considered. HILIC-MS/MS data analysis was performed by
TargetLynx (v4.1) (Waters, Milford, MA, USA), and peak areas were obtained.

For untargeted data (GC-MS and RP-LC-MRMS/MS), the metabolites that met the
criteria of presence in 80% of the analyzed samples were considered. The quality of the
data was also assessed through clustering of quality control (QC samples) in principal
components analysis (PCA). In addition, a value of coefficient of variation (CV) of less than
30% in the QC samples was considered a threshold for all obtained metabolites.

For RP-LC-HRMS/MS data, an in-house built MS/MS library of metabolites and
lipids commonly detected with this analytical method was used to identify metabolites.
Library MS/MS spectra were acquired from authentic reference material where available.
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For metabolites detected and identified by more than one of the four analytical meth-
ods (targeted HILIC-MS/MS, untargeted RP-LC-HRMS/MS, targeted GC-MS/MS and
untargeted GC-MS), data from the most applicable method for that analyte was considered
based on retention time and ionization. The final list of identified metabolites (Table S1)
was considered for statistical analysis using both univariate and multivariate approaches.

Multivariate statistical analysis was performed using SIMCA 13.0.3 (UMETRICS AB,
Umea, Sweden). Principal components analysis (PCA) was conducted, and the data
were further processed by orthogonal-partial least squares discriminant analysis (OPLS-
DA). Biomarker evaluation and statically significant features were highlighted by VIP
(Variable Importance for the Projection) value ≥ 1.5; p(corr.) value ≥ ± 0.5 in UV scaling.
Model quality was assessed by goodness of fit in the X (R2X) and Y (R2Y) variables
and predictability (Q2YCV) and CV ANOVA analysis. Univariate statistical analysis was
performed in Office365 MS Excel for the calculation of the two-tailed t-test with an unequal
variance algorithm (p ≤ 0.05) and for the logarithmic value of fold change (Log2FC) to
investigate the impact of each metabolite on the tested hypothesis. Pathway analysis was
performed using MetaboAnalyst (V5.0) [33,34].

3. Results

Based on the microbiological findings from the fecal samples of G1, G2, G3, and G4
animals (Figure 1), it was verified that there was colonization of C. difficile. During the in vivo
experiment, the general health of the animals was observed to be unaffected in terms of
welfare; all infected mice showed only mild diarrhea. Body weight was monitored, and no
statistically significant changes were observed in any animal. Nevertheless, it was ascertained
that brain metabolism was perturbed, as the brain metabolic profiles of mice infected with C.
difficile (G1–G4) were found to be altered in comparison to the controls (G5).

Brain extracts were analyzed using four different analytical methods: targeted HILIC-
LC-MS/MS, untargeted RP-LC-HRMS/MS, targeted GC-MS/MS and untargeted GC-MS.
Information on a wide variety of heterogeneous metabolites of brain metabolome could be
captured covering important metabolic pathways.

Compilation of data from all four methods and after applying data quality filters (see
Section 2.6) resulted in a total of 217 unique metabolites identified in the brain extracts
(Table S1). These comprised glycerophospholipids (33%), glycerolipids (12%), amino acids,
peptides, and analogues (13%), carbohydrates and carbohydrate conjugates (7%), and
fatty acids and conjugates (7%). Univariate and multivariate statistical analyses revealed
metabolites that were significantly differentiated in the brain extracts among the studied
groups as a result of infection and treatments.

3.1. C. difficile Infection

Comparing the metabolic profiles of the control group (G5) with the group of mice
that were infected but not subjected to any therapeutic treatment (G4), approximately 40%
(91 out of 217) of the metabolites showed significantly altered levels (p ≤ 0.05). Among the
metabolites that differed significantly, those with a higher logarithmic value of fold change
(|Log2FC|≥ 1), were the most affected with infection. All these metabolites were found to
be decreased in the infected mice compared to the controls and mostly comprise amino acids
but also vitamins, namely nicotinic acid (which showed the highest decrease), pyridoxine,
riboflavin, xanthine, acids such as glyceric, γ-aminobutyric and pyroglutamic and amines
such as histamine, tryptamine, methylamine, and trimethylamine. This indicates that key
compounds in brain metabolism are downregulated. The differentiation in the intensities
of the most significantly dysregulated metabolites by the infection with C. difficile can be
seen in the box plots of Figure 2, where controls (G5) are indicated in green and infected-
untreated (G4) in red.
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Figure 2. Box plots of 42 representative brain metabolites (alphabetically ordered) that were found
to be significantly deregulated after C. difficile colonization (G4 in red) in comparison to the control
group (G5 in green). The effect of their levels can also be seen in the three groups of treatment, colored
in dark blue for metronidazole (G1), in blue for probiotics (G2), and in light blue for FMT (G3).
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In Table S2, the calculated p-values and log2FC for all metabolites detected can be found,
given for each pairwise comparison of the five studied groups. In this table, the numbers are
highlighted for statistically significant (p ≤ 0.05 and |Log2FC| ≥ 1) differentiations.

