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Abstract

Research on autism spectrum disorders (ASDs) has so far focused primarily on the gut-
brain axis, whereas the role of the gut-liver axis remains insufficiently explored. The aim
of this study was to evaluate whether microbiota derived from girls with ASD induces
dysbiotic changes in gut microbiota composition and leads to alterations in gut-liver axis
processes in pseudo-germ-free (PGF) BALB/c mice. We also examined whether these
processes could be modulated by altering the gut microbiota using the probiotic strains Lac-
tiplantibacillus plantarum CCM 7512 and Limosilactobacillus reuteri CCM 8617 in combination
with ground flaxseed (Linum usitatissimum L.) as a source of omega-3 polyunsaturated fatty
acids and fermentable fiber. Colonization with fecal microbiota derived from girls with
ASD resulted in dysbiotic changes in the composition of the cecal microbiota, characterized
by an increased relative abundance of Escherichia—Shigella, Fusobacterium, Alistipes, and
the Ruminococcus gnavus group. These changes were accompanied by impaired intesti-
nal mucosal integrity, altered metabolomic pathways related mainly to aromatic amino
acids and lipid metabolism, increased hepatic immunoreactivity of iNOS and COX-2,
and elevated activity of the liver-specific LDH-5 isoenzyme. These results suggest that
synbiotic intervention contributed to remodeling of the cecal microbiota composition,
restoration of intestinal epithelial integrity, and modulation of metabolomic pathways,
which was reflected by reduced immunoreactivity of iNOS and COX-2 in liver tissue and
decreased activity of the LDH-5 isoenzyme. These findings support the role of microbiota-
mediated metabolic processes in communication between the gut and the liver within the
gut-liver axis.
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1. Introduction

Autism spectrum disorder (ASD) is a multifactorial, highly heritable neurodevel-
opmental disorder characterized by impairments in social interaction, communication,
stereotyped behaviors, restricted interests, and food selectivity [1,2]. Individuals with
ASD frequently present with gastrointestinal comorbidities such as constipation, diar-
rhea, or abdominal discomfort, which are often associated with alterations in the com-
position and abundance of the gut microbiota. Although dysbiosis has been repeatedly
reported in patients with ASD, a definitive microbial signature of the disorder has not yet
been identified [3,4].

The gut microbiota plays an important role in the regulation of metabolic and im-
munological processes of the host, as demonstrated by numerous experimental and clinical
studies [5,6]. Microorganisms colonizing the intestine participate in the fermentation of
indigestible dietary components, the production of short-chain fatty acids (SCFAs), vitamin
synthesis, and the modulation of host immune responses. Due to the broad range of these
metabolic and regulatory functions, the gut microbiota is often described as a metabolically
active organ that substantially contributes to maintaining physiological homeostasis of
the host [7]. Metabolites and other bioactive molecules produced by gut microorganisms
may enter the systemic circulation and influence the function of distant organs, including
the liver [8]. One of the key mechanisms mediating interactions between the intestine
and other organs is the gut-liver axis, which represents a functional connection between
the intestine, its microbiota, and the liver. This bidirectional communication is primarily
mediated by the portal circulation, through which metabolites, microbial products, and
other molecules originating from the intestine are transported directly to the liver. At the
same time, the liver influences the intestinal environment and shapes the composition of the
gut microbiota through the secretion of bile and immunologically active molecules [9,10].
An important role in regulating this communication is played by the intestinal mucosal
and vascular barrier, which represents a functional and anatomical boundary controlling
the translocation of microorganisms, toxins, and metabolites into the systemic circulation.
The integrity of this barrier is essential for maintaining the homeostasis of the gut-liver
axis, whereas its disruption may lead to increased translocation of microbial products, such
as lipopolysaccharides (LPSs) or other microbial metabolites, into the portal circulation and
the subsequent activation of inflammatory processes in the liver [6,8,9].

In the context of ASD, increasing attention has therefore been devoted to the modula-
tion of the gut microbiota as a potential approach to influencing gastrointestinal disorders
frequently reported in patients with ASD. Among the investigated strategies is the use
of probiotic microorganisms and nutritional components with prebiotic effects, which
may contribute to modifying the composition of the gut microbiota and its metabolic
activity. Our previous experimental studies demonstrated that selected probiotic strains
of the genus Lactobacillus, particularly Limosilactobacillus reuteri CCM 8617, in combina-
tion with nutritional components possessing prebiotic effects, can effectively modulate
the composition of the gut microbiota and the metabolic activity of the intestinal envi-
ronment [11,12]. Experimental findings have also indicated that supplementation with
flaxseed, as a source of omega-3 polyunsaturated fatty acids and dietary fiber, may influ-
ence fatty acid metabolism, the composition of the gut microbiota, and selected biochemical
indicators of tissue damage [13].
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Despite the growing interest in the role of the gut microbiota in the pathophysiology
of ASD, most studies to date have focused primarily on interactions within the microbiota—
gut-brain axis and their influence on the neurobehavioral manifestations of the disorder.
These mechanisms have been investigated mainly in various experimental models of ASD,
including genetic and environmentally induced mouse models [14,15]. In recent years,
experimental approaches based on fecal microbiota transplantation (FMT) have also been
used in this context, allowing the transfer of microbiota from patients with ASD to an
animal host and enabling the evaluation of its effects on host physiological and behavioral
outcomes [16]. Nevertheless, the potential role of the gut-liver axis in the context of
gastrointestinal comorbidities accompanying ASD remains insufficiently explored.

The aim of this study was to evaluate in pseudo-germ-free mice (PGF) whether fecal
microbiota transplantation from children with ASD induces a dysbiotic gut environment
and leads to alterations of the gut-liver axis, including changes in liver tissue. In addition,
we aimed to determine whether targeted modulation of the intestinal microbiota using a
synbiotic intervention could mitigate these microbiota-induced alterations.

2. Materials and Methods
2.1. Experimental Design and Animal Husbandry

The in vivo experiments were performed using 106 specific pathogen-free (SPF) female
BALB/c mice (6 weeks old), obtained from the breeding facility Velaz s.r.o. (Prague, Czech
Republic). Animals were transported by air in dedicated transport containers to the accredited
Laboratory of Gnotobiology at the Department of Microbiology and Immunology, University
of Veterinary Medicine and Pharmacy in Kosice, Slovakia (SK U 10021). Upon arrival, mice
were housed in a gnotobiotic animal facility equipped with EHRET THF 3271IE 101/97
isolators (EHRET Labor- und Pharmatechnik GmbH & Co. KG, Emmendingen, Germany)
and two-part glove isolators (CBC Ltd., Madison, WI, USA). Animals were maintained under
barrier conditions and had ad libitum access to an irradiated complete pelleted diet formulated
for laboratory mice (Ssniff Spezialdidten GmbH, Soest, Germany). The diet contained 22%
crude protein, 3.9% crude fiber, 4.5% crude fat, 6.7% ash, 0.7% calcium, and 0.5% phosphorus,
and was supplemented with trace elements (iron 100 mg/kg, zinc 100 mg/kg, manganese
30 mg/kg, selenium 0.10 mg/kg, copper 5 mg/kg) and vitamins (vitamin A 28,000 IU/kg,
vitamin D3 2200 IU/kg, vitamin E 100 mg/kg). Autoclaved drinking water was supplied in
glass bottles without restriction. Sterilized bedding material (Lignocel 3-4S, JRS, Rosenberg,
Germany) treated by irradiation was used throughout this study. Environmental conditions
within the gnotobiotic units were strictly controlled. The temperature inside the isolators was
maintained between 20 and 24 °C via air exchange with a centrally heated gnotobiotic room.
Relative humidity was kept within the range of 45-65% by regular bedding replacement and
continuous HEPA-based air filtration (CBC Ltd., Madison, WI, USA). The isolator filtration
systems ensured 10-15 air exchanges per hour under positive pressure (50-70 kPa), with an
airflow rate of 8-30 m?/h.

In the first stage of the procedure, all animals underwent antibiotic-mediated depletion
of the gut microbiota to establish a pseudo-germ-free model, as described in Section 2.2.
According to the experimental design shown in Figure 1a, Phase I represented the period
of antibiotic decontamination, Phase II represented the period following fecal microbiota
transplantation (FMT), and Phase III represented the period after synbiotic additive admin-
istration. After antibiotic treatment, mice were randomly assigned to four experimental
groups: the control group (C; n = 30), NT group (receiving FMT from neurotypical donors;
n = 30), ASD group (receiving FMT from ASD donors; n = 23), and ASD+pro/pre group
(receiving FMT from ASD donors followed by synbiotic intervention; n = 23). Synbiotic
intervention was administered exclusively to the ASD+pro/pre group and included per
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os administration of probiotic cultures (Lactiplantibacillus plantarum CCM 7512 and Limosi-
lactobacillus reuteri CCM 8617; each inoculum contained 1 x 10° CFU/mL) at a dose of
0.1 mL/strain/mouse/day for 5 days. Concurrently, the feed was supplemented with
irradiated ground flaxseed (Linum usitatissimum L.) of the LIBRA cultivar (Osivo, Lucenec,
Slovakia) at a concentration of 4%, which was homogeneously mixed into a powdered
form of irradiated feed (Ssniff Spezialdidgten GmbH, Soest, Germany). The polyunsaturated
fatty acid (PUFA) composition of LIBRA flaxseed was characterized by a high content of
omega-3 fatty acids, predominantly «-linolenic acid (ALA; 54.9%), and omega-6 fatty acids,
mainly linoleic acid (17.1%).
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Figure 1. Experimental design of this study (a), FMT donor selection (b), and composition of fecal
microbiota transplants derived from neurotypical girls (T.NT, n = 4) and girls with autism spectrum
disorder (T.ASD, n = 4); bacterial microbiota (c—f), gut mycobiome (g), and metabolomic profiles (h,i).
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(c) Relative abundance of the top 10 bacterial phyla. (d) Relative abundance of the top 10 bac-
terial families. (e) Relative abundance of the most abundant bacterial genera. (f) Histogram of
linear discriminant analysis (LDA) scores identifying bacterial taxa that significantly discriminate
between T.ASD and T.NT transplants (red), meeting the LDA significance threshold of logjy > 2.
(g) Histogram of linear discriminant analysis (LDA) scores identifying differentially abundant taxa
of the gut mycobiome at multiple taxonomic levels between T.ASD (red) and T.NT (green) trans-
plants, meeting the LDA significance threshold of logyg > 2. (h) Heatmap of standardized metabolite
abundances (z-scores) across T.NT and T.ASD transplants, each represented by three technical
replicates (T.NT1-T.NT3 and T.ASD1-T.ASD3). (i) Volcano plot illustrating differential metabolite
abundance between T.NT and T.ASD transplants, where the x-axis represents log,(T.NT/T.ASD)
fold change and the y-axis shows —logjg(p-value); red dots indicate metabolites significantly in-
creased in T.NT, blue dots represent metabolites significantly increased in T.ASD, and gray dots
correspond to non-significant changes; metabolites were considered significantly altered at p < 0.05
and |logy(T.NT/T.ASD)| > 1. Fecal microbiota transplants were generated by pooling samples from
four donors per group; three independent pooled biological replicates per group were included in the
analyses. log, (fold change) > 1. Microbial profiling of the FMT inocula was performed using three
technical replicates derived from the same pooled inoculum per group.

