CHAPTER 12

MICROBIOME-SEPSIS AXIS:
DYSBIOSIS, TRANSLOCATION, AND THERAPEUTIC POTENTIALS

Hadiye Demirbakan'

12.1. Introduction: The Gut Microbiome and Systemic Immunity

12.1.1. Overview of the Gut Microbiome

The human gut microbiome is a complex ecosystem comprising trillions
of microorganisms, including bacteria, archaea, viruses, and fungi, that
collectively influence host physiology. The microbiome performs critical functions
including nutrient metabolism, vitamin synthesis, short-chain fatty acid
(SCFA) production, immune education, and barrier maintenance.'?

Metagenomic profiles of the colonic mucosa-associated microbiota reveal that
the majority of the gut microbiota of healthy individuals consists of Bacteroidota
(formerly Bacteroidetes), Bacillota (formerly Firmicutes), Actinomycetota
(formerly Actinobacteria), Pseudomonadota (formerly Proteobacteria), and
Verrucomicrobiota (formerly Verrucomicrobia).lt is known that factors such as
genetic structure, age, gender, immune response and disease status, nutrition,
smoking, physical activity, surgical procedures, stress, living conditions, changes
in global environmental conditions, psychotropic and immunosuppressive drugs
affect the human intestinal flora. Antimicrobials and proton pump inhibitors have
the greatest impact on the intestinal microbiota. Antibiotic use can lead to bacterial
overgrowth of species belonging to the phyla Pseudomonadota and Bacillota. This
ecosystem disruption, called dysbiosis, can allow pathogenic bacteria to penetrate
the intestinal epithelium, enter the bloodstream, and cause systemic infections.?

12.1.2. Gut Microbiota-Immune System Interplay

The gut microbiome is intimately connected to the host immune system.
Microbial antigens and metabolites interact with pattern recognition receptors

(PRRs) such as Toll-like receptors (TLRs) and NOD-like receptors (NLRs) on
epithelial and immune cells, shaping innate and adaptive immune responses.*’
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Key mechanisms include:

* Barrier Function: A key element of the strategy to maintain homeostasis
with the mammalian gut microbiota is minimizing contact between
luminal microorganisms and the intestinal epithelial cell surface. This is
achieved by strengthening the physical barrier through the production of
mucus, antimicrobial proteins, and IgA.

* Antimicrobial Peptides: The microbiota limits pathogen overgrowth by
secreting peptides such as defensins and lysozyme, which are produced by
all intestinal epithelial cell lineages, including Paneth cells.

* Immune Tolerance: Regulatory T cells (Tregs) are expanded in response to
microbial-derived SCFAs, preventing excessive inflammation.

* Firewall: Mesenteric lymph nodes ensure that adaptive immune responses
against resident bacteria are induced and limited by mucosal immunity.

Disruption of these processes can result in systemic immune dysregulation,
creating a pro-inflammatory environment that primes the host for sepsis
development.'?

12.1.3. Microbial Metabolites as Immune Modulators

Diet is a key factor influencing the gut microbiota. Gut microbes break down
dietary nutrients and produce a variety of bioactive metabolites that influence
systemic immunity. Short-chain fatty acids (SCFA), trimethylamine N-oxide
(TMAO), tryptophan derivatives, branched-chain amino acids, and bile acids, in
particular, play a strong role in the pathogenesis of metabolic disorders.®

SCFAs such as butyrate, acetate, and propionate modulate neutrophil and
macrophage function, enhance barrier integrity, and induce anti-inflammatory
cytokine production.” Bile acid metabolism by gut bacteria can influence innate
lymphoid cells and NOD-like receptor protein 3 (NLRP3) inflammasome
signaling. Tryptophan-derived indoles regulate mucosal homeostasis and gut—
brain—immune crosstalk (Table 1).%?
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Table 1. Key gut microbial metabolites and their immunological roles relevant to sepsis

Metabolite Source Immunomodulatory Function Clinical Relevance in Sepsis

. Enhances Treg differentiation, Reduced levels linked to gut
Butyrate  Bacillota

strengthens tight junctions barrier dysfunction in sepsis
. Modulates neutrophil Protective against systemic
Acetate Bacteroidota . rop . 28 4
chemotaxis, anti-inflammatory  inflammation
. Activate aryl hydrocarbon . .
Indole Various YLy Dysregulation observed in

receptor, promote mucosal

derivatives commensals
defense

critically ill patients

12.1.4. Gut—Systemic Axis in Health and Disease

Under physiological conditions, homeostatic crosstalk between gut microbes
and immune cells maintains local and systemic immune balance. However,
insults such as infection, antibiotic use, or critical illness can induce dysbiosis,
leading to increased intestinal permeability, microbial translocation, and systemic
inflammation—key precursors of sepsis.

Recent studies have reported the following in critically ill patients®”'°:
* Reduced microbial diversity,
* Changes in the Bacillota/Bacteroidota ratio
* Overgrowth of opportunistic pathogens

* Altered metabolite profiles (short-chain fatty acids (SCFAs), D-lactate,
butyrate, deoxycholic acid decrease)

These findings highlight the causal and bidirectional relationship between
gut microbiota alterations and systemic immune dysregulation in sepsis
pathogenesis.

12.2. Dysbiosis in Sepsis: Causes and Consequences

12.2.1. Definition and Clinical Relevance of Dysbiosis

Dysbiosis refers to a disruption in the composition, diversity, or function
of the gut microbiota, resulting in a shift from a symbiotic microbial ecosystem
toward a pathogenic state.

