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Enhancing Experimental Rigor and Reproducibility in Laboratory
Animal Research on the Gut-Brain-Immune Axis

ABSTRACT

Laboratory animal models are essential for investigating neuroimmune and systemic
biological processes; however, experimental outcomes are often influenced by
unrecognized biological and methodological variability. Increasing evidence suggests that
coordinated dysfunction across multiple epithelial interfaces including gastrointestinal,
dermal, and respiratory barriers represents an underappreciated source of variability in
laboratory animal research. In standardized rodent studies, such barrier interdependence
may contribute to systemic inflammation, neuroimmune priming, and inconsistent
experimental findings. This narrative review synthesizes evidence from laboratory animal
science and comparative pathology to propose a unified multi-barrier framework for
interpreting experimental validity in gut-brain-immune (GBI) axis research. We examine how
epithelial barrier disruption, metabolic and mitochondrial stress, and innate immune
activation particularly sterile inflammatory pathways involving NLRP3 signaling interact to
influence central nervous system homeostasis and commonly measured neuroimmune and
behavioral outcomes. Emerging concepts, including epigenetic programming and
glymphatic clearance, are discussed as integrative mechanisms linking peripheral
physiological stress to central nervous system responses. The review also highlights
environmental stressors, housing conditions, species- and strain-specific susceptibility, and
perimortem tissue handling as important yet frequently overlooked variables in laboratory
animal studies. Comparative observations from wild and captive species are considered as
sentinel indicators of barrier vulnerability within a One Health framework. In addition,
methodological refinements such as nano-enabled delivery platforms are discussed as tools
that may improve dosing consistency and mechanistic interpretability. As a narrative review,
the proposed framework is hypothesis-generating and remains conceptually oriented rather
than causally established.

Keywords: Comparative pathology, Gut-brain-immune axis, Multi-barrier framework, Sterile
inflammation (NLRP3 inflammasome).

Introduction

The gut-brain-immune (GBI) axis has emerged as a central framework for understanding
how peripheral physiology influences neural function, behavior, and disease susceptibility
across animal species (Pereira et al., 2024). In laboratory animal research, GBI-focused
models are increasingly employed to investigate neurodegenerative disorders, affective
and cognitive dysfunction, metabolic disease, and immune-mediated pathologies (Mller
& Di Benedetto, 2025). Yet the inherent sensitivity of these systems to environmental and
physiological variability presents a significant challenge for experimental consistency and
interpretation. Despite rapid expansion of this field, experimental findings often show

Journal of Laboratory Animal Science and Practices


https://orcid.org/0000-0003-0516-4023
https://orcid.org/0000-0002-0741-3954

substantial variability, raising concerns regarding
reproducibility and translational interpretation (Pereira et
al., 2024). These challenges suggest that key biological
variables influencing GBI regulation in laboratory animals
remain incompletely defined (Miiller & Di Benedetto 2025).
Although this review focuses on GBI axis research, the
principles discussed barrier interdependence, metabolic
and immune stress, methodological variability, and staged
validation are broadly applicable across laboratory animal

science.

Current GBI research has predominantly focused on the
intestinal barrier and gut microbiota as primary drivers of
systemic and neuroimmune outcomes (Park et al., 2025).
While this approach has yielded important insights, it may
underestimate the contribution of other epithelial
interfaces that are continuously exposed to environmental
and experimental stressors (Missal et al., 2024).

This review introduces a unified multi-barrier framework,
recognizing that intestinal, dermal, and respiratory barriers
act as interconnected systems whose dysfunction can
amplify  systemic inflammation and neuroimmune
variability (Lucas et al., 2024; Missal et al., 2024; O’Riordan
et al.,, 2025; Park et al.,, 2025). Subsequent sections
elaborate on this framework in relation to comparative
pathology, metabolic stress, and sterile inflammation,
highlighting its relevance for reproducibility and
translational integrity in laboratory animal research.

Another emerging and timely area of scientific interest is
the role of epigenetic programming in shaping long-term
immune and neurobehavioral responses. Environmental
stressors common to laboratory and captive animal
environments can  induce

persistent  epigenetic

modifications affecting inflammatory signaling,
mitochondrial function, and stress responsivity (Sajjanar et
al., 2025; Sun et al., 2025). Such epigenetic priming may
predispose animals to exaggerated or blunted responses in
experimental models, contributing to inter-study variability
and complicating data interpretation (Marei, 2025;
Skinner, 2025). Incorporating epigenetic mechanisms into
a multi-barrier GBI framework therefore provides a
biologically grounded explanation for latent variability in

laboratory animal phenotypes.
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Importantly, these peripheral epigenetic imprints do not
remain isolated but may converge on central nervous
system homeostasis through neuroimmune clearance
pathways. In particular, the glymphatic system has
emerged as a critical interface linking peripheral
inflammatory and metabolic disturbances  with
neuroinflammation and cognitive outcomes (Chen, Wang

et al.,, 2025).

Recent work has expanded glymphatic research beyond
sleep physiology and neurodegeneration to include
sensitivity to systemic immune activation and metabolic
stress hallmarks of epithelial barrier dysfunction (Bohr et
al., 2022; Mogensen et al., 2021). Complementary evidence
from rodent models further supports this peripheral—
central coupling: Saihati et al., (2026) demonstrated that
chronic exposure to proton pump inhibitors and H2
receptor antagonists induced neurocognitive decline in
Wistar rats through systemic metabolic and signaling
pathways, reinforcing the plausibility of barrier-linked
mechanisms (Saihati et al., 2026). The glymphatic system
has emerged as a promising translational endpoint in
laboratory animal research, with rodent studies
demonstrating its sensitivity to sleep, anesthesia, posture,
and systemic inflammation. While further targeted animal
model studies are needed to validate its role, glymphatic
clearance provides a biologically plausible mechanism
linking peripheral stressors to central outcomes.

From a One Health perspective, comparative pathology in
wild and captive species provides valuable sentinel insights
into how environmental stress, barrier disruption, and
immune activation interact across biological systems
(McGill, 2025). Integrating these observations with
laboratory animal research offers a unique opportunity to
identify conserved mechanisms that influence disease
modeling and translational relevance (Wang et al., 2025).
This comparative approach represents a further novel
aspect of the review, positioning laboratory animals not as
isolated systems but as part of a broader biological
continuum (McGill, 2025; Wang et al., 2025).

While framed primarily through the lens of GBI axis
research, the conceptual framework outlined here has
broader implications for laboratory animal science. Barrier
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dysfunction, metabolic stress, sterile inflammation, and

methodological  variability represent  cross-cutting
challenges in toxicology, neuroscience, immunology, and
pharmacology. Recognizing and addressing these shared
enhance

vulnerabilities  may experimental rigor,

reproducibility, and animal welfare across disciplines.

