Beyond Bugs: The Lumen, the
Barrier, and Hidden Physics

A New Paradigm for Microbiome Science & Gut Health
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The Paradox

Clinicians and patients alike invest in “fixing the microbiome” — yet inflarnmation, reactivity, and
cognitive fog persist. Correcting ecology without addressing habitat may explain why outcomes stall.

The Prevailing Map The Missing Dimension
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Emphasizes “who” lives in the gut. The terrain, the boundary, the physics.
Taxa & diversity. Habitat & interface.

The interface may be the missing map.



The Challenge of Modern Gut Health

Understanding the factors disrupting the delicate balance of the intestinal barrier and microbiome.

Loss of Microbial
Diversity

Modern lifestyles, antibiotics,
and low-fiber diets reduced
beneficial species.

Chronic Low-Grade
Inflammation

Persistent immune activation
linked to barrier dysfunction
and systemic issues.

Increased Barrier
Permeability

“Leaky gut” allows antigens
and toxins to cross the
intestinal lining.

Impact of
Environmental Factors

Emulsifiers, pollutants, and
chronic stress continuously
challenge gut integrity.



The Intestinal Lumen Is a Living Environment |

More Than a Tube

The lumen functions as a dynamic chemical reactor: a flowing mixture

of pH gradients, bile acids, ions, digestive enzymes, dietary fibers,
microbial metabolites, and increasingly — food additives. Its physucal 4,,"‘
chemistry shifts meal by meal, host by host.
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Additives
Amphiphilic agents with

pH & Bile Acids

Shift solubility and microbial 3 :

composition along the length Fibers & Metabolites interface-active properties

of the tract. Substrates for fermentation; | increasingly present in the
structural influencers of p luminal milieu.

mucus behavior.



From Residents
to Residence

Why we must stop just cataloging species
and start mapping the habitat.
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¥ Meet the Protagonist: The Gut Barrier

Epithelium

Single-cell monolayer with
rapid renewal; absorptive
%_ and secretory functions.
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Mucus Hydrogel

Viscoelastic gel matrix; first Mucus Hydrogel

line of selective contact f
with luminal contents. f: o = -
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Epithelium

Tight Junctions

Immune Surveillance

Lamina propria lymphocytes,
dendritic cells, and IgA-

secreting plasma cells sampling
the interface continuously.

i

Paracellular seals (claudins,
occludin, ZO proteins)
governing paracellular flux. yo




What the Barrier Actually Does

The barrier is not a passive wall. It performs at least four simultaneous
functions that extend far beyond the gut itself.
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J ¥ o into the host while maintaining R continuously sample luminal signals
structural integrity. and relay them systemically.
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IgA, and mucus flow limit microbial brain axes relay barrier status as
& translocation and antigen exposure. ' = Q metabolic, inflammatory, and
neuroendocrine signals.



The Microbiome’s Real Job

Framing the microbiome as a collection of species misses the point. What matters functionally
is what the community does — the services it provides to the host environment.

Metabolite Production

o Short-chain
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Short-chain fatty acids, tryptophan metabolites,
secondary bile acids — signals with systemic reach.
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Mucus Interaction

Select taxa degrade, sculpt, or reinforce the mucus
hydrogel — shaping the interface from within.

Immune Training

Tolerogenic

» Inflammatory
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@ thresholds
Microbial Inflammatorc
signals

Microbial patterns calibrate tolerogenic and inflammatory
thresholds throughout development and adulthood.

Ecological Services
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Colonization resistance, pH buffering, nutrient cycling —
habitat management that shapes the host’s own biology.



THE OLD MAP

‘Taxa, Diversity, Guilds

Sequencing revolutionized our
view of who lives in the gut.
Alpha-diversity indices,
phylum ratios, and guild
membership charts became the
lingua franca of

microbiome research.

Valuable — but inherently
incomplete.

These tools describe residents
without describing the residence.




THE NEW MAP

Interfaces, Hydrogels, Barrier Dynamics

‘MUCUS HYDROGEL INTERFACE' . The frontier lies not in cataloging
Mucus Hydrogel Interface Energy spec!es but in ,underStandmg,the
Viscoelasticity physical chemistry of the habitat.

