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ABSTRACT Fragile X syndrome (FXS) is the leading monogenic cause of autism
spectrum disorder (ASD), caused by mutation in the Fmr1 gene. In addition to cog-
nitive and behavioral challenges, FXS patients often experience altered gut micro-
biome-induced gastrointestinal (Gl) problems. Evidence suggests that an altered gut
microbiome can disrupt mucosal barrier and promote inflammation, leading to impaired
intestinal barrier integrity and function. However, the mechanisms by which the gut
microbiome alters the barrier integrity and contributes to Gl pathology in FXS remain
poorly understood. To address this gap, we tested the hypothesis that Fmr1 mutation
is associated with gut microbiome composition, altering transcriptional markers of
intestinal barrier regulation, and gut barrier physiology in mice. To test our hypothe-
sis, we used an Fmrl knockout (KO) mouse model with wild-type (WT) littermates
as controls. First, we performed 16S ribosomal RNA sequencing to characterize gut
microbial community structure and diversity across genotypes and sexes. Among
the alpha-diversity metrics, only Chao1 showed significant differences across female
genotypes in both fecal and cecal contents. Additionally, qRT-PCR analysis of ileal
samples revealed reduced barrier and mucosal defense gene expression in female KO
and Het mice compared with WT females. Next, we used an Ussing chamber assay to
test gut epithelial permeability and function. Our physiological data showed that female
Het mice had increased transepithelial resistance compared to WT females, indicating a
tighter epithelial barrier. Overall, FXS is associated with modest genotype- and sex-spe-
cific microbiome variation, impaired gut barrier integrity, and altered epithelial barrier
function in female mice.

IMPORTANCE Fragile X syndrome (FXS), the most common inherited cause of autism,
affects not only brain function but also physical health, including chronic gastrointestinal
(GI) problems that are often overlooked. This study reveals that a single genetic mutation
linked to FXS is associated with the gut microbiome and the intestinal barrier—the
body’s frontline defense against inflammation and disease—in a sex-specific manner.
Using a mouse model, we show that females carrying the Fmr1 mutation exhibit changes
in gut microbes, reduced expression of genes that protect the intestinal lining, and
altered gut barrier function. These findings highlight a critical gut-genetic connection
in FXS and point to the intestine as an important, yet underappreciated, site of disease
impact. By linking genetic risk for neurodevelopmental disorders to gut health, this work
opens new avenues for understanding—and potentially treating—the gastrointestinal
symptoms experienced by individuals with FXS.
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F ragile X syndrome (FXS) is a neurodevelopmental disorder caused by a CGG
trinucleotide repeat expansion in the 5" untranslated region of the (FMRT) (fragile
X messenger ribonucleoprotein 1 gene on the X chromosome (1-4). Mutation in the
FMR1 gene leads to reduction or elimination of the protein product (FMRP) (fragile X
messenger ribonucleoprotein) (5-7). FMRP is a conserved RNA-binding protein that plays
a critical role in the translation of many aspects of target mRNAs involved in neuronal
development and cellular function (8, 9).

In addition to well-known cognitive and behavioral challenges, people with FXS
also experience serious gastrointestinal (Gl) complications. However, the mechanisms of
gut-specific phenotypes are not well understood. Previous reports demonstrate that
individuals with FXS frequently experience Gl disturbances, including constipation,
diarrhea, irritable bowel syndrome, and gastroesophageal reflux (10, 11). Recent work
has identified alterations in intestinal microbial composition and predicted metabolic
pathways in male Fmr1 KO2 mice, highlighting the potential relevance of microbiome-
associated Gl disorders in FXS (12). A growing body of literature suggests a central role
for the gut microbiome structure in maintaining epithelial barrier function. Gut dysbiosis
leads to increased intestinal permeability and mucosal inflammation across multiple
disease contexts, including autism spectrum disorders (ASDs) (13-18). This body of work,
therefore, warrants further investigation into whether GI dysfunction in FXS might also
stem from microbiome-associated disruptions in intestinal barrier homeostasis.

Sex differences represent a crucial yet underexplored area in the FXS and ASD
research fields, although both conditions are diagnosed more frequently in males
(19). Females often exhibit distinct and heterogeneous phenotypes due to X-linked
genetic regulation, mosaic Fmr1 expression, and sex-dependent hormonal and immune
influences (20-22). In parallel, gut microbiome structure, host-microbe interactions, and
intestinal barrier physiology are increasingly recognized as sex-modulated processes
(23-25). Gl manifestations in ASD and FXS may therefore differ between males and
females. Importantly, in our experiments, inclusion of heterozygous (Fmr1*") females
introduces an intermediate genetic context that models mosaic Fmril expression
observed in many affected human females and enables direct assessment of Fmri
gene dosage-dependent effects. This experimental approach permits us to evaluate how
mosaicism in FXS influences gut microbial community, epithelial barrier integrity, and
physiology, supporting a clearer interpretation of genotype- and sex-specific gut barrier
homeostasis.

In this study, we integrated host-microbiota-epithelial barrier interactions in both
male and female FXS mice. Together, these findings provide a systematic, sex-inclusive
evaluation of gut barrier-associated features in an FXS mouse model and establish a
foundation for identifying microbial and epithelial signatures that may contribute to
Gl-related phenotypes and potential biomarker discovery in FXS.

MATERIALS AND METHODS
Animals

All experiments were conducted using Fmr1 knockout (KO) mice (JAX strain B6.129P2-
Fmr1'™<97/J, stock #003025) maintained on a C57BL/6J background (JAX, stock #000664),
which we used as controls. Experimental groups included hemizygous Fmr1 KO males,
homozygous KO females, and heterozygous females. All mice were originally sourced
from The Jackson Laboratory and subsequently bred at Oklahoma State University (26).
Animals used in these experiments were obtained from both mixed- and single-geno-
type breeding schemes to maintain colony lines and generate experimental cohorts.
Female wild-type (WT), Het, and KO mice were, therefore, not all derived from a
single breeding pair, and some experimental groups were generated from separate
but related breeding crosses. Where possible, littermate controls were included within
experimental comparisons. Animals were maintained under standard specific pathogen-
free conditions with a 12-h light/dark cycle and ad libitum access to standard chow diet
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and water. Animals were not fasted before sample collection. Figure legends indicate
the number of animals used in each experiment. In the present study, all experimen-
tal groups underwent identical euthanasia procedures, thereby minimizing systematic
genotype-specific bias introduced by xylazine exposure. Furthermore, tissue and luminal
samples were collected immediately following euthanasia to reduce potential postmor-
tem or anesthetic-associated alterations.

All animals used in this study were between 60 and 120 days old. Figure legends
list the number of animals used in each experiment. All efforts were made to minimize
animal suffering and to reduce the number of animals used.

16S rRNA sequencing for microbiome structure and microbial diversity
analysis

Sample collection

After sacrificing mice with isoflurane, we collected fecal (n = 30) and cecal (n = 30)
contents and freeze-dried them at 80°C until they were processed for DNA extraction.
Cecal contents were collected by opening the cecum under sterile conditions, transfer-
ring the luminal contents into sterile tubes, and immediately freezing the samples at
—80°C. Microbiome analyses were performed across the same five experimental groups,
with n = 6 per group for both cecal and fecal materials.

Library construction, sequencing, and bioinformatics analysis

We extracted total genomic DNA from each sample using the QlAamp Power-Fecal
DNA Kit (Qiagen, Germantown, MD, USA) following the manufacturer’s protocol. 16S
rRNA gene regions were amplified using primers targeting conserved sequences with
lllumina sequencing adapters attached. We amplified the V3-V4 hypervariable regions
of the bacterial 16S rRNA gene with universal primers 388 F (5-ACTCCTACGGGAGGCA
GCA-3’) and 806 R (5-GGACTACHVGGGTWTCTAAT-3'). Polymerase chain reaction (PCR)
was performed under the following thermal cycling conditions: initial denaturation at
95°C for 5 min; followed by 20 cycles of denaturation at 95°C for 30 s, annealing at
50°C for 30 s, and extension at 72°C for 40 s; with a final extension at 72°C for 7
min. The resulting amplicon products were purified using the Omega DNA purification
kit (Omega Inc., Norcross, GA, USA), quantified, and homogenized to get a sequenc-
ing library. Library quality control (QC) was performed for constructing libraries, and
qualified libraries were sequenced on the Illumina NovaSeq 6000 platform to generate
paired-end reads at Biomarker Technologies (BMKGENE USA Inc., Durham, NC). Raw
image data were converted to FASTQ format by base calling. Quality control of raw
reads was performed using Trimmomatic v0.33 (27) for quality trimming and Cutadapt
v1.9.1 for primer removal (28). High-quality reads were processed in QIIME2 (29), using
the DADA2 algorithm for denoising (30), chimera removal, and generation of amplicon
sequence variants (ASVs), which provides single-nucleotide resolution (31).

Taxonomic classification of ASVs was performed using a Bayesian classifier and BLAST
against the SILVA 138 reference database (32). Features with read counts < 2 were
filtered out. Taxonomic compositions were summarized at multiple ranks using QIIME2
feature-table and taxonomy artifacts. Relative abundances were calculated and collapsed
at the genus level. The top 20 genera were visualized as stacked bar plots, along with
alpha-diversity (Shannon, Simpson, and Chao1) and beta-diversity (Bray-Curtis dissimilar-
ity with NMDS-coordination), which were assessed in QIIME2 (29) and visualized in the
BMKCloud platform (33). ALDEx2 differential abundance analysis and comparisons of
bacterial genera across male and female genotypes were performed in RStudio using the
ALDEX2 (34), ggplot2, dplyr, tidyr, and tibble packages (35, 36).
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Gut barrier integrity profiling
Sample collection

Experimental mice were fasted for at least 3 h and then euthanized with a mixture of
ketamine and xylazine (100 mg/kg and 10 mg/kg). After collecting their ilea, we flushed
those tissues with ice-cold sterile saline and then preserved them in liquid nitrogen
followed by freezing at —80°C until mRNA extraction.