As a narrative synthesis, this review draws on targeted
PubMed and Web of Science searches guided by relevance
to the multi-barrier framework, while acknowledging the
inherent risks of selection bias and incomplete coverage.
Building on this foundation, the review synthesizes current
evidence from laboratory animal studies, comparative
pathology, and emerging mechanistic research to propose
a unified multi-barrier model of GBI axis dysfunction. By
emphasizing epithelial barrier integrity, epigenetic priming,
sterile inflammation, and neuro-immune clearance
pathways, the review highlights several high-interest topics
in contemporary biomedical science while maintaining a
clear focus on laboratory animal research. Ultimately, this
framework seeks to guide future experimental design,
improve reproducibility, and enhance the translational
validity of neuroimmune studies through refined
interpretation of biological variability and animal-centered
methodological rigor.

The Multi-Barrier Framework and Comparative Pathology
in Laboratory Animal Research

Epithelial barriers represent the primary interfaces through
which laboratory animals interact with their environment,
experimental conditions, and microbial exposures.
Increasing evidence indicates that dysfunction across these
barriers is not isolated, but coordinated, with systemic
for immune metabolic

consequences activation,

regulation, and neurophysiological outcomes.

The Multi-Barrier Framework: Coordinated Epithelial
Dysfunction

Building on the multi barrier framework introduced in the
Introduction, this section examines how comparative
pathology highlights coordinated epithelial dysfunction
and its implications for reproducibility.
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Comparative Pathology and Experimental Reproducibility
in Laboratory Animal Science

Comparative pathology across sentinel, captive, and
laboratory species provides a powerful framework for
identifying conserved mechanisms of barrier dysfunction
and immune-metabolic dysregulation relevant to GBI
research. Observations from nontraditional and sentinel
species can reveal biological vulnerabilities that may
remain latent or underappreciated in standardized rodent
models, highlighting the value of broadening species
selection beyond conventional laboratory rodents (Le
Maho et al., 2025; Sikes & Paul, 2013; Sudrez-Bonnet &
Ramirez Rivero, 2023). By integrating findings from wild,
captive, and laboratory animals, comparative pathology
enhances the interpretation of experimental phenotypes
and supports refinement of animal models, particularly by
leveraging species specific insights into host physiology,
immune responses, and disease progression (Groll et al.,
2024; Mukherjee et al., 2022).

Quantitative estimates of the prevalence of subclinical
barrier dysfunction in laboratory rodent facilities remain
scarce, and available data are largely anecdotal or facility
specific; this gap highlights the need for systematic
surveillance.

Sentinel Species and Barrier Vulnerability

Sentinel species exposed to environmental stressors often
manifest early or exaggerated forms of epithelial barrier
dysfunction, providing insight into systemic immune
activation mechanisms relevant to laboratory mammals.
Pathological findings in Spalax leucodon (Egyptian mole
rat), for example, demonstrate how chronic dermal insult
such as parasitic perifollicular dermatitis can function as a
primary immunological stressor. Field studies have
identified mixed ectoparasitic infestations, including
Lynxacarus egyptiacus and Polyplax serrata, resulting in
keratinolysis and perifollicular inflammation  with
prominent lymphocytic infiltration (Tamam, 2014).
Importantly, dermal barrier disruption in these animals is
frequently accompanied by secondary pathology at distal
epithelial interfaces.
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Evidence directly linking dermal barrier dysfunction to GBI
outcomes in laboratory rodents remains limited; this
section is therefore framed as hypothesis generating,
supported by comparative pathology and correlative
observations.

Similar patterns are observed in sentinel carnivores such as
the cheetah (Acinonyx jubatus), where environmental and
management-associated stressors are linked to chronic
gastritis and lymphoplasmacytic enteritis, systemic
immune dysregulation, and increased susceptibility to
opportunistic respiratory infections (Terio et al., 2005).
Across sentinel taxa, epithelial barrier failure is rarely
localized; instead, it reflects circulating inflammatory
mediators and sterile inflammatory signaling that
compromise multiple mucosal surfaces simultaneously
(O’Riordan et al., 2025).

Although Spalax is not a conventional laboratory species,
comparable patterns of barrier interdependence have
been reported in rodents subjected to chronic stress,
suboptimal housing, or immune challenge. While these
parallels are primarily supported by review level
observations, they provide hypothesis generating insights
into how sentinel species pathology may inform laboratory
rodent research. In laboratory mice and rats, dermal
irritation, respiratory mucosal inflammation, and intestinal
dysbiosis frequently co-occur under conditions such as
overcrowding, altered bedding, or environmental
instability. These parallels underscore the translational
relevance of sentinel species pathology and support its use
as a hypothesis-generating framework for understanding
barrier-driven variability in laboratory animal research.

Implications for Experimental Reproducibility

The convergence of epithelial barrier disruption, metabolic
stress, and immune activation across species highlights the
importance of considering systemic pathology when
interpreting laboratory animal data. Failure to recognize
subclinical barrier dysfunction or metabolic compromise
may contribute to unexplained variability in
neurobehavioral, inflammatory, or therapeutic outcomes.
In this context, comparative pathology functions not only
as a descriptive discipline but also as a hypothesis-
generating tool for identifying hidden covariates in

experimental design (Ardicli et al., 2024). By situating
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laboratory findings within a broader comparative
framework, researchers can better distinguish conserved
biological responses from model-specific artifacts, thereby
strengthening reproducibility, translational relevance, and
animal welfare (Lange & Inal, 2024).

Key examples of epithelial barrier dysfunction across
species and their relevance to laboratory animal models
are summarized in Table 1.

Metabolic and Mitochondrial Pathology as Upstream
Drivers of Sterile Inflammation

Comparative pathological studies in wild and captive
mammals, including Acinonyx jubatus (cheetah), further
highlight the role of metabolic dysregulation in systemic
inflammation. In cheetahs, captivity associated stressors
such as altered diet, restricted exercise, and psychosocial
stress have been linked to a high prevalence of chronic
lymphoplasmacytic gastritis associated with Helicobacter
spp., despite similar colonization patterns in wild
populations, underscoring the influence of environmental
and metabolic stress on barrier pathology and immune
activation (Mangiaterra et al., 2022; Terio et al.,, 2005).
Captive cheetah pathology also frequently involves hepatic
alterations, including amyloid deposition and other signs of
systemic metabolic strain, suggesting a broader metabolic
syndrome like phenotype in affected individuals.

Published evidence from metabolic stress models across
species demonstrates that high fat diets, chronic
inflammation, and related metabolic challenges induce
hepatic steatosis and focal necrosis, accompanied by
pronounced mitochondrial dysfunction characterized by
altered oxidative phosphorylation, increased reactive
oxygen species production, and the release of
mitochondrial damage associated molecular patterns
(mtDAMPs) that amplify inflammatory signaling pathways
(Ding et al., 2023; Guan et al., 2025). Importantly, similar
metabolic and mitochondrial features are observed in
laboratory rodents subjected to high fat diets or
experimental inflammatory stress, where systemic low
grade inflammation, mitochondrial impairment, and
dysregulated metabolic signaling contribute to multi organ
pathology including hepatic and adipose (Elshareif et al.,
2023). These parallels reinforce the translational relevance
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of comparative metabolic pathology to laboratory animal
research and highlight mitochondria as central hubs linking
metabolic dysregulation to immune activation across
species.