2.2. Acquisition of the Pseudo-Germ-Free Model

The PGF animal model was obtained by administering broad-spectrum antibiotics
to SPF female BALB/c mice according to the application scheme shown in Figure 1a, as
previously described by [17]. During PGF induction, amoxicillin-clavulanate (Amoksiklav
2 x 457 mg/5 mL; Sandoz Pharmaceuticals, Ljubljana, Slovenia) was administered orally at
avolume of 0.2 mL (387.11 mg/kg body weight), while ciprofloxacin (Ciprinol con infusione
5 x 10 mL/100 mg; Krka d.d., Novo Mesto, Slovenia) was administered subcutaneously at
a volume of 0.1 mL (19.60 mg/kg body weight). Both antibiotics were applied every 12 h
for five consecutive days.

2.3. Selection and Screening of Fecal Microbiota Donors

Psychological and psychiatric examinations were performed at The Academic Research
Center for Autism at the Institute of Physiology, Faculty of Medicine, Comenius University
(CU) in Bratislava, Slovakia. Donors for ASD FMT (Figure 1b) were girls diagnosed with
ASD using the gold-standard diagnostic tools, including the Autism Diagnostic Observation
Schedule, Second Edition (ADOS-2) [18] and the Autism Diagnostic Interview, Revised
(ADI-R) [19] with a comparative score greater than seven. Neurotypical donors were
recruited from the local population. The mean age of ASD and neurotypical donors was
5.05 £ 0.9 and 4.67 £ 0.54 years, respectively, with no significant difference between
groups. Donors had not received any antibiotic or probiotic treatment for at least 2 months,
maintained a BMI within the normal range for age, and showed no symptoms of acute
gastrointestinal disorders or other infections within the preceding 2 months.

2.4. Fecal Microbiota Collection and Processing

Stool sample collection was performed at home by parents of neurotypical and ASD
donors into sterile containers following detailed instructions. The samples were delivered
to the laboratory within 2 h, and fecal microbiota transplants were promptly prepared.
The filtered material was mixed with glycerol (final concentration 10%), frozen, and stored
at —80 °C for up to 6 months [20]. To ensure biosafety, all fecal samples were screened
for bacterial, fungal, and parasitic pathogens at the Institute of Microbiology, Faculty of
Medicine, (CU) in Bratislava. Additionally, intestinal inflammation was assessed by mea-
suring calprotectin concentrations using the CALPROLAB™ Calprotectin ELISA (ALP)
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(Calprolab, Lysaker, Norway) according to the manufacturer’s instructions. Fecal calpro-
tectin concentrations below 50 ng/g of feces were considered within the normal range,
based on the established criteria [21]. Microbial transplants were prepared by pooling equal
volumes of fecal material from four donors (1 mL per donor). Prior to administration, the
transplants were slowly thawed for 8 h at 4 °C and subsequently processed under sterile
conditions in a class II laminar flow cabinet (Telstar Bio II Advance, Terrassa, Spain), and
homogenized. The transplants were administered per os at a volume of 0.2 mL/mouse/day
for three consecutive days.

2.5. Preparation of Probiotic Strains for Administration to Mice

Probiotic strains Limosilactobacillus reuteri CCM 8617 and Lactiplantibacillus plantarum
CCM 7512 were isolated at the Laboratory of Gnotobiology (Department of Microbiology
and Immunology, Kosice, UVMP, Slovakia) and were deposited in the Czech Collection
of Microorganisms (CCM, Masaryk University, Brno, Czech Republic). A rifampicin-
resistant variant of Limosilactobacillus reuteri CCM 8617 (designated CCM 8617ryr2) was
prepared as previously described by [12]. Individual strains were cultivated separately by
static incubation in MRS broth (HiMedia Laboratories GmbH, Modautal, Germany) under
anaerobic conditions (BBL GasPak™ Plus, BD, Franklin Lakes, NJ, USA) at 37 °C for 24 h.
The entire 24 h culture, including the cultivation medium, was used for administration
without further processing. The final concentration of each inoculum was 1 x 10° CFU/mL.
The inocula were not stored and were administered immediately after cultivation.

2.6. DNA Isolation and Sequencing of Bacterial Microbiota and Fungal Communities

Total microbial DNA was extracted from fecal microbiota transplants derived from
neurotypical and ASD donors, as well as from fecal samples collected from experimental
mice. Each FMT inoculum was prepared by pooling equal volumes of fecal material from
four donors per group (neurotypical and ASD, respectively), as described in Section 2.4.
For next-generation sequencing (NGS)-based microbial profiling of the inocula, three
technical replicates were generated from the same pooled material per group. Approxi-
mately 200 mg of each sample was processed using the Quick-DNA™ Fecal/Soil Microbe
Miniprep Kit (Zymo Research, Irvine, CA, USA) according to the manufacturer’s instruc-
tions. DNA concentration and purity were determined spectrophotometrically using a
NanoDrop™ OneC UV-Vis spectrophotometer (Thermo Fisher Scientific, Waltham, MA,
USA) prior to downstream analyses. The isolated DNA was used for characterization
of the bacterial and fungal communities using next-generation sequencing (NGS). Li-
brary preparation, sequencing, and primary bioinformatic processing were carried out
by Novogene Co., Ltd. (Munich, Germany). Briefly, amplification of the V3-V4 regions
of the bacterial 165 rRNA gene was carried out using the universal primer pair 341F
(5’-CCTAYGGGRBGCASCAG-3') and 806R (5'-GGACTACNNGGGTATCTAAT-3'). The
resulting libraries were sequenced on an Illumina MiSeq instrument generating 2 x 300 bp
paired-end reads. Fungal community profile was assessed based on the ITS1 profiling
using primers ITS5-1737F (5'-GGAAGTAAAAGTCGTAACAAGG-3') and ITS2-2043R (5'-
GCTGCGTTCTTCATCGATGC-3'), and sequencing was conducted on the same platform.

2.7. Metabolomic Analysis

Fecal samples were subjected to non-targeted metabolomic profiling performed by
Biomarker Technologies (BMKGENE, Miinster, Germany), including sample processing,
LC-MS and statistical analysis. Briefly, 100 mg of each sample was thawed on ice, then
homogenized using bead beating and sonicated in cold organic solvent to precipitate
proteins and extract metabolites. The mixtures were centrifuged at 12,000x g for 10 min at
4 °C, after which the supernatants were collected, dried under vacuum, and reconstituted
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prior to LC-MS analysis. Chromatographic separation was performed on a Waters Acquity
UPLC HSS T3 column using a Waters ACQUITY I-Class PLUS UHPLC system coupled
to a Waters Xevo G2-XS QTOF mass spectrometer (Waters Corporation, Milford, MA,
USA). Data acquisition in both positive and negative electrospray ionization modes was
carried out using MassLynx v4.2 (Waters Corporation). Peak detection, alignment, and
normalization were carried out in Progenesis QI (version 2.4.6911, Nonlinear Dynamics,
Waters). Metabolites were annotated using accurate mass, retention time, and MS/MS
spectra matched against several databases, including HMDB [22] (MR1.1), KEGG [23]
(MR2.1), LIPID MAPS [24] (MR3.1), METLIN [25] (MR4.1), and the BMKGENE internal
library. Quantification was performed using relative peak areas. Quality control samples,
prepared by pooling equal portions of all study samples, were analyzed at regular intervals
to track instrument performance and reproducibility. Differential metabolites were defined
by VIP > 1.0 and p < 0.05. Pathway and functional enrichment analyses were conducted
using KEGG to interpret the biological relevance of the identified metabolites.

2.8. Spectrophotometric Analysis of Total Lactate Dehydrogenase

Serum samples (1 = 5 per group) were collected for the determination of total lactate
dehydrogenase (TLDH) (nkat/L; RX Monaco, Randox, UK). Liver tissues (n = 5 per group)
were collected individually at necropsy and immediately stored at —80 °C until analysis.
Prior to homogenization, the tissues were sectioned and thoroughly rinsed in isotonic saline
to remove residual blood and connective tissue. The samples were then homogenized
at a 1:10 (w/v) ratio in ice-cold buffer (0.05 M Tris—-HCl, pH 7.3), following the protocol
described [26]. Total lactate dehydrogenase (TLDH) activity in the resulting tissue extracts
was measured using a commercial assay kit (LD Pyruvate-Lactate [LDH P-L]) on an
automated biochemical analyzer (ukat/L; RX Monaco, Randox, UK). Absorbance was
recorded at 340 nm (primary wavelength) and 405 nm (secondary wavelength), and net
absorbance was calculated as the difference between these readings. Tissue extracts were
also analyzed for total protein analysis (g/L; RX Monaco, Randox, UK). Enzyme activity is
expressed as international units per gram of protein (IU/g protein).

2.9. Electrophoresis Analysis of Lactate Dehydrogenase Isoenzymes

Hydragel 15 ISO-LDH electrophoresis kits (Sebia Slovakia s.r.o0., Bratislava, Slovakia)
were used for the separation of individual LDH isoenzymes. Relative proportions of
LDH isoenzymes were quantified by densitometric scanning of electrophoretograms at
570 nm using a densitometer and analyzed with PHORESIS software (version 9.20; Sebia,
Lisses, France).

2.10. Histological and Immunohistochemical Analysis

Segments of the caudal colon (1-2 cm; 1 = 6 per group) and liver tissue samples
(0.5-1 cm; n = 6 per group) were rinsed with cold physiological saline and fixed in 4%
paraformaldehyde. Fixed tissues were dehydrated through a graded ethanol series, cleared
in xylene, and embedded in paraffin (Paraplast, Sigma-Aldrich, St. Louis, MO, USA).