We extracted ileal total RNA using a TRIzol RNA isolation reagent (Thermo Fisher
Scientific, Waltham, MA, USA). The relative abundance of genes (Tjp1, Ocln, Cldn2, Plvap,
Muc2, Reg3g, Alpi, and Tnf) was quantified by quantitative reverse transcription-polymer-
ase chain reaction (qRT-PCR). gRT-PCR was performed using SYBR Green chemistry on
an ABI 7900HT sequence detection system equipped with SDS 2.4 software (Applied
Biosystems). Relative transcript levels were quantified using the 272 method, employ-
ing GAPDH as the endogenous reference gene.

Gut barrier physiology

To evaluate intestinal epithelial physiology and barrier function in FXS mice, we
performed ex vivo Ussing chamber electrophysiological experiments on intestinal tissues.
Freshly dissected distal ileum segments were gently flushed with PBS to remove luminal
contents, cut longitudinally, and opened to create a full-thickness two-dimensional
tissue plane to be mounted in the Ussing chamber baths (P2300, Physiologic Instru-
ments, Inc., Venice, FL, USA). The tissue was mounted flat on an EasyMount Ussing
Chamber Slider with an exposed tissue area of 0.04 cm” and placed between mucosal
and serosal baths. The baths contained identical Ringer’s solution: 120 mM NaCl, 10 mM
D-glucose, 3.3 mM KH,POg4, 0.83 mM KyHPO4, 1.2 mM MgCly, and 1.2 mM CaCl,, pH 7.4.
Mounted tissues were short-circuited via a voltage-clamp system (VCC MC8-8S, Physio
Instruments, Inc.) and maintained for up to 2 h at 37°C, saturated with a 95% 0,/5%
CO, gas mixture. Once epithelial preparations stabilized under these conditions, values
for short-circuit current (Iso), voltage (Vy), conductance (Gy), and electrical resistance
(TER) were obtained for analysis. These baseline measurements were used to provide
indirect electrical assessments of epithelial barrier properties of the native gut tissue.
It is important to note that measurements do not distinguish pore versus subepithelial
contributions.

Statistical analyses

All statistical analyses on data derived from gut barrier integrity and function experi-
ments were performed in R (version 4.3.2) using RStudio (version 2023.06.1). The
normality of each data set was evaluated with the Shapiro-Wilk test (stats package), and
homogeneity of variances was assessed using Levene’s test (car package). Depending
on distributional properties, for parametric data, to assess group differences, one-way
ANOVA with Tukey post hoc tests (stats package) was applied. Parallelly, for nonparamet-
ric data, Kruskal-Wallis tests followed by Dunn’s post hoc comparisons (FSA package)
were performed. Between-group comparisons, Student’s t-test, or Welch's t-test were
applied as appropriate. When assumptions were violated, Wilcoxon rank-sum tests (coin
package) were used (36). Statistical significance was defined as P < 0.05.

RESULTS
Characterization of the gut microbiome structure and diversity

Genotype-associated variation in microbial communities of the cecal contents in
male mice

Microbial community composition and diversity can modulate FXS-associated symptoms
in both clinical and preclinical settings (37-39). In our study, we considered the top 20
genera that revealed broadly similar community structures between male WT and KO
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groups (Fig. TA), indicating genotype-associated effects were distributed across multiple
taxa in cecal contents. Alpha-diversity metrics indicated no significant differences in
overall microbial richness or evenness between WT and KO males. The Simpson’s index
showed comparable diversity across genotypes (Fig. 1B; P = 0.39), and neither Chao1 (P
= 0.59; Fig. 1C) nor Shannon diversity (P = 0.065; Fig. 1D) differed significantly, indicat-
ing preservation of within-sample-based microbiome diversity despite Fmr1 deficiency
in male mice. In contrast, B-diversity analysis revealed partial separation of microbial
communities by genotype. NMDS ordination based on Bray-Curtis dissimilarity showed
overlapping yet distinguishable clustering of WT and KO samples (Fig. 1E). This pattern
was supported by PERMANOVA (R* =0.235; P = 0.003) analysis, indicating a significant but
modest genotype effect on community composition. Together, these findings suggest
that Fmr1 mutation in male mice is associated with subtle but detectable shifts in
gut microbiome structure without major alterations in overall alpha diversity. In this
study, we also considered fecal contents; we found no significant genotype-associated
differences between WT and KO males, with comparable alpha diversity (Simpson P =
0.94, Chao1 P = 0.82, Shannon P = 0.94; Fig. S1C and D) and no separation in B-diversity
(R*=0.078, P = 0.581), despite minor compositional variation (Fig. STE).

We also performed differential abundance analysis using ALDEx2, applying Dirichlet
Monte Carlo sampling and CLR transformation to account for compositional microbiome
data. Statistical significance was assessed by Welch’s t-test for pairwise comparisons in
male study groups and the Kruskal-Wallis test for multi-group comparisons in female
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integrates both species richness and evenness. Statistical significance was assessed using the Mann-Whitney U test. Each point represents an individual animal,
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study groups, with P-values corrected for multiple testing using the Benjamini-Hochberg
false discovery rate (FDR). However, we did not find any genera that remained significant
after FDR correction across experimental group comparisons (Fig. S9A through D).

Genotype-associated variation of microbial communities in the cecal
contents of female mice

Gut microbial community composition showed modest genotype-associated differences
across WT, Het, and KO female mice. We analyzed the top nine bacterial genera based on
their relative abundance. However, none of those top nine genera showed a signifi-
cant difference across female genotypes. In this study, alpha diversity metrics revealed
selective genotype effects in female mice. For example, Chao1 index differed modestly
across genotypes, with Het mice generally exhibiting higher diversity or species richness
relative to WT (P = 0.0022), while KO mice did not show greater variability compared to
WT females (P = 0.48) and Hets (P = 0.13) in Fig. 2C. For the Shannon diversity index, WT
females compared to Het females showed no significant difference (P = 0.39; Fig. 2D), and
the same pattern was exhibited when comparing Hets with KO females (P = 0.94; Fig.
2D). The Simpson index, which is also an alpha diversity parameter and usually indicates
dominance structure across species, also showed no significant differences across female
genotypes (Fig. 2B, WT vs Het, P = 0.82, WT vs KO, P = 0.82 and for WT vs KO, P = 1).
However, female fecal samples showed a higher Chao1 index in Hets compared to WT
females (P = 0.0087; Fig. S2C), while other parameters did not show any significance in
alpha diversity in fecal female study groups (Fig. S2B and S2D). In contrast, B-diversity
analysis in female fecal contents demonstrated a significant but partial separation of
microbial communities by genotype (R* =0.21, P = 0.019; Fig. S2E).
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Effects of sex difference within genotype on gut microbiome structure and
microbial diversity in cecal and fecal samples

Cecal contents

We first evaluated sex-specific differences in gut microbial communities in cecal contents
of WT mice. Taxonomic profiling indicated sex-associated shifts in microbial composition
(Fig. S3A). Although overall community diversity did not differ between WT males and
females based on Simpson (P = 0.18) or Shannon indices (P = 0.82), Chao1 analysis
revealed significantly greater species richness in males (P = 0.0043; Fig. S3B through
D). Consistent with this observation, our study revealed that microbiome community
structure had a significant separation between male and female microbial communities
(R*=0.31,P=0.001; Fig. S3E).

A similar pattern was observed in cecal KO male and KO female mice. While Simp-
son (P = 0.18) and Shannon diversity (P = 0.59) did not differ between KO males and
KO females, Chao1l richness remained significantly higher in males (P = 0.0043; Fig.
S4B through D). Correspondingly, B-diversity analysis revealed significant separation
between KO male and KO female microbial communities (R* =21, P = 0.001; Fig. S4E).
We next examined whether the mosaic genotype effect produces distinct microbial
patterns relative to fully deficient KO mice by comparing KO males with Het females. In
this comparison, Het females exhibited significantly higher Simpson diversity than KO
males (P = 0.026), whereas Chao1 richness did not differ between groups (P = 0.7). The
Shannon index showed a trend toward higher diversity in Het females but did not reach
statistical significance (P = 0.065; Fig. S5B through D). Despite these modest differences
in alpha diversity, B-diversity analysis demonstrated a clear separation between KO male
and Het female microbial communities (R* =0.248, P = 0.001; Fig. S5E), indicating distinct
microbial community structures between the two groups.

Fecal contents

To determine whether sex influences gut microbial structure in the feces, we first
examined male-female differences within WT mice. Taxonomic profiling suggested
sex-associated shifts in microbial composition (Fig. S6A). While overall alpha diversity
did not differ between males and females based on Simpson (P = 0.31) or Shannon
indices (P = 0.18), Chao1 richness was significantly higher in males (P = 0.0087; Fig. S6B
through D). Consistent with these observations, B-diversity analysis revealed a significant
separation between male and female microbial communities (R> = 0.252, P = 0.008; Fig.
S6E), indicating sex-dependent differences in community structure.

We next assessed whether similar sex-associated patterns are maintained between
KO males and KO females. In KO male mice, alpha diversity indices again did not differ
significantly between males and females (Simpson P = 0.48, Chao1 P = 0.093, Shannon
P = 0.24; Fig. S7B through D). However, 3-diversity analysis still showed a significant
separation between KO male and female microbial communities (R = 0.175, P = 0.035;
Fig. S7E), suggesting that sex-dependent differences in overall microbial community
structure persist even in the absence of FMRP. In fecal KO male vs Het female comparison,
we found that alpha diversity did not differ between groups based on Simpson (P =
0.48), Chao1 richness (P = 0.59), or Shannon indices (P = 0.31; Fig. S8B through D).
Consistent with these findings, B-diversity analysis did not reveal significant separation
between KO male and Het female microbial communities in feces (R* = 0.071, P = 0.586;
Fig. S8E). Overall, these results indicate that sex is a major determinant of gut microbial
community structure in both WT and Fmr1 KO mice, whereas the mosaic genotype in Het
females produces more modest effects on microbial diversity and composition.

Deletion of Fmr1 alters gut barrier integrity markers in mice

Using RT-gPCR, we examined gene expression of intestinal samples to assess epithelial
barrier integrity markers including Tjp1, Ocin, Cldn2, Plvap, Muc2, Reg3g, Alpi, and Tnf.
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Genotype-dependent gut barrier integrity profiling in male mice

Expression levels of Tjp1, Ocln, Cldn2, Plvap, Muc2, Reg3g, Alpi, as well as Tnf showed no
significant differences between genotypes (all P > 0.05) in male mice (Fig. 3). Overall,
Fmr1 loss does not alter gut barrier integrity or inflammatory status in male mice (Fig. 3A
through H).

