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Abstract

Purpose
Antibiotics are frequently prescribed during active inflammatory bowel disease (IBD) flares, yet how
simultaneous microbial depletion and epithelial injury interact in different immune backgrounds remains
unclear. To determine how Th1- versus Th2-biased immunity shapes gut barrier integrity, cytokine
architecture, microbiota composition, and metabolic circuits under direct, indirect, and combined gut
perturbations.

Methods
Male C57BL/6 and BALB/c mice received a nine-antibiotic cocktail (9AB), dextran sulfate sodium (DSS),
or single, sequential, and concurrent 9AB–DSS regimens. Colitis severity, barrier function, and
inflammation were assessed. Cecal microbiota, untargeted metabolomics, and phase-plane analysis of
pro- versus anti-inflammatory metabolites were integrated.

Results
9AB alone spared the epithelium, whereas DSS induced severe mucosal injury in both strains. Sequential
9AB–DSS regimens attenuated histological damage compared with concurrent treatment, but full barrier
restitution after drug withdrawal occurred predominantly in BALB/c mice. In C57BL/6 mice, IL-1β
emerged as the dominant mucosal cytokine, coinciding with Proteobacteria expansion and loss of
microbial evenness under antibiotic-containing regimens. Metabolomics revealed a Th1-specific
arachidonic acid, histidine, and thiamine axis that enriched under combined perturbations. In contrast,
BALB/c mice preferentially activated tryptophan, biotin, and glycerophospholipid pathways that
supported anti-inflammatory metabolite dominance with phase-plane trajectories returning toward an
anti-inflammatory steady state during recovery.

Conclusions
Host immune bias determines whether combined microbial depletion and epithelial injury drive IL 1β-
centred metabolic amplification of inflammation or coordinated mucosal recovery. The arachidonic–
histidine–thiamine circuit in Th1-biased hosts and the tryptophan–biotin–glycerophospholipid circuit in
Th2-biased hosts represent candidate targets for immune endotype-tailored therapeutic strategies in
IBD.

Introduction
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Antibiotics are prescribed to more than 50% of IBD patients per year during active mucosal inflammation,
yet the consequences of combining broad-spectrum microbial depletion with ongoing epithelial injury
remain poorly defined [1, 2].This clinical scenario is mechanistically distinct from antibiotic exposure in
the absence of gut inflammation: active colitis simultaneously disrupts the epithelial barrier, activates
mucosal immune pathways, and remodels the gut microbiota, creating a biological context in which the
effects of antibiotic-driven microbial depletion are likely to differ fundamentally from those observed in
healthy hosts. Understanding whether and under what host immune conditions, antibiotic exposure
during a flare promotes recovery or perpetuates inflammation has direct implications for clinical
decision-making in IBD.

The intestinal mucosa maintains homeostasis through continuous bidirectional communication among
the gut microbiota, the epithelial barrier, and the mucosal immune system [3]. Microbial communities
shape host immunity through pattern-recognition receptor signaling and through metabolites such as
short-chain fatty acids, secondary bile acids, and tryptophan derivatives that regulate epithelial integrity
and immune-cell differentiation [4–8]. When this equilibrium is disrupted, barrier permeability increases,
microbial products translocate beyond the gut lumen, and self-reinforcing inflammatory circuits are
engaged that can drive chronic mucosal disease [9]. Inflammatory bowel disease (IBD) is a major clinical
consequence of sustained gut ecosystem failure and affects more than 6.8 million people worldwide [2,
10] .

A common but underexplored clinical scenario in IBD is exposure to antibiotics during active mucosal
inflammation. [11, 12]. Broad-spectrum antibiotics directly deplete commensal microbial communities
and disrupt colonization resistance and microbial metabolic capacity, whereas dextran sulphate sodium
(DSS)-induced colitis primarily injures the intestinal epithelium, with microbial remodeling occurring as a
downstream consequence. [13, 14]. These perturbations therefore differ in their primary site of action:
antibiotics represent a direct perturbation of the gut microbiota, whereas DSS represents an indirect
perturbation mediated through epithelial damage [15]. Although each type of insult has been studied
separately, the biological consequences of combining microbial depletion with ongoing epithelial injury
remain insufficiently defined [16, 17].

This question is especially important because the outcome of gut perturbation is likely to depend not
only on the nature of the insult but also on host immune context. Prior work from this group showed that
individual antibiotic agents and DSS produce immune bias-dependent dysbiotic signatures in Th1-biased
C57BL/6 and Th2-biased BALB/c mice, with greater Proteobacteria expansion, stronger inflammatory
tone, and poorer microbial restoration in C57BL/6 mice, whereas BALB/c mice display greater recovery
capacity across perturbation conditions. Large-scale human multi-omics studies in IBD have similarly
shown that loss of short-chain fatty acid-producing taxa and depletion of bile acid metabolism are
associated with disease activity. However, it remains unknown whether these microbial and metabolic
functions are differentially preserved or lost when direct and indirect perturbations occur together, and
whether host immune polarization determines that outcome [15]. This Th1/Th2 dichotomy in mice
approximates, albeit imperfectly, the immunological heterogeneity of human IBD, where IL-1β-high,
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inflammasome-active endotypes have been associated with steroid-refractory disease and distinct
microbiome signatures in multi-omics cohorts [18, 19]

The present study was designed to address this gap by systematically exposing C57BL/6 and BALB/c
mice to a nine-antibiotic cocktail (9AB), DSS, and all single, sequential, concurrent, and recovery
regimens derived from these two perturbations. This design was intended to model clinically relevant
scenarios in which antibiotic exposure occurs before, during, or after active epithelial injury. To resolve
how immune bias shapes these responses, histopathology, intestinal permeability, expanded cytokine
profiling, 16S rRNA microbiome analysis, untargeted LC-MS/MS metabolomics, pathway enrichment, and
microbe–metabolite network analysis were integrated. The central hypothesis was that immune
polarization determines not only the magnitude but also the qualitative architecture of the response to
combined gut perturbation, such that Th1-biased hosts would preferentially enter a metabolically
amplified pro-inflammatory state, whereas Th2-biased hosts would more effectively engage reparative
microbe–metabolite programs that support barrier recovery. By identifying immune endotype-specific
metabolic circuits that determine recovery versus inflammatory persistence, we aim to provide a
mechanistic framework for rationalizing antibiotic timing and adjunctive metabolic therapy in IBD
patients stratified by inflammatory endotype.