For histological evaluation, sections were deparaffinized in xylene, rehydrated through
a descending ethanol series, and stained with Harrison’s hematoxylin (Sigma-Aldrich, St.
Louis, MO, USA) and eosin Y (Merck, Darmstadt, Germany) to assess overall tissue mor-
phology. Stained sections were subsequently dehydrated, cleared in xylene, mounted using
a synthetic mounting medium (Entellan™ New, Merck, Darmstadt, Germany), and cover-
slipped. Histopathological changes in colonic tissue were evaluated using the Histological
Activity Index (HAI). To minimize subjective bias, all analyses were performed in a blinded
manner, with evaluators unaware of the experimental group allocation. Each section was inde-
pendently assessed by two experienced pathologists. Histological scoring was performed in
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50 randomly selected microscopic fields per section. The following parameters were evaluated:
epithelial erosion (0—morphologically normal; 1—focal destruction; 2—zonal destruction;
3—diffuse and mucosal ulcerations), crypt damage (0—mnone; 1—some crypt damage, spaces
between crypts; 2—large spaces between crypts; 3—large spaces without crypts, surrounded
by normal crypts; 4—no crypts), and infiltration of inflammatory cells (0—absence of infiltrate;
1—infiltrate at the subepithelial and lamina propria; 2—infiltrate reaching muscularis mucosae;
3—severe and extensive infiltrate reaching submucosa and involving muscularis propria). Micro-
scopic analysis was performed using an Axiolab light microscope (Carl Zeiss, Jena, Germany),
and representative microphotographs were acquired and analyzed using Image C software
(version 2.52, Imtronic GmbH, Berlin, Germany).

For immunohistochemical analysis, paraffin-embedded liver tissue samples were cut
into 5 pm-thick sections using a Leica RM2255 microtome (Leica Microsystems Nussloch
GmbH, Nussloch, Germany). The sections were rehydrated and subjected to heat-induced
epitope retrieval in citrate buffer (pH 6.0) by bringing the solution to boiling. Endogenous
peroxidase activity was blocked with 1% H;O, in PBS for 30 min. Non-specific binding
was blocked by incubation in 1% bovine serum albumin (BSA; Sigma-Aldrich, MO, USA)
in PBST for 1 h. Primary antibodies against cyclooxygenase-2 (COX-2) and inducible ni-
tric oxide synthase (iNOS; Santa Cruz Biotechnology Inc., Dallas, TX, USA) were applied
at dilutions of 1:50 for both antibodies, followed by overnight incubation at 4 °C. After
washing in PBST, sections were incubated with secondary antibodies (Dako REAL EnVi-
sion/HRP, Rabbit/Mouse [ENV], Dako, Glostrup, Denmark) for 2 h. Following additional
washes in PBST and PBS, immunoreactivity was visualized using 3,3'-diaminobenzidine
tetrahydrochloride (DAB; Dako REAL DAB+ Chromogen, Dako, Glostrup, Denmark) as
the chromogen. Sections were counterstained with hematoxylin and subsequently mounted
in Pertex mounting medium (Pertex Mounting Media, Gothenburg, Sweden). Positive
immunoreactivity was identified based on gray level (GL) intensity values obtained from
microphotographs captured using a light microscope (Optica Microscope B-290TB, Pon-
teranica, Italy). Quantitative image analysis was performed using ImageJ software (version
1.53t, National Institutes of Health, Bethesda, MD, USA). Further procedures were con-
ducted according to [27].

2.11. Bioinformatic and Statistical Analysis

Statistical analysis of the microbiome and mycobiome data was performed by Novo-
gene Co., Ltd. (Munich, Germany). Briefly, raw paired-end reads were demultiplexed,
and trimmed using cutadapt (v3.3) [28]. Forward and reverse reads were then joined with
FLASH (v1.2.11) [29] and quality filtering was performed with fastp (v0.23.1) [30]. Next,
chimeric sequences were detected and removed using vsearch (v2.16.0) [31], yielding high-
quality reads. Denoising and amplicon sequence variant (ASV) inference were conducted
with the DADA2 method [32] within QIIME2 (version 2022.2) [33]. Taxonomy was assigned
using the SILVA 138 database for bacteria [34] and UNITE 10.0 for fungi [35]. Species
abundance tables were generated at multiple taxonomic ranks based on the annotated
ASVs. Abundance values were normalized to the sequencing depth of the sample with the
fewest reads, and all downstream analyses were performed on this normalized dataset.
Group differences at various taxonomic levels were assessed using complementary statisti-
cal approaches, including conventional t-tests (p < 0.05) together with microbiome-oriented
differential abundance methods such as Metastat [36], and results were visualized in R
(v2.15.3) [37]. Differential taxa were additionally identified using the LEfSe algorithm (Lin-
ear Discriminant Analysis Effect Size) following the approach of Segata et al. [38]. These
complementary analytical approaches were applied to provide an exploratory assessment
of differential abundance patterns in the microbiome data. Regarding the NGS-based
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microbial profiling of the fecal microbiota transplant (FMT) inocula, it is important to note
that three technical replicates were generated from a single pooled sample per donor group
(T.NT and T.ASD), with each pool comprising equal contributions from four individual
donors. These technical replicates were used to characterize and compare the microbial
profiles of the pooled inocula and to assess the reproducibility of sequencing-based profil-
ing. However, they were not treated as independent biological observations for inference
on donor-level variability. Accordingly, the resulting analyses describe differences between
pooled group-level inocula, whereas donor-level variance cannot be estimated directly
from these data.

Metabolome data were statistically analyzed by Biomarker Technologies (BMKGENE,
Miinster, Germany). After normalizing metabolite data by total peak area using Progenesis
QI software (version 2.4.6911, Nonlinear Dynamics, Waters), all subsequent analyses were
carried out in R. Hierarchical clustering heatmaps were produced with the pheatmap pack-
age (v1.0.2) [39] using UV scaling to illustrate overall similarity patterns among samples
and metabolites. Group differences were examined using both univariate and multivariate
approaches. Univariate analysis relied on fold change (FC) and ¢-test-based comparisons
(p < 0.05), interpreted in an exploratory manner, whereas multivariate analysis employed
Orthogonal Partial Least Squares Discriminant Analysis (OPLS-DA) with Variable Impor-
tance in Projection (VIP > 1), implemented in ropls (v1.6.2) [40], and model validity was
evaluated through 200-permutation testing. Metabolites were considered differential when
meeting the combined thresholds of |FC| > 1, p < 0.05, and VIP > 1. These features were
then analyzed for KEGG-based pathway enrichment using a hypergeometric test.

LDH analyses were conducted in R (version 4.4.1) [37]. Permutation ¢-tests were
performed using the MKinfer package (version 1.2) [41] to assess differences in mean
parameter values. The Holm correction was applied for multiple comparisons.

Immunohistochemical (IHC) data for COX-2 and iNOS expression, as well as Histo-
logical Activity Index (HAI) scores, were evaluated using one-way analysis of variance
(one-way ANOVA). When a significant overall effect was observed, Tukey’s multiple com-
parison test was applied for pairwise comparisons. All data are presented as mean + SEM.
A significance level of p < 0.05 was used for all analyses.

3. Results and Discussion

3.1. Microbiome, Mycobiome and Metabolomic Profiles of Neurotypical and ASD-Derived FMT
3.1.1. Fecal Microbiota

Based on NGS analysis of FMT obtained from girls with ASD (T.ASD) and neurotypical
girls (T.NT), distinct differences in microbial composition were observed across multiple
taxonomic levels.

At the phylum level (Figure 1c), Firmicutes were the dominant phylum in both trans-
plants. TNT contained 70.83% Firmicutes and 23.87% Bacteroidota, whereas FMT (T.ASD)
consisted of 64.58% Firmicutes and 30.08% Bacteroidota. These results suggest a largely
comparable phylum-level structure, with only minor shifts in the Firmicutes/Bacteroidota
ratio. In contrast to these findings, several published studies report an increased Firmi-
cutes/Bacteroidota ratio in children with ASD compared to neurotypical controls, which
has been interpreted as a potential marker of gut dysbiosis. Strati et al. [42] reported a higher
relative abundance of Firmicutes accompanied by a reduction in Bacteroidota in a cohort of
children with ASD, whereas the systematic review and meta-analysis by Lewandowska-
Pietruszka et al. [43] demonstrated that an increased Firmicutes/Bacteroidota ratio is not
a general characteristic of the ASD population, but was observed only in a subset of the
analyzed cohorts, with substantial variability across both studies and individuals.
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Among the ten most abundant families in both transplants (Figure 1d) were Lach-
nospiraceae, Ruminococcaceae, Bacteroidaceae, Lactobacillaceae, and Muribaculaceae,
representing the core shared microbiota. Despite this similarity, T ASD exhibited higher rel-
ative abundances of the families Lachnospiraceae (35.50%) and Ruminococcaceae (18.82%)
compared to the transplant obtained from neurotypical donors. Both families belong to
the phylum Firmicutes, and their increased abundance has been repeatedly reported in
previous studies of children with ASD as a potential indicator of dysregulated fermentative
processes in the gut. These families comprise metabolically heterogeneous taxa whose
functional roles depend on the overall composition and interactions within the microbial
ecosystem. In this context, their relative enrichment may be consistent with altered fermen-
tative and metabolic activity reported in ASD-associated microbiota [42,44], although such
functional interpretation remains tentative in the present dataset.

Analysis at the genus level (Figure 1e) showed that both transplants shared domi-
nant bacterial genera, with differences primarily reflected in their relative abundances.
Among the top 10 most abundant genera were Bacteroides, Faecalibacterium, Lactobacillus,
and the Lachnospiraceae NK4A136 group. The genera Bacteroides and Faecalibacterium rep-
resented dominant components of the microbiota in both transplants, with comparable
relative abundances between T.NT and T.ASD. Faecalibacterium is a major butyrate producer
with anti-inflammatory properties, which may suggest preservation of some microbiota-
associated SCFA-producing potential. Although several studies have reported reduced
Faecalibacterium abundance in ASD [44-46], this trend was not observed in the analyzed
transplants. In contrast, T.ASD showed a higher relative abundance of the Lachnospiraceae
NK4A136 group, which is broadly consistent with previous reports describing altered repre-
sentation of Lachnospiraceae-related genera in ASD [47]. LEfSe analysis (Figure 1f) revealed
differences in taxonomic composition between T.NT and T.ASD. Taxa exhibiting statisti-
cally significant differences were limited exclusively to members of the class Bacilli, order
Lactobacillales, family Lactobacillaceae, and genus Lactobacillus, whose relative abundance
was significantly higher in T.NT. The genus Lactobacillus comprises bacteria involved in
carbohydrate fermentation and lactic acid production and is frequently associated with the
maintenance of gut homeostasis [46,48,49]. In contrast to the findings of Tomova et al. [48],
who described increased representation of the genus Lactobacillus in children with ASD, its
relative abundance in the present study was significantly higher in T.NT.