Mitochondrial dysfunction is of particular relevance to
laboratory animal models, as impaired mitophagy can
result in the cytosolic release of mitochondrial DNA
(mtDNA), a potent activator of innate immune pathways
such as cGAS-STING signaling (Decout et al., 2021). In
parallel, metabolic by-products such as urate crystals and
lipid-rich deposits classically observed in conditions
including avian visceral gout and hepatic steatosis serve as
macro-pathological indicators of NLRP3 inflammasome
activation (Warda et al., 2025). Activation of these
pathways has been implicated in sterile inflammation,
neuroimmune priming, and altered behavioral outcomes in
rodent models of metabolic stress and chronic
inflammation, reinforcing the translational value of
comparative metabolic pathology for interpreting

80

laboratory animal phenotypes (O’Riordan et al., 2025).
Such conserved metabolic-mitochondrial responses across
species highlight the utility of comparative pathology for
anticipating immune and behavioral phenotypes in
laboratory rodents subjected to metabolic or inflammatory
challenge.

Collectively, conserved metabolic and mitochondrial stress
responses across species suggest that peripheral immune—
metabolic dysregulation may exert effects beyond local
tissues, with implications for central nervous system
homeostasis. Sterile inflammation driven by mitochondrial
dysfunction, inflammasome activation, and circulating
metabolic mediators provides a plausible mechanistic link
between peripheral pathology and neuroimmune
outcomes frequently assessed in laboratory animal models.
These systemic signals may influence cerebrovascular
dynamics, immune priming, and waste clearance
mechanisms, positioning central clearance pathways as

downstream integrators of peripheral stress.

Table 1.
Comparative pathology of epithelial barrier dysfunction across species and relevance to laboratory animal models.
Species / Primary Barrier Relevance to Laboratory
Key Pathology Observed . References
Model Affected Animal Models
Highlights barrier
Spal Parasitic perifollicular interdependence; parallels
alax
i P d Dermal - Respiratory dermatitis; secondary stress-induced dermal and (Tamam, 2014)
eucodon
mycotic granulomas respiratory inflammation in
rodents
Models captive stress and
Aci Mitochondrial swelling; metabolic dysregulation
cinonyx
ubat Y Metabolic / Hepatic nucleolar fragmentation; relevant to diet- and (Tordiffe, 2017)
ubatus
/ impaired mitophagy inflammation-induced
rodent studies
L . (Okumura &
Laboratory Dysbiosis; increased gut Core GBI model; influenced
. . . . } ) Takeda 2024;
mouse (Mus Intestinal / Systemic permeability; sterile by housing, diet, and Stolfi et al
olfietal.,,
musculus) inflammation handling
2022)
. i (Rothenburger
Laboratory rat ) . Relevant to inhalation
. . Mucosal inflammation; ] ) et al., 2015;
(Rattus Respiratory / Metabolic o studies, anesthesia effects, .
. oxidative stress ) . Wiriansya et al.
norvegicus) and chronic stress paradigms 2023)

Notes: GBI, gut-brain-immune axis; Mus musculus, laboratory mouse; Rattus norvegicus, laboratory rat; Spalax leucodon, blind mole rat;

Acinonyx jubatus, cheetah.
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Glymphatic Function and Neuroimmune Homeostasis in
Laboratory Models

The glymphatic system has emerged as a critical pathway
for cerebrospinal fluid-interstitial fluid exchange and
metabolic waste clearance in the central nervous system,
primarily characterized in rodent models (lliff et al., 2012).
Experimental studies in mice and rats have demonstrated
that glymphatic activity is strongly influenced by
physiological states commonly manipulated in laboratory
settings, including sleep-wake cycles (Xie et al., 2013), body
posture (Lee et al.,, 2015), circadian rhythms, and
anesthetic regimens (Gakuba et al., 2018). These findings
underscore the relevance of glymphatic function to
laboratory animal research, particularly in studies assessing
neuroinflammation, cognition, and neurodegeneration.

Sleep has been identified as a major modulator of
glymphatic clearance, with slow-wave sleep facilitating
increased interstitial space and enhanced convective fluid
flow (Hauglund & Nedergaard, 2025). Conversely, sleep
deprivation and fragmentation impair glymphatic
efficiency and alter aquaporin-4 expression, leading to
reduced clearance of neurotoxic metabolites (Vasciaveo et
al., 2023). Recent mechanistic work further demonstrates
that norepinephrine oscillations during natural sleep
actively regulate glymphatic clearance, clarifying why
anesthesia produces distinct clearance dynamics compared
to physiological sleep (Martini, 2025). Indeed, commonly
used anesthetics in rodent research differentially affect
glymphatic flow, highlighting anesthesia as a potential
confounding variable in neurobiological experiments
(Gakuba et al., 2018). In addition to sleep and anesthesia,
body posture also modulates glymphatic transport, with
lateral positions enhancing clearance compared to supine
(Lee et al., 2015).

Beyond central nervous system-specific factors, emerging
evidence suggests that peripheral physiological states may
indirectly influence glymphatic function. Systemic
inflammation, metabolic stress, and altered vascular
dynamics conditions frequently observed in experimental
disease models and under chronic stress have the potential
to modify cerebrovascular pulsatility and fluid exchange
(Krings et al., 2025). In this context, it is plausible
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that systemic metabolic dysregulation and sterile
inflammatory signaling may influence the pressure
gradients necessary for effective glymphatic clearance,
although direct causal relationships remain to be
established (Chen, Wang et al., 2025).

Comparative pathology further supports the relevance of
this conceptual linkage. Metabolic disorders and
inflammatory conditions in animal models, including
hepatic dysfunction and peripheral metabolic stress, have
been shown to contribute to neuroinflammatory cascades
and alterations in central metabolism and behavior in
controlled studies of obesity and liver-brain axis
dysfunction (Asimakidou et al., 2025). Mitochondrial
dysfunction has been mechanistically tied to chronic
inflammation and systemic metabolic imbalance, with
pathways such as JAK2/STAT3 activated in hyperuricemia-
induced stress models (Kim et al.,, 2025). While these
observations do not confirm impaired glymphatic function
per se, emerging reviews emphasize the importance of
exploring how metabolic dysregulation may disrupt
glymphatic clearance and peripheral-central coupling
mechanisms (Chen, Meseguer et al., 2025).