3.2. C. difficile Therapeutic Treatment

When the condition of the animals subjected to therapeutic treatment was considered,
it was observed that for G1 (metronidazole), there was continuation of mild diarrhea, while
the other two groups were free of symptoms. Alterations in the brain metabolic pheno-
types that were captured by the applied methods were observed in all three treatment
groups compared to the untreated group (G4); however, the response to each treatment
was different. When compared to the infected and untreated group (G4), the highest
number of metabolites were significantly altered in the metronidazole-treated group—G1
(60 out of 217), followed by the probiotic treatment group—G2 (48 out of 217). The FMT
group—G3 had the lowest number of significantly different metabolites (28/217), but the
effects appeared to be more intense, with the Log2FC values being much higher between
this treatment and the untreated group (G4) than with any other treatment compared
to G4. Regarding the trend, almost all metabolites increased upon treatment, except
for trimethylamine in the metronidazole- and probiotic-treated groups (G1 and G2) and
3-hydroxybutyric and adenosine in the metronidazole-treated group (G1). In general,
the response observed in G1 and G2, corresponding to antibiotic and probiotic treat-
ments, was more similar to each other in comparison with the response to FMT treatment.
There were more common metabolites exhibiting similar trends in G1 and G2, including
1-Monoacylglycerol [MG 14:0 (1)], 1-Monooleoylglycerol [MG 18:1 (1)], 3-hydroxybutyric
acid, 4-hydroxybenzoic acid, acetylcarnitine, alanine, asparagine, and creatine. On the
other hand, FMT caused increases in different metabolites, such as 2-ketogloutaric acid,
4-hydroxybenzoic acid, and 5-hydroxy indole-3-acetic acid.

Many of the metabolites found to be increased in the three treatment groups were
those that were decreased by the infection (G4). This suggests that treatment leads to a
reversing trend in many of the metabolites dysregulated by the infection (decrease in G4
in comparison to the control G5). The levels of amino acids were increased by all three
treatments relative to the infected and untreated group, with glutamine exhibiting the
greatest |Log2FC|. Other metabolites that showed a reversed trend in all treatments were
xanthine, creatine, and methylamine. In some cases, only certain treatments were able to
reverse the effects of the treatment. For example, docosapentaenoic acid and eicosatrienoic
acid, which had a Log2FC decrease of 0.4 with infection (G4 compared to G5), showed an
increase only after treatment with metronidazole (G1) or probiotics (G2). The effects of the
three treatments on metabolite levels can be seen in Figure 2, where the intensities of the
representative metabolites are illustrated as box plots.

When the treated groups were compared to the control group (G5), more brain metabo-
lites were found to differ significantly in the antibiotic and probiotic groups (G1 and G2)
than in the FMT group G3 (96 and 87 out of 217, in contrast to 53 out of 217 for G3). This
indicates that the FMT group’s brain metabolic phenotype is the more similar one to the
controls 10 days after treatment, suggesting that the respective intervention may be more
effective at restoring the healthy phenotype. Around seventy percent of the differentiated
metabolites are decreased in groups G1, G2, and G3 compared to controls (G5).

Many altered metabolites were common in the three treated groups, including serine,
glycine, arginine, and inosine, with nicotinic acid characteristically being the one with the
most noteworthy log2FC decrease in all three groups. In Figure 2, where representative
metabolites from those that showed a significant alteration with infection are plotted, the
reversing trend in the treated animals for these metabolites can be seen. It is important to
point out that several metabolites, such as arginine, betaine, choline, glutamine, and glycine,
decreased due to the infection, and this effect was markedly reversed in the G3 group.
Although this was also observed in groups G1 and G2, the effect was not as pronounced.
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The approach of multivariate statistics was also used for the evaluation of the data to
reveal the potential biological significance of the studied interventions. The constructed
unsupervised principal component analysis (PCA) score plot (Figure 3) showed a tendency
in the clustering of the samples according to the treatment, which was more pronounced
when data were analyzed by supervised orthogonal partial least squares (OPLS), as presented
in Figure S1.
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Based on PCA, it can be observed that G4 is clustered away from G5 (controls),
indicating a differentiation of the metabolic phenotype with the C. difficile infection, as
shown also by univariate statistical analysis. Therapeutic treatments do not seem to be
clearly distinguished based on the acquired metabolome. When supervised models are
constructed, a trend is revealed, i.e., the three groups are separately clustered, while FTM
treatment is the one that drives the metabolic profile closer to the controls, whereas the
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G1 cluster is in the far end from G5. This can be seen in Figure 4, where the treated
groups (in blue) and controls (in green) are plotted. However, it is clear that no treatment
fully recovered the brain metabolic profile to the healthy control phenotype (G5), which
indicates a remaining disrupted metabolism 10 days after therapeutic treatment in all cases.
Pairwise discriminant analysis indicated differentiation between each treatment group
(metronidazole-G1, probiotic-G2, or FMT-G3 and the uninfected control group-G5), with
the greatest difference arising from the metronidazole treatment (Figure 4 and Table 1).
Table S3 details the extracted p(corr) and VIP (Variable Importance for the Projection)
values from each statistically significant pairwise comparison based on OPLS-DA; VIP
values ≥ 1.50 are marked in red. Table S4 summarizes the most significant features from
both univariate and multivariate analyses, highlighting metabolites that meet the criteria
of p value ≤ 0.05 and VIP value ≥ 1.5.
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Table 1. Characteristics of the constructed unsupervised and supervised models.