Genotype-dependent gut barrier integrity profiling in female mice

Comparisons among WT, Het, and KO female mice revealed significantly reduced
expression of epithelial tight junction markers (Fig. 4A through Q). Specifically, in Fig. 4A,
Tjp1 expression was decreased in KO females compared with WT (P = 0.0252) and in Het
females compared with WT (P = 0.034). Ocln expression was also significantly reduced
in KO females relative to WT controls (P = 0.025; Fig. 4B). Additionally, the endothelial
tight junction marker Plvap showed reduced expression in both Het and KO females
compared with WT females (P = 0.03, P = 0.033; Fig. 4D). Collectively, these findings
indicate a genotype-dependent disruption of intestinal barrier components in female
Fmr1-deficient mice.

In contrast, Muc2 expression was significantly lower in KO compared with Het (Fig. 4E;
P = 0.0284). The Reg3g expression was significantly different between WT vs KO (P =
0.027) and in Hets vs KO mice (P = 0.0284; Fig. 4F). Expression of Cldn2 did not differ
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FIG 3 Transcriptional markers of intestinal barrier structure, mucosal defense, and inflammatory tone in male WT and KO mice. Relative expression of genes
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peptide; (G) Alpi, an anti-inflammatory epithelial enzyme; and (H) Tnf, a proinflammatory cytokine. Box-and-whisker plots depict the median (center line),
interquartile range (box), and full data range (whiskers), with individual points representing independent biological replicates. Statistical analyses were selected
based on Shapiro-Wilk normality and homogeneity of variance testing: unpaired two-tailed Student’s t tests were applied for panels A, B, D, and H; Welch’s t test
for panel C; and Mann-Whitney U tests for panels E, F, and G. Each group included five to seven independent biological replicates (n = 5-7 per group). Exact
P-values are indicated in the respective panels.
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FIG 4 Transcriptional markers of intestinal barrier structure, mucosal defense, and inflammatory tone among female WT, Het, and KO mice. Relative expression

of genes collectively involved in maintaining the intestinal barrier integrity in wild-type (WT), heterozygous (Het), and knockout (KO) female mice. (A) TjpT;
(B) Ocin; (C) Cldn2; (D) Plvap; (E) Muc2; (F) Reg3g; (G) Alpi; and (H) Tnf. Box-and-whisker plots depict the median (center line), interquartile range (box), and full
data range (whiskers), with individual points representing independent biological replicates. Statistical analyses were selected based on Shapiro-Wilk normality

and homogeneity of variance testing. One-way ANOVA was applied for panel B, while Kruskal-Wallis tests were used for panels A and C-H. When overall

significance was detected, Tukey’s post hoc test (ANOVA) or Dunn'’s post hoc test (Kruskal-Wallis) was applied, as indicated, based on normality tests. Each group

included five to seven independent biological replicates (n = 5-7 per group). Exact P-values are indicated in the respective panels.

significantly across genotypes, although trend-level changes were observed for Cldn2 (P
= 0.0604 for WT vs KO, P = 0.0687 for Het vs KO; Fig. 4C). Also, no significant differences
were observed among WT, Het, and KO groups for Alpi (P = 0.068; Fig. 4G) and Tnf (P =
0.591; Fig. 4H). Overall, Fmr1 loss in females is associated with selective impairment of
epithelial barrier and antimicrobial gene expression, without a marked proinflammatory
response across their genotypes.

Sex-specific differences within genotype in transcriptional regulators of gut
barrier integrity

We measured sex-specific influence of transcriptional regulators within genotype across
male and female mice. In WT mice, we did not observe any significant sex-associated
differences in the expression of gut barrier-related genes (Tjp1, Ocin, Cldn2, Plvap, Muc2,
Reg3g, Alpi, and Tnf) between males and females (all P > 0.05; Fig. S10A through H),
although Tnf showed a modest trend toward higher expression in males (P = 0.08; Fig.
S10H).

In contrast, KO mice exhibited significant sex-dependent differences in several
barrier-associated genes. KO males showed higher expression of Tjpl compared with
KO females (P = 0.0065; Fig. S11A), and the same pattern was observed in Alpi (P =
0.0023; Fig. S11G), while other genes did not differ significantly between full FXS KO
males and females. Similarly, when KO males were compared with Het females, KO males
displayed a significantly higher expression of Tjp7 (P = 0.0042; Fig. S12A), Plvap (P =
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0.0043; Fig. S12D), and Alpi (P = 0.0032; Fig. S12G), compared with Het females, whereas
the remaining genes showed no significant differences. Overall, these results indicate
that Fmr1 mutation advances sex- and genotype-dependent alterations in key epithelial
barrier integrity maintaining genes, particularly Tjp1, Plvap, and Alpi.

Gut physiology analysis
Gut barrier physiology status in male mice across genotypes

Our data showed a significant increase in Isc in KO males compared with WT males (P
= 0.037), indicating an altered active ion transport in KO male mice. In contrast, other
epithelial barrier markers such as V4, G, and TER did not differ across genotypes in male
mice (Fig. 5B through D). Together with the Tjp1, Ocln, and Cldn2 expression data, these
data may indicate that Fmr1 loss in male mice selectively affects epithelial electrogenic
ion transport processes while having a minimal effect on barrier integrity.

Gut barrier physiology status in female mice across genotypes

Ussing chamber analyses showed no genotype-dependent differences in /5. or V; (Fig. 6A
and B) for female mice. In contrast, genotype-dependent differences were detected for
TER and G; for female mice. Het females exhibited significantly increased TER (P = 0.008;
Fig. 6C) and reduced G; compared with WT (P = 0.008; Fig. 6D), indicating enhanced
barrier tightness. KO females also showed a trend of elevated TER compared to WT
females, although this was not significant (P = 0.1). No differences in G; were detected
between KO and WT females (P = 0.397). Overall, these data indicate that genotype-
dependent modulation of gut barrier function exists in females without accompanying
changes in electrogenic ion transport.

Sex-specific differences within genotype in gut barrier physiology

Using the Ussing chamber assay, we evaluated sex-associated differences within
genotype in intestinal epithelial barrier function. Comparing WT male and female mice,
we did not observe significant sex-associated differences in short-circuit current (Isc),
transepithelial voltage, transepithelial electrical resistance (TER), or epithelial conduc-
tance (Gy) (all P> 0.05; Fig. S13A through D). Similarly, we found no significant differences
between KO males and KO females in any electrophysiological parameter (Fig. S14A
through D). However, when we compared KO males with Het females, significant gut
barrier-related functional differences emerged. We observed higher /5. in KO males
compared with Het females (P = 0.011; Fig. S15A), whereas TER was significantly higher in
Het females (P = 0.049; Fig. S15C). In contrast, V; and G; did not differ significantly
between Het females and KO males. Together, these results suggest that mosaic Fmr1
expression in Het females is associated with improved epithelial barrier integrity relative
to KO males.

DISCUSSION

This study embodies a systems-level characterization of gut microbial ecology, defining
microbiome structure and diversity along with intestinal barrier integrity and function in
an FXS mouse model. This holistic characterization demonstrates how Fmr1 deficiency
drives the remodeling of the overall gut ecosystem, extending beyond microbial
composition to altered epithelial barrier niches in FXS mice. Notably, female Het mice
showed the most pronounced gut-associated phenotypes, including altered microbial
diversity and epithelial barrier remodeling. These findings highlight a previously
underappreciated role of the Fmrl mutation in sex-specific host-gut-microbiome-
epithelial barrier interactions. These findings also signify Fmr1 as a key regulator at the
interface of the gut microbiome and intestinal physiology, suggesting that Gl dysfunc-
tion observed in FXS arises from coordinated disruptions in microbial-epithelial crosstalk
rather than from microbial dysbiosis alone.
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FIG 5 Intestinal paracellular barrier physiology in male WT and KO mice. Ex vivo assessment of intestinal epithelial barrier function in male WT and KO

mice using Ussing chamber electrophysiology. (A) Short-circuit current (Isc), (B) transepithelial voltage (V4), (C) transepithelial electrical resistance (TER), and

(D) transepithelial conductance (Gy). Box-and-whisker plots depict the median (center line), interquartile range (box), and full data range (whiskers), with
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Fig 5 (Continued)

individual points representing independent biological replicates. Statistical analyses were selected based on Shapiro-Wilk normality and homogeneity of
variance testing: unpaired two-tailed Student’s t tests were applied for panels A-C, and a Mann-Whitney U test was used for panel D. Each group included five to
nine independent biological replicates (n = 5-9 per group). Exact P-values are indicated in the respective panels.