These findings position the glymphatic system as a
potential integrative node linking peripheral immune and
metabolic status to central nervous system homeostasis in
laboratory animals (Chen, Meseguer et al., 2025; Xu et al.,
2025). Experimental and clinical studies increasingly
suggest that glymphatic transport is sensitive to systemic
metabolic disturbances and peripheral inflammatory
signals, thereby influencing neuroimmune balance and
waste clearance within the brain (Wang et al.,, 2023).
Framing glymphatic dysfunction as a modifiable and
experimentally testable variable may therefore enhance
the interpretation of neuroimmune outcomes and support
refinement of experimental design in glymphatic brain
interaction related research, particularly in disease and
injury models where systemic and central processes
converge (Lopes et al.,, 2024). While mechanistically
compelling, direct experimental evidence connecting
peripheral epithelial barrier dysfunction to impaired
glymphatic clearance is sparse, and this discussion is
intended as a conceptual model requiring further
validation.
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Limitations of Molecular Readouts in Assessing Biological
Function

Interpretation of experimental outcomes in GBI research
frequently relies on molecular readouts such as gene and
protein expression; however, these measures do not
necessarily reflect functional biological activity. Transcript
abundance often correlates poorly with protein levels due
to post transcriptional regulation, variable translational
efficiency, and protein degradation dynamics (Liu et al.,
2016). Moreover, protein detection alone does not
guarantee biological functionality, as many proteins
specific  post
appropriate subcellular localization, or interaction with

require translational modifications,
cofactors to become active (Kim et al., 2006). Even signaling
pathway activation can be context dependent, as
demonstrated by site specific differential activation of
Ras/Raf/ERK signaling in rabbit isoproterenol induced left
ventricular hypertrophy (Kim et al., 2025). Commonly used
techniques such as Western blotting typically quantify total
protein abundance but do not capture enzymatic activity,
conformational state, or regulatory modification status.
Consequently, proteins may be highly expressed yet
functionally inactive or constrained by contextual variables
such as metabolic state, inflammatory tone, or cellular
stress. Failure to account for these layers of regulation may
lead to incorrect mechanistic conclusions, particularly in
laboratory animal models where systemic stress,
mitochondrial dysfunction, and sterile inflammation are
prevalent sources of biological variability.

Bridging the Gap: Sterile Inflammation as a Systems-Level
Confounder

Within the multi barrier framework outlined earlier, this
section explores sterile inflammation as a systems level
confounder, focusing on how barrier dysfunction interacts
with metabolic and mitochondrial stress to bias
neuroimmune readouts.

Innate Immune Sensing and Sterile Inflammation in
Laboratory Animal Models

As a background confounder, baseline immune activation
shapes disease phenotypes in models of metabolic stress,
neuroinflammation, and immune-mediated pathology.
Endogenous danger signals (DAMPs) activate pathways
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such as the NLRP3 inflammasome, underscoring how
systemic stress can bias experimental readouts. Among the
innate immune pathways implicated in this process, the
NLRP3 inflammasome has been extensively studied in
laboratory rodents and is increasingly recognized as a
central regulatory node linking peripheral pathology to
systemic immune activation (Konopko et al., 2025; Pinzdn-
Fernandez et al., 2025).

In mouse models, activation of NLRP3 has been shown to
occur in response to diverse stimuli relevant to laboratory
animal research, including extracellular ATP, urate crystals,
mitochondrial reactive oxygen species, and cytosolic
mitochondrial DNA. Genetic studies using Nlrp3-deficient
mice, as well as animals lacking downstream effectors such
as caspase-1 or IL-1B, have demonstrated attenuated
inflammatory responses in models of metabolic syndrome,
neuroinflammation, and stress-induced behavioral
alterations. These findings highlight the utility of
inflammasome-deficient animals for dissecting immune
contributions to experimental phenotypes and underscore
the translational relevance of sterile inflammation

pathways in laboratory research.

Importantly, NLRP3 signaling does not operate in isolation.
Crosstalk between mitochondrial dysfunction, impaired
autophagy, and innate immune sensing has been
repeatedly documented in laboratory rodents (Hu et al.,
2024). Failure of mitophagy a phenomenon observed
under conditions of chronic stress, high-fat diet exposure,
or toxic insult can lead to the accumulation of damaged
mitochondria and release of mitochondrial DNA, thereby
amplifying inflammasome activation (Wu et al., 2025). This
mechanistic coupling is particularly relevant in laboratory
animal settings, where metabolic load and environmental
stressors may vary subtly yet significantly between facilities
or experimental protocols (Weber et al., 2025).

Housing conditions, diet composition, microbiota status,
and repeated handling have all been reported to influence
inflammasome activity in rodents, potentially contributing
to inter-study variability (Wu et al., 2025). While NLRP3
serves as an informative mechanistic target, it should not
be regarded as a singular or universal driver of pathology;
rather, its activation reflects the integrated physiological
state of the animal (Weber et al., 2025).
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Limitations and Integrative Perspectives on Sterile
Inflammation in Laboratory Animal Models

Several limitations warrant consideration. First, not all
hidden systemic stress signal responses in laboratory
animals are NLRP3-dependent, as parallel pathways
involving AIM2, NLRC4, or cGAS-STING signaling may
predominate depending on tissue context and
experimental design (Swanson et al., 2019). Second, the
majority of mechanistic insights derive from inbred mouse
strains, which may not fully capture the heterogeneity
observed across species or housing conditions (Weber et
al., 2025). These constraints underscore the importance of
complementary approaches and cautious extrapolation
when interpreting inflammasome biology in experimental

systems.

Hence, viewing NLRP3 as a central regulatory node rather
than a master switch provides a more nuanced framework
for interpreting sterile inflammation in laboratory animal
models. Integrating inflammasome biology with barrier
integrity, metabolic state, and environmental variables
design,
reproducibility, and refine the translational relevance of
GBI-focused research (Hu et al., 2024; Wu et al., 2025).

may improve experimental enhance

Together, these observations underscore how basal sterile
inflammation may act as an unrecognized background
variable in laboratory animal studies, reinforcing the need
for methodological strategies that improve exposure
control and mechanistic interpretability.

It is important to note, however, that NLRP3 represents
only one of several stress responsive pathways.
Neuroendocrine mechanisms such as HPA axis activation
and glucocorticoid signaling can independently modulate
immune tone and contribute to inter individual variability
in GBI outcomes, underscoring the need for a balanced
view of regulatory nodes.

Nano-Enabled Delivery Platforms as Preclinical Research
Tools in Laboratory Animal Models

Against this background of biological and methodological
variability, nano-enabled delivery platforms have emerged
as experimental tools aimed at refining exposure control
and improving interpretability in laboratory animal studies.
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In the context of GBI research, these approaches are best
viewed not as therapeutic solutions, but as preclinical
formulation strategies designed to reduce dosing variability
and formulation-related confounding.

