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ABSTRACT

Sexual dimorphism and mode of delivery are key determinants of gut physiology and 
microbiota development and may differentially affect predisposition to gut-related 
diseases. Cesarean section delivery markedly shapes early-life microbiota, predisposing 
individuals to higher risk of immune and metabolic comorbidities later in life. Although 
both sex and delivery mode are known to influence gut barrier–microbiota crosstalk, 
whether delivery mode modulates or counter-regulates sex-specific features of this 
interaction remains, to our knowledge, largely unexplored. Here, we investigated how 
sex impacts gut barrier–microbiota crosstalk shaped by delivery mode across develop
ment until adulthood by reanalyzing existing data. Using a preclinical mouse model, we 
combined gut barrier analyses with differential abundance and co-occurrence network 
approaches (LinDA and NetMoss). We found that the impact of CSD on gut 
barrier–microbiota crosstalk is partially dependent on sex and life stage. During the 
first days of life, delivery mode dictates immune imprinting and microbial network 
topology, with only limited sex effects. However, trajectories diverged with age, with 
CSD males exhibiting colitis reoccurrence in adulthood. By applying integrative strate
gies to stratify data by sex and development, our study uncovers short- and long-term 
sex-dependent gut barrier and microbial signatures. These findings reveal that delivery 
mode might program sex-specific host-microbiota trajectories with consequences for 
gut health and disease susceptibility, highlighting the need to consider sex and early- 
life microbial imprinting in future microbiome-targeted interventions.
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Introduction

Biological sex refers to the intrinsic characteristic that distinguishes males from females. Sex influences the 
prevalence, course and severity of the majority of common diseases and disorders, including noncommu
nicable diseases.1-5 Sexual dimorphism has been explained by differences in chromosome genes, sex 
hormones and social environmental behaviours (drinking, smoking, etc.), although these factors do not 
completely explain the differences found.2 The gut microbiota has been found to have a significant impact 
on the pathogenesis of several chronic diseases. Interestingly, the composition of the gut microbiota also 
varies between sexes.2 Numerous studies in both mice and humans have found sex differences in beta- 
diversity and alpha-diversity in the gut microbiota6,7 and sex have been found among the ten major factors 
that explain taxonomic human gut microbiota variations.8 Nevertheless, a consistent pattern of 
community-level sex differentiation has not been found, and the proposal of robust and reliable microbial 
indicators of sex has not been made possible due todifferences among studies.9 Overall, while sex can 
contribute to gut microbiome development, the complexity of factors that interact and influence its 
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development impedes consistency across studies to confirm sex effects and characterize them. As a proof, 
only one human study has described that infant sex as a dominant contributor to infant gut microbial 
development.10

C-section delivery (CSD) is one of the most common surgeries in the world, accounting for approximately 
21% of all childbirths worldwide and being more than 40% of births in some countries, such as Brazil.11-14 In 
1985, the World Health Organization (WHO) recommended that CSD rates should be lower than 10%–15%.14

However, CSD rates have continued to rise, mainly owing to personal or medical convenience,11-13 and 
projections suggest that by 2030, the global CSD rate will be nearly 30%.15 CSD, which is mainly elective 
(without labor), has been related to an increased risk of noncommunicable diseases (NCDs). Several meta- 
analyses have shown that infants born via CSD are at a higher risk of developing allergies, asthma, IBD and 
obesity, among others.16-29 Since these children have an altered bacterial community, it has been hypothesized 
that these alterations lead to differences in mucosal tolerance and disease risk later in life.30,31

It is now recognized that sex bias exists in biomedical research, which is the basis of clinical research and 
medical decision making.32 Traditionally, female individuals have been underrepresented in research studies, 
both in randomized clinical trials and in preclinical animal trials.32-34 Although sex differences in murine models 
are well known, they are often mistreated by only analyzing one sex, most often males.35-37 Sex has been found 
to be a factor in the CSD association with NCDs. For instance, a meta-analysis has found that asthma has a 
higher incidence in CSD female offspring compared to VD ones while no differences have been found in 
males.28 Also, the CSD risk of obesity38-40 seems higher for boys than for girls in Canada and US cohorts,41,42 but 
the opposite in a Chinese cohort.43 Regarding neurodevelopmental disorders, CSD effects have been associated 
with an increased risk of neurodevelopmental disorders in males and with an increased risk of motor delay in 
females.44 Another important CSD effect characterized its association with inflammatory bowel diseases,22-24

with some studies showing potential sex effects.45,46 Taken together, understanding the sexual dimorphism in 
diseases is essential to investigate the pathogenesis of some chronic diseases and better deciphering the role of 
CSD in their increased incidence.

Here, our primary objective was to determine whether susceptibility to colitis reocurrence later in life 
differs according to sex in CSD animals. As secondary objectives, we investigated whether CSD alterations 
in gut barrier integrity, immune markers, and the microbiota centrality network during early life could be 
associated with sex differences in disease susceptibility later in life. Finally, we analyzed the microbial 
network structure and abundance across multiple developmental stages to evaluate potential patterns. It is 
important to highlight that this study was conducted by reanalysing pre-existing preclinical data,47 in 
which sex was not considered as a biological variable.

Materials and methods

Animals

All procedures were approved by the regional ethics committee (Comethea) and adhered to EU Directive 2010/ 
63/EU on animal protection. Experiments were conducted under specific pathogen-free (SPF) conditions under 
controlled ambient temperature (21 °C) and humidity with water and food ad libitum. All in vivo experiments 
were conducted at the National Research Institute for Agriculture, Food and Environment (INRAE), within the 
Infectiology of Farm, Wildlife and Laboratory Animals Platform (IERP) in Jouy-en-Josas, France. Timed 
pregnant RjOrl:SWISS mice (Janvier Labs, Le Genest-Saint-Isle, France) were used.