In this study, analysis of the gut microbiome revealed divergence in microbial
composition in both male and female mice across genotypes. This pattern aligns with
increasing evidence that neurodevelopmental disorders, including ASD-associated
syndromes, are accompanied by alterations in gut microbial community structure (3, 40).
Altered microbial diversity observed may reflect disruptions in host-microbe signaling
pathways, particularly those regulating mucosal immune tone, metabolic functions, or
epithelial differentiation (39, 41-43). These findings further support the concept that gut
dysbiosis is not merely a secondary phenotype of FXS but may contribute directly to
intestinal phenotypes. To further evaluate genotype-associated microbial variation, we
examined genus-level relative abundance differences for the nine most abundant taxa
across experimental groups such as Lachnoclostridium, Clostridium sensu stricto 1,
Lachnospiraceae_NK4A136_group, Lachnospiraceae_UCG_006, Lactobacillus, Muribacu-
lum, Turicibacter, unclassified_Lachnospiraceae, and unclassified_Muribaculaceae.
Among all our five experimental groups, cecal samples in males across genotypes
showed significant differences in two of those nine taxa, such as Lachnoclostridium and
Lactobacillus. A systematic review reported that Lactobacillus supplementation with fecal
microbiota transplantation from healthy donors improved constipation and behavioral
symptoms in children with ASD. Moreover, perinatal administration of Lactobacillus
prevented Asperger- and attention-deficit hyperactivity disorder (ADHD)-like symptoms
in adolescence (44). But the role of Lachnoclostridium in ASD remains inconsistent across
studies. While some reports have found reduced abundance of this genus in ASD (45),
others have observed increased levels in ASD populations (46). Muribaculum and
Turicibacter showed nominal differences (P < 0.05) in the present study, but these did not
remain significant after multiple-testing correction. In contrast, both cecal and fecal
samples from females and fecal samples from males revealed no significant differences
between genera after FDR correction across genotypes. Several previous studies have
reported gut microbiome alterations in Fmr1 mouse models, although the specific taxa
identified vary across studies, likely due to differences in mouse strain, sex, age, housing,
diet, sample type, sequencing region, and analytical pipeline. Altimiras et al. reported
altered microbial profiles in Fmr1 KO mice, including changes in Akkermansia, Sutterella,
Allobaculum, Bifidobacterium, Odoribacter, Turicibacter, Bacteroides, and Oscillospira (12).
More recent work also implicated taxa linked to barrier function and inflammation,
including Akkermansia, Eubacterium, Ruminococcus, Clostridium, Roseburia, Helicobacter,
and Anaeroplasma (47, 48). In our study, several genera overlapping with this prior
literature were detected in the cecal microbiome, including Turicibacter, Lactobacillus,
Akkermansia, Oscillibacter-/Oscillospiraceae-related taxa, Lachnospiraceae-related taxa,
and Ruminococcaceae-related taxa. Although our stacked bar plots display only the top
20 genera for visualization, we also examined the broader genus-level data set using
compositional approaches ALDEx2, which did not identify any taxa that remained
significant after FDR correction, suggesting that Fmri-associated microbial shifts are
modest and community-level rather than driven by a single dominant taxon. Function-
ally, taxa such as Akkermansia may be relevant because of their role in mucin metabolism
and epithelial barrier interactions (49, 50), whereas Lachnospiraceae, Ruminococcaceae,
Roseburia, Oscillospiraceae, Odoribacter, and Bifidobacterium are often discussed in
relation to short-chain fatty acid production and mucosal immune regulation (49, 51, 52).
Therefore, even low-abundance taxa not shown among the top 20 genera may still be
biologically meaningful. Our findings are broadly consistent with prior reports showing
altered gut microbial structure in Fmr1 models, but they also emphasize that genotype-
associated effects may be sex-specific, compartment-specific, and detectable more
strongly at the community level than at the level of individual FDR-significant genera.
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FIG 6 Intestinal paracellular barrier physiology among female WT, Het, and KO mice. Ex vivo assessment of intestinal epithelial barrier function in female WT,

Het, and KO mice using Ussing chamber electrophysiology. (A) Short-circuit current (Isc), (B) transepithelial voltage (Vy), (C) transepithelial electrical resistance

(Continued on next page)
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Fig 6 (Continued)

(TER), and (D) transepithelial conductance (G;). Box-and-whisker plots depict the median (center line), interquartile range (box), and full data range (whiskers),
with individual points representing independent biological replicates. Statistical analyses were selected based on Shapiro-Wilk normality and homogeneity of
variance testing. Kruskal-Wallis tests were applied for panels A-D, followed by Dunn'’s post hoc tests when overall significance was detected. Each group included
five to nine independent biological replicates (n = 5-9 per group). Exact P-values are indicated in the respective panels.

To complement these relative abundance comparisons, we also applied ALDEx2
compositional differential abundance analysis. This analysis evaluates taxa across the
entire genus-level data set using the centered log-ratio (CLR) transformation to consider
the compositional structure of 16S rRNA sequencing data. Although several taxa showed
variation in effect size across groups, no single genus was identified as significantly
differentially abundant after FDR correction. Together, these findings indicate that gut
microbial relative abundance comparisons among the top dominant genera reveal
limited genotype-associated differences in FXS.

In our study, the interconnected aspect of the gut microbiota-epithelial barrier is
intriguing. Our findings demonstrate molecular signatures of impaired barrier integrity in
both Fmr1 KO and Het females. qRT-PCR analyses revealed significant downregulation of
core tight-junction regulators—Tjp1 and Oc/n—in both KO and Het females, indicating a
genotype-dependent weakening of epithelial cohesion. The pore-forming Cldn2 was not
significantly altered in females across genotypes; however, the relative Cldn2 expression
was highest in Het and lowest in KO. Upregulated Cldn2 is prominent in inflammation
and immune-related gut dysfunction, leading to intestinal hyperpermeability through
a leak-flux mechanism (53). In Het females, mosaic FMRP expression likely creates a
mixed epithelial environment in which some cells experience greater functional stress
than others (54). Mosaic FMRP expression may disrupt coordinated epithelial homeo-
stasis more strongly than uniform FMRP deficiency, potentially leading to compensa-
tory tight-junction remodeling and elevated Cldn2 expression in Het females. During
embryonic stages, the cells randomly select X chromosome activation among the two
X chromosomes in females (55), which may partly explain increased Cldn2 expression in
Hets. This suggests that partial, heterogeneous loss of FMRP may destabilize tight-junc-
tion regulation more than complete loss, producing elevated Cldn2 levels observed in
the Het group compared to KO females. We measured another transcriptional factor,
important for assessing gut barrier integrity, Plvap (56). Plvap plays a pivotal role
in maintaining endothelial homeostasis and regulating vascular permeability (57, 58).
Decreased Plvap mRNA promotes severe protein-losing enteropathy as measured with
in vivo studies (58). Downregulated Plvap may further establish uncontrollable vascu-
lar nutrient exchange addressing catastrophic plasma protein loss, despite preserved
epithelial barrier integrity. Interestingly, in our study, the Plvap expression was signifi-
cantly upregulated in WT females compared to both Hets and KO females, suggesting
disrupted endothelial barrier integrity in FXS.

Furthermore, female KO mice displayed reduced expression of Muc2 and Reg3g,
genes essential for mucosal barrier and antimicrobial defense systems, respectively (59,
60). Together, these transcriptional shifts suggest that FMRP loss may predispose the
gut’s compromised epithelium to decreased barrier stability and altered antimicrobial
protection in FXS. In contrast, Alpi is typically reduced under conditions of dysbiosis,
increasing permeability and heightening inflammatory signaling (61). In our study, Alpi
expression did not differ significantly across genotypes. This Alpi expression pattern
was consistent in both male and female mice, indicating preservation of Alpi-associated
barrier function despite Fmr1 loss. We also examined Tnf, which is known to indirectly
disrupt tight-junction proteins in ASD and FXS through inflammatory signaling pathways
(62). However, we did not detect significant alterations in Tnf expression either in males
or females across genotypes. The observed significant downregulation of Tjp1, Ocln,
Plvap, Muc2, and Reg3g in FXS mice, therefore, likely suggests that gut barrier impairment
may arise through mechanisms independent of overt Tnf elevation.
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An unexpected yet intriguing observation was made in female Het mice, showing
a distinct gut microbiome together with elevated epithelial barrier function compared
to WT females. Increased diversity is often associated with improved microbial ecosys-
tem resilience and functional redundancy (63). Our physiological data obtained from
Ussing chamber analysis revealed that the highest transepithelial resistance was in
Het females. Differences between the present findings and prior FITC-dextran studies
(64, 65) may reflect methodological differences between in vivo permeability assays
and ex vivo electrophysiological measurements as these approaches assess distinct
physiological properties of intestinal barrier function (66). For example, increased TER
does not necessarily imply reduced macromolecular permeability as ionic conductance
and large-molecule translocation can be regulated through partially distinct barrier
mechanisms. Additionally, Het females showed the highest diversity in Chao1l index
in both fecal and cecal contents. Although female Het mice showed greater micro-
bial richness together with increased TER, these findings do not necessarily indicate
improved disease outcomes in FXS. Instead, they suggest a potential association
between microbial community structure and epithelial barrier physiology, which may
reflect adaptive compensation or altered host-microbe interactions in Het females.

Mosaicism produces a unique host environment that potentially enables a selective
gut environment favoring a more beneficial and stable microbiota. Further investigation
warrants exploration of whether this reflects an adaptive compensatory mechanism or
an inherently distinct host-microbe interaction pattern in Het females. Pearce et al. (67)
showed that Tjp1 and Ocln regulate macromolecular permeability most. Even though in
our experiment we found no significant difference for Tjp1 and Ocln expression in males,
in KO males, /sc level was higher compared to WT, suggesting transcriptional markers
may have a limited influence on transepithelial electrical properties.

In contrast, neither female nor male KO mice exhibited enhanced gut barrier function,
suggesting that complete Fmr1 loss may not solely compromise host intestinal barrier
properties. As mentioned earlier, FMRP regulates the translation of a large network of
target mRNAs (5). Therefore, the complete loss of Fmr1 might induce compensatory
transcriptional and post-transcriptional mechanisms in our Fmr1 KO animals. In male
mice, loss of Fmr1 was associated with a significant increase in Isc compared with
WT controls, indicating altered baseline electrogenic ion transport. Importantly, the
increase in Isc without altered V;, TER, and G; also suggests Fmr1 loss in males selec-
tively affects active epithelial transport processes rather than epithelial barrier integrity
and functional properties. In male mice, loss of Fmr1 was associated with significantly
increased I compared with WT controls, indicating altered baseline electrogenic ion
transport. Because V4, TER, and G; were unchanged, these findings suggest that Fmr1
deficiency preferentially affects active epithelial transport rather than overall barrier
integrity. Given the established role of FMRP in regulating ion channel activity and
cellular excitability and because this study used a whole-body rather than conditional
Fmr1 knockout model, these alterations may reflect broader gut-brain axis dysregulation
involving shared transport mechanisms across neural and intestinal tissues.

In contrast to the male phenotype, female KO mice exhibited genotype-dependent
modulation of epithelial barrier properties without demonstrating shifts in electrogenic
ion transport. Het females displayed significantly increased TER and reduced G relative
to WT females, indicating enhanced epithelial barrier tightness. KO females showed a
similar trend toward increased TER, although this did not reach statistical significance,
and no genotype-dependent differences in Isc or V; were detected in females across
genotypes. Together, these findings indicate that Fmr1 mutation influences epithelial
electrical barrier properties in females while leaving baseline ion transport largely
unaffected. Het females exhibited the highest Cldn2 expression across genotypes,
although this difference did not reach statistical significance. It is important to mention
that, Cldn2 functions as a pore-forming tight junction protein typically associated with
increased paracellular permeability (17, 68). Therefore, elevated Cldn2 expression would
generally be expected to reduce epithelial barrier resistance. However, Het females
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displayed significantly higher TER compared with WT females, suggesting that overall
epithelial barrier integrity may be preserved or reinforced in Hets despite increased Cldn2
expression.