Materials and Methods

Ethics Statement and Animal Husbandry
All animal procedures were approved by the Institutional Animal Ethics Committee (IAEC, CPCSEA
Registration No. 1634/GO/ReBi/S/12/CPCSEA; protocol NISER/SBS/IAEC/AH-186) and conducted in
accordance with approved guidelines. Specific pathogen-free male C57BL/6 and BALB/c mice (6 to 8
weeks old, 18 to 22 g) were obtained from the in-house facility at NISER. Mice were co-housed by strain
in polysulfone cages with sterile corncob bedding under a 12:12 h light-dark cycle (24 +/- 3 degrees C, 55
+/- 5% humidity) with standard pelleted chow and autoclaved water ad libitum.

Experimental Design and Treatment
The study used two mechanistically distinct perturbation agents: a nine-antibiotic cocktail (9AB) as a
direct perturbation acting primarily on the gut microbial community [11, 12], and dextran sulfate sodium
(DSS) as an indirect perturbation targeting the intestinal epithelium [13, 14]. The experimental setup has
single-agent, sequential, concurrent, and recovery regimens for both strains, with untreated controls
Fig. 1.

DSS (M.W.-50kDa, Fisher Scientific) was dissolved at 2.5% (w/v) in autoclaved water and renewed three
times per week [20]. The 9AB cocktail was administered in autoclaved drinking water at the following
concentrations: neomycin (100 microg/ml), streptomycin (50 microg/ml), penicillin (100 microg/ml),
vancomycin (50 microg/ml), metronidazole (100 microg/ml), bacitracin (1 mg/ml), ciprofloxacin (125
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microg/ml), ceftazidime (100 microg/ml), and gentamycin (170 microg/ml), selected to achieve broad-
spectrum depletion across all major bacterial phyla [21]. Treatment groups are described in Fig. 1.

Sample Collection
Six animals per group were sacrificed at days 0, 7, and 15 by CO2 inhalation (confirmed within 2.5 min).
Humane endpoints for early removal included rectal prolapse, greater than 15% body weight loss, or
signs of clinical distress. Cecal contents were snap-frozen in liquid nitrogen and stored at -80 degrees C.
Colon tissue was divided into aliquots for RNA extraction (RNAlater, -20 degrees C), histopathology (4%
paraformaldehyde, 72 h, room temperature), and protein analysis (snap-frozen, -80 degrees C). Serum
was isolated from whole blood by centrifugation at 1,600 x g for 10 min at 4 degrees C and stored at -20
degrees C.

Sample sizes of n = 6 per group per time point were determined on the basis of our prior studies
demonstrating that this number achieves 80% power to detect a 2-fold difference in cytokine mRNA
expression (α = 0.05, two-tailed). For metabolomics and microbiome analyses, n = 6 is consistent with
published discovery-level studies in experimental colitis and was treated as hypothesis-generating;
results will require validation in larger cohorts. No adjustment for multiple comparisons was applied to
metabolomics pathway enrichment; impact factor thresholds (> 0.25) were used as an effect-size filter in
lieu of FDR correction, as is standard practice in untargeted metabolomic pathway analysis.

Physiological Parameters and Intestinal Permeability
Body weight and water intake were recorded daily. Colon length was measured post-mortem and cecal
index was calculated as cecal weight divided by body weight. Intestinal permeability was assessed by
oral FITC-dextran gavage (44 mg/100 g body weight, 100 mg/ml in PBS; Sigma-Aldrich Cat# F7250)
following overnight fasting with bedding removal to prevent coprophagy [22]. Blood was collected by
cardiac puncture under isoflurane anesthesia, 4 hours post-gavage; serum fluorescence was measured
in duplicate at 528/485 nm emission/excitation.

Histopathological Analysis
Paraffin-embedded colon sections (5 microm) were stained with haematoxylin and eosin (H&E) and
Alcian blue/PAS and scored in a blinded manner across six parameters: leukocyte density and infiltration
extent, epithelial cell number change, goblet cell reduction, cryptitis, erosion, ulceration, crypt irregularity
and loss, and villous blunting. Each criterion was scored on a scale of 1 to 5 (Supplementary Table 1);
scores were summed per animal. Images were acquired using an inverted microscope (Olympus
CKX53).

RNA Extraction and Gene Expression Analysis
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Total RNA was extracted from 20 to 25 mg frozen colon tissue using the Qiagen RNeasy Mini Kit (Cat#
74104) and purified by two rounds of LiCl precipitation to eliminate polysaccharides including DSS
contamination (full protocol in Supplementary Methods). RNA quality was assessed by NanoDrop 2000
and Qubit 4 fluorometry; integrity was confirmed by Agilent 4200 TapeStation. Complementary DNA was
synthesized using the AffinityScript One-Step RT-PCR Kit (Cat# 600559, Agilent). Quantitative RT-PCR
was performed on a QuantStudio 7 instrument (Thermo Fisher Scientific) using SYBR Green Master Mix
(Cat# A6002, Promega) for a sequence of cycles, a) a cycle for 2 minutes at 92°C to activate DNA
polymerase, b) 15 seconds at 92°C for melting of the template, and c) 1 minute at 60°C for primer
annealing along with an extension of the chain and detection of the fluorescence for 40 cycles. Target
genes were Tnf-alpha, Il-6, Il-17a, Il-1beta, Il-10, Cldn2 and Ocln, normalized to Gapdh and the fold change
of the desired gene was calculated relative to the control Ct-value. Primer sequences are provided in
Table 1.