Stability, Bioavadilability, and Reproducible Dosing
Variability in Rodent GBI Models

Nano-enabled delivery platforms are increasingly explored
in laboratory animal research as methodological tools to
address persistent challenges related to compound
stability, bioavailability, and dosing variability. These
limitations are particularly relevant in studies of the gut-
brain-immune (GBI) axis, where experimental outcomes
are highly sensitive to differences in gastrointestinal
exposure, microbial metabolism, and host immune priming
(Banerjee et al., 2026). Variability in oral delivery can
therefore introduce substantial experimental noise,
complicating interpretation of mechanistic relationships
across barrier systems.

In rodent models, inconsistent delivery of bioactive
compounds to their intended sites of action represents a
major experimental constraint. Many molecules relevant
to neuroimmune and microbiome research are susceptible
to degradation by gastric acidity, bile salts, and proteolytic
enzymes, or undergo extensive first-pass metabolism
(Vijayaram et al., 2025). Peptide-like agents, including
bacteriocins and certain postbiotics, are particularly
vulnerable to proteolysis, while several dietary or microbial
derived neuroactive metabolites exhibit limited intestinal
uptake and rapid systemic clearance (Banerjee et al., 2026).
Such pharmacokinetic instability can obscure dose-
contribute to poor

response relationships and

reproducibility across studies.

These pharmacokinetic constraints can result in substantial
inter-animal variability despite standardized dosing
protocols, complicating the interpretation of behavioral,
immunological, and neuroinflammatory endpoints and
contributing to inconsistencies across laboratories (Hu et
al., 2024). From a laboratory animal science perspective,
formulation strategies that enhance compound stability
and standardize release profiles may therefore improve
experimental reproducibility and reduce unnecessary
animal use by decreasing outcome variability (Hu et al.,
2024; Wu et al., 2025).
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Nano-Enabled Formulation Strategies as Experimental
Refinement Tools in Rodent GBI Research

Within the broader experimental landscape of GBI
research, psychobiotics and related bioactives including
specific  probiotic-derived  metabolites, postbiotics,
bacteriocins, amino acid derivatives, and small neuroactive
compounds serve as a relevant and timely case study.
Many of these agents are biologically active at low
concentrations yet exhibit poor stability in the
gastrointestinal tract, variable absorption, or rapid
degradation, limiting consistent exposure in laboratory
animal experiments (Vijayaram et al., 2025). Consequently,
nano-enabled delivery systems (e.g., nanoemulsions, lipid-
based carriers, polymeric or encapsulation-based
platforms) serve as viewed primarily as preclinical
formulation strategies aimed at improving exposure
control and mechanistic interpretability in laboratory
animal studies, rather than as clinical-ready therapeutic

solutions (Banerjee et al., 2026).

Within this context, nano-enabled formulation strategies
offer a controlled experimental approach to improve
delivery precision and exposure consistency in laboratory
rodents. Importantly, their value in GBI-axis research serve
as viewed primarily as a methodological refinement rather
than a therapeutic intervention, enabling more reliable
targeting of intestinal, immune, or systemic compartments
while reducing formulation-related variables (Sato et al.,
2023). When applied under well-defined experimental
conditions, these platforms can strengthen mechanistic
inference by improving dose accuracy, temporal control of
release, and tissue-specific bioavailability.

Consequently, nano-enabled delivery systems serve as
considered part of an integrated experimental design
framework aimed at enhancing reproducibility and
translational validity in barrier-focused research. By
reducing exposure heterogeneity and pharmacokinetic
uncertainty, they may help clarify causal relationships
within the GBI axis and improve cross-study comparability
without implying intrinsic therapeutic superiority.

Lipid-based nanoemulsions, including medium-chain
triglyceride based systems, are among the most widely
used platforms in rodent studies due to their relative
biocompatibility and ease of formulation. These systems
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may improve the solubility and stability of poorly water-
soluble or acid-labile compounds, thereby reducing
degradation during gastric transit and facilitating more
predictable intestinal exposure. In laboratory rodent
experiments, such improvements can help minimize inter-
animal variability attributable to inconsistent dosing or
compound instability, which is particularly relevant in
longitudinal GBI studies. Insights from comparative lipid
research for example, the influence of phospholipid and
fatty acid composition on vesicle properties in camel
erythrocyte membranes (Warda & Zeisig 2000) underscore
the broader principle that lipid architecture critically
shapes carrier stability and bioactive delivery.

Mucoadhesive and pH-responsive delivery systems provide
additional opportunities to interrogate region-specific
gastrointestinal processes in laboratory rodents. By
enabling preferential release in defined segments of the
gastrointestinal tract, these carriers can support
mechanistic investigations of mucosal immunity, epithelial
barrier integrity, microbial ecology, and localized
inflammatory signaling. Functional nanocarriers with
mucopenetrating and mucoadhesive properties have been
identified as promising approaches for modulating drug
absorption in the gastrointestinal tract by prolonging
residence time near the epithelial surface and enhancing
controlled exposure (Sato et al., 2023).

Encapsulation strategies for postbiotics, microbial
metabolites, or small bioactive molecules may further
enhance experimental reproducibility by improving
formulation stability and reducing batch-to-batch
variability. This consideration is particularly important in
multi-week or longitudinal rodent studies, where
compound degradation during storage or repeated
preparation can introduce unintended variability that
obscures dose-response relationships and complicates the
interpretation of neuroimmune or behavioral outcomes.
Improved formulation stability can therefore contribute to
more reliable comparisons across experimental groups and
time points (Kamble et al., 2025).

In the context of psychobiotic and GBI-focused research,
nano-enabled formulations can facilitate hypothesis
testing under more controlled exposure conditions. By
limiting variability related to compound solubility,
degradation, or inconsistent gastrointestinal delivery,
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these platforms help strengthen causal inference without
conflating formulation effects with intrinsic biological
efficacy (Banerjee et al., 2026). When incorporated within
rigorous experimental designs and appropriate controls,
nano-enabled strategies may thus serve as methodological
refinements that enhance reproducibility, interpretability,
and translational relevance in laboratory rodent models of
GBI interaction (Vijayaram et al., 2025).

Together, these sources of biological and procedural
variability underscore the need for integrated refinement
strategies that not only strengthen the rigor of
experimental design but also uphold ethical considerations

Table 2.
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in laboratory animal research. As summarized in Table 2,
such strategies should encompass standardized housing
and handling protocols, careful dietary formulation,
transparent reporting of species- and strain-specific
susceptibilities, and refined tissue collection procedures
that minimize perimortem stress and blood-related
artifacts. By systematically addressing these
methodological variables, researchers can minimize latent
sources of experimental variability, improve reproducibility
across studies, and enhance the translational validity of
gut-brain-immune axis investigations, while
simultaneously reinforcing principles of animal welfare and

responsible scientific practice.

Key Methodological Considerations Influencing GBI Axis Research in Laboratory Animals.