Our findings further support the concept that transcriptional changes occur within
interconnected regulatory networks rather than acting in isolation (69). In male mice,
significant alterations in epithelial ion transport were observed across genotypes despite
the absence of detectable changes in mRNA expression related to gut barrier integrity,
mucosal defense, or inflammation. This dissociation suggests that steady-state mRNA
levels are not sufficient to predict epithelial function. Such functional changes may
arise from post-transcriptional regulation (70, 71), including altered protein abundance,
impaired trafficking, or defects in post-translational modifications. Together, these
findings indicate that preserved transcript levels do not necessarily guarantee effec-
tive protein function to maintain functional epithelial barrier homeostasis. Additionally,
increased microbial species richness (i.e., Chao1 index) in female Het mice with elevated
transepithelial barrier resistance may indicate that higher microbial diversity may be
positively linked to barrier resistance. One of the justifying mechanisms behind this claim
could be that higher diversity introduces more beneficial metabolites that can further act
as a protective anchor for gut barrier integrity and function (72-74).

In females, genotype-dependent reductions in Tjp1, Ocln, and Plvap indicate
transcriptional remodeling of barrier components. Yet these changes did not uniformly
translate into barrier dysfunction. Together, these data highlight that mRNA changes
may have a limited functional impact, while physiological alterations can arise independ-
ently of major transcriptional shifts.

Our findings are consistent with emerging evidence that FXS-associated gut
phenotypes are context-dependent and influenced by genotype, sex, diet, and assay
type. Guo et al. reported that male Fmri KO mice showed gut microbial dysbiosis,
increased colonic TNF-a, reduced TJP3 mRNA/protein, and elevated serum LPS but
no significant FITC-dextran permeability difference, suggesting that molecular barrier
disruption does not always translate into overt macromolecular leakiness (38). Simi-
larly, in our study, altered expression of barrier- and mucosal-defense genes did not
uniformly correspond to impaired electrophysiological barrier function, indicating that
transcriptional changes may reflect regulatory or compensatory remodeling rather than
direct barrier failure. Westmark et al. further showed that Fmr1 genotype alone did
not consistently alter gut permeability, whereas a soy-based diet strongly increased
FITC-dextran permeability and reshaped the cecal microbiome, emphasizing the
importance of environmental and dietary context in FXS gut phenotypes (75). This report
of sex-specific microbial differences also parallels our observation that female groups,
particularly Het female mice, showed more pronounced microbiome- and barrier-asso-
ciated phenotypes. In contrast to FITC-dextran studies, our Ussing chamber approach
measured epithelial electrical properties, including TER and /5., which may capture ion
transport and tight-junction regulation rather than macromolecular permeability. Thus,
enhanced TER in Het females, with a similar trend in female KO females, should not
be interpreted as an improved disease outcome but rather as possible compensatory
epithelial remodeling in response to mosaic or complete Fmr1 loss. Finally, although
Rude et al. review does not directly test Het females or premutation mice, it provides
broader support for interpreting FXS gut phenotypes within the microbiota-gut-brain
axis, where microbial dysbiosis, intestinal permeability, immune signaling, and neurode-
velopmental outcomes are interconnected (76).

Collectively, this study identifies sex- and genotype-specific perturbations in gut
microbial landscape and epithelial barrier characteristics associated with FXS. The overall
findings underscore the importance of considering sex chromosomes and mosaicism
when evaluating gut phenotypes in X-linked neurodevelopmental disorders, like FXS.
Nevertheless, our study also has some limitations. For example, in this study, we
utilized multiple breeding schemes to maintain the colony and generate experimen-
tal cohorts, and maternal, litter, and housing-associated effects cannot be completely
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excluded as contributors to variability observed in microbiome and physiological
measurements. Additionally, in the present study, we utilized a relatively modest cohort
size for microbiome analyses, which may have limited statistical sensitivity for detecting
subtle genotype-dependent microbial differences, particularly after subgroup stratifica-
tion and multiple-comparison correction. Therefore, the microbiome findings should
be interpreted primarily as exploratory and hypothesis-generating. Also, all animals
were processed under identical conditions, and the potential effects of anesthetic
exposure on gut physiology or microbiome-associated measurements cannot be
completely excluded. Importantly, multiple breeding strategies were used to maintain
the colony and generate experimental cohorts, and not all microbiome comparisons
were derived from strictly matched littermate controls. Therefore, maternal, litter, and
housing-associated influences cannot be completely excluded as contributors to the
observed microbiome variability and sex-dependent differences. Importantly, animals
were distributed across multiple independent breeding pairs, including several breeding
pairs that produced more than one genotype, which helps mitigate breeding-pair-spe-
cific microbiome effects and reduces complete confounding between the genotype and
breeding background. Nevertheless, some breeding pairs were represented by relatively
few animals, and the present study was not designed to rigorously quantify litter-spe-
cific effects. Future studies with larger, balanced cohorts will be valuable for further
disentangling the relative contributions of genotype and early-life environmental factors
to gut microbiome variation.

Also, even though all experimental groups underwent identical euthanasia and
sample-processing procedures, anesthetic exposure may still influence physiological
or microbiome-associated parameters. Additionally, the variability observed in gut
barrier integrity and gut barrier function measurements likely reflects a combination
of biological and technical factors. Intestinal epithelial physiology is inherently dynamic
and can be influenced by regional tissue differences, microbial composition, immune
signaling, and individual physiological variation. This variability may be further amplified
in female Het mice due to mosaic FMRP expression resulting from random X-chromo-
some inactivation. In addition, Ussing chamber electrophysiological measurements are
sensitive to ex vivo tissue preparation and mounting conditions, which can contribute to
additional variability across samples. Combined with relatively modest subgroup sample
sizes, these factors may have limited statistical power for detecting subtle genotype-
dependent effects, which can be considered potential limitations of this study.

Differences in microbiome and barrier outcomes may be influenced by X-chromo-
some mosaicism in Hets, complicating the interpretation of heterozygous phenotypes.
Furthermore, regional sampling constraints in the intestine may not fully capture spatial
heterogeneity in epithelial physiology or integrity (77). 16S rRNA sequencing provides
taxonomic resolution but limited functional insights, preventing direct identification of
microbial metabolic pathways driving barrier differences. Meanwhile, Ussing chamber
measurements, while precise, reflect ex vivo physiology and may not capture dynamic
immune-microbe-epithelium interactions occurring in vivo. Yet, our study also has
interesting findings. Integrating microbiome profiling with barrier physiology, this study
provides a comprehensive systems-level view of Gl phenotypes in FXS. Inclusion of both
sexes and heterozygous females enables detection of sex-linked and X-chromosome-
dependent effects relevant to human FXS. Moreover, using tissue-specific physiologi-
cal assays allows us to directly assess epithelial properties that cannot be measured
non-invasively in humans. Future work integrating metagenomics, metabolomics, and
cellular analyses will be worth investigating to identify specific microbial taxa, metabo-
lites, and epithelial signaling pathways that mediate these effects in FXS. Understanding
these interactions may ultimately support the development of microbiome- or barrier-
targeted interventions for tackling Gl symptoms frequently experienced by FXS patients.

Collectively, our findings demonstrate that loss of FMRP is associated with altera-
tions in gut microbiome composition alongside changes in intestinal epithelial barrier
regulation in mice. While complete Fmr1 loss did not uniformly impair gut barrier
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integrity, distinct physiological and microbial signatures were observed across geno-
types in females, particularly in female heterozygous mice. In summary, these results
highlight a previously underappreciated link between FMRP deficiency, host-microbiome
interactions, and epithelial barrier regulation, providing new insights into Gl alterations
in FXS.

AUTHOR AFFILIATIONS

'Department of Biology, Oklahoma State University, Stillwater, Oklahoma, USA
’Department of Nutritional Sciences, Oklahoma State University, Stillwater, Oklahoma,
USA

*Department of Microbiology and Molecular Genetics, Oklahoma State University,
Stillwater, Oklahoma, USA

AUTHOR ORCIDs

Sabiha Alam & http://orcid.org/0009-0008-4070-4068

Ciaran A. Shaughnessy 2 http://orcid.org/0000-0003-2146-9126
Edralin A. Lucas 2 http://orcid.org/0000-0002-4983-1193

Femi Olawale @ http://orcid.org/0000-0003-0698-1711

Babu Z. Fathepure & http://orcid.org/0000-0003-3274-5309
Elizabeth A. McCullagh @ http://orcid.org/0000-0003-3779-0141

FUNDING
Funder Grant(s) Author(s)
National Institutes of Health 5P20GM152333-02 Sabiha Alam

Babu Fathepure
Elizabeth McCullagh

AUTHOR CONTRIBUTIONS

Sabiha Alam, Conceptualization, Data curation, Formal analysis, Investigation, Method-
ology, Validation, Visualization, Writing — original draft, Writing — review and editing
| Ciaran A. Shaughnessy, Methodology, Resources, Supervision, Validation, Writing —
review and editing | Edralin A. Lucas, Methodology, Project administration, Resources,
Supervision, Writing — review and editing | Femi Olawale, Methodology, Resources,
Writing — review and editing | Babu Z. Fathepure, Conceptualization, Formal analy-
sis, Funding acquisition, Investigation, Methodology, Project administration, Resources,
Supervision, Validation, Writing — review and editing | Elizabeth A. McCullagh, Concep-
tualization, Data curation, Formal analysis, Funding acquisition, Investigation, Method-
ology, Project administration, Resources, Supervision, Validation, Writing — review and
editing

DATA AVAILABILITY

The 16S rRNA gene sequencing data generated in this study have been deposited in the
NCBI Sequence Read Archive (SRA) under BioProject accession number PRINA1429409.

ETHICS APPROVAL

All animal procedures were conducted in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals and complied with ARRIVE
guidelines. Experimental protocols were reviewed and approved by the Institutional
Animal Care and Use Committee (IACUC) at Oklahoma State University.