Table 1
Primer sequences

Genes specific to NCBI_ Acc. No. The sequence of the primer used (5�-3�)

GAPDH NM_008084 F: CATCACTGCCACCCAGAAGACTG

R: ATGCCAGTGAGCTTCCCGTTCAG

TNF-α NM_01278601 F: TGCCTATGTCTCAGCCTCTTC

R: GAGGCCATTTGGGAACTTCT

CLDN-2 NM_016675 F: AGGACTTCCTGCTGACATCCAG

R: AATCCTGGCAGAACACGGTGCA

OCLN NM_008756 F: GTTGAACTGTGGATTGGCAG

R: AAGATAAGCGAACCTTGGCG

IL-1β NM_008361 F: TGTAATGAAAGACGGCACACC

R: TCTTCTTTGGGTATTGCTTGG

IL-6 NM_001314054 F: CTCTGCAAGAGACTTCCATCCAGT

R: CGTGGTTGTCACCAGCATCA

IL-17a NM_010552 F: CAGACTACCTCAACCGTTCCAC

R: TCCAGCTTTCCCTCCGCATTGA

IL-10 NM_010548 F: GCTCTTACTGACTGGCATGAG

R: CGCAGCTCTAGGAGCATGTG

16S rRNA Amplicon Sequencing and Microbiome Analysis
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Cecal DNA was extracted using phenol-chloroform-isoamyl alcohol extraction after heat lysis and
purified by two-round LiCl precipitation to polysaccharides, including DSS (full protocol in Supplementary
Methods). V3-V4 16S rRNA amplicons (primers V3F: 5’-CCTACGGGNBGCASCAG-3’; V4R: 5'-
GACTACNVGGGTATCTAATCC − 3') were sequenced on Illumina MiSeq (paired-end 2 x 250 bp; mean
depth 500,823 +/- 117,098 reads/sample). More than 90% of the sequences had a Phred quality score
above 30 and GC content nearly 40–60%. We removed conserved regions from the paired end reads.
Quality-filtered reads were processed through the QIIME pipeline (OTU clustering at 97% identity,
taxonomic assignment against the SILVA database; full pipeline in Supplementary Methods) [23]. OTUs
present at fewer than 2 counts or in fewer than 20% of samples were removed; data were normalized by
total-sum scaling. Microbial evenness at genus level was calculated as the Shannon evenness index:
Evenness Index (E) = 
Where,

 = proportion of the individual genus in the total microbial pool.

 = natural logarithm of Ei.

 = negative sum of  for an individual in a specific treatment condition.

Untargeted Metabolomics
Serum (50 microl) and cecal content (50 mg) were processed for untargeted LC-MS/MS (full sample
preparation in Supplementary Methods). Analysis was performed on a TripleTOF 6600 system (AB
SCIEX) in positive and negative ionization modes (m/z 50 to 1,000; 0.5 ml/min; 5 microl injection) using
water/methanol with 0.1% formic acid as mobile phases. Metabolite identification was performed using
MS-DIAL against the MassBank/NIST spectral library. Compounds consistently detected in both serum
and cecal fractions were designated as circulatory metabolites representing gut microbe-derived
compounds with capacity for systemic circulation. Pathway enrichment analysis was performed in
MetaboAnalyst 6.0 (KEGG library; hypergeometric test; relative-betweenness centrality for topology;
impact factor threshold 0.25) [24].

Microbe-Metabolite Network Analysis
Spearman rank correlations (|r| >= 0.8) between genus-level microbial abundances and circulatory
metabolite abundances were used to construct strain-specific microbe-metabolite interaction networks
visualized in Cytoscape 3.10.3 [25]. Bipartite condition-pathway networks were assembled by integrating
treatment conditions with significantly enriched metabolic pathways; edge color reflected pathway
impact factor. Full network construction details are provided in Supplementary Methods.

Descriptive Metabolite Dynamics Modeling

−\varvecΣ EilnEi

Ei

lnEi

−\varvecΣ EilnEi
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A Lotka-Volterra-type mathematical framework was applied to aggregate serum metabolite data (pro-
inflammatory as prey, anti-inflammatory as predator) as a descriptive visualization tool only; it does not
constitute an independent experimental result. Parameters were estimated in Python (SciPy; nonlinear
least-squares with L2 regularization; coefficients bounded 0 to 100) [26]; phase portraits were generated
using the phaseportrait package. Full derivation and code are available at
https://github.com/sahukartika/inflammatory-dynamics-model and described in Supplementary
Methods.

Results
To assess various degrees of perturbation on host physiology, we used two different perturbing agents:
a chemical agent (dextran sodium sulfate, DSS) and a cocktail of nine antibiotics (9AB). DSS activates
inflammatory responses in the gut epithelium, which secondarily leads to gut microbial perturbation;
accordingly, we designated DSS-induced perturbation as indirect perturbation of the gut microbiota. The
9AB cocktail directly targets and depletes the normal gut flora without requiring an epithelial insult as an
intermediate step; we designated this as direct perturbation. We used all possible combinations of direct
and indirect perturbation, as single doses and combinatorial doses for 15 days, in both Th1-biased
C57BL/6 and Th2-biased BALB/c mice to understand how perturbation strategy controls host
physiology, immunity, and metabolism. Building on our prior work demonstrating that individual antibiotic
agents and DSS produce immune bias-dependent dysbiotic signatures in these two mouse strains [27],
the present study extends that framework by introducing a broader nine-antibiotic cocktail, combinatorial
and sequential treatment regimens, and systems-level metabolomics and network analysis to resolve
the mechanistic basis of immune bias-dependent resilience versus collapse. The full experimental
design is depicted in Fig. 1.