In summary, both transplants exhibited a similar core microbiota, while differences
were mainly reflected in subtle but biologically relevant shifts at the family and genus
levels. ASD-derived microbiota showed patterns consistent with enrichment of Firmicutes-
associated taxa, whereas significant differences were limited to Lactobacillus, which was
more abundant in T.NT.

3.1.2. Fecal Mycobiome

LDA of the gut mycobiome (Figure 1g) revealed statistically significant differences in
the relative abundance of selected fungal taxa between the TNT and T.ASD transplants. The
T.NT transplant showed a higher representation of the genus Saccharomyces and related taxa
within the family Saccharomycetaceae, class Saccharomycetes, order Saccharomycetales,
and phylum Ascomycota. Members of the genus Saccharomyces are generally considered
non-pathogenic components of the gut mycobiome and are frequently detected in asso-
ciation with dietary intake, particularly fermented foods. Their presence in the gut has
been associated with a more stable fungal community structure of the intestinal ecosystem
and with a potential role in maintaining intestinal barrier integrity and modulating host
immune responses [50,51].
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In contrast, the T.ASD transplant exhibited an increased presence of environmental
fungal taxa belonging to the genus Cladosporium (order Capnodiales, family Cladospori-
aceae, class Dothideomycetes), as well as a higher relative abundance of Candida species,
including Candida albicans. The genus Cladosporium comprises common environmental
fungi that enter the gut mycobiome predominantly through exogenous exposure, and their
increased presence in the intestinal environment is often interpreted as an indicator of
disrupted fungal community balance [52]. Under conditions of disrupted gut microbial
homeostasis, Candida albicans overgrowth may occur, and its increased abundance has
been repeatedly associated with inflammatory responses, impairment of intestinal barrier
integrity, and increased intestinal permeability [53,54]. Such alterations may represent
part of a broader microbial and fungal dysbiosis, which has been increasingly reported
in individuals with ASD, particularly in association with gastrointestinal symptoms and
immune dysregulation [50,51].

Mycobiome analysis suggested more pronounced differences between the transplants
than bacterial microbiota analysis, with enrichment of Candida representing the main
distinguishing feature of ASD-derived FMT.

3.1.3. Comparative Metabolomic Profiling of FMTs

The heatmap of the metabolomic profile (Figure 1h), based on hierarchical clustering,
revealed a clear separation between T.NT and T.ASD transplants, indicating systematic differ-
ences in their overall metabolic signatures. Similar separation patterns have been reported
in previous studies comparing neurotypical individuals and individuals with ASD across
different biological matrices, including fecal samples and serum [44,55]. Two major metabolite
clusters were identified showing opposite abundance patterns between T.NT and T.ASD.
This coordinated shift suggests systematic alterations in microbial metabolic activity rather
than random interindividual donor variability. Such metabolite clustering is a characteristic
feature of distinct functional states of the microbiota and has been repeatedly observed in
ASD-related metabolomic studies [55-57]. Importantly, the pronounced separation between
T.NT and T.ASD suggests that the metabolomic profiling may capture functional differences
more sensitively than taxonomic composition alone, which showed a largely shared core
microbiota. This observation is consistent with accumulating evidence that the metabolomic
profile of the gut microbiota can differ substantially even when overall taxonomic composition
appears relatively similar [58-60]. From a biological perspective, these differences may reflect
coordinated alterations in fermentative pathways, substrate utilization, and microbiota—host
interactions within the gut-brain axis. Building on the global separation observed in the heat
map (Figure 1h), volcano analysis (Figure 1i) enabled a more detailed identification of specific
metabolites contributing to the differentiation between T.NT and T.ASD.

Metabolites exhibiting significant differences in abundance point to alterations across
multiple microbially derived metabolic pathways, further supporting the possibility of
differences in the functional metabolic activity of the transplants [61,62]. Among metabo-
lites enriched in T.NT, o-cyano-4-hydroxycinnamic acid may reflect increased presence or
microbial processing of dietary phenolic compounds. Phenolic derivatives are frequently
associated with antioxidant and regulatory effects in the intestinal environment and are
considered indicators of active microbial polyphenol metabolism [55]. Jasmonic acid, a
plant-derived lipid compound, has been reported to exert immunomodulatory and anti-
inflammatory effects in experimental systems.

Its higher abundance in TNT may indicate differences in the handling of plant-derived
substrates and overall microbial metabolic activity, features commonly linked to a more
favorable intestinal environment [56,58]. Elevated histidinyl-alanine levels in T.NT suggest
distinct amino acid and proteolytic metabolism of the gut microbiota, consistent with the
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literature describing balanced amino acid metabolism as a feature of intestinal homeosta-
sis [63,64]. In contrast, metabolites enriched in T.ASD were primarily related to alterations
in energy metabolism. Increased aconitic acid may indicate differences in tricarboxylic
acid cycle activity, which may reflect altered microbial energy dynamics and substrate
availability in the gut ecosystem [44,58]. Elevated levels of menaquinone (vitamin K;) may
reflect differences in the abundance of bacteria capable of its biosynthesis, suggesting shifts
in microbial metabolic capacity and functional composition [65,66].

These findings suggest that TNT and T.ASD transplants differ not only in taxonomic
composition but, more importantly, in their metabolic output, highlighting metabolomics
as a sensitive indicator of microbiota functionality [61].

3.2. Engraftment of Fecal Microbiota from Neurotypical and ASD Donors in PGF Mice

Antibiotic decontamination of the gastrointestinal tract of SPF mice resulted in a
pronounced reduction in the original gut microbiota (Figure 2a), reflected by the dominance
of a single bacterial genus, Enterococcus (66.28%). Such a microbial profile is characteristic
of antibiotic-treated or PGF animal models and facilitates the engraftment of transplanted
microbiota [17,67]. These results are consistent with the successful establishment of a PGF
animal model using our previously described protocol [68,69].

Following FMT administration, differences in microbial community composition
were observed across experimental groups, as demonstrated by beta diversity analysis,
which showed distinct clustering of fecal microbiota. At the level of bacterial families
(Figure 2b), the group receiving T.ASD exhibited a significantly higher relative abundance
of the Bacteroidaceae (p = 0.004), Tannerellaceae (p < 0.001), Fusobacteriaceae (p = 0.004),
Enterobacteriaceae (p = 0.010), and Sutterellaceae (p = 0.001) compared with the control
group. These changes across multiple taxonomic ranks suggest a broader reorganization of
the intestinal microbial community following transplantation of ASD-derived microbiota.
This pattern is consistent with observations from GF mouse models, where human FMT
induced shifts across broader phylogenetic groups [56], as well as with antibiotic-treated
models, where engraftment effects are most evident at the family and genus levels [14].

At the genus level (Figure 2a), pronounced differences in microbial composition were
observed depending on donor origin. In mice colonized with T.NT, higher relative abundances
of Lactobacillus (19.62%) and Enterococcus (17.73%) were observed among the dominant genera,
along with contributions from Bacteroides (13.43%), Lachnospiraceae NK_4A136 (5.50%), and
Muribaculaceae (3.78%). In contrast, mice colonized with T.ASD (ASD and ASD+pro/pre,
Figure 2a) showed a pronounced dominance of Bacteroides (42.15% and 46.22%), while the
Lachnospiraceae NK_4A136 (4.22% and 2.33%) and Lactobacillus (1.51% and 3.37%) were present
at lower relative abundances. This taxonomic shift toward Bacteroides dominance indicates
selective engraftment of the donor microbiota and may reflect differences in the colonization
capacity of specific bacterial taxa, as reported in previous human FMT studies [56,70,71].

The increased relative abundance of Escherichia-Shigella (p = 0.005), together with the sig-
nificant presence of Fusobacterium (p = 0.004), Alistipes (p < 0.001), Ruminococcus gnavus_group
(p = 0.005) and Parabacteroides (p < 0.001) in the ASD group (Figure 2c), suggests changes in
the structure of the intestinal ecosystem following transplantation of ASD-derived microbiota.
These taxa are known to thrive under modified physicochemical conditions including altered
redox potential or tolerance to a more neutral pH, which selectively favor facultative anaer-
obes and microorganisms adapted to dynamic intestinal environments [72,73]. Although
amplicon-based sequencing does not allow definitive confirmation at the species level, the
observed enrichment of these taxa is consistent with features of dysbiotic microbial pro-
files associated with ASD. The presence of Fusobacterium is particularly notable, while its
representative species, Fusobacterium mortiferum, has been associated with gastrointestinal
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diseases and its documented capacity to translocate into the systemic circulation under certain
conditions [74,75]. Similarly, increased abundance of Alistipes, along with members of the
Escherichia-Shigella genus and Ruminococcus gnavus_group, has been described in association
with altered microbiota in various diseases [76,77]. In addition, a significantly higher relative
abundance of Bacteroides (p = 0.004) was observed in the ASD group. Members of the genus
Bacteroides are characterized by an extensive repertoire of enzymes involved in the degradation
of complex polysaccharides, including mucin, enabling efficient utilization of host-derived
substrates and modification of the structure of the mucus layer under conditions of microbial
restructuring [78]. Sequences assigned to Bacteroides fragilis have previously been reported in
association with inflammatory conditions of the intestinal mucosa [79].
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in specific pathogen-free animals (SPF; n = 4), pseudo-germ-free animals (PGF; n = 4), the control
group (C; without FMT application; n = 4), the neurotypical group (NT; FMT from neurotypical
donors; n = 4), and autism spectrum disorder groups (ASD and ASD+pro/pre; FMT from ASD;
n =4 per group). (b) Differential relative abundance analysis at the family level between C and ASD
groups. (c) Differential relative abundance analysis at the genus level between C and ASD groups.
(d) Differential relative abundance analysis at the genus level between NT and ASD groups. Statistical
comparisons were performed using an unpaired two-tailed ¢-test (p < 0.05; p < 0.01; p < 0.001).

In contrast, animals colonized with T.NT exhibited higher relative abundances associ-
ated with intestinal homeostasis, reflected by a significantly increased abundance of the
genus Lactobacillus (p = 0.003). Concurrently, these animals showed lower relative abun-
dances of taxa commonly associated with gut dysbiosis and inflammatory states, including
Escherichia—Shigella, Fusobacterium [74,75], Ruminococcus gnavus group, Alistipes [76,77],
Parabacteroides, Erysipelatoclostridium (p = 0.002), and Bilophila (p = 0.004). Compared to
the ASD group, differences in microbial composition were not pronounced in terms of
taxonomic structure, with changes primarily reflected at the level of relative abundances of
individual taxa.

In summary, analysis of fecal microbiota in PGF mice suggested that the ASD group
was characterized by enrichment of taxa associated with dysbiosis and inflammatory
processes, whereas the NT group did not show a significant increase in taxa commonly
associated with inflammatory processes.