Month XXXX Volume 0 Issue 0

mSphere

10.1128/msphere.00442-26 18


http://orcid.org/0009-0008-4070-4068
http://orcid.org/0000-0003-2146-9126
http://orcid.org/0000-0002-4983-1193
http://orcid.org/0000-0003-0698-1711
http://orcid.org/0000-0003-3274-5309
http://orcid.org/0000-0003-3779-0141
http://dx.doi.org/10.13039/100000002
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1429409/
https://doi.org/10.1128/msphere.00442-26

Downloaded from https://journals.asm.org/journal/msphere on 13 September 2026 by 139.78.244.72.

Research Article

ADDITIONAL FILES

The following material is available online.

Supplemental Material

mSphere

Supplemental material (mSphere00442-26-s0001.pdf). Supplemental figures and
tables.

REFERENCES

1.

Month XXXX Volume 0

Brykczynska U, Pecho-Vrieseling E, Thiemeyer A, Klein J, Fruh |, Doll T,
Manneville C, Fuchs S, lazeolla M, Beibel M, Roma G, Naumann U, Kelley
N, Oakeley EJ, Mueller M, Gomez-Mancilla B, Blhler M, Tabolacci E,
Chiurazzi P, Neri G, Bouwmeester T, Di Giorgio FP, Fodor BD. 2016. CGG
repeat-induced FMR1 silencing depends on the expansion size in human
iPSCs and neurons carrying unmethylated full mutations. Stem Cell
Reports 7:1059-1071. https://doi.org/10.1016/j.stemcr.2016.10.004
Hagerman RJ, Berry-Kravis E, Hazlett HC, Bailey DB, Moine H, Kooy RF,
Tassone F, Gantois |, Sonenberg N, Mandel JL, Hagerman PJ. 2017. Fragile
X syndrome. Nat Rev Dis Primers 3:17065. https://doi.org/10.1038/nrdp.2
017.65

Wang LW, Berry-Kravis E, Hagerman RJ. 2010. Fragile X: leading the way
for targeted treatments in autism. Neurotherapeutics 7:264-274. https:/
doi.org/10.1016/j.nurt.2010.05.005

Willemsen R, Levenga J, Oostra BA. 2011. CGG repeat in the FMR1 gene:
size matters. Clin Genet 80:214-225. https://doi.org/10.1111/j.1399-0004
.2011.01723.x

Darnell JC, Klann E. 2013. The translation of translational control by
FMRP: therapeutic targets for FXS. Nat Neurosci 16:1530-1536. https://d
0i.0rg/10.1038/nn.3379

Mila M, Alvarez-Mora MI, Madrigal |, Rodriguez-Revenga L. 2018. Fragile
X syndrome: an overview and update of the FMR1 gene. Clin Genet
93:197-205. https://doi.org/10.1111/cge.13075

Tabolacci E, Pomponi MG, Remondini L, Pietrobono R, Nobile V,
Pennacchio G, Gurrieri F, Neri G, Genuardi M, Chiurazzi P. 2020.
Methylated premutation of the FMR1 gene in three sisters: correlating
CGG expansion and epigenetic inactivation. Eur J Hum Genet 28:567-
575. https://doi.org/10.1038/541431-019-0554-7

Schaeffer C, Beaulande M, Ehresmann C, Ehresmann B, Moine H. 2003.
The RNA binding protein FMRP: new connections and missing links. Biol
Cell 95:221-228. https://doi.org/10.1016/50248-4900(03)00037-6

Sung YJ, Conti J, Currie JR, Brown WT, Denman RB. 2000. RNAs that
interact with the fragile X syndrome RNA binding protein FMRP.
Biochem Biophys Res Commun 275:973-980. https://doi.org/10.1006/bb
rc.2000.3405

Charalsawadi C, Wirojanan J, Jaruratanasirikul S, Ruangdaraganon N,
Geater A, Limprasert P. 2017. Common clinical characteristics and rare
medical problems of fragile X syndrome in thai patients and review of
the literature. Int J Pediatr 2017:9318346. https://doi.org/10.1155/2017/9
318346

Kidd SA, Lachiewicz A, Barbouth D, Blitz RK, Delahunty C, McBrien D,
Visootsak J, Berry-Kravis E. 2014. Fragile X syndrome: a review of
associated medical problems. Pediatrics 134:995-1005. https://doi.org/1
0.1542/peds.2013-4301

Altimiras F, Garcia JA, Palacios-Garcia I, Hurley MJ, Deacon R, Gonzélez B,
Cogram P. 2021. Altered gut microbiota in a fragile X syndrome mouse
model. Front Neurosci 15:653120. https://doi.org/10.3389/fnins.2021.65
3120

Dargenio VN, Dargenio C, Castellaneta S, De Giacomo A, Laguardia M,
Schettini F, Francavilla R, Cristofori F. 2023. Intestinal barrier dysfunction
and microbiota-gut-brain axis: possible implications in the pathogenesis
and treatment of autism spectrum disorder. Nutrients 15:1620. https://d
0i.0rg/10.3390/nu15071620

Macura B, Kiecka A, Szczepanik M. 2024. Intestinal permeability
disturbances: causes, diseases and therapy. Clin Exp Med 24:232. https://
doi.org/10.1007/510238-024-01496-9

Michielan A, D’Inca R. 2015. Intestinal permeability in inflammatory
bowel disease: pathogenesis, clinical evaluation, and therapy of leaky
gut. Mediators Inflamm 2015:628157. https://doi.org/10.1155/2015/628
157

Issue 0

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

Stewart AS, Pratt-Phillips S, Gonzalez LM. 2017. Alterations in intestinal
permeability: the role of the “leaky gut” in health and disease. J Equine
Vet Sci 52:10-22. https://doi.org/10.1016/j.jevs.2017.02.009

Yu ASL, Cheng MH, Angelow S, Glinzel D, Kanzawa SA, Schneeberger EE,
Fromm M, Coalson RD. 2009. Molecular basis for cation selectivity in
claudin-2-based paracellular pores: identification of an electrostatic
interaction site. J Gen Physiol 133:111-127. https://doi.org/10.1085/jgp.2
00810154

Zhang K, Hornef MW, Dupont A. 2015. The intestinal epithelium as
guardian of gut barrier integrity. Cell Microbiol 17:1561-1569. https://do
i.org/10.1111/cmi.12501

Bostrom C, Yau S-Y, Majaess N, Vetrici M, Gil-Mohapel J, Christie BR. 2016.
Hippocampal dysfunction and cognitive impairment in fragile-X
syndrome. Neurosci Biobehav Rev 68:563-574. https://doi.org/10.1016/j.
neubiorev.2016.06.033

Migeon BR. 2020. X-linked diseases: susceptible females. Genet Med
22:1156-1174. https://doi.org/10.1038/s41436-020-0779-4

Napolitano A, Schiavi S, La Rosa P, Rossi-Espagnet MC, Petrillo S, Bottino
F, Tagliente E, Longo D, Lupi E, Casula L, Valeri G, Piemonte F, Trezza V,
Vicari S. 2022. Sex differences in autism spectrum disorder: diagnostic,
neurobiological, and behavioral features. Front Psychiatry 13:889636. htt
ps://doi.org/10.3389/fpsyt.2022.889636

Protic D, Polli R, Bettella E, Usdin K, Murgia A, Tassone F. 2024. Somatic
instability leading to mosaicism in fragile X syndrome and associated
disorders: complex mechanisms, diagnostics, and clinical relevance. Int J
Mol Sci 25:13681. https://doi.org/10.3390/ijms252413681

Brettle H, Tran V, Drummond GR, Franks AE, Petrovski S, Vinh A, Jelinic M.
2022. Sex hormones, intestinal inflammation, and the gut microbiome:
major influencers of the sexual dimorphisms in obesity. Front Immunol
13:971048. https://doi.org/10.3389/fimmu.2022.971048

Tang L, Xie P, Wang H, Hong X, Gong Z, Zhao G, Yue M. 2025. The sex
hormone-gut microbiome axis: mechanistic drivers of sex-disparate
bacterial infection outcomes and precision clinical interventions. Clin
Microbiol Rev 38:00236-25. https://doi.org/10.1128/cmr.00236-25

Yoon K, Kim N. 2021. Roles of sex hormones and gender in the gut
microbiota. J Neurogastroenterol Motil 27:314-325. https://doi.org/10.5
056/jnm20208

Bakker CE, Verheij C, Willemsen R, Oerlemans F, Vermey M, Bygrave A,
Hoogeveen A, Oostra BA, Reyniers E, Boule KD, Cras P, van VD, Nagels G,
Martin J-J, Deyn PPD, Darby JK, Willems PJ, The Dutch-Belgian Fragile X
Consorthium. 1994. Fmr1 knockout mice: a model to study fragile X
mental retardation. Cell 78:23-33. https://doi.org/10.1016/0092-8674(94
)90569-X

Bolger AM, Lohse M, Usadel B. 2014. Trimmomatic: a flexible trimmer for
lllumina sequence data. Bioinformatics 30:2114-2120. https://doi.org/10
.1093/bioinformatics/btu170

Martin M. 2011. Cutadapt removes adapter sequences from high-
throughput sequencing reads. EMBnet J 17:10. https://doi.org/10.14806/
€j.17.1.200

Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-Ghalith GA,
Alexander H, Alm EJ, Arumugam M, Asnicar F, et al. 2019. Reproducible,
interactive, scalable and extensible microbiome data science using
QIIME 2. Nat Biotechnol 37:852-857. https://doi.org/10.1038/s41587-019
-0209-9

Parks DH, Tyson GW, Hugenholtz P, Beiko RG. 2014. STAMP: statistical
analysis of taxonomic and functional profiles. Bioinformatics 30:3123-
3124. https://doi.org/10.1093/bioinformatics/btu494

Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP.
2016. DADA2: high-resolution sample inference from Illumina amplicon
data. Nat Methods 13:581-583. https://doi.org/10.1038/nmeth.3869

10.1128/msphere.00442-26 19


https://doi.org/10.1128/msphere.00442-26
https://doi.org/10.1016/j.stemcr.2016.10.004
https://doi.org/10.1038/nrdp.2017.65
https://doi.org/10.1016/j.nurt.2010.05.005
https://doi.org/10.1111/j.1399-0004.2011.01723.x
https://doi.org/10.1038/nn.3379
https://doi.org/10.1111/cge.13075
https://doi.org/10.1038/s41431-019-0554-7
https://doi.org/10.1016/s0248-4900(03)00037-6
https://doi.org/10.1006/bbrc.2000.3405
https://doi.org/10.1155/2017/9318346
https://doi.org/10.1542/peds.2013-4301
https://doi.org/10.3389/fnins.2021.653120
https://doi.org/10.3390/nu15071620
https://doi.org/10.1007/s10238-024-01496-9
https://doi.org/10.1155/2015/628157
https://doi.org/10.1016/j.jevs.2017.02.009
https://doi.org/10.1085/jgp.200810154
https://doi.org/10.1111/cmi.12501
https://doi.org/10.1016/j.neubiorev.2016.06.033
https://doi.org/10.1038/s41436-020-0779-4
https://doi.org/10.3389/fpsyt.2022.889636
https://doi.org/10.3390/ijms252413681
https://doi.org/10.3389/fimmu.2022.971048
https://doi.org/10.1128/cmr.00236-25
https://doi.org/10.5056/jnm20208
https://doi.org/10.1016/0092-8674(94)90569-X
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1093/bioinformatics/btu494
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1128/msphere.00442-26

Downloaded from https://journals.asm.org/journal/msphere on 13 September 2026 by 139.78.244.72.