Mode of delivery model and experimental timeline

This study is based on previously published data comparing cesarean-delivered (CSD) and vaginally delivered 
(VD) animals,47 which were reanalyzed here with a focus on sex-dependent effects. On gestational day 19, dams 
RjOrl:SWISS (Janvier Labs; Le Genest-Saint-Isle, France) underwent hysterectomy; neonates were immediately 
fostered by surrogate dams that had delivered vaginally within the previous 12 h (C-section delivery, CSD). 
Control litters were obtained via spontaneous vaginal delivery (VD). To minimize potential litter effects, VD 
pups were cross-fostered among dams delivering in the same time window. Offspring of both sexes were group- 
housed and separated by sex after weaning.
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As illustrated in the experimental timeline (Figure 1), our analyses were performed in both female and 
male VD or CSD offspring from the first days of life (5 d, in green) until adulthood after colitis 
reoccurrence (8 weeks, in pink). To better picture each stage of life, graphs followed the same color 
scheme as the corresponding age in the timeline. At each life stage, the parameters analyzed for potential 
sex effects were those that showed an impact of CSD at the corresponding age.

Colitis-induced models

Two models were used in this analysis. The acute colitis model involved 4-week-old mice that were 
anesthetized (0.1% ketamine + 0.06% xylazine, i.p.) and received 2,4-dinitrobenzene sulfonic acid (DNBS, 
200 mg/kg, Sigma-Aldrich, France) intrarectally in 50 µL of 30% ethanol in sterile phosphate-based saline 
(EtOH) to induce colitis in young adulthood. Vehicle controls received EtOH only.

A colitis reoccurrence model was used to induce chronic colonic inflammation. Four-week-old mice 
were submitted to chronic administration of DNBS as previously described.48 Briefly, mice were chal
lenged with a first dose of DNBS (200 mg/kg), the same as that used in the acute colitis model. After 21 d of 
recovery, the colitis was reactivated using DNBS at the same dose. The control mice received only EtOH.

A brief explanation of the colitis induction and the parameters used to evaluate its severity can be found 
in Figure 2. Colonic macroscopic score measurements were conducted blindly.

Quantification of serum lipocalin 2 and serum soluble CD14 (sCD14) levels

Serum lipocalin 2 levels were measured following kit instructions mouse lipocalin-2/NGAL duo Set ELISA 
(R&D systems, Inc., USA & Canada). Serum soluble CD14 (sCD14) levels were measured using sCD14 
ELISA kit following the manufacturer's instructions (R&D systems, Inc., USA & Canada).

Quantification of colonic myeloperoxidase (MPO) activity and colonic cytokines measurement

Colonic samples were thawed and homogenized in 0.5% hexadecyltrimethylammonium bromide (HTAB) 
prepared in 50 mM potassium phosphate buffer (pH 6.0) using a Precellys 24 homogenizer (Bertin 
Technologies, France) with ceramic beads (3 × 30 s at 6,000 rpm, 4 °C). The homogenates were centrifuged 
at 10,000 × g for 15 min at 4 °C, and the resulting supernatants were collected for MPO and cytokine 
measurements.

Figure 1. Experimental timeline of VD vs. CSD analyses across life stages to evaluate sex effects. Schematic representa
tion of euthanasia and fecal sampling time points from birth to adulthood (~8 weeks old, w.o.), specifically, first days of 
life (1 w.o. in green), weaning (3 w.o., in blue), postweaning colitis (4 w.o., in orange), and colitis reoccurrence in 
adulthood (8 w.o. in pink) endpoints and 6 w.o. (young adult stage, in pink) and 4 d before completing 8 w.o. (in a period 
of colitis remission prior to DNBS rechallenge in pink) fecal sample collection. DNBS-induced colitis was performed at 4 
w.o. mice to assess acute colitis susceptibility and at 6 and 8 w.o. to evaluate colitis reoccurrence. The microbiota datasets 
were analyzed using NetMoss (to compute individual and integrative network scores, with timepoints indicated by gray 
lines) and LinDA (to assess differential taxa abundance, with timepoints connected by a black line) at each time point, 
allowing the evaluation of delivery- and sex-dependent effects throughout early life and into adulthood. Created in 
BioRender (https://BioRender.com/ew680ex).
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MPO activity was determined spectrophotometrically by mixing 10 µL of the homogenate with 200 µL 
of reaction buffer containing o-dianisidine dihydrochloride and hydrogen peroxide (H₂O₂). The change in 
absorbance was measured at 450 nm for 5 min at 25 °C using a microplate reader. MPO activity was 
expressed as units per gram of tissue (U/g) as previously described.49

Colonic IL-1α, IL-1β, IL-6, IL-10, IL-12p70, IL-17A, IL-23, IL-27, MCP-1, IFN-β, IFN-γ, TNF-α, and 
GM-CSF cytokines were determined with LEGENDplex™ mouse inflammation panel according to the 
manufacturer's instructions (Biolegend, USA).

Histological analyses

Histological features were assessed using Alcian blue (AB) staining in accordance with standard proto
cols50,51 in the Histology facility of a Bridge platform of UMR 1313 GABI. Images were blindly analyzed 
with Panoramic Viewer software.

Splenic T cells populations

Splenic cell suspensions from the first days of life at the pups' endpoint were obtained by mechanical 
extrusion through a 40-μm nylon cell strainer (BD, Switzerland). The cells were strained using 1 mL of 
Dulbecco's modified Eagle's medium (DMEM, Gibco, France) supplemented with 10% fetal bovine serum 
(FBS, Gibco, France). Erythrocytes were lysed using buffer Hybri-Max (Sigma-Aldrich, USA) following 
specifications. The cell pellets were resuspended in 1 × 106 cells and blocked with anti-CD16/32 and 
stained with panels CD3+CD4+Tbet+and CD3+CD4+ROR-γ+ using eBioscience antibodies (France). The 
samples were subsequently analyzed using an Accuri C6 cytometer (BD). Data were acquired on an Accuri 
C6 flow cytometer (BD) and analyzed using CFlowSampler.