Model Type N R2X(cum) R2Y(cum) Q2(cum) CV ANOVA

1,2,3,4,5 PCA-X 50 0.557 0.335
1,2,3,4,5 OPLS 50 0.481 0.946 0.834 1.139E-08
1,2,3,5 OPLS 40 0.518 0.966 0.898 3.246E-08

1,4 OPLS-DA 20 0.610 0.985 0.854 3.587E-04
1,5 OPLS-DA 20 0.625 0.991 0.909 2.453E-05
2,4 OPLS-DA 20 0.543 0.987 0.789 2.702E-03
2,5 OPLS-DA 20 0.526 0.989 0.832 7.549E-04
3,4 OPLS-DA 20 0.616 0.962 −0.041 1.000E+00
3,5 OPLS-DA 20 0.577 0.972 0.824 9.762E-04
4,5 OPLS-DA 20 0.600 0.990 0.840 5.839E-04

4. Discussion

Both bacterial infection and treatments for bacterial infection can have a profound
effect on the gut microbiome, which may in turn affect the brain metabolome via gut–brain
axis communication. Herein, the effects of CDI and three common treatments on the
brain metabolome in a murine model are discussed for the first time. We investigated
the metabolic perturbations induced by infection and evaluated the therapeutic effects of
the first-line prescriptive antibiotic treatment, probiotics, and FMT as the most promising
treatment in our CDI murine model.
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Over the last decade, CDI pathology has been explored using metabolomics applied
mainly to fecal samples [1,5,22,35–39], and to a smaller extent to urine [40] and gastroin-
testinal tract tissues [41]. The purpose was to find biomarkers of primary and recurrent CDI
in patients and animal models and to provide evidence of metabolic perturbation induced
by C. difficile colonization [20,22,35,36].

In many studies, the association of primary and secondary bile acid composition in
fecal samples with the CDI mechanism has been explored [3,6,18,22,42–44].

Murine studies have demonstrated that CDI decreases the levels of several amino acids
and increases metabolic products, such as 5-aminovalerate, since C. difficile metabolizes a
plethora of carbon substrates, including proline, glycine, and branched-chain amino acids
(BCAAs), via Stickland fermentation [36].

It has also been shown that after antibiotic administration, C. difficile exploits the
abundance of primary bile acid taurocholate and carbon sources such as mannitol, fructose,
sorbitol, raffinose, and stachyose for its germination and growth [22].

In a human study, a distinct fecal metabolome of hospitalized patients with CD diar-
rhea has been reported as sphingosine, chenodeoxycholic acid, phenylalanine, lysophos-
phatidylcholine (C16:0), and propylene glycol stearate being increased, while fatty amide,
glycochenodeoxycholic acid, tyrosine, linoleyl carnitine, and sphingomyelin were found to
decrease in CDI patients [5].

In the present study, a comparison of brain metabolic profiles with and without CDI
indicated statistically significant decreases in a number of metabolites with important roles
in a healthy phenotype, as described below. Many amino acids, such as leucine, valine, glu-
tamic acid, aspartic acid, and tyrosine, were found to be decreased (Figure 5). The BCAAs
leucine, isoleucine, and valine are major nitrogen donors supplying glutamate synthesis.
Glutamate and aspartate are the main excitatory neurotransmitters in the brain [45] and
the first is the precursor of γ-aminobutyric acid (GABA) [46], while glycine is the major
inhibitory neurotransmitter. Serotonin (a tryptophan-derived product), histamine, and the
metabolic products of tyrosine (dopamine and norepinephrine) are neurotransmitters with
significant roles in brain function. The plasma levels of glutamine (a precursor of glutamate
and aspartate), of BCAAs, and of serine (a precursor of glycine and D-serine) affect neuro-
transmission via glutamate, aspartate, and glycine synthesis and the competitive transport
of tryptophan and tyrosine across the blood–brain barrier [47].
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In addition, important vitamins, such as pyridoxine and riboflavin, were decreased.
Pyridoxine is a cofactor of the enzymes required for the synthesis of GABA in the brain [48].
Along with riboflavin, it restores dopamine levels and reduces oxidative stress in the
brains of rats [49]. Taurine, an important neurodevelopmental modulator with numerous
cellular functions that has shown a protective role against glutamate-mediated neuronal
cell death [50,51] was also decreased. All of the above indicate that significant metabolic
pathways for brain function were affected (Figure S2).

It has been suggested that CDI perturbs the gut microbiome and consequently dis-
rupts the metabolism of primary bile acids to secondary bile acids, which are crucial for
germination and growth of C. difficile, and that these can be normalized with FMT treatment.
Thus, FMT has been proposed as a promising treatment for refractory recurrent CDI, which
usually follows antibiotic administration. This, however, has only been investigated in
fecal samples. For example, in post-FMT fecal samples of CDI patients, mostly secondary
bile acids were detected, in contrast to high concentrations of primary bile acids and bile
salts in pre-FMT patient’s samples [6].

In our study, it was shown that FMT provides a brain metabolome closer to the controls
in comparison to the other two treatments. Interestingly, between the two conservative
treatments, FMT was shown to “restore” the brain metabolome more efficiently than
probiotics. This could be due to a wider variety of bacteria being imported into the
gastrointestinal track of the animals via FMT, in comparison to the limited number of
strains (eleven) by probiotic treatment. In addition, it seems that FMT leads to a more
distinct metabolic profile compared to the other two therapies when their effect on infected
mice was studied. Alterations in characteristic metabolites, such as N-acetyl aspartate and
LPGs, were observed that were not altered by the other treatments. Interestingly, the effect
of probiotics has shown a similar trend to that of metronidazole. In any case, however, it
should be stressed that none of the approaches seems to bring back the equilibrium in the
brain metabolome, and further studies are needed in this direction.