Research Article

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

Month XXXX Volume 0

Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, Peplies J,
Glockner FO. 2012. The SILVA ribosomal RNA gene database project:
improved data processing and web-based tools. Nucleic Acids Res
41:D590-D596. https://doi.org/10.1093/nar/gks1219

Biomarker Technologies (BMKGENE). n.d. BMKCloud bioinformatics
analysis platform. https://www.bmkgene.com/bmkcloud-bioinformatics
-analysis-platform/.

Fernandes AD, Reid JN, Macklaim JM, McMurrough TA, Edgell DR, Gloor
GB. 2014. Unifying the analysis of high-throughput sequencing datasets:
characterizing RNA-seq, 16S rRNA gene sequencing and selective
growth experiments by compositional data analysis. Microbiome 2:15. ht
tps://doi.org/10.1186/2049-2618-2-15

Wickham H, Averick M, Bryan J, Chang W, McGowan L, Francois R,
Grolemund G, Hayes A, Henry L, Hester J, Kuhn M, Pedersen T, Miller E,
Bache S, Miiller K, Ooms J, Robinson D, Seidel D, Spinu V, Takahashi K,
Vaughan D, Wilke C, Woo K, Yutani H. 2019. Welcome to the Tidyverse. J
Open Source Softw 4:1686. https://doi.org/10.21105/joss.01686

R Core Team. 2025. A language and environment for statistical
computing. Vienna, Austria

Diego-Otero Y de, Bodoque-Garcia A, Quintero-Navarro C, Calvo-Medina
R, Salgado-Cacho JM. 2025. An altered gut microbiota-brain axis in
fragile X syndrome may explain autistic traits in some patients.
Psychiatry Int 6:107. https://doi.org/10.3390/psychiatryint6030107

Guo P, Yang X, Guo X, Yang H, Pan J, Li Y. 2023. Dietary fish oil improves
autistic behaviors and gut homeostasis by altering the gut microbial
composition in a mouse model of fragile X syndrome. Brain Behav
Immun 110:140-151. https://doi.org/10.1016/j.bbi.2023.02.019

Varian BJ, Weber KT, Kim LJ, Chavarria TE, Carrasco SE, Muthupalani S,
Poutahidis T, Zafarullah M, Al Olaby RR, Barboza M, Solakyildirim K,
Lebrilla C, Tassone F, Wu F, Alm EJ, Erdman SE. 2022. Maternal
microbiota modulate a fragile X-like syndrome in offspring mice. Genes
(Basel) 13:1409. https://doi.org/10.3390/genes13081409

Strati F, Cavalieri D, Albanese D, De Felice C, Donati C, Hayek J, Jousson
O, Leoncini S, Renzi D, Calabro A, De Filippo C. 2017. New evidences on
the altered gut microbiota in autism spectrum disorders. Microbiome
5:24. https://doi.org/10.1186/540168-017-0242-1

Friedrich C, Mamareli P, Thiemann S, Kruse F, Wang Z, Holzmann B,
Strowig T, Sparwasser T, Lochner M. 2017. MyD88 signaling in dendritic
cells and the intestinal epithelium controls immunity against intestinal
infection with C. rodentium. PLoS Pathog 13:€1006357. https://doi.org/1
0.1371/journal.ppat.1006357

Han X, Zhu J, Zhao W, Han Y. 2025. Serum metabolic and gut micro-
biome differences in age-associated fragile X syndrome (FXS) pediatric
patients may benefit clinical therapy development. Int J Gen Med
18:5869-5882. https://doi.org/10.2147/IJGM.S548349

Loh JS, Mak WQ, Tan LKS, Ng CX, Chan HH, Yeow SH, Foo JB, Ong YS,
How CW, Khaw KY. 2024. Microbiota-gut-brain axis and its therapeutic
applications in neurodegenerative diseases. Signal Transduct Target
Ther 9:37. https://doi.org/10.1038/s41392-024-01743-1

Caputi V, Hill L, Figueiredo M, Popov J, Hartung E, Margolis KG, Baskaran
K, Joharapurkar P, Moshkovich M, Pai N. 2024. Functional contribution of
the intestinal microbiome in autism spectrum disorder, attention deficit
hyperactivity disorder, and Rett syndrome: a systematic review of
pediatric and adult studies. Front Neurosci 18:1341656. https://doi.org/1
0.3389/fnins.2024.1341656

Ma B, Liang J, Dai M, Wang J, Luo J, Zhang Z, Jing J. 2019. Altered gut
microbiota in chinese children with autism spectrum disorders. Front
Cell Infect Microbiol 9:40. https://doi.org/10.3389/fcimb.2019.00040
Huang Z, Wei A, Yuan H, Huang S, Chen X, Han Y, Li X. 2025. Gut
microbiota and urine metabolomics signature in autism spectrum
disorder children from Southern China. BMC Pediatr 25:621. https://doi.o
rg/10.1186/512887-025-05922-z

Wang H, Wang G, Banerjee N, Liang Y, Du X, Boor PJ, Hoffman KL, Khan
MF. 2021. Aberrant gut microbiome contributes to intestinal oxidative
stress, barrier dysfunction, inflammation and systemic autoimmune
responses in MRL/Ipr mice. Front Immunol 12:651191. https://doi.org/10.
3389/fimmu.2021.651191

Campanale A, Mir H-D, Dumais E, Inserra A, Flamand N, Chakravarty M,
Gantois |, Siddiqui N, Sonenberg N, Gobbi G, Silvestri C, Di Marzo V. 2026.
Uncovering novel endocannabinoidome-gut microbiome-brain axis-
based therapeutic targets in a Fragile X Syndrome mouse model. Prog
Neuropsychopharmacol Biol Psychiatry 144:111575. https://doi.org/10.1
016/j.pnpbp.2025.111575

Issue 0

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

mSphere

Everard A, Belzer C, Geurts L, Ouwerkerk JP, Druart C, Bindels LB, Guiot Y,
Derrien M, Muccioli GG, Delzenne NM, de Vos WM, Cani PD. 2013. Cross-
talk between Akkermansia muciniphila and intestinal epithelium controls
diet-induced obesity. Proc Natl Acad Sci USA 110:9066-9071. https://doi.
org/10.1073/pnas. 1219451110

Mo C, Lou X, Xue J, Shi Z, Zhao Y, Wang F, Chen G. 2024. The influence of
Akkermansia muciniphila on intestinal barrier function. Gut Pathog 16:41.
https://doi.org/10.1186/513099-024-00635-7

Luo Y, Xiao Y, Zhao J, Zhang H, Chen W, Zhai Q. 2021. The role of mucin
and oligosaccharides via cross-feeding activities by Bifidobacterium: a
review. Int J Biol Macromol 167:1329-1337. https://doi.org/10.1016/j.ijbi
omac.2020.11.087

Dai J, Jiang M, Wang X, Lang T, Wan L, Wang J. 2024. Human-derived
bacterial strains mitigate colitis via modulating gut microbiota and
repairing intestinal barrier function in mice. BMC Microbiol 24:96. https:/
/doi.org/10.1186/512866-024-03216-5

Luettig J, Rosenthal R, Barmeyer C, Schulzke JD. 2015. Claudin-2 as a
mediator of leaky gut barrier during intestinal inflammation. Tissue
Barriers 3:e977176. https://doi.org/10.4161/21688370.2014.977176
Martinez R, Bonilla-Henao V, Jiménez A, Lucas M, Vega C, Ramos |,
Sobrino F, Pintado E. 2005. Skewed X inactivation of the normal allele in
fully mutated female carriers determines the levels of FMRP in blood and
the fragile X phenotype. Mol Diagn 9:157-162. https://doi.org/10.1007/B
F03260084

Orstavik KH. 1999. X chromosome inactivation--a biological phenom-
enon of clinical significance for women. Tidsskr Nor Laegeforen
119:972-975.