Using chamber experiments

Segments of the ileum and colon were opened along the mesenteric border and mounted in Ussing chambers 
(P2300, 0.2 cm2 exposed area) with oxygenated Krebs buffer (glucose on the serosal side; mannitol on the 
mucosal side) at 37 °C. Transepithelial conductance and short-circuit current were recorded under a voltage 
clamp. To assess paracellular permeability, TRITC (4 kDa, TdB Labs, Sweden) was added to the mucosal 
chamber (0.4 mg/mL). Serosal samples were collected every 15 min for 2 h and analyzed enzymatically. Trans- 
epithelial conductance was measured by clamping the voltage and recording the change in the short-circuit 
current (Isc) Carbachol (100 µM) was added serosally at the end of the experiments to verify tissue viability.

Microbial DNA extraction and 16S sequencing analysis

Microbial DNA extraction was performed with standard procedures as previously reported47 In brief, DNA 
was isolated from colon tissue (postnatal day 5), colonic content (endpoint), and fecal samples collected at 

Figure 2. Brief visual explanation of colitis induction and the parameters used to measure its severity, such as the 
percentage (%) of body weight loss during DNBS-induced colitis to evaluate sickness symptoms, macroscopic assessment 
of colonic tissue to evaluate local damage, quantification of colonic goblet cells acid mucin (AB)+ to evaluate mucus 
production, and intestinal barrier integrity assessed by FITC-dextran translocation.
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intermediate time points and from maternal feces, skin, and vaginal swabs using the QIAGEN Mouse Stool 
Mini Kit (QIAGEN, Hilden, Germany) according to the manufacturer's instructions. The V3–V4 region of 
the 16S rRNA gene was amplified with the primers PCR1F_343 and PCR1R_784, and the Illumina MiSeq 
platform (Illumina, USA) was used to sequence. The raw sequence data were deposited in the Sequence Read 
Archive under Bioproject PRJNA876103 (accessions SAMN30638467–SAMN30638852).

Bioinformatic analysis of 16S sequencing data was performed using DADA2 v1.28.0 R package52

following the author's recommendations. In brief, we applied the standard DADA2 pipeline with default 
parameters for (1) quality filtering of the raw reads, (2) denoising DADA2 algorithm, (3) merging 
paired‑end reads, (4) removing chimeric sequences, and (5) quantifying amplicon sequence variants 
(ASVs) in each sample. The taxonomic classification of each ASV was performed with the DADA2 
naive classifier using the SILVA v.138.1 database52 as the reference taxonomy. Finally, the abundance table 
at the genera level was constructed by using the tax_glom funtion in the phyloseq v1.46.0 R package.53

NetMoss analysis

The resulting genus abundance table was used for diversity analyses and aggregated to the genus level for 
co-occurrence Sparcc network inferences between the VD and CSD groups with NetMoss.54 Network 
graphical representation was created with CytoScape,38 and the topological parameters of the network and 
“node” centrality values were calculated using the CentiScaPe plugin.55 Centrality measures, such as 
degree, quantify the importance of each bacterial genus within the network, reflecting its potential 
influence on microbial community structure and intermodule interactions. High-centrality nodes are 
interpreted as key taxa that may coordinate community dynamics, while low-centrality nodes represent 
more peripheral members. Modules within these networks were identified using the Weighted Gene Co- 
Expression Network Analysis. This step captures microbial taxa that cooperate within the same module 
while maintaining competitive interactions between modules. The contribution of each node (bacterial 
genus) to the transition between VD and CSD networks was calculated as follows:

i D DNMSS( ) = ,A B
j

s A
ij

l

BNeighbor Neighbors

where A and B represent the VD and CSD networks, respectively. D denotes the differential module 
distance matrix, Neighbors A include all neighboring modules in the VD network, and Neighbors B 
represent all neighboring modules in the CSD network.

Microbial network approaches assume that co-occurrence patterns represent biologically meaningful 
interactions and that the resulting network topology reflects underlying dependencies among taxa. To 
ensure robustness, analyses were performed separately for females and males, and key driver taxa were 
identified using conservative NetMoss score thresholds (≥0.5 for weaning, ≥0.6 for early life). The 
intersection modules represent the stable elements during the transition, where the transition modules 
resulted in alterations in the network structure. In this way, the model quantifies the shift in module 
structure, highlighting microbial taxa that drive network changes between the experimental conditions. 
Nodes with high NetMoss scores correspond to genera that contribute most to network restructuring 
between VD and CSD conditions. Their centrality values provide additional biological insight: taxa with 
high centrality are likely influential in maintaining community stability or mediating interactions between 
modules, suggesting mechanistic roles in microbiota assembly. Receiver operating characteristic (ROC) 
curves and area under the curve (AUC) metrics were used to assess the discriminatory power of these taxa 
in classifying delivery mode.

LinDA differential abundance analysis

Differential abundance analyses were performed using Linear Models for the differential abundance 
framework in the LinDA v0.2.0 R package.56 This method fits linear regressions on centered log-ratio 
(CLR) transformed abundance data, identifies a bias term owing to the compositional nature of micro
biome data and corrects this bias using the mode of regression coefficients across taxa. The same raw reads 
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were reprocessed using p-values derived from the bias-corrected coefficients and adjusted for multiple 
testing by Benjamini–Hochberg. The results are summarized as effect sizes and adjusted p-values. 
Differential abundance analyses were used in three models to test: (1) the effect of sex (male vs. female) 
corrected by delivery mode, (2) the effect of delivery mode (VD vs. CSD) corrected by sex, and (3) the 
interaction effect between sex and delivery mode (i.e., a differential abundance model comparing four 
levels: VD_male vs. VD_female vs. CSD_male vs. CSD_female). In all three models, the effect of DNBS 
treatment was included as a cofactor for time points after the start of the first treatment. The addition of 
additional co-factors such as dams or adoptive dams was explored but not deemed necessary.