3.3. Effects of Synbiotic Intervention on Gut Microbiota and Metabolic Profiles
3.3.1. Synbiotic-Induced Remodeling of Gut Microbiota

Probiotics and prebiotics influence gut microbiota structure and function through
interconnected metabolic and immunoregulatory mechanisms. Their combined application
as synbiotics can simultaneously modulate microbial composition and enhance fermen-
tative activity, including SCFA production, thereby supporting epithelial integrity and
immune homeostasis [80-82].

The following synbiotic intervention differences in gut microbiota composition be-
tween experimental groups were assessed using kernel-based association testing (Metastat).
Compared to the ASD group without intervention, the ASD+pro/pre group showed a
statistically significant reduction in the genus Bacteroides (Figure 3a,c,e,f). Concurrently, the
ASD+pro/pre group exhibited an increased relative abundance of the genera Akkermansia,
Phascolarctobacterium and Blautia (Figure 3b,g,h).

In experimental ASD models based on the transfer of ASD-associated microbiota into
an animal host, persistence of a specific gut microbiota composition is often observed
following intestinal colonization [56]. Subsequent modulation with probiotic strains or
alterations in substrate availability may lead to selective changes in the relative abundance
of specific bacterial groups without substantially altering the overall gut microbiota compo-
sition. In the maternal immune activation (MIA) model, administration of Limosilactobacillus
reuteri resulted in partial modulation of gut microbiota composition [83], and similarly,
application of Lactiplantibacillus plantarum modified the abundance of selected bacterial
groups without markedly changing the overall structure of the gut microbiota [84].

The reduction in the relative abundance of the genus Bacteroides in the ASD+pro/pre
group is relevant in this context, as the abundance of this genus is influenced by the avail-
ability of fermentable substrates and competitive interactions within the gut microbiota [85].
Members of the genus Bacteroides are metabolically flexible and capable of utilizing a wide
range of complex polysaccharides. The observed decline may therefore reflect a shift within
this genus rather than its overall suppression, likely due to a redistribution of metabolic
processes following the synbiotic intervention. Concurrently, the ASD+pro/pre group
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exhibited an increased relative abundance of Akkermansia, Phascolarctobacterium and Blautia,
indicating a shift in gut microbiota composition toward a fermentation-oriented profile.
The genus Phascolarctobacterium comprises succinate-utilizing bacteria involved in the pro-
pionate pathway, whereas several members of the family Lachnospiraceae are linked to

butyrate-associated metabolic pathways.
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Figure 3. Synbiotic-driven remodeling of gut microbiota and metabolomic profiles in ASD-colonized
PGF mice. Relative abundance of bacterial taxa at the genus levels in control (C), neurotypical (NT),
ASD, and ASD+pro/pre (AD) groups. Additives administered exclusively to the ASD+pro/pre
group included Lactiplantibacillus plantarum CCM 7512, Limosilactobacillus reuteri CCM 8617, and
flaxseed. Statistical analyses were performed on samples collected at the final time point (day
9 post intervention). Statistical comparisons were performed using kernel-based association test-
ing (Metastat). Asterisks denote statistical significance (* p < 0.05; ** p < 0.01). (a,c—f) Bacteroides;
(b) Akkermansia; (g) Phascolarctobacterium; (h) Blautia.
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The increased relative abundance of these groups is therefore consistent with a
potential shift in fermentative activity and may indicate a change in short-chain fatty
acid production [82,86].

Compared to the ASD group without intervention, synbiotic modulation in the
ASD+pro/pre group was accompanied by a reduction in the relative abundance of the
genus Bacteroides and an increase in taxa associated with fermentative activity, including
members of the family Lachnospiraceae and the genus Akkermansia. This pattern of changes
suggests a gut microbiota profile characterized by a higher representation of bacteria in-
volved in SCFA production and mucin metabolism, processes linked to epithelial integrity
and functional stability of the intestinal environment.

3.3.2. Metabolomic Shifts Following Synbiotic Intervention

To assess whether synbiotic modulation of dysbiotic microbiota was reflected at the
metabolic level (Figure 4a), the metabolomic profiles of the ASD and ASD+pro/pre groups
were analyzed using principal component analysis (PCA). The analysis demonstrated
a clear separation between groups, with no overlap, indicating a distinct shift in the
metabolomic profiles following synbiotic intervention.

This separation was further supported by hierarchical clustering (Figure 4b), which
showed consistent grouping of samples according to experimental condition. While minor
interindividual variability was observed within the ASD+pro/pre group, differences be-
tween groups were more pronounced than within-group variation, suggesting a systematic
reorganization of the metabolome.

Volcano plot analysis (Figure 4c) identified 148 metabolites with significantly higher
and 127 metabolites with significantly lower levels in the ASD+pro/pre group compared
with the ASD group, while 810 metabolites remained unchanged. This balanced distribution
suggests that synbiotic intervention induced a coordinated metabolic shift rather than a
uniform increase or decrease in metabolic activity.

To evaluate whether these changes extended to metabolic pathways, metabolite set en-
richment analysis (MSEA) was performed (Figure 4d). Statistical significance was assessed
after correction for multiple testing using the Benjamini—-Hochberg method (FDR). After
correction (FDR < 0.05), pathways related primarily to aromatic amino acid metabolism and
lipid metabolism remained significantly enriched. The strongest enrichment was observed
for tyrosine metabolism (6/24 metabolites; FDR = 1.37 x 10~7; 7.32-fold enrichment), fol-
lowed by ether lipid metabolism (4/16 metabolites; FDR = 0.0146; 6.74-fold enrichment)
and tryptophan metabolism (4/18 metabolites; FDR = 0.0228; 6.19-fold enrichment). Sig-
nificant enrichment was also detected for «-linolenic acid metabolism (3/14 metabolites;
FDR = 0.0441; 4.68-fold enrichment).

The predominance of pathways related to aromatic amino acid metabolism suggests
that the differences between the ASD and ASD+pro/pre groups substantially involved
tyrosine- and tryptophan-related metabolic circuits. Tryptophan is a key precursor of sero-
tonin, and its metabolism is strongly modulated by the gut microbiota [87]. As alterations
in aromatic amino acid metabolism have been repeatedly reported in autism spectrum
disorders, including changes in the tryptophan and tyrosine axes [55], these pathways may
represent an important link between the gut microbiota and host metabolism.
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Figure 4. Synbiotic-driven remodeling of metabolomic profiles in ASD-colonized PGF mice.
(a) Principal component analysis (PCA) of metabolomic profiles in the ASD and ASD+pro/pre groups.
Points represent individual animals (ASDM1-ASDM4 for ASD; ASDT1-ASDT4 for ASD+pro/pre).
PC1 and PC2 explain 26.65% and 23.73% of the total variance, respectively. (b) Heatmap showing
standardized metabolite abundance values (z-scores) across samples from animals in the ASD and
ASD+pro/pre groups. Each column represents an individual animal (ASDM1-ASDM4 for ASD;
ASDT1-ASDT4 for ASD+pro/pre). Colors range from dark green (lowest metabolite abundance,
—2) to dark red (highest metabolite abundance, 2), indicating low to high relative abundance lev-
els. (c) Volcano plot showing differential metabolites between the ASD and ASD+pro/pre groups
(n = 4 animals per group). The X-axis represents log2 (fold change) and the Y-axis —log10 (p-value).
Red dots indicate metabolites significantly increased in the ASD+pro/pre group, blue dots indicate
metabolites increased in the ASD group, and gray dots represent metabolites without significant
change. The horizontal dashed line indicates the significance threshold (p < 0.05). (d) Metabolic
pathway enrichment plot (MSEA) comparing the ASD and ASD+pro/pre groups (1 = 4 animals per
group). Bar length represents the fold enrichment of metabolites within each pathway. The color
scale (0-1) indicates pathway enrichment p-values, while the values shown next to the bars represent
the exact p-values in scientific notation. Pathways are ranked according to fold enrichment. (e) Bar
plot showing the top differentially abundant metabolites between the ASD and ASD+pro/pre groups
ranked by log2 fold change (log2FC) (1 = 4 animals per group). Positive log2FC values (red bars)
indicate metabolites increased in the ASD group relative to ASD+pro/pre, whereas negative log2FC
values (green bars) indicate metabolites increased in the ASD+pro/pre group. Values shown on the

bars correspond to log2FC.
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The butanoate metabolism pathway showed increased enrichment (3/13 metabolites;
4.79-fold enrichment) but did not reach statistical significance after correction for multiple
testing (FDR = 0.0808). Although this pathway cannot be classified among the principal
metabolic circuits distinguishing the groups, its representation is biologically meaningful,
as butyrate and other SCFAs play important roles in maintaining intestinal barrier integrity
and regulating immune responses [63,88]. The concurrent increase in bacteria associated
with fermentative and SCFA-related pathways (Akkermansia, Phascolarctobacterium and Blau-
tia) is consistent with the observed metabolic alterations and may indicate a functional shift
in the gut environment, although its precise significance remains to be further elucidated.
In addition to changes in aromatic amino acid metabolism, differences in lipid metabolic
pathways were also observed between the groups. Alterations in lipid metabolism have
been repeatedly reported in metabolomic studies of autism spectrum disorders, where
differences between ASD and control groups were identified in the absence of nutritional
intervention [55]. When interpreting our findings, it is important to consider that flaxseed
administered as part of the synbiotic intervention represented a direct source of x-linolenic
acid, and therefore some of the observed changes may reflect a dietary contribution. How-
ever, the presence of differences across broader lipid metabolic pathways suggests that the
shift between groups was likely not limited to a direct nutritional effect.

At the level of individual metabolites (Figure 4e), molecules belonging to aromatic
amino acid metabolism were also represented. In the ASD+pro/pre group, a higher level
of homovanillic acid (log2FC = —4.14) was detected. Homovanillic acid represents the
end product of dopamine degradation within the tyrosine-catecholamine metabolic axis.
This difference may indicate a shift in tyrosine metabolism between the groups. Aro-
matic amino acid metabolism is partially modulated by the gut microbiota [89,90], and
the observed difference may therefore be related to changes in the microbial environment
induced by the synbiotic intervention. Although our data do not allow determination of
the exact mechanism underlying this shift, the parallel changes in microbial profile and
metabolic pathways suggest that the probiotic and prebiotic intervention was associated
with modulation of interconnected microbiota—metabolic processes. Differences identified
at the level of lipid pathways were also reflected in the statistically significant differential
representation of specific lipid compounds between the groups. In the ASD+pro/pre
group, significantly higher levels of selected phospholipid derivatives were observed,
including PA(P-16:0e/18:2(9Z,127)), whereas in the ASD group, persistently elevated con-
centrations of certain lipid mediators were detected, including arachidonoyl-1-thio-glycerol
(log2FC = 3.42). This pattern may indicate both quantitative and qualitative differences in
the lipid spectrum between the groups. At the level of individual molecules, the changes
were not limited to a single compound but involved multiple lipid classes, suggesting a
broader reorganization of the lipid metabolic profile between the groups.