Tse D, Stan RV. 2010. Morphological heterogeneity of endothelium.
Semin Thromb Hemost 36:236-245. https://doi.org/10.1055/s-0030-125
3447

Broekaert 1J, Becker K, Gottschalk I, Korber F, Dotsch J, Thiele H, Altmdiller
J, Nurnberg P, Hiinseler C, Cirak S. 2018. Mutations in plasmalemma
vesicle-associated protein cause severe syndromic protein-losing
enteropathy. J Med Genet 55:637-640. https://doi.org/10.1136/jmedgen
et-2018-105262

Elkadri A, Thoeni C, Deharvengt SJ, Murchie R, Guo C, Stavropoulos JD,
Marshall CR, Wales P, Bandsma RHJ, Cutz E, Roifman CM, Chitayat D,
Avitzur Y, Stan RV, Muise AM. 2015. Mutations in plasmalemma vesicle
associated protein result in sieving protein-losing enteropathy
characterized by hypoproteinemia, hypoalbuminemia, and hypertrigly-
ceridemia. Cell Mol Gastroenterol Hepatol 1:381-394. https://doi.org/10.
1016/j.jcmgh.2015.05.001

Shin JH, Bozadjieva-Kramer N, Shao Y, Lyons-Abbott S, Rupp AC,
Sandoval DA, Seeley RJ. 2022. The gut peptide Reg3g links the small
intestine microbiome to the regulation of energy balance, glucose
levels, and gut function. Cell Metab 34:1765-1778. https://doi.org/10.10
16/j.cmet.2022.09.024

Velcich A, Yang W, Heyer J, Fragale A, Nicholas C, Viani S, Kucherlapati R,
Lipkin M, Yang K, Augenlicht L. 2002. Colorectal cancer in mice
genetically deficient in the mucin Muc2. Science 295:1726-1729. https://
doi.org/10.1126/science.1069094

Santos GM, Ismael S, Morais J, Aradjo JR, Faria A, Calhau C, Marques C.
2022. Intestinal alkaline phosphatase: a review of this enzyme role in the
intestinal barrier function. Microorganisms 10:746. https://doi.org/10.33
90/microorganisms10040746

Xu N, Li X, Zhong Y. 2015. Inflammatory cytokines: potential biomarkers
of immunologic dysfunction in autism spectrum disorders. Mediators
Inflamm 2015:531518. https://doi.org/10.1155/2015/531518

Gong D, Gong X, Wang L, Yu X, Dong Q. 2016. Involvement of reduced
microbial diversity in inflammatory bowel disease. Gastroenterol Res
Pract 2016:1-7. https://doi.org/10.1155/2016/6951091

Rispal J, Garcia JR, Palikuqi B, Vegesna M, Vaka D, Kang SW, Trentesaux C,
Du J, Realini NR, Spencer PN, Gardner JM, Hausmann A, Kattah MG, Lau
KS, Boffelli D, Klein OD. 2026. Microbiome-produced nicotinic acid
controls colon regional identity and injury susceptibility. Cell 189:2714~
2730. https://doi.org/10.1016/j.cell.2026.02.007

Thorball N. 1981. FITC-dextran tracers in microcirculatory and
permeability studies using combined fluorescence stereo microscopy,
fluorescence light microscopy and electron microscopy. Histochemistry
71:209-233. https://doi.org/10.1007/BF00507826

Soderholm JD, Hedman L, Artursson P, Franzén L, Larsson J, Pantzar N,
Permert J, Olaison G. 1998. Integrity and metabolism of human ileal
mucosa in vitro in the Ussing chamber. Acta Physiol Scand 162:47-56. ht
tps://doi.org/10.1046/j.1365-201X.1998.0248f.x

10.1128/msphere.00442-26 20


https://doi.org/10.1093/nar/gks1219
https://www.bmkgene.com/bmkcloud-bioinformatics-analysis-platform/
https://doi.org/10.1186/2049-2618-2-15
https://doi.org/10.21105/joss.01686
https://doi.org/10.3390/psychiatryint6030107
https://doi.org/10.1016/j.bbi.2023.02.019
https://doi.org/10.3390/genes13081409
https://doi.org/10.1186/s40168-017-0242-1
https://doi.org/10.1371/journal.ppat.1006357
https://doi.org/10.2147/IJGM.S548349
https://doi.org/10.1038/s41392-024-01743-1
https://doi.org/10.3389/fnins.2024.1341656
https://doi.org/10.3389/fcimb.2019.00040
https://doi.org/10.1186/s12887-025-05922-z
https://doi.org/10.3389/fimmu.2021.651191
https://doi.org/10.1016/j.pnpbp.2025.111575
https://doi.org/10.1073/pnas.1219451110
https://doi.org/10.1186/s13099-024-00635-7
https://doi.org/10.1016/j.ijbiomac.2020.11.087
https://doi.org/10.1186/s12866-024-03216-5
https://doi.org/10.4161/21688370.2014.977176
https://doi.org/10.1007/BF03260084
https://doi.org/10.1055/s-0030-1253447
https://doi.org/10.1136/jmedgenet-2018-105262
https://doi.org/10.1016/j.jcmgh.2015.05.001
https://doi.org/10.1016/j.cmet.2022.09.024
https://doi.org/10.1126/science.1069094
https://doi.org/10.3390/microorganisms10040746
https://doi.org/10.1155/2015/531518
https://doi.org/10.1155/2016/6951091
https://doi.org/10.1016/j.cell.2026.02.007
https://doi.org/10.1007/BF00507826
https://doi.org/10.1046/j.1365-201X.1998.0248f.x
https://doi.org/10.1128/msphere.00442-26

Downloaded from https://journals.asm.org/journal/msphere on 13 September 2026 by 139.78.244.72.

Research Article

67.

68.

69.

70.

71.

72.

Month XXXX Volume 0

Pearce SC, Al-Jawadi A, Kishida K, Yu S, Hu M, Fritzky LF, Edelblum KL,
Gao N, Ferraris RP. 2018. Marked differences in tight junction composi-
tion and macromolecular permeability among different intestinal cell
types. BMC Biol 16:19. https://doi.org/10.1186/512915-018-0481-z

Muto S, Hata M, Taniguchi J, Tsuruoka S, Moriwaki K, Saitou M, Furuse K,
Sasaki H, Fujimura A, Imai M, Kusano E, Tsukita S, Furuse M. 2010.
Claudin-2-deficient mice are defective in the leaky and cation-selective
paracellular permeability properties of renal proximal tubules. Proc Natl
Acad Sci USA 107:8011-8016. https://doi.org/10.1073/pnas.0912901107
Sorrells TR, Johnson AD. 2015. Making sense of transcription networks.
Cell 161:714-723. https://doi.org/10.1016/j.cel.2015.04.014

Lee JM, Hammarén HM, Savitski MM, Baek SH. 2023. Control of protein
stability by post-translational modifications. Nat Commun 14:201. https:/
/doi.org/10.1038/541467-023-35795-8

Savitski MM, Zinn N, Faelth-Savitski M, Poeckel D, Gade S, Becher I,
Muelbaier M, Wagner AJ, Strohmer K, Werner T, Melchert S, Petretich M,
Rutkowska A, Vappiani J, Franken H, Steidel M, Sweetman GM, Gilan O,
Lam EYN, Dawson MA, Prinjha RK, Grandi P, Bergamini G, Bantscheff M.
2018. Multiplexed proteome dynamics profiling reveals mechanisms
controlling protein homeostasis. Cell 173:260-274. https://doi.org/10.10
16/j.cell.2018.02.030

Askew LC, Gacasan CA, Barbian ME, Weinberg J, Luo L, Robinson BS,
Jones DP, Scharer CD, Jones RM. 2025. The microbial metabolite &-
valerobetaine strengthens the gut epithelial barrier. Am J Pathol
195:1109-1123. https://doi.org/10.1016/j.ajpath.2025.02.007

Issue 0

74.

75.

76.

77.

mSphere

Peng L, Li Z-R, Green RS, Holzman IR, Lin J. 2009. Butyrate enhances the
intestinal barrier by facilitating tight junction assembly via activation of
AMP-activated protein kinase in Caco-2 cell monolayers. J Nutr
139:1619-1625. https://doi.org/10.3945/jn.109.104638

Scott SA, Fu J, Chang PV. 2020. Microbial tryptophan metabolites
regulate gut barrier function via the aryl hydrocarbon receptor. Proc Natl
Acad Sci USA 117:19376-19387. https://doi.org/10.1073/pnas.20000471
17

Westmark CJ. 2025. Soy-based purified ingredient diet affects mouse gut
permeability and the microbiome in fragile X mice. Front Mol Neurosci
18:1520211. https://doi.org/10.3389/fnmol.2025.1520211

Rude KM, Keogh CE, Gareau MG. 2019. The role of the gut microbiome in
mediating neurotoxic outcomes to PCB exposure. Neurotoxicology
75:30-40. https://doi.org/10.1016/j.neuro.2019.08.010

Zwick RK, Kasparek P, Palikuqi B, Viragova S, Weichselbaum L, McGinnis
CS, McKinley KL, Rathnayake A, Vaka D, Nguyen V, Trentesaux C, Reyes E,
Gupta AR, Gartner ZJ, Locksley RM, Gardner JM, Itzkovitz S, Boffelli D,
Klein OD. 2024. Epithelial zonation along the mouse and human small
intestine defines five discrete metabolic domains. Nat Cell Biol 26:250-
262. https://doi.org/10.1038/541556-023-01337-z

10.1128/msphere.00442-26 21


https://doi.org/10.1186/s12915-018-0481-z
https://doi.org/10.1073/pnas.0912901107
https://doi.org/10.1016/j.cell.2015.04.014
https://doi.org/10.1038/s41467-023-35795-8
https://doi.org/10.1016/j.cell.2018.02.030
https://doi.org/10.1016/j.ajpath.2025.02.007
https://doi.org/10.3945/jn.109.104638
https://doi.org/10.1073/pnas.2000047117
https://doi.org/10.3389/fnmol.2025.1520211
https://doi.org/10.1016/j.neuro.2019.08.010
https://doi.org/10.1038/s41556-023-01337-z
https://doi.org/10.1128/msphere.00442-26

	Fmr1 mutation is associated with gut microbiome structure and diversity as well as intestinal barrier integrity and function in a sex- and genotype-dependent manner
	MATERIALS AND METHODS
	Animals
	16S rRNA sequencing for microbiome structure and microbial diversity analysis
	Library construction, sequencing, and bioinformatics analysis
	Gut barrier integrity profiling

	RESULTS
	Characterization of the gut microbiome structure and diversity
	Genotype-associated variation of microbial communities in the cecal contents of female mice
	Effects of sex difference within genotype on gut microbiome structure and microbial diversity in cecal and fecal samples
	Deletion of Fmr1 alters gut barrier integrity markers in mice
	Genotype-dependent gut barrier integrity profiling in male mice
	Genotype-dependent gut barrier integrity profiling in female mice
	Sex-specific differences within genotype in transcriptional regulators of gut barrier integrity
	Gut physiology analysis
	Gut barrier physiology status in female mice across genotypes
	Sex-specific differences within genotype in gut barrier physiology

	DISCUSSION