Statistical analyses of mouse phenotypes

The strategy of this study to evaluate sex effects in VD and CSD animals was achieved by re-using pre- 
existing data47 with only parameters affected by CSD. The data distribution was evaluated using the 
Shapiro–Wilk test and Prism's distribution-likelihood analysis. Two- or three-way ANOVA was applied to 
evaluate the effects of delivery, sex, and DNBS analyses for normally distributed data with equal variances, 
followed by Fisher's test with multiple comparisons. When assumptions of normality or variance 
homogeneity were not met, the Kruskal–Wallis test was used, followed by Dunn's post hoc test with 
multiple comparisons. Both analyses were performed in Prism 11 (GraphPad Software, USA). The number 
of animals is referenced in each graph legend and detailed with attrition in Sup. Tables 1 and 2. p- 
values < 0.05 were considered statistically significant.

Results

Sex-dependent differences in colitis reoccurrence in CSD animals during adulthood

To determine whether susceptibility to colitis reoccurrence differs according to sex and delivery mode, we 
evaluated body weight loss as the primary endpoint of colitis severity, together with mucin production and 
inflammatory markers following DNBS rechallenge in adulthood.

CSD males lost more weight compared to VD counterparts with colitis reoccurrence (Figure 3a). This 
effect was supported by a decrease in acid mucin (AB+) cells (Figure 3b), together with increased MPO 
activity (Figure 3c) and Il-1α levels (Figure 3d), reinforcing a stronger inflammatory response in CSD 
males after colitis reoccurrence than VD counterparts.

In contrast, females had no weight loss or decreased AB+ cells after colitis reoccurrence compared with 
their vehicle-treated counterparts (EtOH, Figure 3a and b, respectively). Instead, AB+ cells were increased 
in CSD females compared with those in VD females following colitis reoccurrence (Figure 3b). The lack of 
increase in MPO activity (Figure 3c) and Il-1α levels (Figure 3d) in all females with colitis reoccurrence 
supports the stronger impact of colitis reoccurrence in CSD males.

As previously described, CSD facilitates an exacerbated response to acute colitis in mice.47,57 As 
expected,47 DNBS caused marked body weight loss in all CSD groups (Supl. Figure 1). Another parameter 
used to evaluate the severity of the colitis induced by DNBS was local damage, which was measured using 
colonic macroscopic score,47 and male CSD animals showed a tendency toward a higher macroscopic score 
(p = 0.05) compared to VD counterparts, while no difference was detected between the female groups 
(Supl. Figure 1).

First days' gut barrier immune development and gut microbial network centrality are shaped by 
delivery mode with low sex influence

To explore potential early-life factors that could precipitate colitis recurrence observed in CSD males 
during adulthood, we evaluated inflammatory and barrier-related parameters during the first days of life. 
Specifically, we profiled local inflammation (lipocalin 2, cytokines, and immune cells) and barrier integrity 
(sCD14) parameters in first days' pups born by VD or CSD. In parallel, the microbial network structure 
was analyzed to determine whether early microbial interactions differed according to delivery mode 
and sex.
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Some inflammatory parameters that increased in CSD were significant only in CSD females 
(Figure 4a,b), specifically the increase in serum lipocalin-2 levels (Figure 4a) and colonic IL-6 and IFN- 
γ levels (Figure 4b), after pairwise comparisons. However, using linear modeling, CSD animals had 
increased lipocalin-2 levels [26,534 ± 10,762 pg/mL, p < 0.05; F(4, 55) = 97, p < 0.001], with only a trend 
for sex and delivery mode interaction (p = 0.07). Also, delivery mode had an impact on both cytokines 
[14.9 ± 5.6 pg/mL, p < 0.01; F(2, 37) = 6.40, p < 0.01 and 5.2 ± 1.9 pg/mL, p < 0.01; F(2, 37) = 8.11, p < 0.001, 
respectively], but again, there was no sex effect. CSD males had a potential impact on colonic IL-1α 
(Figure 2e, p = 0.05) after pairwise comparisons. IL-1α is usually released due to cellular damage caused by 
bacterial translocation, and CSD is associated with higher colonic IL-1α levels [14.9 ± 5.6 pg/mg, p < 0.01; F 
(8,110) = 7.58, p < 0.001] and male animals with low levels (–15.1 ± 5.6 pg/mg, p < 0.01; F(8,110) = 7.58, 
p < 0.001), but there is no delivery‒sex interaction. Even though they were impacted by CSD model during 
the first days of life,47 no alterations in serum soluble CD14 (sCD14; Figure 2c), an important marker of 
barrier disruption, or in the proportion of splenic CD3+CD4+ROR-γ+ Th17 cells (Figure 4d) were 
observed when groups were divided by sex after pairwise comparisons, showcasing the low effect of sex 
in CSD in gut barrier development during their first days of life.