Confirming our initial hypothesis, the alterations of gut symbiome triggered by the
interventions (data not shown here will be reported in a following manuscript) were
probably responsible for brain differentiated metabolites through the gut–brain metabolic
interaction. To our knowledge, this is the first study to describe the effect of CDI in the
brain metabolome, building on previous knowledge from published data on fecal samples
to better understand the effects of CDI and its treatments. The origin of differentiated
metabolites in fecal samples due to CDI does not necessarily match those in the brain
metabolome since there are enzymatic and physiological differences. We aim to investigate
this metabolic interaction in a forthcoming article, where we will discuss the results of the
metabolomics-based analysis of fecal samples collected throughout the experiment (with
the same animals), as well as the relations of the affected fecal metabolome with the altered
composition of the gut microbial community.

5. Conclusions

Clostridium difficile colonization after antibiotic administration affected the brain
metabolic phenotype by disrupting the equilibrium of the gut microbiota. This may have a
profound effect on brain metabolism since the differentiated metabolites are involved in
significant biochemical pathways.

Although the administration of metronidazole is used as the standard treatment,
did not show to regulate the altered brain metabolome. Probiotics and, even more, fecal
microbiota transplantation showed an improving effect on the brain metabolic pheno-
types, although none of the three applied treatments was able to fully restore the healthy
metabolome.

The mechanism of action of the antibiotic-induced C. difficile infection is still chal-
lenging; thus, further studies are required for the elucidation of its effect on the brain
metabolome through the gut–brain interaction.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/metabo12111039/s1, Table S1: Unique metabolites identified in
brain extracts. Compound names, chemical formulae, method of detection, metabolomics standards
initiative (MSI) level of identification, and chemical taxonomy (class and sub-class) are given for
each. In the case where a metabolite was detected by more than one method, the most representative
method for that compound was chosen for reporting and statistical analysis; Table S2: Calculated
p-values and Log2FC values from pairwise comparisons of each treatment group G1: metronidazole;
G2: probiotics; G3: fecal microbiota transplantation with either the C. difficile infected and untreated
group G4 or the uninfected and untreated control group G5.Values highlighted in red correspond to
p ≤ 0.05 or |Log2FC| ≥ 1; Table S3: Extracted p(corr) and VIP values from each statistically significant
pairwise comparison based on OPLS discriminant analysis. VIP values ≥ 1.50 are marked in red;
Table S4a,b: Statistically significant metabolites that met the criteria of p value ≤ 0.05 and VIP
value ≥ 1.5 from univariate and multivariate statistics for pairwise comparisons of the studied
groups. In bold are compounds in common ((a) comparisons 1v4, 2v4, 4v5 and (b) comparisons 1v5,
2v5, 3v5). Figure S1. OPLS score plot of the model constructed for the five studied groups. Infected
mice (G4) are colored in red, and controls (G5) are colored in green. The three treatment groups are
shown in dark blue (G1), blue (G2), and light blue (G3). Figure S2. Metabolic pathways highlighted
by MetaboAnalyst 5.0 have been affected by CDI based on the differentiated metabolites in the
brain. The x-axis represents the values of pathway impact extracted from the pathway topological
analysis. The y-axis represents the -log of the p-value derived from the pathway enrichment analysis.
The pathways with higher scores for both values are illustrated on the top right region of the
contracted plot.

Author Contributions: Conceptualization, H.G.; Data curation, O.D., E.G.A., T.M. and H.G.; Funding
acquisition, O.D. and H.G.; Investigation, O.D., M.K., I.Z., I.T. and H.G.; Methodology, O.D., M.K.,
E.G.A., T.M., N.J.L., I.Z. and I.T.; Project administration, O.D. and H.G.; Supervision, H.G.; Visualiza-
tion, O.D. and H.G.; Writing—original draft, O.D., E.G.A., T.M., I.Z., I.T. and H.G.; Writing—review
& editing, O.D., M.K., E.G.A., T.M., N.J.L., I.Z., I.T. and H.G. All authors have read and agreed to the
published version of the manuscript.

Funding: This research is co-financed by Greece and the European Union (European Social Fund-
ESF) through the Operational Programme «Human Resources Development, Education and Lifelong
Learning» in the context of the project “Reinforcement of Postdoctoral Researchers—2nd Cycle”
(MIS-5033021), implemented by the State Scholarships Foundation (IKΥ).