1. Direct Perturbation Spares the Epithelium Whereas Indirect Perturbation Causes Severe Mucosal
Injury

To establish the primary structural consequences of each perturbation mode, we performed H&E and
Alcian blue/PAS staining of colon sections from all treatment groups in both strains and scored tissue
atrophy using the blinded six-criterion system described in Supplementary Table 1. In both C57BL/6 and
BALB/c mice, 9AB treatment produced no significant histological abnormality: crypt architecture was
intact, goblet cell density was normal, the mucus layer was preserved, and no edema or neutrophil
infiltration was detected (Fig. 2B, 2K for C57BL/6; Fig. 2Y, 2AC for BALB/c), confirming that direct
microbial depletion alone does not breach the epithelial barrier in either immune background. This is
consistent with our prior observation that single antibiotic agents, including the four-antibiotic AVNM
cocktail, did not produce significant epithelial injury in either strain [15], and extends that finding to a
broader nine-antibiotic regimen.

DSS treatment produced the opposite picture in both strains: extensive ulceration, crypt loss, goblet cell
ablation, submucosal edema, and dense neutrophil infiltration (Fig. 2C, 2U), with near-complete loss of
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goblet cells and mucus layer integrity confirmed by Alcian blue/PAS staining (Fig. 2L, 2AD). Concurrent
9AB and DSS treatment for 7 days reproduced comparable injury in C57BL/6 (Fig. 2D, 2M) and BALB/c
(Fig. 2V, 2AE). Strikingly, sequential administration of 9AB and DSS in either order markedly attenuated
epithelial injury in both strains relative to concurrent treatment, with histological appearances
approaching untreated controls in C57BL/6 (Fig. 1E, F, N & O) and BALB/c (Fig. 1W, X, AF & AG) mice. So,
probably 9AB was contributing a protective role against DSS, whether administered before or after the
DSS treatment.

Within the recovery groups, barrier disruption persisted at day 15 in the DSS+H2O group despite DSS
withdrawal (Fig. 2H, 2Q for C57BL/6; Fig. 2Z, 2AI for BALB/c), whereas the 9AB&DSS+H2O group showed
substantial barrier restitution in both strains (Fig. 2I, 2R for C57BL/6; Fig. 2AA, 2AJ for BALB/c), again
indicating protective role of 9AB against DSS. Across all conditions, blinded histopathology scores were
consistently and significantly higher in C57BL/6 than BALB/c mice (Fig. 2AK), establishing that Th1
immune bias confers greater epithelial vulnerability to both perturbation modes [15].

2. Systemic Physiology and Gut Barrier Function Confirm Greater Disease Burden in Th1-Biased Mice

Consistent with the histological findings, systemic physiological parameters reflected greater disease
severity in C57BL/6 mice across all perturbation conditions. Body weight loss was most pronounced in
9AB + DSS combination groups in both C57BL/6 (Fig. S1A) and BALB/c (Fig. S1B) mice, with decline
commencing at DSS treatment onset rather than at antibiotic initiation, confirming that indirect
perturbation is the primary driver of systemic physiological deterioration. Post-mortem colon length was
shortest in C57BL/6 mice in the 9AB&DSS+H2O group, followed by the 9AB&DSS group, Whereas in the
BALB/c 9AB + DSS group had the shortest colon length (Fig. S1C). Cecal index (cecal weight/ body
weight) was most elevated in the DSS+9AB group in C57BL/6, followed by 9AB&DSS and 9AB; BALB/c
mice showed attenuated cecal enlargement across all conditions (Fig. S1D).

FITC-dextran permeability was highest in the DSS group in C57BL/6 mice, followed by the 9AB&DSS
group (Fig. S1E). In BALB/c mice, the highest gut permeability was observed in the DSS-treated group,
followed by the DSS+H2O-treated group (Fig. S1E). This is similar to the histopathological where we
observed the maximum effect for DSS treatment.

Tight junction proteins such as ZO-1, Occludin, and Claudin-1 1 & 2 play a very crucial role in maintaining
the gut barrier integrity of the host [28, 29]. Therefore, we measured the transcription level changes of
the genes responsible for maintaining gut integrity. ZO-1, Ocln, and Cldn1 are downregulated genes in
leaky gut conditions, whereas Cldn2 is highly expressed in the leaky gut. We observed that Cldn2 was
overexpressed in DSS and 9AB&DSS-treated groups in both strains (Fig. 3F), and Ocln was highly
downregulated in BALB/c compared to C57BL/6 (Fig. S1G). So, the tight junction genes had a mixed
effect on their expression of the disease severity.

3. IL-1β, Not TNFα, Dominates the Colonic Inflammatory Response in C57BL/6 Mice Under Combined
Perturbation
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Building on the barrier and physiological data, we quantified the transcriptional inflammatory response
from colon tissue of both strains using an expanded cytokine panel that added IL-1beta and IL-17 to the
TNFα, IFN-gamma, and IL-10 measurements reported in our prior single-perturbation study [15]. We
measured mRNA expression of pro-inflammatory TNF-alpha (Fig. 3A), IL-6 (Fig. 3B), IL-17 (Fig. 3C), IL-1β
(Fig. 3D), and anti-inflammatory IL-10 (Fig. 3E) from colon tissue of both strains.

In C57BL/6 mice, IL-1β was the overwhelmingly dominant mediator across all perturbation conditions,
with fold-change values of 200 to 400 relative to day-0 controls (Fig. 3D, Fig. S2A&C), while TNFα, IL-6,
and IL-17 were altered by no more than 2 to 3-fold (Fig. 3A-C). This IL-1beta-centric signature appeared
under 9AB alone, DSS alone, and all combination regimens, suggesting it reflects a constitutive feature
of Th1-biased inflammatory architecture rather than a response to any specific perturbation trigger. This
reveals for the first time that IL-1beta substantially dominates the mucosal inflammatory response in
C57BL/6 mice under gut perturbation.

The magnitude of IL-1β induction observed here (200–400-fold) is notable in the context of human IBD,
where elevated mucosal IL-1β has been documented in treatment-refractory Crohn's disease and has
been proposed as a stratification marker for anti-IL-1 therapy responsiveness [30]. The constitutive
nature of this signature across all perturbation types in Th1-biased hosts suggests it reflects host-
intrinsic inflammatory architecture rather than a perturbation-specific response, a finding with
implications for patient endotyping.