We also profiled sex-dependent gut microbial network features in first days' mice born by VD or CSD. 
Without accounting for sex, Lactobacillus was the key taxa centrality network of VD pups, while 

Figure 3. Cesarean delivery (CSD) exacerbates colitis reoccurrence severity in a sex-dependent manner in adult mice. (a) 
Percentage of body weight loss in colitis recurrence in adulthood. (b) Quantification of colonic goblet cells Ab + after 
colitis reoccurrence in adulthood in technical triplicates or duplicates. (c) Colonic inflammatory marker myeloperoxidase 
(MPO) activity units (U) and interleukin (IL)-1α (d) concentrations per mg of tissue. The data are represented as scatter dot 
plots with individual animals for normal data (a, d). The mean values are indicated by black dotted lines, and the error bars 
denote the standard deviation (SD). Box plots and violin plots were used for non-normal distributed data (b and c). 
Statistical analyses were performed using Kruskal–Wallis tests followed by Dunn's post hoc test for non-normal data and 
three-way ANOVA for normal data, followed by Fischer's post hoc test. N = 10. * p < 0.05, **p < 0.01, ***p < 0.001, and 
****p < 0.0001.
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Figure 4. Immunological and gut microbiota alterations in first days of life influenced by delivery mode in females and 
males. (a) Serum lipocalin-2 concentrations (in pg/mL) in animals of both sexes (♀ females in red and ♂ males in dark 
blue) born by vaginal (VD) or c-section (CSD) delivery. (b) Colonic cytokines interleukin (IL)-6 and interferon (IFN)-γ (pg/ 
mg). (c) Colonic IL-1α levels corrected by mg of protein (pg/mg). (d) Serum levels of soluble CD14 (sCD14, pg/mL). (e) 
Splenic CD3⁺CD4⁺RORγ⁺ T cell populations (%). (f–g) NetMoss scores showing top 40 microbial taxa with higher network 
centrality in CSD animals during the first days of life in females (f) and males (g). The fold change (FC) indicates the fold 
change in log2 abundance. (h-i) Tables showing butyrate-producing taxa with increased network centrality (NetMoss 
scores) in CSD females (h) and CSD males. (i) The color represents the endpoint in the experimental timeline. Statistical 
comparisons were performed using Kruskal–Wallis tests followed by Dunn's post hoc test. *p < 0.05, **p < 0.01. N = 10–15 
animals per group.
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Mucispirillum for CSD pups.47 Here, NetMoss-based microbial network analysis,58 divided by sex, 
revealed an increased centrality network of butyrate producers in CSD animals, indicating a more 
interconnected microbial structure in their first days of life (Figure 4g–i). Among these, the butyrate- 
producing genera Odoribacter, Alistipes, Lachnospiraceae (UCG-001 and FCS020 group), [Eubacterium] 
siraeum group, and Ruminococcus were enriched in CSD and exhibited high NetMoss scores, particularly 
Alistipes59 with the highest network centrality, independent of sex (Figure 4f,g).

Sex-specific butyrate-producers' signatures were detected in male CSD in the first days of life. They 
showed potential increased network connectivity for Roseburia, Lachnospiraceae UCG-006, 
Anaerotruncus, and Butyricicoccus compared to male VD counterparts (Figure 4e). Roseburia had the 
highest score. During childhood, it seems that a low relative abundance of Roseburia was associated with 
respiratory diseases60 and becomes more abundant only after weaning, with early food introduction 
promoting its enrichment in piglets. These results suggest that nutritional and developmental cues, such as 
those observed in CSD animals, can accelerate Roseburia establishment and abundance within the gut 
earlier than normal microbiota development.61

Also, a denser network centrality in butyrate-producing taxa (Figure 4g,i) was observed in male CSD. 
Unfortunately, butyrate levels were undetected during this period of life, limiting our conclusions 
regarding the functional production of butyrate.

Males CSD had impaired colonic barrier function, low caecal butyrate levels, few remaining 
butyrate-producer taxa network centrality, and sex-specific abundant taxa during weaning

Three gut barrier parameters impacted by CSD47 were assessed to evaluate sex effects altering CSD impact 
at weaning: (1) colonic and ileal epithelial conductance (Figure 5a,f), (2) colonic and ileal permeability 
measured by local tetramethylrhodamine isothiocyanate (TRITC) levels (Figure 5b,g), and (3) colonic 
transepithelial electrical resistance (TEER; Figure 5c,d). Caecal short-chain fatty acids (SCFAs) levels 
impacted in CSD animals during weaning47 were assessed by dividing the groups by sex (Figure 5h,i). 
Next, NetMoss score and linear models for differential abundance (LinDA) analyses were conducted to 
verify how sex interacts with the delivery mode shaping microbiota network centrality (Figure 5e,j) and 
differential abundance (Figure 5k–m), respectively.

A trend toward a delivery mode-by-tissue interaction in epithelial conductance was noted [p = 0.17; F(3, 
30) = 11.4, p < 0.001]. No differences between groups after pairwise comparisons were found (Figure 5a-f). 
Paracellular permeability was strongly affected by sex (p < 0.001), with potential delivery-by-sex interac
tions (p = 0.17). An increase in paracellular permeability in CSD males compared to VD males was found 
after pairwise comparisons (Figure 5b). Finally, sex significantly influenced colonic TEER (p < 0.01; F(3, 
75) = 3.1, p < 0.05), with a trend toward an interaction between delivery mode and sex (p = 0.08). When 
pairwise comparisons were made, a reduction in TEER was observed only in CSD males (Figure 5c). The 
total variation in resistance over 2 h was significantly reduced in CSD males [Figure 5d; F(3, 65) = 3.999, 
p < 0.01], which is consistent with impaired barrier maturation.

Caecal butyrate levels were significantly reduced in CSD males compared to VD males, while no 
reduction was observed in females (Figure 5h). In contrast, acetate concentrations were higher in CSD 
females compared to VD females, whereas male groups showed no increase (Figure 5i). These findings 
indicate that delivery mode alters SCFA profiles during weaning in a sex-dependent manner, with male 
CSD animals displaying reduced butyrate availability.