Institutional Review Board Statement: The animal study protocol was conducted in accordance
with the 2010/63/EU Directive and the Presidential Decree No. 56/2013 of Greek legislation for care
and use of laboratory animals and was approved by the Department of Rural Economy and Veterinary
Medicine, Prefecture of Central Macedonia, Hellenic Republic [Protocol number: 634754(2485)], on 8
October 2021.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: This research is co-financed by Greece and the European Union (European Social
Fund-ESF) through the Operational Programme «Human Resources Development, Education and
Lifelong Learning» in the context of the project “Reinforcement of Postdoctoral Researchers—2nd
Cycle” (MIS-5033021), implemented by the State Scholarships Foundation (IKΥ). We would like to
thank Eleftherios Panteris for the creation of the graphical abstract.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Theriot, C.M.; Fletcher, J.R. Human Fecal Metabolomic Profiling Could Inform Clostridioides Difficile Infection Diagnosis and

Treatment. J. Clin. Investig. 2019, 129, 3539–3541. [CrossRef]
2. Pérez-Cobas, A.E.; Gosalbes, M.J.; Friedrichs, A.; Knecht, H.; Artacho, A.; Eismann, K.; Otto, W.; Rojo, D.; Bargiela, R.; von Bergen,

M.; et al. Gut Microbiota Disturbance during Antibiotic Therapy: A Multi-Omic Approach. Gut 2013, 62, 1591–1601. [CrossRef]

https://www.mdpi.com/article/10.3390/metabo12111039/s1
https://www.mdpi.com/article/10.3390/metabo12111039/s1
http://doi.org/10.1172/JCI130008
http://doi.org/10.1136/gutjnl-2012-303184


Metabolites 2022, 12, 1039 17 of 18

3. Winston, J.A.; Theriot, C.M. Impact of Microbial Derived Secondary Bile Acids on Colonization Resistance against Clostridium
Difficile in the Gastrointestinal Tract. Anaerobe 2016, 41, 44–50. [CrossRef]

4. Yang, J.; Meng, L.; Yang, H. Therapeutic Effects of Bifidobacterium Breve YH68 in Combination with Vancomycin and Metronida-
zole in a Primary Clostridioides Difficile-Infected Mouse Model. Microbiol. Spectr. 2022, 10, e0067222. [CrossRef]

5. Zhou, P.; Zhou, N.; Shao, L.; Li, J.; Liu, S.; Meng, X.; Duan, J.; Xiong, X.; Huang, X.; Chen, Y.; et al. Diagnosis of Clostridium
Difficile Infection Using an UPLC–MS Based Metabolomics Method. Metabolomics 2018, 14, 102. [CrossRef]

6. Weingarden, A.R.; Chen, C.; Bobr, A.; Yao, D.; Lu, Y.; Nelson, V.M.; Sadowsky, M.J.; Khoruts, A. Microbiota Transplantation
Restores Normal Fecal Bile Acid Composition in Recurrent Clostridium Difficile Infection. Am. J. Physiol. Gastrointest. Liver
Physiol. 2014, 306, G310–G319. [CrossRef]

7. Behnke, M.; Hansen, S.; Leistner, R.; Diaz, L.A.P.; Gropmann, A.; Sohr, D.; Gastmeier, P.; Piening, B. Nosocomial Infection and
Antibiotic Use. Dtsch. Ärzteblatt Int. 2013, 110, 627–633. [CrossRef]

8. Halverson, T.; Alagiakrishnan, K. Gut Microbes in Neurocognitive and Mental Health Disorders. Ann. Med. 2020, 52, 423–443.
[CrossRef]

9. Sonali, S.; Ray, B.; Ahmed Tousif, H.; Rathipriya, A.G.; Sunanda, T.; Mahalakshmi, A.M.; Rungratanawanich, W.; Essa, M.M.;
Qoronfleh, M.W.; Chidambaram, S.B.; et al. Mechanistic Insights into the Link between Gut Dysbiosis and Major Depression: An
Extensive Review. Cells 2022, 11, 1362. [CrossRef]

10. Rogers, M.A.M.; Greene, M.T.; Young, V.B.; Saint, S.; Langa, K.M.; Kao, J.Y.; Aronoff, D.M. Depression, Antidepressant Medications,
and Risk of Clostridium Difficile Infection. BMC Med. 2013, 11, 121. [CrossRef]

11. Koppenol, E.; Terveer, E.M.; Vendrik, K.E.W.; van Lingen, E.; Verspaget, H.W.; Keller, J.J.; Kuijper, E.J.; Giltay, E.J. Fecal Microbiota
Transplantation Is Associated with Improved Aspects of Mental Health of Patients with Recurrent Clostridioides Difficile
Infections: Effect of FMT on Affect in RCDI Patients. J. Affect. Disord. Rep. 2022, 9, 100355. [CrossRef]

12. Biazzo, M.; Allegra, M.; Deidda, G. Clostridioides Difficile and Neurological Disorders: New Perspectives. Front. Neurosci. 2022,
16, 946601. [CrossRef]

13. Arneth, B.M. Gut–Brain Axis Biochemical Signalling from the Gastrointestinal Tract to the Central Nervous System: Gut Dysbiosis
and Altered Brain Function. Postgrad. Med. J. 2018, 94, 446–452. [CrossRef]

14. Sharaby, A.A.; Abugoukh, T.M.; Ahmed, W.; Ahmed, S.; Elshaikh, A.O. Do Probiotics Prevent Clostridium Difficile-Associated
Diarrhea? Cureus 2022, 14, e27624. [CrossRef]

15. Wolfe, T.J.D.; Kates, A.E.; Barko, L.; Darien, B.J.; Safdar, N. Modified Mouse Model of Clostridioides Difficile Infection as a
Platform for Probiotic Efficacy Studies. Antimicrob. Agents Chemother. 2019, 63, e00111-19. [CrossRef]

16. Shelby, R.D.; Janzow, G.E.; Mashburn-Warren, L.; Galley, J.; Tengberg, N.; Navarro, J.; Conces, M.; Bailey, M.T.; Goodman, S.D.;
Besner, G.E. A Novel Probiotic Therapeutic in a Murine Model of Clostridioides Difficile Colitis. Gut Microbes 2020, 12, 1814119.
[CrossRef]