Consideration Impact on GBI Axis Research

Strategic Refinement

Supporting References

Triggers neuroendocrine—immune
Handling Stress  priming; alters gut permeability and

neuroimmune signaling

Habituation and standardized

Bailey et al., 2011; Moradian

handling protocols et al., 2024; Morys et al., 2024

Modulates gut microbiota

Housing o ) ) ) Optimized housing density and  Bailey et al., 2011; Park et al.,
o composition, epithelial barrier ) N
Conditions . i ) environmental stability 2025
integrity, and stress responsiveness
) . ) . Controlled euthanasia and National Research Council
Tissue Residual intravascular blood inflates . .
. ) . vascular perfusion where (US) Institute for Laboratory

Collection inflammatory and metabolic readouts

appropriate Animal Research, 1996

Reduces pharmacokinetic variability;
Nano-Enabled ) ] ]
may introduce formulation-driven

Validated MCT-based or lipid
nano-encapsulation with vehicle

Dinan & Cryan, 2017; Sarkar
et al., 2016; Singh & Lillard,

Delivery .
immune effects controls 2009
. Captures species- and strain-specific Use of biologically justified
Species ) . o i . Park et al., 2025; Tamam,
. biological vulnerability relevant to GBI models and sentinel species data
Selection 2014.

outcomes

(e.g., Spalax, cheetah)

Notes: GBI, gut-brain-immune axis; MCT, medium-chain triglycerides.

Ethical and Experimental Refinement in Laboratory
Animal Science

Ethical and experimental refinement are closely linked
determinants of rigor and reproducibility in laboratory
animal research. This section considers how these
principles intersect in the design and interpretation of GBI-
focused studies.

Experimental and Ethical Considerations in Laboratory
Animal Studies
Nano-enabled formulations introduce additional layers of

experimental complexity that must be explicitly addressed
in laboratory animal research. Beyond the intended
biological activity of the active compound, formulation
components themselves including surfactants, lipid
carriers, and particulate structures may influence immune
signaling, epithelial barrier integrity, stress responsivity, or
gut microbiota composition. If inadequately controlled,
these  formulation-driven  effects can  confound
interpretation and lead to misattribution of biological
outcomes (Dinan & Cryan, 2017; Sarkar et al., 2016; Singh

& Lillard, 2009).

Journal of Laboratory Animal Science and Practices



Accordingly, studies employing nano-enabled delivery
systems should incorporate rigorous experimental controls
and transparent reporting practices. These include the use
of vehicle-only nano-carrier control groups, verification of
dose stability and recovery in feed, water, or gavage
preparations, and  monitoring  for  non-specific
inflammatory, metabolic, or stress-related responses (Park
et al., 2025). Detailed characterization of formulation
composition, particle size distribution, and storage
conditions is also essential to ensure reproducibility and

interpretability across laboratories.

Importantly, such formulation-level rigor serves as viewed
not merely as a technical requirement but as a form of
experimental refinement. By reducing ambiguity and
minimizing unnecessary animal use arising from
inconclusive or misleading data, careful control of nano-
enabled variables directly supports ethical principles within
laboratory animal science and aligns with international
expectations for responsible experimental design (Azkona,
2023; Devan et al., 2024).

Ethical and Experimental Considerations within a One
Health Framework

Laboratory animal science increasingly recognizes that
ethical animal care and experimental validity are
inseparable. In studies of the GBI axis, biological systems
are particularly sensitive to environmental and procedural
variables, including housing conditions, handling practices,
species and strain selection, and tissue collection methods.
These factors exert measurable effects on immune
regulation, epithelial barrier integrity, microbiota
composition, and neurobehavioral outcomes, making them
central determinants of both animal welfare and scientific
rigor (Bailey et al., 2011; Moradian et al., 2024; Morys et

al., 2024).

From a One Health perspective, stress exposure,
environmental instability, and inappropriate model
selection not only compromise animal well-being but may
also distort experimental outcomes in ways that
undermine translational relevance. Chronic or acute stress
can prime immune responses, alter gut permeability,
disrupt circadian rhythms, and influence neuroimmune
signaling, thereby mimicking or masking experimental
interventions (Park et al., 2025). Similarly, species- and
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strain-specific susceptibilities shaped by differences in
epithelial barrier architecture, immune tone, and
neuroendocrine regulation must be carefully matched to
research questions to avoid overgeneralization or
misinterpretation.

Ethical refinement in this context extends beyond
compliance with welfare guidelines to encompass
methodological decisions that reduce biological noise and
Standardized
appropriate environmental enrichment, transparent

improve interpretability. handling,
reporting of housing and husbandry conditions, and careful
consideration of euthanasia and tissue collection
procedures all contribute to minimizing stress-induced bias
and procedural artifacts (Morys et al., 2024; National
Research Council (US) Institute for Laboratory Animal
Research, 1996). When such factors are systematically
addressed, laboratory animal models more accurately
reflect biologically meaningful processes rather than

experimental contingencies.

Integrating these ethical and experimental considerations
within a One Health framework reinforces the translational
integrity of GBl-axis research. By aligning animal welfare,
methodological rigor, and cross-species biological insight,
laboratory animal science can better ensure that observed
outcomes represent conserved biological mechanisms
rather than artifacts of experimental design (Moradian et
al., 2024; Park et al., 2025).

Refinement Strategies to Reduce Bias and Improve
Reproducibility

Reducing experimental bias and improving reproducibility
in laboratory animal research requires the deliberate
application of refinement strategies, particularly in GBI-
focused studies where biological variability is pronounced.

Refinement of Animal Models and Experimental
Procedures

Refinement strategies aimed at minimizing stress and
physiological disturbance are central to GBI axis research,
where neuroendocrine and immune pathways are highly
sensitive to environmental and procedural variables (Bailey
et al.,, 2011; Moradian et al., 2024). Handling procedures,
euthanasia methods, and housing conditions can rapidly
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activate stress-responsive signaling cascades, potentially
obscuring mechanistic interpretation if not carefully
controlled. Optimizing housing density, maintaining stable
circadian light-dark cycles, and implementing habituation
protocols have been shown to reduce stress-induced
immune priming and improve consistency across
experimental groups (Morys et al., 2024).

Equally important is the biologically informed selection of
animal species and strains. Model choice based on known
species- and strain-specific susceptibilities such as
differences in epithelial barrier integrity, immune
responsiveness, and stress reactivity enhances
experimental validity and reduces unnecessary animal use
by aligning biological predisposition with research
objectives (Park et al., 2025). Existing reports provide case
specific demonstrations of refinement benefits, but
systematic quantitative comparisons across strategies

remain lacking.

Reduction of Stress- and Procedure-Induced Experimental
Bias

Beyond preventive refinement, both chronic and acute
stressors represent significant yet often underappreciated
sources of experimental bias in laboratory animal studies.
Perimortem stress associated with handling or euthanasia
can induce rapid surges in glucocorticoids and
catecholamines, altering immune signaling, gene
expression, vascular permeability, and metabolic dynamics

within minutes (Bailey et al., 2011; Park et al., 2025).