Microbes lon Activity

“ /T, Mucus hydrogel viscoelasticity
% interface energy
/> ion activity
tight-junction remodeling
dynamics

The new map is physical as
much as ecological.

- Tight-Junction
Remodeling



When the River Changes

How modernity, fragmented matrices, and
Interface-active molecules disrupt the boundary.

Modernity

Biological

Boundary =

Fragmented
Matrices
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1. Ultra-Processed Foods

Displace fiber-rich whole foods;
introduce novel amphiphiles and
emulsifiers into the luminal
environment.

2. Low Fiber

Starves fermentative guilds; reduces
SCFA production and mucus-
stimulating fermentation signals.
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3. Chroﬂnic Stress

Activates CRF/mast-cell pathways;
alters tight junction protein
expression and epithelial secretion.

4. Circadian Disruption

Gut barrier gene expression follows
circadian thythms — misalignment impairs
renewal cycles and immune calibration.



" UPFs Are More Than Calories

Ultra-processed foods are an engineering category, not merely a caloric

0 WHOL%;CT)A?E# bl ULTRA";ZF;%():(ESSED one. NOVA classification captures food structure, not just macronutrient ® (
(FRAGMENTED) composition. What matters for the gut interface is the matrix — how the
‘Q» Plant fibars e —a food is structured — and the additive burden it carries.
°® # Additives/
Emulsifiers B
Nutrients Structure Matters
I Intact food matrices slow digestion, maintain fiber scaffolding, and
Water  modulate mucus differently than fragmented industrial analogues.
- J
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. ~. Additives Matter
Healthy ' O Bacteria 9 : . . .
layer L encroaching Emulsifiers, thickeners, and surfactants are interface-active by
design — engineered to modify oll-water boundaries.
\q Mucus J
l layer 2
Epithelium Exposure Pattern Matters
@ Chronic, repeated daily exposure differs fundamentally from
occasional contact — especially at a renewing barrier. ®
W .




Mucus Is a Hydrogel

A Selective Hydrogel — Not Slime

The MUC2 mucus network is a cross-linked polymer mesh and soft hydrogel that acts as a dynamic, selective
barrier, allowing small molecules to pass while trapping larger pathogens, and also provides lubrication.

Degradation

Pore size and electrostatic charge & Ranewsl £ Dynamic cross-linking and enzymatic
- govern diffusion selectivity. B | . degradation continuously reshape the

A= _ network.
: Outer (Colonized) Layer

Inner (Sterile) Layer

Pethogens/
Large Particles

Hydrated & Y
Viscoelastic y &
W c‘) N Commensal
R Microbes
Friction & Flow -

Properties

Nutrients/
Small Molecules

Commensal microbes reside
in the outer layer and contribute
to barrier function.

Electrostatic repulsion and physical
steric hindrance prevent large
pathogens from penetrating. Secretion



-@- Emulsifiers Change Interfaces

(ﬁn Interface-Active by Design Preclinical Evidence Base G
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epithelial analogous
layer :
physics?
Surfactant-like amphiphiles position Animal and cell-model studies link select emulsifiers
at hydrophobic-hydrophilic boundaries — (carboxymethylcellulose, polysorbate-80) to altered
mucus contains precisely such interfaces. mucus structure and microbial encroachment.

Human data remain limited and emerging.

Claims here rest on preclinical and model data.
Human translation remains an open scientific question.



The Hidden Physics of Permeability

Zippers, condensates, and the biophysics of the gut barrier.
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Whén Interfaces Change, Biology Changes
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Biological Consequences

Intact mucus hydrogel; Interface disruption
exclusion zone ; cascades into biological
Thinn ;
SCUIE S consequence

bacterial encroachment

Thinning of mucus, loss
of sterile zone, altered
microbial contact

Shifts immunological
baseline from tolerance
to low-grade activation

Dynamics demonstrated in
preclinical models; active area
of human investigation.
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What the Data Suggest

/\ Emerging / Preclinical: Signals from animal models/in vitro.