17. Mills, J.P.; Rao, K.; Young, V.B. Probiotics for Prevention of Clostridium Difficile Infection. Curr. Opin. Gastroenterol. 2018, 34, 3–10.
[CrossRef]

18. Allegretti, J.R.; Kelly, C.R.; Grinspan, A.; Mullish, B.H.; Hurtado, J.; Carrellas, M.; Marcus, J.; Marchesi, J.R.; McDonald, J.A.K.;
Gerardin, Y.; et al. Inflammatory Bowel Disease Outcomes Following Fecal Microbiota Transplantation for Recurrent C. Difficile
Infection. Inflamm. Bowel Dis. 2021, 27, 1371–1378. [CrossRef]

19. Martinez-Gili, L.; McDonald, J.a.K.; Liu, Z.; Kao, D.; Allegretti, J.R.; Monaghan, T.M.; Barker, G.F.; Miguéns Blanco, J.; Williams,
H.R.T.; Holmes, E.; et al. Understanding the Mechanisms of Efficacy of Fecal Microbiota Transplant in Treating Recurrent
Clostridioides Difficile Infection and beyond: The Contribution of Gut Microbial-Derived Metabolites. Gut Microbes 2020,
12, 1810531. [CrossRef]

20. Antharam, V.C.; McEwen, D.C.; Garrett, T.J.; Dossey, A.T.; Li, E.C.; Kozlov, A.N.; Mesbah, Z.; Wang, G.P. An Integrated
Metabolomic and Microbiome Analysis Identified Specific Gut Microbiota Associated with Fecal Cholesterol and Coprostanol in
Clostridium Difficile Infection. PLoS ONE 2016, 11, e0148824. [CrossRef]

21. Griffiths, D.; Fawley, W.; Kachrimanidou, M.; Bowden, R.; Crook, D.W.; Fung, R.; Golubchik, T.; Harding, R.M.; Jeffery, K.J.M.;
Jolley, K.A.; et al. Multilocus Sequence Typing of Clostridium Difficile. J. Clin. Microbiol. 2010, 48, 770–778. [CrossRef]

22. Theriot, C.M.; Koenigsknecht, M.J.; Carlson, P.E.; Hatton, G.E.; Nelson, A.M.; Li, B.; Huffnagle, G.B.; Li, J.Z.; Young, V.B.
Antibiotic-Induced Shifts in the Mouse Gut Microbiome and Metabolome Increase Susceptibility to Clostridium Difficile Infection.
Nat. Commun. 2014, 5, 3114. [CrossRef]

23. Perez, J.; Springthorpe, V.S.; Sattar, S.A. Clospore: A Liquid Medium for Producing High Titers of Semi-Purified Spores of
Clostridium Difficile. J. AOAC Int. 2011, 94, 618–626. [CrossRef]

24. VanInsberghe, D.; Elsherbini, J.A.; Varian, B.; Poutahidis, T.; Erdman, S.; Polz, M.F. Diarrhoeal Events Can Trigger Long-Term
Clostridium Difficile Colonization with Recurrent Blooms. Nat. Microbiol. 2020, 5, 642–650. [CrossRef]

25. Mormak, D.A.; Casida, L.E. Study of Bacillus Subtilis Endospores in Soil by Use of a Modified Endospore Stain. Appl. Environ.
Microbiol. 1985, 49, 1356–1360. [CrossRef]

26. Chen, X.; Katchar, K.; Goldsmith, J.D.; Nanthakumar, N.; Cheknis, A.; Gerding, D.N.; Kelly, C.P. A Mouse Model of Clostridium
Difficile-Associated Disease. Gastroenterology 2008, 135, 1984–1992. [CrossRef]

27. Hutton, M.L.; Mackin, K.E.; Chakravorty, A.; Lyras, D. Small Animal Models for the Study of Clostridium Difficile Disease
Pathogenesis. FEMS Microbiol. Lett. 2014, 352, 140–149. [CrossRef]

http://doi.org/10.1016/j.anaerobe.2016.05.003
http://doi.org/10.1128/spectrum.00672-22
http://doi.org/10.1007/s11306-018-1397-x
http://doi.org/10.1152/ajpgi.00282.2013
http://doi.org/10.3238/arztebl.2013.0627
http://doi.org/10.1080/07853890.2020.1808239
http://doi.org/10.3390/cells11081362
http://doi.org/10.1186/1741-7015-11-121
http://doi.org/10.1016/j.jadr.2022.100355
http://doi.org/10.3389/fnins.2022.946601
http://doi.org/10.1136/postgradmedj-2017-135424
http://doi.org/10.7759/cureus.27624
http://doi.org/10.1128/AAC.00111-19
http://doi.org/10.1080/19490976.2020.1814119
http://doi.org/10.1097/MOG.0000000000000410
http://doi.org/10.1093/ibd/izaa283
http://doi.org/10.1080/19490976.2020.1810531
http://doi.org/10.1371/journal.pone.0148824
http://doi.org/10.1128/JCM.01796-09
http://doi.org/10.1038/ncomms4114
http://doi.org/10.1093/jaoac/94.2.618
http://doi.org/10.1038/s41564-020-0668-2
http://doi.org/10.1128/aem.49.6.1356-1360.1985
http://doi.org/10.1053/j.gastro.2008.09.002
http://doi.org/10.1111/1574-6968.12367