Gut microbial network connectivity was assessed using NetMoss score around weaning, and the strong 
central connectivity observed in CSD animals in their first days of life remained with fewer taxa only to 
CSD males (Figure 5e,k). Specifically, Lachnospiraceae NK4A136 and [Eubacterium] xylanophilum taxa 
displayed greater centrality in CSD males, followed by the butyrate-producers Butyricicoccus and 
Anaerotruncus, which maintained centrality in CSD males' microbial network compared to their VD 
male counterparts (Figure 5e,k). Conversely, the non-butyrate-producer Peptococcus exhibited greater 
centrality in the CSD male networks. Curiously, the butyrate-producer Lachnospiraceae FCS020 showed 
greater centrality in VD males' microbiota networks (Figure 5k), although in the first days of life, it had 
been more central in CSD animals (Figure 4g–i).
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Figure 5. Sex effects interaction with delivery mode in gut taxa at weaning and delivery mode effects on epithelial 
barrier and microbial network at weaning depending on sex. Electrical conductance (mS/cm²) of colon (a) and ileal (f) 
tissues mounted in Ussing chambers, respectively, on females (♀, in red) and males (♂, in dark blue) born by vaginal (VD) 
or c-section (CSD) delivery during weaning (N = 5 animals per group). Tetramethylrhodamine isothiocyanate (TRITC) 
translocation in colon (b) and ileum (g) tissues mounted in Ussing chambers expressed in ng/mL. (c) Intestinal 
permeability measurements using transepithelial electrical resistance (TEER) and (d) total TEER variation over 120 min. 
(e) NetMoss scores of the top 40 microbial taxa by delivery mode at weaning in males. The fold change (FC) indicates the 
fold change in relative abundance. (h, i) Cecal acetate and butyrate levels in mM. (j) Butyrate-producers table with a 
NetMoss score higher or equal to 0.5 in males at weaning (N = 10 animals per group). (k–m) Boxplots with differential 
abundances of Ligilactobacillus, Candidatus Arthromitus, and Harryflintia interacting delivery mode with sex effects using 
LinDA analysis. Statistical comparisons were performed using Kruskal–Wallis tests for non-normally distributed data 

(Caption on next page) 
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Finally, from LinDA integrative analysis, we observed some clear sex-dependent alterations around 
weaning in the abundance of the Ligilactobacillus, Candidatus arthromitus, and Harryflintia taxa (Figure 
5h–j). Specifically, Ligilactobacillus and Candidatus arthromitus counts were higher in CSD females 
compared to VD females, whereas it was found decreased in CSD males compared to VD males, 
respectively (Figure 5h,i). Analysis at species levels also confirmed this pattern (Supl. Fig. 13). 
Ligilactobacillus lactic acid bacteria are usually related to benefits to the host,62 being decreased in 
CSD males. This is also the case for Candidatus Arthromitus.63 More present in the ileum, this bacterium 
is recognized by its protective immune function.64 The absence of CSD effects in females during weaning 
suggests a sex-driven counterbalance in the gut microbiota composition that may mitigate CSD-associated 
alterations in females, which are observed more clearly in males. Harryflintia was virtually absent in CSD 
females and VD males but significantly enriched in VD females and CSD males (Figure 5c). Owing to 
challenges in isolation, little is known about its effects on the host.65

Key butyrate-producers from first days of life until young adulthood are sex- and delivery mode- 
dependent

To explore microbial network centrality that might be related to the increased susceptibility to colitis 
reoccurrence observed in CSD males during adulthood, we examined whether the establishment and 
persistence of butyrate-producing taxa trajectories across development differed according to delivery mode 
and sex. During the first days of life, CSD animals exhibited butyrate producers' network centrality,47 with 
males having more butyrate producers on their network centrality (Figure 4f–i), whereas at weaning, this 
pattern was restricted to CSD males (Figure 5e,k). Around the same period, sex-dependent effects 
interacting with CSD were also detected in the differential abundance of some taxa (Figure 5g–i). These 
observations suggest that delivery mode, sex, and age jointly influence the establishment of butyrate 
producers and their connectivity during early development. To evaluate the key taxa network across early 
development, i.e., between the first days of life until young adulthood, we used NetMoss to identify sex- 
dependent key taxa in males and females in VD and CSD animals (Figure 6).

In females, some taxa showed high NetMoss scores enriched between VD and CSD animals across ages 
(Figure 6a). Among them, one non-butyrate-producer (Anaeroplasma, score = 0.7) was distinguished as a 
key taxon enriched in VD. In contrast, the butyrate-producers UBA1819 (score = 1.0) and Ruminococcus 
(score = 0.6) were the key taxa enriched in CSD female animals (Figure 6c).

In males, distinct taxa also separated VD from CSD animals (Figure 6b). Opposite to the pattern in 
females, butyrate-producers were the key enriched taxa in VD, including [Eubacterium] siraeum group 
(score = 0.9), Lachnospiraceae UCG-001 (score = 0.7), and Roseburia (score = 1.0). Conversely, the non- 
butyrate-producers Anaeroplasma (score = 0.77), Tuzzerella (score = 0.64), Rikenellaceae RC9 gut group 
(score = 1.0), and A2 (score = 0.62) were the key taxa enriched in male CSD animals (Figure 6d). Microbial 
key signatures in both females (AUC = 0.82) and males (AUC = 0.83) were robustly discriminated in both 
CSD and VD groups (Figure 6e–f).

These results highlight that CSD leads to age- and sex-dependent shifts in butyrate-producing taxa abundance 
and their cooccurring patterns that may impact immunity imprinting, gut barrier feature establishment, and 
colitis severity. The key taxa in CSD females across early development were butyrate producers (Figure 6a,c) with 
the opposite profile in VD animals but not in CSD males (Figure 6b,d), clearly exhibiting the complexity of the 
gut microbial network across development in CSD animals and the impact of sex.