When combined with tissue collection methods that retain
residual intravascular blood particularly in highly
vascularized organs such as the liver, spleen, lungs, and
brain these effects may artificially inflate inflammatory or
metabolic markers, confounding interpretation of tissue-
resident processes (National Research Council (US)
Institute for Laboratory Animal Research, 1996). Careful
selection of euthanasia techniques, attention to perfusion
status where compatible with study aims, and transparent
reporting of procedural details are therefore critical
refinement  and

components of  experimental

reproducibility.
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Environmental Enrichment as a Biological Modulator

Environmental enrichment offers a dual benefit in
laboratory animal research: it supports animal welfare
while actively modulating biological systems directly
relevant to the GBI axis. Enrichment strategies influence
stress resilience, immune balance, microbiota diversity,
and neuroplasticity processes that intersect with epithelial
barrier function and neuroimmune regulation (Moradian et
al., 2024; Morys et al., 2024).

When systematically applied and clearly reported,
environmental enrichment is regarded as a biologically
meaningful component of experimental design rather than
an uncontrolled confounder. Treating enrichment as a
controlled variable enables more nuanced interpretation of
neuroimmune and  behavioral
simultaneously supporting ethical refinement.

outcomes  while

Nano-Enabled Delivery as a Methodological Refinement
Strategy

Discussion of nano enabled delivery systems is included
here as an illustrative example of methodological
refinement, highlighting how formulation consistency and
vehicle controls can influence reproducibility within the
multi barrier framework. From a laboratory animal science
perspective, nano-enabled delivery strategies including
those applied to psychobiotic-related compounds are
regarded as experimental formulation tools rather than
clinical-ready interventions (Dinan & Cryan, 2017; Sarkar et
al., 2016; Singh & Lillard, 2009). Their principal value lies in
improving exposure precision, reducing dosing variability,
and strengthening mechanistic inference in GBI-focused
laboratory animal studies, rather than in presumed
therapeutic superiority.

When implemented with appropriate experimental
controls and transparent reporting, nano-enabled
formulations can reduce formulation-driven variability
associated with conventional oral delivery and enhance the
interpretability of neuroimmune and behavioral endpoints.
Viewed in this context, nano-enabled approaches function
as methodological refinements that support reproducibility
and ethical animal use, without conflating formulation

effects with intrinsic biological efficacy.
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Staged Validation Frameworks for Experimental Rigor

Strengthening experimental rigor in laboratory animal
research requires validation strategies that extend beyond
isolated molecular readouts and single-stage testing,
particularly in complex systems such as the GBI axis.

Methodological Perspectives: Integrating Omics, In Silico
Modeling, and Staged Validation in Laboratory Animal
Research

The interpretability and reproducibility of laboratory
animal studies particularly in GBI axis research depend not
only on experimental design but also on the extent to
which molecular readouts reflect true biological function.
As emphasized throughout this review, barrier dysfunction,
metabolic stress, and sterile inflammation introduce layers
of physiological variability that can influence neuroimmune
and behavioral outcomes if not adequately controlled.
Reliance on isolated gene or protein expression data
without  functional validation therefore risks
oversimplifying complex, system-level processes. Taken
together, these limitations underscore the need for a
structured validation strategy that places molecular
observations within a broader functional and physiological
context before they are interpreted in vivo. To address
these challenges, a staged methodological framework
integrating high-resolution omics, in silico modeling, and in
vitro validation is increasingly recognized as essential. Such
approaches function as critical upstream filters prior to in
vivo experimentation. Within laboratory animal science,
and particularly in studies employing nano-enabled
delivery concepts, such structured validation pipelines
align with international standards for Replacement,
Reduction, and Refinement (3Rs) by ensuring that only
biologically plausible, stable, and mechanistically informed
interventions advance to animal testing (Devan et al.,,
2024). Early-stage validation not only screens candidate
formulations but also refines mechanistic hypotheses and
reduces the likelihood of inconclusive or misleading animal
data, thereby addressing a central source of experimental
variability highlighted in GBI research (Park et al., 2025). In
this context, in silico approaches including molecular
docking, molecular dynamics simulations, and systems-
level computational modeling serve as vital refinement
tools, enabling the generation of high-confidence, testable

hypotheses regarding interactions between environmental
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toxicants, bioactive compounds, and key physiological
signaling pathways before or alongside in vivo trials.

High-Resolution Omics as a Foundation for Phenotypic
Contextualization

Within such staged validation pipelines, omics-based
approaches represent a logical first step, as they provide an
integrated, systems-level snapshot of physiological state
prior to targeted mechanistic testing.

Omics-based profiling, particularly proteomics and
glycomics, provides a systems-level perspective on
physiological states that extends beyond transcriptomic
inference. In the context of laboratory animal science,
these tools are essential for identifying the "molecular
interaction" occurring within an animal subjected to
experimental stressors.

Proteomic analyses enable the identification of stress-
response signatures and mitochondrial dysfunction that
collectively shape barrier integrity. For instance, proteomic
analysis serves as a critical indicator of cellular battle
against oxidative stress and metabolic failure (Kim et al.,
2006). Such integrated molecular patterns are vital for
validating that a laboratory model truly reflects the
physiological processes under investigation, particularly in
systemic disorders where functional outcomes diverge
from gene expression trends alone.

While omics profiling defines the molecular landscape of
barrier integrity, metabolic stress, and immune activation,
it does not by itself establish causality or predict
intervention efficacy,

necessitating complementary

hypothesis-driven modeling approaches.

Complementary glycomic profiling offers additional insight
into epithelial and vascular barrier status by capturing
changes in extracellular matrix composition. Foundational
research has demonstrated that heparan sulfate (HS)
proteoglycans, present both in the extracellular matrix and
on cell surfaces, exhibit organ-specific structural variation
in mice (Warda et al.,, 2006). Such differences in HS
distribution and disaccharide composition highlight the
importance of glycosaminoglycan remodeling in regulating
cell—cell interactions, signaling pathways, and barrier
integrity. Within the context of GBI research, these findings
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underscore how glycomic heterogeneity may contribute to
variability in endothelial and epithelial function, thereby
influencing neuroimmune outcomes in laboratory animal
models. In multi-barrier GBI research, these glycomic shifts
serve as high-resolution markers for altered permeability
and immune cell trafficking (Warda et al., 2008), providing
a refined context for interpreting experimental
phenotypes. Together, proteo-glycomic signatures provide
a refined molecular context for interpreting experimental
phenotypes and validating that laboratory models reflect
integrated physiological processes. When viewed as an
integrated pipeline rather than isolated techniques, omics
profiling, computational modeling, and in vitro testing
collectively function as a methodological continuum that
filters biological noise and refines experimental intent.