In BALB/c mice, all five cytokines were modulated proportionately and, in a condition, dependent manner
without extreme dominance by any single mediator (Fig. 3A-E). Pairwise plots showing that most
condition pairs in BALB/c did not reach significant cytokine divergence (Fig. 3A-E). Only the combined
9AB & DSS regimen exceeded the regulatory threshold of the Th2-biased background and elicited
significant pro-inflammatory cytokine induction.

4. Direct Perturbation Depletes Microbial Diversity; Immune Bias Determines the Compositional
Trajectory

To identify the microbial correlates of the divergent host responses described above, we profiled cecal
microbial communities by 16S rRNA sequencing. Baseline phylum-level compositions were broadly
similar between C57BL/6 and BALB/c mice at day 0, confirming that post-perturbation differences
reflect host-driven responses rather than pre-existing community divergence. Shannon evenness index
analysis at genus level confirmed that 9AB caused the greatest reduction in microbial diversity in both
strains, followed by DSS+9AB and 9AB + DSS sequential regimens, while DSS alone produced the least
diversity reduction across all perturbation conditions, approaching untreated control values in both
strains (Fig. S2C). This confirms that direct perturbation depletes the microbiota whereas indirect
perturbation remodels community composition without equivalent diversity loss, extending our prior
single-agent observations [15] to combinatorial regimens.
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At the phylum level, C57BL/6 mice showed consistent Proteobacteria expansion under 9AB and
DSS+9AB conditions, while BALB/c mice retained Firmicutes-dominated communities across nearly all
treatment groups (Fig. S2A). The Proteobacteria expansion pattern in C57BL/6 under 9AB is consistent
with our prior observations under AVNM [15] and extends them to a broader depletion regimen,
reinforcing Proteobacteria expansion as a reproducible dysbiosis signature of Th1-biased hosts under
direct perturbation. At the genus level, stacked abundance profiles (Fig. S3A-B) showed that C57BL/6
mice expanded Orchobactum in 9AB and DSS+9AB treatment, and expanded Ruminococcus in DSS
treatment. An interesting observation is, in case of both strains the 9AB&DSS combined treatment
causes expansion of Clostridium, but in case of BALB/c the abundance went down again after 7 days
water treatment. But in case of C57BL/6 it kept expanding (Fig. S3A-B). Pairwise fold-change
comparisons quantifying how treatment conditions differed in their genus-level outcomes across all
possible condition pairs are provided in (Fig. S3C-D).

5. Pro-Inflammatory and Anti-Inflammatory Metabolite Dominance in C57BL/6 and BALB/c Mice
Captured by Phase-Plane Analysis

To provide a descriptive visualization of the temporal relationship between the measured pro- and anti-
inflammatory metabolite pools, we applied a Lotka-Volterra-type mathematical framework to the
aggregate LC-MS/MS data as a descriptive tool. Serum metabolites were classified as pro-inflammatory
or anti-inflammatory based on published literature (Supplementary Table 2 for C57BL/6 and
Supplementary Table 3 for BALB/c), and aggregate abundance sums within each category served as
state variables. The framework is applied strictly as a graphical representation of the measured
metabolite data; it does not constitute an independent experimental result.

In case of BALB/c, the stable steady state is more towards Y-axis then C57BL/6 in case of control
condition, which shows its natural tendency of higher anti-inflammatory response (Fig. 4A, Fig. 5A). In
both strains, 9AB and DSS treatment induced pro-inflammatory response, which was observed by their
shifted stable steady state towards X-axis (Fig. 4B-C, Fig. 5B-C). But in case of recovering conditions
(9AB+H2O and DSS+H2O), BALB/c could recover better then C57BL/6 (Fig. 4E-F, Fig. 5E-F). It might be
due to their different immune polarization.

This framework provides an intuitive visual summary of whether a host's metabolite landscape is
trending toward pro- or anti-inflammatory dominance over time, information not readily extracted from
standard pathway heatmaps, and reveals that Th2-biased hosts possess a wider anti-inflammatory basin
of attraction under the perturbation conditions tested.

6. Pathway Enrichment and Connectome Analysis Reveal Strain-Specific Metabolic Rewiring

To determine which metabolic pathways were significantly altered under each perturbation condition
and how they differed between strains, we performed pathway enrichment analysis on the untargeted
LC-MS/MS metabolite data using MetaboAnalyst 6.0 with the KEGG pathway library (impact factor > 
0.25). Bipartite condition-pathway networks constructed for C57BL/6 (Fig. 6B) and BALB/c (Fig. 6C)
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illustrate which pathways were enriched under each perturbation condition in each strain. In C57BL/6
mice, antibiotic-containing conditions consistently enriched arachidonic acid metabolism (impact factor
0.30, absent from BALB/c under all conditions), histidine metabolism (peak impact factor 0.59 under
9AB + DSS and sequential conditions), and thiamine metabolism (impact factor 0.67, the highest in the
entire dataset, also absent from BALB/c). This circuit is mechanistically coherent with the IL-1β
dominance described above: arachidonic acid metabolites (prostaglandin E2, leukotriene B4) amplify
NLRP3 inflammasome activation, histamine potentiates mast cell-driven IL-1β release via H3 receptor
signaling, and thiamine deficiency impairs colonocyte oxidative phosphorylation, sustaining rather than
resolving the inflammatory state. Butanoate (butyrate) metabolism appeared across multiple conditions
in C57BL/6 but was enriched in fewer conditions in BALB/c. In BALB/c mice, the condition-pathway
network showed distinctive pathways do not present in C57BL/6, including vitamin B6 metabolism
across seven conditions, glycerophospholipid metabolism in control and combined perturbation
conditions, and tryptophan metabolism with consistently higher impact factors (0.25 to 0.46) than in
C57BL/6 (0.25 to 0.33). Temporal resolution of pathway perturbation is provided by pathway impact
heatmaps at days 7 and 14 for each strain (Fig. 6D-E for C57BL/6; Fig. 6F-G for BALB/c). Notably, during
the recovery phase, C57BL/6 showed a dramatically higher number of enriched pathways in the
combined 9AB&DSS+H2O condition (13 pathways, including the TCA cycle, riboflavin, pentose
phosphate, and glyoxylate metabolism), indicative of broad uncoordinated metabolic disruption rather
than targeted repair, while BALB/c showed only 5 enriched pathways in the same condition and
additionally activated biotin metabolism during both DSS+H2O and DSS_9AB+H2O recovery, a reparative
signature associated with fatty acid synthesis and colonocyte membrane renewal.