Warrants scientific inquiry.

1. Mucus 2. Microbial 3. Inflammatory 4. Human
Disruption Encroachment Signaling Translation: Open

Mechanistic
trials limited

Epidemiological
associations exist

Select emulsifiers reduce Bacteria approach the NF-kB activation and Caution is warranted
mucus thickness and alter epithelial surface more cytokine elevation before clinical claims.
gel viscoelasticity in murine closely — a spatial shift with observed in cell and animal Mechanistic human data

models at relevant potential immunological systems following remain limited despite

exposure concentrations. consequences. emulsifier exposure. existing associations.



Tight Junctions Are Dynamic
Not a Fixed Seal — A Dynamic Zipper

Tight junctions are constitutively
remodeled through phosphorylation
cascades, cytoskeletal tension, and
endocytic cycling.

Their permeability is physiologically
regulated — and pathologically
dysregulated by cytokines, luminal pH
shifts, and mechanical stress.

- Claudins — isoform composition
determines size and charge selectivity

Occludin — phosphorylation state
- governs barrier tightness

Z0 proteins — scaffold the complex,

emerging as condensate-relevent hubs
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| Stress
~ responsiveness
- means tight
junctions
integrate
systemic signals,
‘ not just
luminal ones.




Enter Condensate Biology

intrinsically
disordered regions
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BARRIER RELEVANCE:
Potential role in organizing tight junction proteins (e.qg.,
Z0-1) and regulating barrier permeability dynamically.

Liquid-liquid phase separation (LLPS) is
reshaping how we understand cellular
organization. Proteins with intrinsically
disordered regions can demix from
cytoplasm to form dynamic,
membraneless condensates - concentrating
signaling molecules, scaffolds, and
enzymes without a membrane boundary.

EMERGING SCIENCE:
compelling, mechanistically MECHANISTIC

plausible, and not yet fully FRONTIER

characterized in barrier
physiology




intrinsically 5
Ve disordered 201

regions :

dynamic. ..oV
hubs  tight junction

protein complexes

Organize

Z0-1 contains intrinsically disordered
regions and has been shown to
undergo LLPS — potentially organizing
tight junction protein complexes into
dynamic hubs at the apical junction

OO _— condensate
O &« formation/

dissolution

tight junction |
“zipper"

rapid
remodeling }

Remodel

Condensate formation and dissolution
could mediate rapid tight junction
remodeling in response to luminal

signals — faster and more reversible
than transcriptional regulation.

luminal
signals

Why Condensates Might Matter at the Barrier
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Adapt

LLPS is sensitive to ionic strength,
pH, and post-translational
modifications — parameters that
fluctuate in the luminal environment
and at the junctional complex.

This framework is emerging. Direct evidence for LLPS regulating barrier
permeability in vivo remains limited — but mechanistically compelling.



The Lumen Pushes Physics

The luminal environment is not a passive backdrop — it is an active modulator of barrier biophysics. Small shifts
in luminal parameters can have outsized effects on hydrogel structure, ion partitioning, and protein phase behavior.

® MUC2 gel conformation & charge
€ Bacterial enzyme activity

D\

OANR O

- ‘<::>RWRK*
GRARAR
%@g&aggxggggxgx%

© Mucus viscoelasticity

@ Epithelial membrane composition
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@ Electrostatic interactions
@ LLPS thresholds
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Allostasis at the Boundary

Chronic Adaptation Eventual Maladaptation

System remains adapted but Restoration fails, structural and
at elevated baseline tone i functional changes persist -

Transient barrier opening, mucus secretion bursts, and tight junction remodeling are physiological
responses. The problem is cumulative load — when the frequency and magnitude of challenges
exceeds the system's restoration capacity, adaptation becomes maladaptation.

The barrier operates allostatic logic: it adapts to maintain homeostasis under repeated challenge.
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~ Normal physiological response /\ Repeated activation - €9 Restoration fails

- Transient changes with full restoration [\ System remains adapted but at ‘ €3 Structural and functional changes persist
. l
elevated baseline tone € Cumulative load exceeds resilience capacity
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Y Acute Phase ﬁ Chronic Phase ( m ~ Maladaptation ‘



The Echo Effect

How local barrier allostasis becomes systemic metabolic and neurological tone.