Differential microbial abundance analysis across life stages until adulthood reveals a transition 
from stronger early delivery-mode to later sex associated effects in gut microbiota

To dissect how the relative influence of delivery mode and sex evolved across development and potential cues 
linking sex-dependent colitis reoccurrence susceptibility, we performed differential microbial abundance analyses 

followed by Dunn's post hoc test and 2- or 3-way ANOVA for normal distribution, followed by Fisher's post hoc test. 
*p < 0.05, **p < 0.01.
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using LinDA, which is specifically designed for compositional microbiome data and correct the bias typically 
introduced by traditional linear regression models that are not based on centered log-ratio (CLR)–transformed 
abundances.

Overall, LinDA-based analyses revealed a clear developmental transition in the determinants of 
microbial abundance composition from stronger early effects driven by delivery mode to later patterns 
increasingly shaped by sex. Venn diagrams highlight this taxa transition between delivery-associated 
(corrected for sex) and sex-associated (corrected for delivery) taxa across the first days of life, weaning, 
postweaning, young adulthood, colitis remission, and colitis reoccurrence in adulthood (Figure 7a).

Figure 6. Key microbial taxa influencing the gut microbiota network in c-section vs. vaginal delivered females and males 
integrating first days of life until young age data. (a and b) Integrated NetMoss score for evaluating the microbial network 
in females and males, respectively. (c and d) Table with key butyrate producers or non-butyrate-producer genes 
influencing the gut microbiota network in c-section (CSD) and vaginal delivery (VD) animals. (e and f) ROC curve analysis 
revealing that key microbial taxa had an area under the curve (AUC) higher than 0.8, effectively distinguishing CSD from 
VD animals. N = 20 animals per group.
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In the first days of life, most differentially abundant taxa were associated with delivery mode, with no 
sex effect associations observed (Figure 7b,c). The results revealed that Streptococcus, Odoribacter, and 
Acetatifactor were more abundant in VD animals at distinct stages (first days, weaning, and young 
adulthood, respectively). These genera are nonspore-forming butyrate producers, with Streptococcus and 
Odoribacter being more abundant than Acetatifactor in normalized counts. In contrast, the majority of 
taxa more abundant in CSD animals during early life belonged to Firmicutes and Bacteroidota, particularly 
Oscillospiraceae (12 taxa), Lachnospirales (13), and Bacteroidales (6), including Oscillospiraceae (6), 
Ruminococcaceae (6), and Lachnospiraceae (13), at the family level. Most of these differentially abundant 
taxa were butyrate producers (see Supl. Table 3 for further details), indicating that among the taxa 
enriched early in life, CSD animals harbored more and broader varieties of abundant butyrate producers 
than VD animals.

As the animals aged, this broader representation of butyrate producers with increased abundancy in 
CSD animals diminished. Some taxa initially enriched in CSD later became more abundant in VD animals, 
including Butyricicoccus, [Eubacterium] xylanophilum group, Mucispirillum, Lachnospiraceae 
NK4A136, Lachnospiraceae FCS020, and Ruminococcaceae UCG-005. Except for Mucispirillum, all 
are butyrate producers.

By adulthood, CSD animals displayed a greater differential abundance in a variety of non–butyrate- 
producing taxa. Interestingly, taxa enriched in VD animals were life stage-specific and transient, whereas 
some taxa enriched in CSD animals persisted across stages. In particular, the non-butyrate-producer 
Rikenellaceae RC9 gut group remained consistently enriched in CSD animals at multiple stages, except 
weaning. Giving support, LinDA analysis at species levels maintains Rikenellaceae RC9 gut group as the 
most enriched at multiple stages, except during weaning and the colitis remission period in adulthood 
(Supl. Table 4).

When analyses were corrected for delivery mode, no sex-associated taxa were identified until young 
adulthood (Figure 7c). This turning point coincides with the onset of sexual hormone elevation in mice.66

The number of sex-associated taxa with higher abundance increased further into adulthood, with females 
showing a greater representation than males.

Colitis reoccurrence reduced the number of CSD-corrected abundant taxa in males compared to colitis 
remission, leaving Prevotellaceae UCG-001 as the only persistent enrichment at the genus (Figure 7c) and 
species levels (Supl. Table 4). Almost all enriched taxa in females shifted from colitis remission to 
reoccurrence, with the enrichment persistence of [Eubacterium] xylanophilum group and Biophila 
only. Curiously, in agreement with the network inferences, this shift was marked by more abundant 
butyrate producers in colitis remission taxa to less in colitis reoccurrence in females compared to males in 
the same period (Figure 7c). Worth mentioning, females had more abundant Lactobacillus johnsonii 
during colitis reoccurrence in adulthood, specifically. L. johnsonii is usually considered beneficial to the 
host, such as decreasing colitis,67 which might be related to the lower colitis reoccurrence in females 
(Figure 6).

Discussion

This study reveals that delivery mode and sex seem to interact to shape microbiota–gut barrier crosstalk 
across life, with unique life stage-specific trajectories that reflect the dynamic co-development of the host 
and microbiota. By integrating classical physiological, immunological, and microbial network analyses, we 
show that cesarean delivery (CSD) might induce sex-dependent alterations in gut barrier function and 
microbiota composition that persist from early life into adulthood. These effects appear more pronounced 
in males, who display increased susceptibility to colitis reoccurrence later in life, along with early-life 
microbial and barrier alterations. Together, these observations highlight the potential necessity of consid
ering both delivery mode and sex when investigating early-life programming of host–microbiota interac
tions and their potential long-term consequences for inflammatory disease susceptibility.