To understand how microbial compositional changes and metabolite perturbations were integrated at a
systems level, we constructed microbe-metabolite interaction networks from Spearman rank
correlations (|r| >= 0.8) between genus-level microbial abundances and circulatory metabolite
abundances (Fig. S4 for C57BL/6 and Fig. S5 for BALB/c). Key metabolites contributing to the most
significantly altered pathways within each strain were identified (Fig S6B for C57BL/6 and Fig S7B for
BALB/c) and specific microbial genera relate to overall metabolic pathway alterations in each strain, we
mapped the correlated genera to their associated metabolic changes across all conditions for C57BL/6
(Fig. S6A, Fig. S8A-H) and BALB/c (Fig. S7A, Fig. S9A-H), showing how different genera are connected
through shared metabolic alterations. Integrated network analysis linking microbial abundances with
metabolite profiles revealed immune bias-specific rewiring of host-microbe metabolic

Discussion

Overview
This study examined how host immune bias shapes the consequences of combining broad-spectrum
microbial depletion with epithelial injury in experimental colitis [15]. By jointly varying the mode (direct
versus indirect) and timing (single, sequential, concurrent, and recovery) of gut perturbations in Th1-
biased C57BL/6 and Th2-biased BALB/c mice and integrating histopathology, barrier function, an
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expanded cytokine panel, microbiome profiling, metabolomics, and microbe–metabolite networks,
several mechanistic themes emerged. First, antibiotic timing relative to epithelial damage determines
whether combined perturbation exacerbates or attenuates mucosal injury, and this effect is strongly
conditioned by immune endotype. Second, IL-1β, rather than TNF-α, dominates the colonic inflammatory
response to combined perturbation in C57BL/6 mice, defining a distinctive cytokine architecture. Third,
strain-specific metabolic circuits—an arachidonic acid–histidine–thiamine axis in C57BL/6 and a
tryptophan–biotin–glycerophospholipid axis in BALB/c—link immune bias to divergent trajectories of
barrier failure versus repair. Together, these data support an endotype-based framework in which the
same antibiotic exposure may have fundamentally different outcomes depending on host immune
polarization.

Human IBD Omics Contextualization:
The Th1-specific arachidonic acid–histidine–thiamine circuit identified here maps onto molecular
features documented in human IBD multi-omics cohorts. In the HMP2/IBDMDB study by Lloyd-Price et al
[18]. Crohn's disease patients showed elevated arachidonic acid metabolism and depleted tryptophan
pathway activity compared with controls, mirroring the C57BL/6 versus BALB/c divergence observed
here. The tryptophan–biotin–glycerophospholipid axis enriched in BALB/c mice during recovery
resembles the metabolic signature associated with mucosal healing in ulcerative colitis patients
reported by Franzosa et al [31], where tryptophan pathway activity and short-chain fatty acid-linked
metabolites were enriched in patients achieving clinical remission. IL-1β dominance in C57BL/6 mice is
consistent with single-cell transcriptomic data from human IBD biopsies identifying an NLRP3-active, IL-
1β-high macrophage subpopulation enriched in steroid-refractory disease. While causal equivalence
between mouse immune endotypes and human IBD subtypes cannot be assumed, these parallels
strengthen the translational relevance of the circuits identified and suggest that stratifying IBD patients
by IL-1β status and tryptophan pathway activity may help predict antibiotic responsiveness and mucosal
recovery capacity [32, 33]

Antibiotic Timing and Immune Context Jointly Determine
Whether Combined Perturbation Is Protective or Harmful
The histological and permeability data establish that sequential antibiotic treatment attenuates DSS-
driven mucosal injury regardless of order, while concurrent treatment does not, and that this protection is
more functionally complete in BALB/c than in C57BL/6. This finding has direct clinical relevance given
that antibiotics are prescribed to over 50 percent of IBD patients per year during active mucosal
inflammation [34]. The present data demonstrate that it is: in Th2-biased BALB/c mice, sequential
antibiotic treatment followed by recovery allows near-complete mucosal restitution, while in Th1-biased
C57BL/6 mice, DSS withdrawal alone fails to restore barrier integrity regardless of antibiotic timing. The
persistent IL-1β -driven inflammatory state, not the perturbation itself, is the primary obstacle to recovery
in Th1-biased hosts, a conclusion supported by the pathway data showing that C57BL/6 mice fail to
activate reparative biotin and glycerophospholipid metabolism during recovery while BALB/c mice do.
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From a clinical standpoint, these data suggest that the sequencing of antibiotic therapy relative to active
mucosal injury, not merely the choice of antibiotic agent, may influence outcome in a manner contingent
on the patient's inflammatory endotype. Patients with IL-1β-high, arachidonic acid-enriched profiles may
not benefit from concurrent antibiotic–anti-inflammatory regimens in the same way as those with
tryptophan-enriched, reparative metabolic profiles. Prospective stratification of IBD patients by mucosal
IL-1β levels or serum tryptophan to kynurenine ratios before antibiotic prescription could provide a
testable clinical framework derived from these experimental findings.