In Silico and In Vitro Validation as Gatekeepers Before
Animal Testing

Building upon molecular profiling, in silico modeling
provides a hypothesis-generating layer that enables
targeted exploration of molecular interactions but requires
empirical validation before translation to animal studies.
Furthermore, in the context of laboratory animal science,
the application of in silico approaches including molecular
docking, molecular dynamics (MD) simulations, and
systems-level computational modeling serves as a vital
refinement strategy in accordance with the 3Rs principles.
These tools allow for the generation of high-confidence,
testable hypotheses regarding the interactions between
environmental toxicants, bioactive compounds, and
physiological signaling pathways before or alongside in vivo
trials.

Recent integrated studies have demonstrated the power of

combining computational analysis with empirical
laboratory data to dissect complex toxicological and
therapeutic mechanisms. For instance, in silico and in vivo
dissection has been utilized to evaluate the protective
potentials of nano-scale interventions and phytotherapy
against chemically-induced systemic toxicities (Ilbrahim et
al., 2026). Furthermore, molecular docking has proven
essential in elucidating the mechanistic pathways through
which bioactive compounds, such as P-coumaric acid, offer
hepatoprotection against environmental contaminants like

bisphenol A (Tekin et al., 2025). These methods are not
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limited to mammalian models; they also extend to
comparative pathology and veterinary science, where
combined in silico and in vitro studies have identified the
antiparasitic efficacy of botanical extracts (Attia et al.,
2025).

Importantly, within a rigorous preclinical validation
framework, these in silico outputs are framed as
hypothesis-supporting tools that inform downstream
experimental prioritization. By identifying specific
molecular 'lock-and-key' interactions between ligands and
biological targets (Attia et al., 2025; Tekin et al., 2025),
researchers can refine their experimental design, thereby
reducing the 'experimental noise' and the number of
animals required for empirical validation. This integrated
approach ensures that laboratory animal practices remain
focused on mechanistically plausible targets, directly
enhancing the reproducibility and ethical standards of the
research (lbrahim et al., 2026).

Accordingly, in vitro validation serves as the essential
intermediary step that tests computational predictions
under controlled biological conditions. In vitro validation
represents a critical intermediary step between
computational prediction and animal experimentation.
Assays such as simulated gastric and intestinal fluid
exposure, protease challenge studies, and physicochemical
stability testing allow investigators to assess formulation
robustness under conditions relevant to the rodent
gastrointestinal environment (Minekus et al., 2014).
Release-kinetics analyses and permeability models,
including epithelial monolayer systems, further support
evaluation of dose recovery, exposure consistency, and
barrier interaction parameters that directly influence
interpretability in GBI-focused studies.

Complementary immune cell-based assays provide
additional insight into biological plausibility by enabling
controlled assessment of inflammatory signaling,
cytotoxicity, orimmune activation in response to candidate
formulations (Wellach & Riemer, 2025). When interpreted
cautiously, these systems can help distinguish formulation-
driven effects from compound-intrinsic activity and identify
conditions under which sterile inflammation or off-target
immune activation may distort in vivo outcomes. In this
context, human T-cell based models offer a valuable

translational reference for probing conserved immune
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signaling pathways and inflammasome-associated
responses, serving as an upstream screening tool to refine
experimental hypotheses and minimize immune-related
confounding before animal studies are initiated (Park et al.,

2025).

Taken together, omics profiling, in silico modeling, and in
vitro validation function as a staged methodological filter
that refines experimental intent before animal exposure.
This integrated approach reduces variability, supports
ethical refinement, and improves interpretability by
ensuring that in vivo studies are grounded in biological
plausibility and functional stability.

Implications for Experimental Rigor and Translational
Integrity

Integrating methodological refinement with staged
validation provides a foundation for interpreting in vivo
findings within their appropriate physiological and
experimental context.

Implications for Experimental Rigor in Laboratory Animal
Science

The integration of omics profiling, in silico modeling, and
staged in vitro validation strengthens the interpretive
framework of laboratory animal research by situating in
vivo outcomes within a broader physiological context.
Rather than replacing animal experimentation, these
approaches refine experimental intent and contextualize
animal-derived data within interacting layers of barrier
integrity, metabolic state, immune activation, and
environmental exposure. When applied systematically,
staged validation pipelines provide a practical means to
reduce experimental variability, improve reproducibility,
and enhance translational relevance across GBI axis
research and laboratory animal science more broadly.

One Health Perspective and Translational Integrity

From a One Health perspective, laboratory animal models
represent a critical interface between environmental
exposures, host biology, and disease mechanisms shared
across species. Integrating ethical refinement, stress
reduction, biologically justified model selection, and
rigorous tissue handling strengthens the translational value
of GBI research by ensuring that observed outcomes reflect
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conserved biological processes such as barrier dysfunction,
metabolic stress, and immune activation rather than
procedural artifacts (Bailey et al., 2011; Moradian et al.,
2024; Park et al., 2025).

By aligning methodological rigor with animal welfare
considerations, laboratory animal science advances toward
more reproducible, ethically responsible, and biologically
meaningful research. This integrated approach reinforces
the role of laboratory animals as valid translational models
within a broader One Health framework and supports
international goals for high-quality biomedical research.

Conclusion and Recommendations

Research on the GBI axis has advanced rapidly; however, its
biological complexity necessitates careful integration of
mechanistic insight with core principles of laboratory
animal science. This review highlights that GBI-related
outcomes are shaped not only by intestinal processes but
also by coordinated interactions across multiple epithelial
barriers, immune priming states, and neurophysiological
clearance systems. These mechanisms operate within
experimental contexts that are highly sensitive to species
conditions, and

susceptibility, environmental

methodological choices.

Comparative pathology across wild and laboratory species
demonstrates that animals are not biologically neutral
experimental platforms  but  possess inherent
predispositions that influence disease expression, immune
responsiveness, and barrier integrity. Recognition of
species- and strain-specific susceptibility is therefore
essential for appropriate model selection, accurate
interpretation of outcomes, and translational relevance.
Failure to account for such biological context risks
misattribution of experimental effects and contributes to

variability across studies.

A central conclusion of this review is that several sources of
experimental bias remain underappreciated in laboratory
animal research, including housing- and stress-related
variables, tissue collection practices, residual intravascular
blood, and perimortem neuroendocrine responses. These
factors can significantly influence inflammatory, metabolic,
and neuroimmune readouts, particularly in highly
vascularized organs and stress-sensitive pathways.
confounders refined

Addressing  these through
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experimental design and transparent reporting is critical
for improving reproducibility and reducing unnecessary

animal use. Emerging methodological approaches,

including nano-enabled delivery platforms are discussed as
experimental tools to improve dosing consistency and
mechanistic interpretability, with the potential to reduce
animal use through enhanced reproducibility and
refinement.

Ultimately, progress in GBl-axis research depends on
aligning mechanistic innovation with rigorous laboratory
animal science. Embedding ethical refinement, stress
reduction, biologically justified model selection, and
methodological transparency within a One Health
framework will strengthen scientific robustness while
supporting animal welfare and translational integrity.
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