These observations may be relevant in light of human studies reporting an association between CSD 
and an increased risk of inflammatory bowel diseases.22-24 Although evidence remains heterogeneous, 
some studies have suggested sex-related differences.45,46 While these findings cannot fully establish 
causality, they support the hypothesis that delivery mode influences early-life microbiota trajectories 
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Figure 7. Effects of delivery mode and sex on the differential abundance of microbial taxa during life stages. (a) Venn 
diagrams summarizing the number of differentially abundant taxa associated with delivery mode corrected by sex (left) or 
sex corrected by delivery mode (right) across five life stages: first days of life, weaning, young adult, colitis remission in 
adulthood, and colitis reoccurrence in adulthood. Early differences were driven primarily by delivery mode, whereas sex 
effects emerged with age. (b) Volcano plots showing microbial taxa differentially abundant between CSD and VD animals 
after correcting for sex at each life stage. Insets highlight the overall direction of change (more increases in CSD or VD). 
Representative taxa are labeled and significantly altered ASVs are listed in the accompanying table, including their genus/ 
family assignment, butyrate-producing capacity, mean normalized counts, log2-fold-change, p-values, and life stage 

(Caption on next page) 

14 B. MAITAN SANTOS ET AL.



and host responses in a sex-dependent manner, potentially contributing to differences in disease suscepti
bility later in life. Early-life microbial network butyrate-producing taxa were prominent in CSD animals 
during the first days of life but declined by weaning, suggesting dynamic reorganization of microbial 
interactions across development. When microbial profiles from multiple developmental stages were 
considered together, integrated LinDA differential abundance and NetMoss network centrality analyses 
revealed that the microbial community structure evolved from delivery mode–driven differentiation in 
early life toward increasingly sex-dependent patterns during maturation. This transition likely reflects the 
influence of sex-specific host regulation,68,69 including immune, metabolic, and hormonal factors that 
emerge during development.

Further research is needed to better understand the developmental shift observed in microbial network 
centrality. In particular, it remains unclear how the key non–butyrate-producing taxa identified in male 
CSD networks and the butyrate-producing taxa enriched in female CSD networks interact with the 
microbial communities detected at earlier developmental stages. The differences observed between inte
grated network analyses and those performed at individual time points suggest that microbial interactions 
evolve dynamically across development.

Interestingly, when microbial data from multiple developmental stages were integrated, distinct 
microbial signatures robustly distinguished CSD from VD animals. This observation highlights the 
potential value of integrative network approaches for identifying persistent microbial features associated 
with delivery mode and underscores the importance of examining microbial interactions across develop
mental time rather than focusing on isolated life stages.

A particularly notable taxon emerging across analyses was the Rikenellaceae RC9 gut group, a 
non–butyrate-producer that was consistently enriched in CSD animals across most developmental stages, 
suggesting that this taxon may represent a persistent microbial feature associated with delivery mode. In 
parallel, network analyses revealed that RC9 occupied a highly central position within microbial interac
tion networks, particularly in males, indicating that this taxon may play an important structural role within 
the CSD-associated microbial community. Previous studies portray RC9 as context-dependent with 
beneficial effects in some settings,70,71 yet detrimental in others.72-75 Notably, Rikenellaceae RC9 gut 
group has been reported to show negative correlation with butyrate levels and positive correlations with 
butyrate derivatives, suggesting potential competition with butyrate producers for shared substrates.76

Additional evidence implicates RC9 in lipid metabolism.77,78 Higher Rikenellaceae RC9 gut group 
abundance has been associated with increased body weight and fat mass77,78 or increased subcutaneous 
adipose tissue.79

This study also acknowledges some limitations. First, the modest sample sizes and intragroup variability 
at certain timepoints and attritions (Sup. Tables 1 and 2) may have reduced our power to detect subtle sex 
differences. Second, the lack of estrous cycle monitoring. Fluctuations in ovarian hormones across the 
cycle can influence female physiological outcomes, and the absence of cycle monitoring by vaginal smears 
could have introduced additional variability, thus masking sex-specific effects in females. Third, circulating 
sex hormone levels were not measured, preventing us from directly correlating the observed sex differences 
to hormonal status or from accurately defining the stage of puberty. Fourth, microbiota analyses were 
based on taxa abundance and microbial network inference, which does not necessarily reflect their 
metabolic production, such as SCFA synthesis, and functional validation is needed to confirm these 
associations. Therefore, the functional implications of the identified taxa and network alterations remain 
partially inferential. Additional functional validation would be needed to confirm these associations for 
each stage of life, and experiments such as fecal microbiota transplantation (FMT) or cohousing studies 
would be necessary to determine whether these microbial features causally contribute to the observed 
barrier dysfunction and increased disease susceptibility later in life. Finally, all the experiments were 
performed in a single inbred mouse strain, limiting the generalizability of all the results.

where differences were detected. (c) Volcano plots showing microbial taxa differentially abundant between males and 
females after correction for delivery mode at each life stage. Insets indicate the overall direction of change (more increases 
in males or females). Significantly altered ASVs are detailed in the accompanying table with taxonomic assignment, 
butyrate-producing capacity, statistical values, and stage-specific differences. See Supl. Figures 3–11 for further analysis 
details.
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Nevertheless, the consistent patterns across independent analyses and life stages underscore our 
conclusions. Using new approaches to stratify data and assess sex effects, we reinforce the possibility 
that delivery mode programs sex-dependent trajectories of host–microbe interactions, with long-lasting 
consequences for gut barrier fitness and colitis susceptibility more prominent in males. The integration of 
classical and compositional differential abundance analyses, LinDA linear modeling and NetMoss network 
profiling uncovered subtle interactions between sex and delivery mode that would be missed by 
abundance-based methods alone. These results are in line with the potential need to design early-life 
microbiota-targeted strategies—potentially personalized by sex—to mitigate the long-term health effects of 
C-section delivery.
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