IL-1β Dominance Under Combined Perturbation: A New
Discovery Through Expanded Cytokine Profiling
The 200 to 400-fold IL-1β induction in C57BL/6 mice across all perturbation conditions, dwarfing TNF-
alpha, IL-6, and IL-17 which changed by no more than 2 to 3-fold, is a finding enabled by the expanded
cytokine panel that added IL-1β and IL-17 to the measurements reported in our prior single-perturbation
study [15]. IL-1β production via the NLRP3 inflammasome is activated by commensal-derived pathogen-
associated molecular patterns and damage-associated molecular patterns from DSS-injured epithelium
[35], and the constitutive appearance of this signature under every perturbation type suggests it reflects
a host-intrinsic property of Th1-biased inflammatory architecture. The pathway data mechanistically
connect this cytokine finding to specific metabolic circuits: arachidonic acid metabolism, absent from
BALB/c under all conditions but present across six conditions in C57BL/6, generates prostaglandin E2
and leukotriene B4, which amplify IL-1β signaling through cAMP and NF-kappaB pathways respectively
[36, 37]. This creates a self-reinforcing lipid-cytokine loop in which NLRP3-derived IL-1beta activates
phospholipase A2 to release arachidonic acid, and the resulting eicosanoids further potentiate IL-1beta
production [38–40].

Thiamine Deficiency Links Energy Metabolism Failure to
Inflammatory Persistence in Th1-Biased Hosts
Thiamine (vitamin B1) metabolism carried the highest impact factor in the entire dataset at 0.667 and
appeared exclusively in C57BL/6 mice across five conditions. Thiamine is the obligate cofactor for
pyruvate dehydrogenase and alpha-ketoglutarate dehydrogenase, the enzymes coupling glycolysis to the
TCA cycle and sustaining oxidative phosphorylation in colonocytes [41]. The concurrent appearance of
TCA cycle disruption (citrate cycle pathway at impact factor 0.29) exclusively in C57BL/6 in the
combined 9AB&DSS recovery condition confirms that mitochondrial energy metabolism is compromised
precisely when recovery should be occurring. This creates a metabolic environment that sustains rather
than resolves inflammation: compromised oxidative phosphorylation in colonocytes impairs epithelial
barrier restitution. In contrast, BALB/c mice showed vitamin B6 metabolism across seven conditions
instead of thiamine. Vitamin B6 (pyridoxine) is essential for T cell activation, proliferation, and
differentiation [42], suggesting a fundamentally different metabolic prioritization in Th2-biased hosts.

Thiamine deficiency is increasingly recognized in hospitalized IBD patients, particularly those on
prolonged antibiotic therapy or parenteral nutrition. The present data provide a mechanistic basis for this
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clinical observation: antibiotic-driven microbial depletion in Th1-biased hosts specifically disrupts
thiamine metabolism pathways, compromising colonocyte mitochondrial function at a time when barrier
restitution is most critical. This interpretation suggests that thiamine supplementation may be
particularly beneficial during antibiotic therapy in IBD patients with Th1-dominant immune profiles, a
hypothesis amenable to testing in clinical supplementation trials.

Histidine Metabolism Amplifies Combined Perturbation
Injury in C57BL/6 Mice
Histidine metabolism showed the highest condition-specific impact factors in C57BL/6, peaking at 0.59
under the sequential and combined 9AB and DSS conditions, consistently exceeding the maximum
values observed in BALB/c (0.50). Histidine is the direct precursor of histamine, which activates H1 and
H2 receptors on mast cells supporting the inflammation[43, 44]. The elevated histidine pathway impact
specifically under conditions combining direct microbial depletion with epithelial damage suggests that
histamine-mediated amplification contributes to the non-additive injury observed under combined
perturbation in C57BL/6. Mast cell-derived histamine also directly potentiates NLRP3 inflammasome
assembly through H3 receptor signaling [45], providing an additional mechanistic link between the
histidine pathway finding and the IL-1beta dominance established in the cytokine data.

Tryptophan and Biotin Pathways Define a BALB/c Recovery
Metabolome Absent from C57BL/6
The most mechanistically informative BALB/c-enriched findings are the tryptophan, biotin, and
glycerophospholipid pathways. Tryptophan metabolism appeared in BALB/c with consistently higher
impact factors (0.25 to 0.46) than in C57BL/6 (0.25 to 0.33). Tryptophan catabolism through the indole
pathway generates aryl hydrocarbon receptor (AhR) ligands that induce colonic regulatory T cells,
promote IL-10 and IL-22 secretion from innate lymphoid cells, and reinforce tight junction expression
[46–48]. The higher tryptophan pathway impact in BALB/c under antibiotic conditions suggests that the
host upregulates its own tryptophan catabolism to compensate for the loss of microbial AhR ligand
production, a compensatory host-level response entirely absent in C57BL/6. Biotin metabolism appeared
exclusively in BALB/c in three recovery conditions. Biotin drives acetyl-CoA carboxylase for fatty acid
synthesis and membrane phospholipid production [49, 50], and its activation during recovery indicates
that Th2-biased hosts direct metabolic resources toward membrane lipid synthesis and colonocyte
renewal. This is reinforced by the exclusive appearance of glycerophospholipid metabolism in BALB/c in
control and combined perturbation conditions, providing the phospholipid precursors required for mucus
layer and membrane integrity [51]. The complete absence of these reparative lipid pathways from
C57BL/6 under all conditions provides a metabolic explanation for the failure of barrier restitution in Th1-
biased hosts that complements the histological and permeability findings.

Dietary strategies that enhance microbial tryptophan catabolism, including tryptophan-enriched diets,
indole-producing probiotic strains, or AhR-activating food components, may preferentially benefit IBD
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patients with preserved Th2-reparative capacity, whereas patients with Th1-dominant endotypes may
require adjunctive IL-1β blockade or thiamine supplementation to unlock similar recovery capacity.

Limitations and Translational Implications
Several limitations should be considered when extrapolating these findings to human IBD. The study
used only male mice, so sex-specific effects on immune bias, microbiota composition, and metabolic
pathways cannot be assessed. Sample sizes were appropriate for discovery but will require confirmation
with larger, prospectively powered cohorts, including adjustment for multiple testing in metabolomic and
microbiome analyses. The 9AB cocktail was designed to achieve broad-spectrum depletion and
precludes attribution of effects to individual antibiotic classes. The pathway enrichment and network
analyses are correlative and based on metabolite membership rather than direct flux measurements;
stable isotope tracing and targeted perturbation of the arachidonic, histidine, thiamine, tryptophan, and
biotin pathways will be necessary to validate causality.