In addition to metabolites belonging to significantly enriched pathways, other differ-
entially represented compounds were identified that point to a broader metabolic shift
between the studied groups. In the ASD+pro/pre group, increased levels of phenolic com-
pounds such as naringenin and butein were confirmed. Polyphenols and their derivatives
undergo metabolism mediated by the gut microbiota, and their concentrations may reflect
interactions between dietary components and the intestinal microbiota [91]. Given the
presence of a prebiotic component in the intervention and the parallel changes observed in
gut microbial composition, it is likely that the increased representation of these molecules
is associated with modified microbial activity.

In contrast, in the ASD group without probiotic and prebiotic administration, certain
nucleotide derivatives were more prominently represented, including 2’-deoxyinosine
5’-phosphate (1og2FC = 3.95). Alterations in purine and nucleotide metabolism have been
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reported in association with ASD [55,92], suggesting that the difference observed in our
study may fit within the broader spectrum of metabolic changes linked to this disorder.
Although purine pathways were not significantly enriched in the MSEA, the differential
representation of individual nucleotide metabolites indicates a broader range of metabolic
differences between the groups.

The results suggest that the studied groups differed not only in individual metabolites
but also in broader segments of the metabolic profile. The ASD group was character-
ized by a higher representation of certain nucleotide derivatives and specific lipid media-
tors. In contrast, the ASD+pro/pre group showed a more pronounced representation of
pathways related to aromatic amino acid metabolism, along with alterations in selected
lipid metabolites. These differences likely reflect that modulation of the dysbiotic gut
microbiota following synbiotic intervention was accompanied by a systematic shift in the
metabolic profile.

3.4. Effects of Synbiotic Intervention on Colon Histopathology
3.4.1. Colonic Histopathology and Histological Activity Index (HAI) Following FMT

Following identification of ASD-associated alterations in gut microbiota composi-
tion, histological analysis of the colon was subsequently performed to evaluate whether
these alterations were accompanied by disruption of intestinal mucosal integrity and the
development of histopathological alterations in the colon.

Marked reduction in the intestinal microbiota in PGF animals of the control group C
(Figure 5(al-3)) was associated with morphological characteristics typical of an environ-
ment with minimal microbial stimulation, resembling findings described in germ-free and
pseudo-germ-free models [68,69]. The histological appearance of the mucosa was character-
ized by preserved intestinal wall architecture, lower cellularity of the lamina propria mucosae,
and shallower intestinal crypts compared with animals with conventional microbiological
status [68,69]. Semiquantitative evaluation using the Histological Activity Index (HAI;
Figure 5e), based on the scoring of epithelial erosion, inflammatory infiltrate, and intestinal
crypt damage [69], confirmed only a mild degree of mucosal alterations in the control
group. HAI scores remained significantly lower across all evaluated parameters compared
with the NT, ASD, and ASD+pro/pre groups (p < 0.001; Figure 5e).

In contrast to the control group, animals colonized with transplanted microbiota
exhibited more pronounced histopathological alterations of the intestinal mucosa. The most
prominent alterations were observed in the ASD and ASD+pro/pre groups, where marked
disruption of the histological architecture of the mucosa and submucosa was confirmed
(Figure 5(c1-3,d1-3)), characterized by the presence of localized inflammatory infiltrates
within the tunica mucosa and submucosa (Figure 5(c1,d1)). The inflammatory infiltrates were
accompanied by destructive alterations of the superficial layers of the colonic epithelial
lining (Figure 5(c3,d3)). Disruption of the integrity of the tunica mucosa was associated with
deformation of the intestinal crypts, including cryptitis and irregular crypt architecture
(Figure 5(c2,d2)). The extent of histopathological alterations was confirmed by significantly
increased HAI scores in both groups with ASD-associated microbiota across all evaluated
parameters compared with the control group C and the NT group (p < 0.001; Figure 5e).

These results suggest that ASD-associated alterations in gut microbiota were linked
to marked disruption of intestinal mucosal integrity and histopathological changes in
the colon.
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Figure 5. Representative histological photomicrographs of colonic tissue following fecal microbiota
transplantation. (a) (1-3) control group C (n = 5). (b) (1-3) NT group (n = 5). (c) (1-3) ASD group
(n =5). (d) (1-3) ASD+pro/ pre group (n = 5). Histopathological alterations included inflammatory cell
infiltration, crypt architectural damage, and epithelial erosion (arrows, hematoxylin—eosin staining;
x100). (e) Semiquantitative evaluation of histopathological alterations using the Histological Activity
Index (HAI). Results are presented as mean £ SEM. *** p < 0.001 (between groups).

3.4.2. Histopathological Changes Following Synbiotic Intervention

Histological sections of the colon in ASD+pro/pre animals revealed reduced inflamma-
tory cells infiltration following synbiotic administration, which was confirmed by significantly
lower inflammatory infiltration scores compared with the ASD group following application
of dysbiotic microbiota (Figure 6(d1,e), p < 0.001). Similarly, a significant reduction in crypt
damage score was observed after the intervention (Figure 6(d2,e), p < 0.001). The 5-day
synbiotic administration also appeared to promote restoration of the colonic epithelial lining
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(Figure 6(d3)), reflected by significantly lower epithelial damage scores not only compared
with the ASD group following EMT (Figure 6e, p < 0.001), but also compared with the group
transplanted with microbiota from neurotypical girls (NT, p < 0.05).

Infiltration of
Inflammatory Cells
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+
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Figure 6. Representative histological photomicrographs of colonic tissue following synbiotic inter-
vention: (a) (1-3) control group C (n = 5). (b) (1-3) NT group (1 = 5). (c) (1-3) ASD group (n = 5).
(d) (1-3) ASD+pro/pre group (n = 5). Histopathological alterations included inflammatory cell infil-
tration, crypt architectural damage, and epithelial erosion (arrows, hematoxylin-eosin staining; x100).
(e) Semiquantitative evaluation of histopathological alterations using the Histological Activity Index
(HALI). Results are presented as mean &+ SEM. * p < 0.05, ** p < 0.01, *** p < 0.001 (between groups). X
p<0.05Y p<0.01, Zp <0.001 (between periods: after FMT vs. after synbiotic intervention within
the same group).

The beneficial effect of selective probiotic—prebiotic modulation of ASD-associated
dysbiotic microbiota was further supported by a significantly lower overall HAI in the
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ASD+pro/pre group compared with the untreated ASD group (Figure 6e, p < 0.01). More-
over, the HAI score in the ASD+pro/pre group remained lower, although without statistical
significance, also in comparison with the NT group.

These histopathological changes were paralleled by shifts in gut microbiota compo-
sition and metabolic pathways following the intervention. Collectively, these findings
may suggest that targeted modulation of ASD-associated microbiota may contribute to
improved intestinal homeostasis, preservation of epithelial integrity, and attenuation of
inflammatory infiltration and epithelial damage in the colon.

3.5. Effect of FMT on Hepatic Inflammatory Markers and LDH Activity
3.5.1. Hepatic Immunoreactivity of iNOS and COX-2 Following FMT

Analysis of gut microbiota composition suggested that transplantation of microbiota
derived from donors with autism spectrum disorder led to the development of a dysbiotic
microbial profile, which was observed in the ASD and ASD+pro/pre groups. Histological
analysis of the colon in these groups additionally confirmed marked disruption of intesti-
nal mucosal integrity accompanied by mucosal histopathological alterations. Increased
immunoreactivity of the inflammatory markers iNOS and COX-2 has been repeatedly
described in both experimental and clinical models of intestinal inflammation, including
ulcerative colitis and dextran sulfate sodium (DSS)-induced colitis models [60,68,69]. Based
on the potential association between intestinal dysbiosis, disruption of intestinal mucosal
integrity and alterations in the host inflammatory response, we therefore further analyzed
the immunoreactivity of inflammatory activation markers—specifically inducible nitric
oxide synthase (iNOS) and cyclooxygenase-2 (COX-2)—in the liver tissue of the individual
experimental groups.

Inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2) are inducible
enzymes involved in the regulation of the inflammatory response. They contribute to
this process through the production of different mediators. iNOS is one of the three main
isoforms of nitric oxide synthase, together with the neuronal (nNOS) and endothelial
(eNOS) isoforms. Activation of iNOS leads to increased production of nitric oxide (NO),
which participates in the regulation of immune responses and inflammatory processes and,
when produced in excess, may contribute to nitrosative and oxidative stress [93-95]. In
contrast, COX-2 catalyzes the conversion of arachidonic acid into prostaglandins, which
represent important mediators of the inflammatory response [96].

Immunohistochemical evaluation of the inflammatory markers iNOS and COX-2
(Figure 7) during the period of FMT administration revealed differences among the ex-
perimental groups. Quantification of relative optical density (ROD) showed that in the
groups receiving transplants from children with ASD, a more pronounced inflammatory
response was observed, confirmed by significantly higher values of both iNOS and COX-2
compared with the NT group (p < 0.001; Figure 7a,b; ASD II, ASD+pro/pre II). The negative
effect of dysbiotic FMT was also observed in the ASD and ASD+pro/pre groups when
compared with the control group C, where the ROD values of both markers were likewise
significantly higher (p < 0.001 and p < 0.01, respectively; Figure 7a,b; ASD II, ASD+pro/pre
II). In contrast, the NT group showed lower ROD values of iNOS and COX-2 compared
with the control group C (p < 0.05 and p < 0.01, respectively; Figure 7a,b; NT II).
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Figure 7. Relative optical density (ROD) of (a) inducible nitric oxide synthase (iNOS) and
(b) cyclooxygenase-2 (COX-2) in liver tissue in Phase II after fecal microbiota transplantation (FMT)
and in Phase III after additive administration. Bar graphs show ROD values; red labeling indicates
comparisons between Phase II and Phase III within the same group. Representative immunohisto-
chemical images of liver tissue for (c) iNOS and (d) COX-2 corresponding to the evaluated groups.
Positive immunoreactivity in the hepatocyte cytoplasm (red arrows) is indicated by brown staining.
Magnification 400 x ; scale bar = 100 um. The inset image (upper left corner of panel C II) represents a
negative control (without primary antibody). Experimental groups included the control group (C;
without FMT application; n = 6), the neurotypical group (NT; FMT from neurotypical donors; n = 6),
and autism spectrum disorder groups (ASD and ASD+pro/pre; FMT from ASD donors; n = 6 per
group). In Phase III, additives were administered exclusively to the ASD+pro/pre group: probiotic
strains (Lactiplantibacillus plantarum CCM 7512, Limosilactobacillus reuteri CCM 8617) and a prebiotic
(flaxseed). Data are presented as mean + SEM. Statistical comparisons were performed using an
unpaired two-tailed t-test (* p < 0.05; ** p < 0.01; *** p < 0.001).
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The results of the quantitative evaluation of the relative optical density (ROD) of
the inflammatory markers iNOS and COX-2 may indicate an adverse effect of the T.ASD
transplant on the hepatic parenchyma. Increased immunoreactivity of both markers in the
ASD and ASD+pro/pre groups suggests a higher degree of inflammatory activation in
the liver following FMT derived from girls with autism spectrum disorder. This finding is
consistent with the possibility that dysbiotically altered gut microbiota may influence not
only the local intestinal environment but also distant organs involved in the gut-liver axis.