Metabolites 2022, 12, 1039 18 of 18

28. Erikstrup, L.T.; Aarup, M.; Hagemann-Madsen, R.; Dagnaes-Hansen, F.; Kristensen, B.; Olsen, K.E.P.; Fuursted, K. Treatment of
Clostridium Difficile Infection in Mice with Vancomycin Alone Is as Effective as Treatment with Vancomycin and Metronidazole
in Combination. BMJ Open Gastroenterol. 2015, 2, e000038. [CrossRef]

29. Bokoliya, S.C.; Dorsett, Y.; Panier, H.; Zhou, Y. Procedures for Fecal Microbiota Transplantation in Murine Microbiome Studies.
Front. Cell. Infect. Microbiol. 2021, 11, 711055. [CrossRef]

30. Mouskeftara, T.; Virgiliou, C.; Theodoridis, G.; Gika, H. Analysis of Urinary Organic Acids by Gas Chromatography Tandem
Mass Spectrometry Method for Metabolic Profiling Applications. J. Chromatogr. A 2021, 1658, 462590. [CrossRef]

31. Virgiliou, C.; Sampsonidis, I.; Gika, H.G.; Raikos, N.; Theodoridis, G.A. Development and Validation of a HILIC-MS/MS
Multitargeted Method for Metabolomics Applications. Electrophoresis 2015, 36, 2215–2225. [CrossRef]

32. Deda, O.; Virgiliou, C.; Armitage, E.G.; Orfanidis, A.; Taitzoglou, I.; Wilson, I.D.; Loftus, N.; Gika, H.G. Metabolic Phenotyping
Study of Mouse Brains Following Acute or Chronic Exposures to Ethanol. J. Proteome Res. 2020, 19, 4071–4081. [CrossRef]

33. Pang, Z.; Zhou, G.; Ewald, J.; Chang, L.; Hacariz, O.; Basu, N.; Xia, J. Using MetaboAnalyst 5.0 for LC–HRMS Spectra Processing,
Multi-Omics Integration and Covariate Adjustment of Global Metabolomics Data. Nat. Protoc. 2022, 17, 1735–1761. [CrossRef]

34. Pang, Z.; Chong, J.; Zhou, G.; de Lima Morais, D.A.; Chang, L.; Barrette, M.; Gauthier, C.; Jacques, P.-É.; Li, S.; Xia, J. MetaboAnalyst
5.0: Narrowing the Gap between Raw Spectra and Functional Insights. Nucleic Acids Res. 2021, 49, W388–W396. [CrossRef]

35. Fishbein, S.R.; Robinson, J.I.; Hink, T.; Reske, K.A.; Newcomer, E.P.; Burnham, C.-A.D.; Henderson, J.P.; Dubberke, E.R.; Dantas,
G. Multi-Omics Investigation of Clostridioides Difficile-Colonized Patients Reveals Pathogen and Commensal Correlates of C.
Difficile Pathogenesis. eLife 2022, 11, e72801. [CrossRef]

36. Dawkins, J.J.; Allegretti, J.R.; Gibson, T.E.; McClure, E.; Delaney, M.; Bry, L.; Gerber, G.K. Gut Metabolites Predict Clostridioides
Difficile Recurrence. Microbiome 2022, 10, 87. [CrossRef]

37. Jump, R.L.P.; Polinkovsky, A.; Hurless, K.; Sitzlar, B.; Eckart, K.; Tomas, M.; Deshpande, A.; Nerandzic, M.M.; Donskey, C.J.
Metabolomics Analysis Identifies Intestinal Microbiota-Derived Biomarkers of Colonization Resistance in Clindamycin-Treated
Mice. PLoS ONE 2014, 9, e101267. [CrossRef]

38. Robinson, J.I.; Weir, W.H.; Crowley, J.R.; Hink, T.; Reske, K.A.; Kwon, J.H.; Burnham, C.-A.D.; Dubberke, E.R.; Mucha, P.J.;
Henderson, J.P. Metabolomic Networks Connect Host-Microbiome Processes to Human Clostridioides Difficile Infections. J. Clin.
Investig. 2019, 129, 3792–3806. [CrossRef]

39. Gotoh, K.; Sakaguchi, Y.; Kato, H.; Osaki, H.; Jodai, Y.; Wakuda, M.; Také, A.; Hayashi, S.; Morita, E.; Sugie, T.; et al. Fecal
Microbiota Transplantation as Therapy for Recurrent Clostridioides Difficile Infection Is Associated with Amelioration of Delirium
and Accompanied by Changes in Fecal Microbiota and the Metabolome. Anaerobe 2022, 73, 102502. [CrossRef]

40. Obrenovich, M.E.; Tima, M.; Polinkovsky, A.; Zhang, R.; Emancipator, S.N.; Donskey, C.J. Targeted Metabolomics Analysis
Identifies Intestinal Microbiota-Derived Urinary Biomarkers of Colonization Resistance in Antibiotic-Treated Mice. Antimicrob.
Agents Chemother. 2017, 61, e00477-17. [CrossRef]

41. Jenior, M.L.; Leslie, J.L.; Young, V.B.; Schloss, P.D. Clostridium Difficile Alters the Structure and Metabolism of Distinct Cecal
Microbiomes during Initial Infection To Promote Sustained Colonization. mSphere 2018, 3, e00261-18. [CrossRef]