Neurological Tone




GUT - IMMUNE

Barrier status shapes
systemic immune tone —
from trained immunity to

inflammatory threshold
calibration. Microbial
translocation and antigen flux
feed this axis continuously.
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Beyond the Gut

GUT - LIVER

Endotoxin Bile Acids SCFAs
\ ! e
e oY 0%

Portal vein delivers luminal
content directly to hepatic
circulation. Endotoxin, bile
acid metabolites, and
short-chain fatty acids shape
hepatic inflammation and
metabolic signaling.
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GUT - METABOLIC TONE |
[

Enteroendocrine signaling
(GLP-1, PYY, ghrelin) reflects
barrier sensing —
translating luminal
chemistry into whole-body
energy and appetite
regulation.




e The Blood-Brain Barrier Echo

A Parallel Architecture — Not an Equivalence

GUT BARRIER /,/’,}\',ed S\ - BLOOD-BRAIN BARRIER
(Source) / g“‘ P ik N (Echo)

Astrocyte

Pericytes Endfeet

Microbes Signals
Lumen W
A & @

)
Mucus Layer / SHARED LOGIC:

Dynamic, \
Stress-Responsive, )
. Metabolically /
‘. Dependent
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Tight Junctions —/ ~— “r Tight Junctions
claudins, occludin, ZO claudin-5, occludin, Z0-1

Endothelial

Epithelial | Cells

Cells

Immune Cells
C . D @ T5m D
A Parallel Architecture The Gut-Brain Relevance
€22 BBB: Selective interface, tight junction proteins & cellular consortium. e Gut signals modulate BBB integrity & neuroinflammatory tone.
'} Echoes Gut: Multi-component, dynamic, stress-responsive. e Connected, but NOT the same barrier.
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Allostasis at the Boundary

Repeated Hits —> Chronic Adaptation —> Eventual Maladaptation

Acute Phase Chronic Phase Maladaptation
Normal physiological response — Repeated activation; system Restoration fails; structural and
transient changes with full remains adapted but at elevated  functional changes persist. Cumulative

restoration baseline tone. load exceeds resilience capacity.



.* ¥ Rebuilding the Boundary .

A clinical framework for habitat restoration and structural resilience.

Damaged Habitat Restored Resilience



Lower the UPF & Additive Burden

Ultra-Processed (NOVA 4)
Highest additive burden; fragmented matrix;

emulsifiers, stabilizers, synthetic flavors. @
Processed (NOVA 3)
Simpler ingredient list; minimal additives; often

retains some intact food structure. |

Minimally Processed (NOVA 2)

Whole food base; minor processing; largely intact
matrix; lower interface-active additive exposure. ‘

Intact Whole Food (NOVA 1)

Original food matrix; full fiber scaffolding; no exogenous
emulsifiers; lowest luminal interface disruption risk.
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Rebuild the Habitat

If the microbiome’s composition reflects its habitat, the highest-leverage
intervention is habitat restoration — not species supplementation alone.
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Dietary Microbial SCFA Mucus &
Fiber Fermentation | Production Barrier Support
( "E | )

Fiber Diversity Hydration ~ Circadian Rhythm
Different fiber types feed different Mucus hydration is water- Time-aligned eating patterns
guilds — inulin, pectin, resistant . dependent — adequate fluid intake = ‘/ support gut barrier renewal
starch, and arabinoxylan have directly supports gel layer cycles synchronized with
distinct fermentation ecologies. maintenance and viscoelasticity. circadian clock genes.
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e Prioritize Diverse Dietary Fibers: Fuels beneficial
microbes and supports mucus production.

e Maintain Adequate Hydration: Essential for the
viscoelastic properties of the mucus barrier.

e Minimize Ultra-Processed Foods: Reduces exposure
to emulsifiers and additives that can disrupt the barrier.

e Support Gut Rest & Renewal: Practices like time-
restricted eating may allow for barrier repair.