One possible mechanism involves disruption of the functional integrity of the intestinal
barrier and the subsequent exposure of the liver to microbial products or metabolites
derived from the gut microbiota. This assumption is further supported by our histological
findings demonstrating marked disruption of intestinal mucosal integrity accompanied by
epithelial erosions and crypt architectural alterations in the ASD and ASD+pro/pre groups.
Increased intestinal permeability has been repeatedly reported in patients with ASD in
association with intestinal dysbiosis, and such alterations in the intestinal environment
may facilitate the translocation of bacterial components, including lipopolysaccharides
(LPSs), into the systemic and portal circulation [97,98]. Although LPS translocation was not
directly assessed in our experiment, the increased immunoreactivity of iNOS and COX-2 in
liver tissue may suggest activation of inflammatory mechanisms that may be mediated by
microbial signals.

These observations are also supported by changes in the taxonomic composition of
the gut microbiota following administration of the T.ASD transplant. In the ASD group,
an increased relative abundance of Escherichia—Shigella, Fusobacterium, Alistipes, Parabac-
teroides, and Bacteroides was observed. Such a microbial community is characteristic of
an intestinal environment with disrupted microbial balance, in which facultative anaer-
obic bacteria capable of adapting to dynamically changing conditions of the intestinal
ecosystem are selectively favored [73]. Some of these microorganisms are able to utilize
host-derived substrates, including components of the mucin layer, which may contribute
to its remodeling and potentially affect the integrity of the intestinal barrier. In this context,
the increased abundance of bacteria carrying pro-inflammatory microbial components,
including lipopolysaccharides, may represent a potential source of signals activating in-
flammatory pathways in the liver.

It is well established that bacterial endotoxins can initiate activation of the NF-«B
signaling pathway following binding to the TLR4 receptor, which subsequently induces
transcription of genes encoding iNOS and COX-2 [99,100]. Increased expression of these
markers has been repeatedly observed in various models of inflammatory tissue injury, in-
cluding experimental models of colitis [57-69] or following LPS stimulation of macrophages,
where it was associated with increased production of prostaglandin E2 and other inflam-
matory mediators [101,102]. Activation of this signaling pathway therefore may represent
one of the possible mechanisms explaining the increased immunoreactivity of iNOS and
COX-2 observed in our experiment.

The interpretation of the inflammatory response in the liver is further supported by
our metabolomic results. Metabolomic analysis suggested that the changes we observed
were mainly associated with the metabolism of aromatic amino acids, particularly tyrosine
and tryptophan, which represent metabolic pathways known to be modulated by the
gut microbiota. Since metabolites generated within these pathways can influence host
immune regulation, these alterations may represent one of the factors contributing to
inflammatory activation within the gut-liver axis. In addition to changes in aromatic
amino acid metabolism, we also detected differences in lipid metabolic pathways. These
alterations are biologically relevant in the context of inflammatory responses, as COX-
2 catalyzes the conversion of arachidonic acid into prostaglandins—key mediators of
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inflammation. Therefore, changes in lipid metabolic pathways may represent an additional
factor contributing to the inflammatory activation observed in liver tissue.

Based on our findings, the increased immunoreactivity of iNOS and COX-2 observed in
the liver following administration of the T.ASD transplant may reflect the pro-inflammatory
effect of dysbiotically altered gut microbiota. This effect may be mediated by the combined
action of microbial products and metabolites generated in the intestinal environment
together with disruption of intestinal mucosal integrity, which through the gut-liver axis
may contribute to the activation of inflammatory mechanisms in liver tissue. However,
the precise mechanisms will need to be clarified in further studies focusing on the direct
assessment of intestinal permeability, endotoxemia, and signaling pathways involved in
inflammatory responses.

3.5.2. Modulation of Hepatic Inflammation by Synbiotic Intervention

Synbiotic intervention led to a statistically significant reduction in both monitored
inflammatory markers, iNOS and COX-2, in the ASD+pro/pre group (Figure 7a—d;
ASD+pro/pre III).

The iNOS marker in the ASD+pro/pre group (Figure 7a; ASD+pro/ pre III) showed
a decrease in relative optical density (ROD) compared with all monitored groups—NT
and ASD (p < 0.001) as well as the control group C (p < 0.01). A significant decrease was
also observed in comparison with the period of FMT administration (p < 0.01; Figure 7a,b;
ASD+pro/pre I, ASD+pro/pre III). A similar decrease was observed for the COX-2 marker.
In the ASD+pro/pre group (Figure 7b; ASD+pro/pre III), the ROD values were significantly
lower compared with the NT and ASD groups (p < 0.001) as well as the control group C
(p < 0.01). The same trend was also observed when compared with the period of FMT
administration (p < 0.001; Figure 7a,b; ASD+pro/pre I, ASD+pro/pre III).

The observed decrease in the immunoreactivity of the iNOS and COX-2 markers
suggests that the probiotic and prebiotic intervention may have contributed to attenuation
of the inflammatory response in liver tissue induced by the preceding transplantation
of dysbiotic gut microbiota. The modulatory effects of probiotic bacteria of the genus
Lactobacillus have also been described in experimental models of autism spectrum disorders.
Guo et al. [103] demonstrated that administration of the Lactobacillus plantarum ST-III strain
modified gut microbiota composition and was accompanied by changes in the metabolic
activity of the intestinal environment. Remodeling of the gut microbiota following a
synbiotic intervention based on the combination of Lactobacillus reuteri and the prebiotic
inulin was also reported by Wang et al. [104], who additionally observed alterations in
metabolic processes mediated by the gut microbiota. The importance of the intestinal barrier
in this context was demonstrated by Song et al. [105], who showed that administration of
Lactobacillus acidophilus led to improvement in intestinal barrier function and a reduction in
intestinal permeability.

It should be noted that in many published studies, probiotic interventions have been
tested primarily in genetic or behaviorally characterized models of autism spectrum dis-
orders. In our experiment, the model was based on fecal microbiota transplantation from
donors with ASD, which allowed evaluation of the effects of probiotic and prebiotic modu-
lation in an environment of dysbiotically altered gut microbiota. In the studies cited above,
probiotic interventions were applied for several weeks (approximately 3—4 weeks), whereas
in our experiment the application lasted only five days. Despite this short-term application,
we observed changes at multiple levels of the biological response, including modifications
in gut microbiota composition, alterations in metabolomic pathways, and a decrease in
the immunoreactivity of the inflammatory markers iNOS and COX-2. These findings
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may indicate a link between modulation of the intestinal environment and attenuation of
inflammatory responses in liver tissue within the gut-liver axis.

3.5.3. FMT-Induced Changes in Hepatic LDH Activity in PGF Mice

To complement the immunohistochemical evaluation of inflammatory changes in liver
tissue, we analyzed lactate dehydrogenase (LDH) activity as a biochemical indicator of cell
integrity (Figure 8a—f). LDH is a cytosolic enzyme involved in anaerobic glycolysis that is
localized intracellularly under physiological conditions. Disruption of the cell membrane leads to
its release into the extracellular space and subsequently into the circulation; therefore, increased
LDH activity represents a sensitive, although relatively non-specific, marker of cellular damage,
which may include cytolytic processes in various tissues, including hepatocytes [106-108].
During the period of FMT administration, total serum lactate dehydrogenase (TLDH) activity
did not show statistically significant differences among the experimental groups (Figure 8a).
The highest values were observed in the control group C representing the PGF model without
FMT application, whereas groups receiving fecal microbiota transplantation (NT, ASD, and
ASD+pro/pre) showed a slight tendency toward lower serum TLDH activity. A different pattern
was observed when analyzing total TLDH activity in liver tissue (Figure 8d). Higher values were
recorded particularly in the ASD and ASD+pro/pre groups, while C and NT groups showed
lower enzymatic activity; however, these differences did not reach statistical significance. The
interpretation of total LDH activity is limited by its low organ specificity, as this enzyme is widely
distributed across various tissues. Serum and tissue LDH therefore differ not only in their overall
activity levels but also in the relative proportions of individual isoenzyme fractions, whose
distribution is organ- and species-specific [109]. Isoenzymes containing the H subunit encoded
by the LDHB gene are more abundant in blood and cells of the reticuloendothelial system,
whereas parenchymal organs, including the liver, exhibit a higher proportion of isoenzymes
containing the M subunit [15,110]. For this reason, further analysis focused on LDH-4 and
LDH-5 isoenzymes, which are considered more relevant indicators of metabolic and cytolytic
changes in the hepatic parenchyma. No significant differences in serum activity of the LDH-4
isoenzyme were observed among the experimental groups (Figure 8b). However, in liver tissue
(Figure 8e), the control group C showed significantly lower LDH-4 activity compared with all
groups receiving FMT (p < 0.05). The ASD and ASD+pro/pre groups, receiving microbiota
transplants derived from girls with ASD, also exhibited significantly higher activity of this
isoenzyme compared with the NT group (p < 0.05). Additional information was provided by the
analysis of the LDH-5 isoenzyme (Figure 8c,f), which is considered a more sensitive indicator
of hepatocyte damage. In the liver parenchyma (Figure 8f), an opposite trend compared with
LDH-4 was observed, confirmed by significantly lower LDH-5 activity in the FMT-treated
groups compared with the control group C (p < 0.001).