42. Allegretti, J.R.; Kearney, S.; Li, N.; Bogart, E.; Bullock, K.; Gerber, G.K.; Bry, L.; Clish, C.B.; Alm, E.; Korzenik, J.R. Recurrent
Clostridium Difficile Infection Associates with Distinct Bile Acid and Microbiome Profiles. Aliment. Pharmacol. Ther. 2016,
43, 1142–1153. [CrossRef]

43. Monaghan, T.; Mullish, B.H.; Patterson, J.; Wong, G.K.; Marchesi, J.R.; Xu, H.; Jilani, T.; Kao, D. Effective Fecal Microbiota
Transplantation for Recurrent Clostridioides Difficile Infection in Humans Is Associated with Increased Signalling in the Bile
Acid-Farnesoid X Receptor-Fibroblast Growth Factor Pathway. Gut Microbes 2019, 10, 142–148. [CrossRef]

44. Seekatz, A.M.; Theriot, C.M.; Rao, K.; Chang, Y.-M.; Freeman, A.E.; Kao, J.Y.; Young, V.B. Restoration of Short Chain Fatty Acid
and Bile Acid Metabolism Following Fecal Microbiota Transplantation in Patients with Recurrent Clostridium Difficile Infection.
Anaerobe 2018, 53, 64–73. [CrossRef]

45. Sperringer, J.E.; Addington, A.; Hutson, S.M. Branched-Chain Amino Acids and Brain Metabolism. Neurochem. Res. 2017,
42, 1697–1709. [CrossRef]

46. Schousboe, A.; Scafidi, S.; Bak, L.K.; Waagepetersen, H.S.; McKenna, M.C. Glutamate Metabolism in the Brain Focusing on
Astrocytes. Adv. Neurobiol. 2014, 11, 13–30. [CrossRef]

47. He, W.; Wu, G. Metabolism of Amino Acids in the Brain and Their Roles in Regulating Food Intake. Adv. Exp. Med. Biol. 2020,
1265, 167–185. [CrossRef]

48. Pyridoxine—An Overview. ScienceDirect Topics. Available online: https://www.sciencedirect.com/topics/neuroscience/
pyridoxine (accessed on 8 September 2022).

49. Peraza, A.V.; Guzmán, D.C.; Brizuela, N.O.; Herrera, M.O.; Olguín, H.J.; Silva, M.L.; Tapia, B.J.; Mejía, G.B. Riboflavin and
Pyridoxine Restore Dopamine Levels and Reduce Oxidative Stress in Brain of Rats. BMC Neurosci. 2018, 19, 71. [CrossRef]

50. Jakaria, M.; Azam, S.; Haque, M.E.; Jo, S.-H.; Uddin, M.S.; Kim, I.-S.; Choi, D.-K. Taurine and Its Analogs in Neurological
Disorders: Focus on Therapeutic Potential and Molecular Mechanisms. Redox Biol. 2019, 24, 101223. [CrossRef]

51. Parksepp, M.; Leppik, L.; Koch, K.; Uppin, K.; Kangro, R.; Haring, L.; Vasar, E.; Zilmer, M. Metabolomics Approach Revealed
Robust Changes in Amino Acid and Biogenic Amine Signatures in Patients with Schizophrenia in the Early Course of the Disease.
Sci. Rep. 2020, 10, 13983. [CrossRef]

http://doi.org/10.1136/bmjgast-2015-000038
http://doi.org/10.3389/fcimb.2021.711055
http://doi.org/10.1016/j.chroma.2021.462590
http://doi.org/10.1002/elps.201500208
http://doi.org/10.1021/acs.jproteome.0c00440
http://doi.org/10.1038/s41596-022-00710-w
http://doi.org/10.1093/nar/gkab382
http://doi.org/10.7554/eLife.72801
http://doi.org/10.1186/s40168-022-01284-1
http://doi.org/10.1371/journal.pone.0101267
http://doi.org/10.1172/JCI126905
http://doi.org/10.1016/j.anaerobe.2021.102502
http://doi.org/10.1128/AAC.00477-17
http://doi.org/10.1128/mSphere.00261-18
http://doi.org/10.1111/apt.13616
http://doi.org/10.1080/19490976.2018.1506667
http://doi.org/10.1016/j.anaerobe.2018.04.001
http://doi.org/10.1007/s11064-017-2261-5
http://doi.org/10.1007/978-3-319-08894-5_2
http://doi.org/10.1007/978-3-030-45328-2_10
https://www.sciencedirect.com/topics/neuroscience/pyridoxine
https://www.sciencedirect.com/topics/neuroscience/pyridoxine
http://doi.org/10.1186/s12868-018-0474-4
http://doi.org/10.1016/j.redox.2019.101223
http://doi.org/10.1038/s41598-020-71014-w

	Introduction 
	Materials and Methods 
	Reagents and Materials 
	C. difficile Spore Purification 
	Animal Experiment 
	Metabolites’ Extraction 
	Sample Preparation and Analysis 
	GC-MS Analysis 
	GC-MS/MS 
	HILIC-MS/MS Analysis 
	RP-LC-HRMS/MS Analysis 

	Data Analysis 

	Results 
	C. difficile Infection 
	C. difficile Therapeutic Treatment 

	Discussion 
	Conclusions 
	References