Support Barrier Resilience

Renewal, Repair, Turnover, Resilience

The gut epithelium renews every 3-5 days — one of the body’s most rapid renewal systems.
Supporting the infrastructure of renewal — nutrient cofactors, trophic signals, reduced

inflammatory load —

RENEWAL

Crypt-to-villus migration driven by

Wnt, Notch, and BMP gradients — |

nutrient-sensitive and
stress-modulated .

The Gut’s
Dynamic Cycle

I

REPAIR

Restitution (rapid epithelial migrationto

close gaps) and regeneration (proliferative

replacement) are distinct processes

with distinct nutritional
dependencies

is a legitimate and evidence-grounded strategy.

T

RESILIENCE

Capacity to restore barrier integrity
rapidly after challenge — the
functional goal cf barrier-
support strategies




Natural Health Products as Adjuncts

Tier 3: Adjunct Support
/ ¥ Evidence-tiered natural products.

Tier 2: Buffer

Fiber, fermented foods,
hydration; restore ecology.

Tier 1: Reduce Load

Lower UPF & additives;
restructure diet.

Adjuncts support a system under load. They do not replace dietary and
environmental restructuring. This is a supportive — not curative — framework.



Barrier & Mucus Support: Evidence Tiers
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Supportive (Good Rationale)
Selected probiotics, zinc-carnosine, | | et =

glutamine, butyrate strategies.
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Foundational
(Strongest Evidence)

Diverse dietary fiber, polyphenol-rich
whole foods, fermented foods - support
mucus, ecology, SCFAs.




Coping in the Emulsifier Era

1. Soothe

Reduce the interface-active

additive burden entering the

lumen. Prioritize intact food
matrices and simplify
ingredient exposure.

Three Strategic Priorities

2. Reinforce
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Deliver substrates that
structurally support mucus
production and tight junction
integrity — fiber, fermented
foods, and selected
evidence-tiered agents.

3. Restore
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Support the renewal cycle —
reduce inflammatory load,
maintain circadian alignment,
and allow the barrier's native
regenerative capacity
to operate.




‘What to Track Beyond Taxa

Clinical and investigational monitoring of barrier-relevant outcomes requires expanding the dashboard
beyond 16S sequencing reports. Practical and accessible measures exist across multiple domains.

Gl transit pattern, bloating, stool
consistency (Bristol scale),
reactivity to specific foods —
patient-reported proxies for
barrier and luminal function.

UPF Exposure Score

NOVA classification applied to
dietary recall — a practical,
modifiable, and mechanistically
relevant exposure metric.

Symptom Phenotype '

Tolerance &
Reactivity Markers

Food tolerance breadth, stool
calprotectin, and fecal IgA as
accessible clinical signals of
mucosal immune activation.

Selected Biomarkers

Where clinically appropriate: zonulin-
related assays (with caveats),
LPS-binding protein, hsCRP, and
emerging metabolomic signals
relevant to barrier function.



The Way Forward

Protect the
interface.

A

The Science Frontier

Interface biology, LLPS, and
barrier physics represent the
next chapter of microbiome
science — beyond taxa and
into the habitat that
shapes ecology.
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59 Rebuild the
2> habitat.
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The Clinical Imperative

Translate mechanistic insight
into practical frameworks:
reduce additive burden, restore
fiber diversity, and apply
evidence-tiered natural health
products as true adjuncts.
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Reduce the
o load.

O

The Epistemic Standard

Distinguish preclinical signals
from clinical evidence.
Lead with habitat, not hype.
The interface deserves
rigorous attention — and
disciplined communication.
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Consideration #1
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The barrier and its physical
chemistry are as
important as the microbes
living against it.

----

Thank You

Consideration #2

Modernity disrupts the
luminal environment through
multiple simultaneous
mechanisms — emulsifiers
are one signal, not the only
one.

oooo

Consideration #3

A

(Foundation)

Evidence-tiered intervention

— diet first, targeted
adjuncts second — is the
defensible and scientifically
credible clinical posture.