The interpretation of these results should also be considered in the context of the immuno-
histochemical evaluation of the inflammatory markers iNOS and COX-2. Increased expression
of these markers primarily reflects activation of inflammatory signaling in liver tissue and does
not constitute direct evidence of cytolytic damage to hepatocytes, as they may be expressed
by various hepatic cell populations, including Kupffer cells, endothelial cells, or infiltrating
immune cells. The lower activity of the LDH-5 isoenzyme, which is more closely associated with
hepatocytes, in the FMT-treated groups therefore may suggest that increased cytolytic damage
to hepatocytes did not occur despite the presence of inflammatory activation. In contrast, the
higher LDH-5 activity observed in the control group C may be related to the known metabolic
and immunological differences characteristic of models with reduced or absent gut microbiota,
which exhibit extensive alterations in host metabolic and immune processes [111-113]. A poten-
tial factor contributing to these differences may also be the microbial metabolites present in the
applied fecal microbiota transplants. In the TNT transplant, we identified metabolites mainly

https:/ /doi.org/10.3390/app16115529


https://doi.org/10.3390/app16115529

Appl. Sci. 2026, 16, 5529

27 of 35

associated with polyphenol and amino acid metabolism, whereas in the T.ASD transplant we
detected metabolites indicative of differences in the energy metabolism of the microbial com-
munity. These observations suggest that restoration of microbial colonization may contribute
to the partial re-establishment of metabolic interactions between the gut microbiota and the
host. Compared with models with reduced microbiota, FMT may therefore contribute to the
stabilization of metabolic processes within the gut-liver axis, which may also be reflected by a
lower degree of cytolytic burden on hepatocytes.
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Figure 8. Activities of lactate dehydrogenase (LDH) and selected LDH isoenzymes in serum and liver.
(a) Total LDH activity in serum (TLDH). (b) LDH isoenzyme 4 activity in serum. (¢) LDH isoenzyme
5 activity in serum. (d) Total LDH activity in liver (TLDH). (e) LDH isoenzyme 4 activity in liver.
(f) LDH isoenzyme 5 activity in liver. Values are shown for Phase II after fecal microbiota transplanta-
tion (FMT) and Phase III after additive administration. Red labeling indicates comparisons between
Phase II and Phase III within the same group. Experimental groups included the control group (C;
without FMT application; n = 6), the neurotypical group (NT; FMT from neurotypical donors; n = 6),
and autism spectrum disorder groups (ASD and ASD+pro/pre; FMT from ASD donors; 1 = 6 per
group). In Phase III, additives were administered exclusively to the ASD+pro/pre group: probiotic
strains (Lactiplantibacillus plantarum CCM 7512, Limosilactobacillus reuteri CCM 8617) and a prebiotic
(flaxseed). Data are presented as mean + SEM. Statistical comparisons were performed using an
unpaired two-tailed t-test (* p < 0.05; ** p < 0.01; *** p < 0.001).
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Experimental studies indicate that restoration of gut microbial colonization can sig-
nificantly influence hepatic metabolic processes through the gut-liver axis. For example,
Yang et al. [114] demonstrated in a mouse model of acetaminophen-induced liver injury
that orally administered fecal microbiota transplantation led to enrichment of butyrate-
producing bacteria from the family Lachnospiraceae, increased production of microbial
metabolites, and subsequent attenuation of liver injury. Similarly, Yuan et al. [115], in a
model of acute liver failure induced by LPS/D-galactosamine, showed that FMT not only
modulated the composition of the gut microbiota but also resulted in changes in the hepatic
metabolic profile and a reduction in the inflammatory response. These findings suggest
that restoration of the gut microbiota may influence hepatic processes through metabolic
signals transmitted via the gut-liver axis.

In our experiment, we likewise observed differences in the composition of the cecal
bacterial community between the NT and ASD groups following FMT. These differences
were also reflected at the level of the host response in our model, as the ASD group
exhibited more pronounced inflammatory activation of the liver parenchyma, as reflected
by increased expression of the markers iNOS and COX-2. Despite these inflammatory
changes, both FMT-treated groups showed lower activity of the hepatocyte-associated
isoenzyme LDH-5 compared with the control group C. This finding suggests that the
presence of gut microbiota after FMT—despite differences in bacterial composition—may
have been sufficient to maintain basic metabolic interactions within the gut-liver axis,
thereby contributing to a lower degree of cytolytic burden on hepatocytes.

3.5.4. Modulation of Hepatic LDH Activity and Isoenzymes by Synbiotic Intervention

Following the observed reduction in inflammatory markers, we further evaluated
whether the synbiotic intervention also affected enzymatic parameters in liver tissue,
particularly total tissue lactate dehydrogenase activity (TLDH) and the distribution of LDH
isoenzymes (Figure 8).

In the ASD+pro/pre group, TLDH (Figure 8d) was significantly lower compared
with the ASD group without intervention (p < 0.05), with a more pronounced decrease
observed relative to the period following FMT administration (p < 0.001). As TLDH
represents the sum of the activities of all LDH isoenzymes (LDH1-LDHS5), the observed
decrease reflects an overall reduction in LDH activity in liver tissue and may suggest that
the beneficial effect of the probiotic—prebiotic intervention may also be manifested at the
level of individual LDH isoenzyme fractions. In the ASD+pro/pre group, differential
changes in the activities of the monitored LDH isoenzymes were observed following the
period of additive administration. The activity of the LDH4 isoenzyme (Figure 8e) was
significantly lower compared with the period following FMT administration (p < 0.001);
however, it remained non-significantly higher compared with the ASD group. Changes in
LDH4 activity may therefore indicate a shift in lactate and pyruvate metabolism and in the
intensity of glycolytic metabolism in the given tissue. In contrast, an opposite trend was
observed for LDH5, an isoenzyme more closely associated with hepatic tissue (Figure 8f).
In the ASD+pro/pre group, its activity significantly decreased not only compared with the
period following FMT administration (p < 0.001), but also relative to the other monitored
groups, with the most pronounced difference observed in comparison with the ASD group
without intervention (p < 0.001).

A similar effect of synbiotic supplementation was also observed in our previous stud-
ies using the same probiotic strain Lactobacillus reuteri CCM 8617 in combination with
flaxseed. Andrejcakova et al. [13] demonstrated that such an intervention led to a reduction
in TLDH activity and several LDH isoenzymes, including LDH-5, in liver tissue, which was
accompanied by increased incorporation of n-3 polyunsaturated fatty acids and a decreased
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n-6/n-3 PUFA ratio. In addition, Sopkova et al. [116] showed that flaxseed supplemen-
tation supports the fermentative activity of the intestinal microbiota and increases the
production of organic acids, particularly SCFAs such as acetate, propionate, and butyrate.
Our current results further extend this interpretation, as the synbiotic intervention was
also accompanied by pronounced changes in the composition of the gut microbiota and
the metabolic profile. In the ASD+pro/pre group, the abundance of fermentatively active
bacteria increased, which are associated with enhanced fermentative metabolism and the
production of metabolites involved in maintaining intestinal epithelial integrity and the
functional stability of the gut environment. Concurrently, alterations in metabolic pathways
were identified, particularly in the metabolism of aromatic amino acids and lipid com-
pounds, including differences in the abundance of certain phospholipid derivatives and
mediators derived from arachidonic acid. These changes point to a broader reorganization
of microbiota—metabolic processes, which may represent one of the factors contributing
to the observed changes in tissue metabolic markers. It should be emphasized that in
previous studies, flaxseed supplementation was applied over a longer experimental period
(approximately 28-35 days). In the present experiment, however, the synbiotic intervention
was administered for only 5 days, yet changes in metabolic and tissue parameters were still
observed despite this short duration. These findings may suggest that the combination of
the probiotic strain Lactobacillus reuteri CCM 8617 and the prebiotic component is capable
of relatively rapidly influencing interconnected microbial and metabolic processes of the
host. The fact that these changes were also detected at the level of liver tissue indicates
that the synbiotic intervention may quickly affect systemic metabolic processes mediated
through the gut-liver axis.

Our study had several limitations. First, fecal microbiota transplants were derived
exclusively from female donors, which may limit the generalizability of the findings;
future studies should therefore include both sexes. Second, the taxonomic resolution
of the cecal microbiota analysis did not allow reliable identification at the species level,
limiting a more precise interpretation of microbiota—host relationships in the context of
ASD. Third, microbiome analyses were conducted with a modest sample size (1 = 4 animals
per group), which limits statistical power in a high-dimensional omics setting and increases
the risk of type II errors (false negatives). Consequently, microbiome- and pathway-level
findings should be considered exploratory and hypothesis-generating and interpreted
with caution, and will require validation in larger, appropriately powered studies. In
addition, fecal microbiota transplants were generated by pooling donor material, which
reduces inter-donor variability but does not allow independent assessment of donor-
specific effects. Another limitation is the absence of bacteriophage analysis, as the gut
virome may significantly modulate bacterial communities, although its role in health and
disease remains insufficiently understood. Furthermore, the experimental design focused
on the combined effect of probiotic strains and flaxseed, which precluded distinguishing
their individual contributions; future studies should therefore evaluate these components
separately. Finally, the analysis did not include standard serum liver parameters (AST, ALT,
GGT, ALP), which was constrained by the limited volume of biological material in the
small animal model. Future work should also incorporate more detailed histopathological
assessment and a broader panel of inflammatory and metabolic markers to provide a
more comprehensive characterization of the observed effects. These limitations should be
considered when interpreting the results and represent a basis for further research.

4. Conclusions

Analysis of fecal transplants obtained from neurotypical girls and girls with autism
spectrum disorder revealed a comparable representation of dominant bacterial taxa, with
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differences primarily reflected in their relative abundances. More evident differences were
observed in the mycobiome—characterized by a higher abundance of the genus Candida
in T.ASD and Saccharomyces in TNT—as well as in the metabolomic profile of the trans-
plants, which showed systematic differences in metabolites associated with polyphenol,
amino acid, and energy metabolism. Transplantation of microbiota from girls with ASD
was associated with compositional changes in the cecal microbiota, including a higher
relative abundance of bacterial groups commonly associated with dysbiotic states. These
changes were accompanied by disruption of intestinal mucosal integrity; metabolomic
differences, particularly in metabolites related to aromatic amino acid and lipid metabolism;
increased immunoreactivity of the inflammatory markers iNOS and COX-2 in liver tissue;
and increased activity of the liver-specific LDH-5 isoenzyme, which is consistent with
a possible link between microbiota-associated metabolic alterations, impaired intestinal
barrier integrity, and hepatic responses within the gut-liver axis. Synbiotic intervention
combining Lactiplantibacillus plantarum CCM 7512 and Limosilactobacillus reuteri CCM 8617
with ground flaxseed (Linum usitatissimum L.), a source of omega-3 PUFA and dietary fiber,
was associated with remodeling of the gut microbiota, restoration of intestinal epithelial
integrity, metabolic changes, reduced immunoreactivity of inflammatory markers in the
liver, and decreased activity of the hepatic LDH-5 isoenzyme. These findings support a
possible role of the gut microbiota in processes operating within the gut-liver axis; however,
the microbiome- and pathway-level observations should be regarded as exploratory and
require validation in larger, appropriately powered studies.
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