Despite these limitations, the integrative design provides a mechanistic framework that is readily
testable in translational settings. Future work should focus on (i) defining IL-1β-high versus IL-1β-low
endotypes in IBD patients and relating them to antibiotic exposure patterns and clinical outcomes, (ii)
experimentally modulating the identified metabolic nodes (e.g., cyclooxygenase inhibition, thiamine
supplementation, histamine receptor blockade, or enhancement of AhR ligand production) in animal
models, (iii) mapping human microbiome–metabolome networks onto the circuits described here. Such
efforts could help move antibiotic decision-making and adjunctive metabolic therapies toward a more
personalized, immune endotype-tailored approach in IBD, iv) the nine-antibiotic cocktail was designed for
broad-spectrum depletion and does not model the targeted antibiotic regimens (e.g.,
ciprofloxacin/metronidazole, rifaximin) most used in clinical IBD management. Future studies using
clinically relevant single-agent or narrow-spectrum regimens will be necessary to determine which
components of the arachidonic–thiamine–histidine or tryptophan–biotin circuits are antibiotic-class
specific versus host endotype-intrinsic, and v) metabolomics was performed on serum and cecal
content; mucosal metabolomics and epithelial flux measurements will be required to confirm that the
identified circulating metabolite shifts reflect the intracellular biochemical state of colonocytes during
barrier restitution.
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Figure 1

Schematic diagram of the experimental design.

Male C57BL/6 (Th1-biased) and BALB/c (Th2-biased) mice aged 6 to 8 weeks were exposed for 15 days
to a nine-antibiotic cocktail (9AB; direct perturbation), dextran sulfate sodium (DSS; indirect
perturbation), or all possible single, sequential, and combinatorial regimens, with untreated controls.
Treatment groups included: 9AB alone, DSS alone, concurrent 9AB&DSS, sequential 9AB followed by DSS
(9AB+DSS), sequential DSS followed by 9AB (DSS+9AB), 9AB followed by water recovery (9AB+H2O),
DSS followed by water recovery (DSS+H2O), and concurrent 9AB&DSS followed by water recovery
(9AB&DSS+H2O). 
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Figure 2

Differential effects of direct, indirect, and a combination of direct and indirect gut microbial
perturbations on colon tissue of Th1 and Th2 biased mice.

Due to differential treatment effects, we observed various levels of intestinal tissue atrophy in C57BL/6
(Th1) and BALB/c (Th2) mice. We performed H&E staining (A-I, S-AA) and Alcian Blue/PAS staining (J-R,

Page 22/26



AB-AJ) of the colon sections of the control. We treated C57BL/6 and BALB/c mice to measure the
changes in epithelium tissue morphology, mucosal architecture, and inflammatory cell infiltration. The
image of the histological section of the colon by bright-field microscopy at 20X. We scored the tissue
atrophy (AK) using the blind-unbiased method to quantify the changes in intestinal morphology due to
perturbation in both Th1 and Th2-biased mice.

We presented data as the means ± SD (n=6). We calculated the statistical significance by comparing the
values of the treated groups at various time points with their respective control groups. We used two-
way ANOVA followed by the Bonferroni test to determine the significance level of all analyses. *
corresponds to P < 0.05, ** corresponds to P < 0.01, *** corresponds to P < 0.001, **** corresponds to P
< 0.0001. (For histological analysis, pictures were taken with a magnification of 20X, scale bar 100µm).

Figure 3

Transcriptional quantification of the inflammatory markers of the colon tissue as a consequence of the
various levels of perturbation in both Th1 and Th2-biased mice.

We quantified the changes in the mRNA expression of both pro- and anti-inflammatory genes from the
colon tissue. We measured the transcriptional changes of pro-inflammatory TNFa (A), IL6 (B), IL17 (C),
IL1b(D) and anti-inflammatory IL10 (E) from both Th1 and Th2 biased mice.

We presented data as means ± SEM (n=3). We performed a t-test to determine the significance level. *
Corresponds to P < 0.05, ** corresponds to P <0.01, *** corresponds to P < 0.001, **** corresponds to P
<0.0001.
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Figure 4

Phase portrait of the pro- and anti-inflammatory microbiota-derived metabolites in C57BL/6 (Th1)
mice.

We categorized the significantly altered microbial metabolites as pro (PI) and anti-inflammatory (AI)
from all the treatment conditions in C57Bl/6 mice. We employed Nullcline methodology to analyze the
expression values of altered metabolites to understand condition-wise inflammatory dynamics of the
host due to altered gut microbial compositions. Phase plots depict the dynamic trajectories of pro and
anti-inflammatory metabolites in various conditions: control (A), 9AB (B), DSS (C), 9AB&DSS (D),
9AB+H2O (E), DSS+H2O (F), 9AB&DSS+H2O (G), 9AB+DSS (H), DSS+9AB (I) in Th1-biased mice.
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Figure 5

Phase portrait of the pro- and anti-inflammatory microbiota-derived metabolites in BALB/c (Th2) mice.

We categorized the significantly altered microbial metabolites as pro (PI) and anti-inflammatory (AI)
from all the treatment conditions in BALB/c mice. We employed Nullcline methodology to analyze the
expression values of altered metabolites to understand condition-wise inflammatory dynamics of the
host due to altered gut microbial compositions. Phase plane depicts the dynamic trajectories of pro- and
anti-inflammatory metabolic profiles in various conditions: control (A), 9AB (B), DSS (C), 9AB&DSS (D),
9AB+H2O (E), DSS+H2O (F), 9AB&DSS+H2O (G), 9AB+DSS (H), DSS+9AB (I) in Th2-biased mice.
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Figure 6

Shared pathways under multiple treatment combinations.

(A) Schematic diagram of finding condition-specific response by comparing each condition with day 0
control. (B, C) Condition pathway network for C57BL/6 and BALB/c mice. (D, E) Pathway abundance
heatmap of C57BL/6 mice. (F, G) Pathway abundance heatmap of BALB/c mice.
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