In severe sepsis and septic shock, the gut is often the first organ affected and the
last to recover. This predisposes patients to intestinal dysbiosis and dysfunction,
further accelerating sepsis and multiple organ failure.'

In critically ill patients, especially those with sepsis, dysbiosis is characterized
by the loss of commensal organisms (mostly Bacteroidota and Bacillota) and
the overgrowth of opportunistic pathogens such as Pseudomonadota (including

160



Microbiome-Sepsis Axis

infectious Gram-negatives such as Escherichia coli, Klebsiella pneumoniae,
Pseudomonas aeruginosa, Enterobacter cloacae, and Proteus mirabalis).

Several observational studies have demonstrated that reduced microbial
diversity in septic patients is associated with:

* Increased ICU length of stay
* Higher incidence of secondary infections
* Elevated inflammatory markers
* Greater mortality
Dysbiosis is not only a biomarker of disease severity but also a contributing
factor in sepsis pathophysiology.®
12.2.2. Causes of Dysbiosis in Sepsis

The development of dysbiosis in septic patients is multifactorial, influenced
by both host- and treatment-related factors (Table 1).!"?

Table 2. Major factors contributing to gut dysbiosis in sepsis and their clinical

consequences.
Factor Mechanism Clinical Implications
Overgrowth of opportunistic
Broad-spectrum Deplete commensals, reduce 3 . PP [
. . R pathogens, risk of C. difficile
antibiotics microbial diversity . :
infection
. Hypoperfusion, stress, gut Impaired barrier function, systemic
Critical illness FYPops ’ '8 P . s
ischemia inflammation

Lack of enteral substrates for Reduced SCFA production,

Parenteral nutrition . . . . . .
beneficial bacteria impaired mucosal immunity

Sepsis-induced immune Permits expansion of opportunistic

Immune dysregulation suppression and cytokine storm  pathogens and fungal overgrowth

Mechanical ventilation Colonization by hospital- Increased risk of ventilator-
& hospital environment associated pathogens associated pneumonia

12.2.3. Pathophysiological Consequences of Dysbiosis
Dysbiosis affects multiple axes of host physiology:
12.2.3.1. Barrier Dysfunction and Microbial Translocation

Commensal bacteria are essential for intestinal epithelial integrity via
stimulation of tight junction proteins and mucin production. Loss of beneficial
microbes reduces short-chain fatty acid (SCFA) production, leading to increased
intestinal permeability. Consequently, bacteria and microbial products (LPS,
peptidoglycans) translocate into the systemic circulation, triggering cytokine
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storms and multiple organ dysfunction."

12.2.3.2. Immune Dysregulation

Dysbiosis is related to both innate and adaptive immunity®'':
* Neutrophil chemotaxis and phagocytosis are impaired

* Dendritic cell maturation is altered

* Treg expansion is reduced, favoring hyperinflammation

* Susceptibility to secondary infections is increased

12.2.3.3. Metabolic and Signaling Disorders

Dysbiotic microbiota cause abnormal metabolite profiles:**!?

* Butyrate and propionate, normally associated with barrier function and
anti-inflammatory signaling, are reduced.

* Bileacid metabolism, which affects innate lymphoid cellsand inflammasome
activation, is altered.

* Lactate and other pro-inflammatory metabolites contributing to

mitochondrial dysfunction and organ failure are increased.

12.2.4. Clinical Evidence Linking Dysbiosis to Sepsis Outcomes

Multiple human and experimental studies have highlighted the clinical

relevance of dysbiosis:*!"'?

* ICU patients show drastic reductions in alpha-diversity within 48-72
hours.

* Loss of SCFA-producing commensals correlates with higher serum IL-6,

TNF-a, and IL-1f levels.

* Animal models: Germ-free or antibiotic-treated mice exhibit higher
mortality when challenged with sepsis models. Restoration of microbial
diversity via FMT or probiotics improves survival and reduces
inflammatory markers.

These findings support the concept that dysbiosis is both a biomarker
and mediator of sepsis severity, providing targets for diagnosis, prognosis, and
therapeutic intervention.

12.3. Microbial Translocation and Systemic Inflammation

12.3.1. Concept and Mechanisms of Microbial Translocation

Microbial translocation refers to the passage of viable bacteria, bacterial
products (e.g., lipopolysaccharide, peptidoglycan), or microbial metabolites from
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the intestinal lumen into the systemic circulation or mesenteric lymph nodes.
This phenomenon is particularly relevant in sepsis, where dysbiosis and barrier
dysfunction facilitate translocation and amplify systemic inflammation."

Mechanistically, several factors contribute to microbial translocation in sepsis:"*°

* Epithelial barrier disruption: Changes in tight junction proteins (claudin,
occludin, zonula occludens-1 (ZO-1), Junctional Adhesion Molecule-A
(JAM-A)) and myosin light-chain kinase affect intestinal permeability.

* Mucus layer degradation: Dysbiotic microbiota produce enzymes that
degrade mucin, exposing epithelial cells to pathogens.

* Immune dysregulation: Impaired innate immune surveillance, including
decreased Paneth cell defensin secretion, allows bacterial overgrowth and
translocation.

* Hypoperfusion and ischemia-reperfusion injury: Common in septic shock,
this reduces epithelial integrity and enhances microbial passage.

12.3.2. Evidence Linking Translocation to Systemic Inflammation

Once translocated, microbial components activate pattern recognition
receptors (PRRs) on immune cells, including Toll-like receptors (TLRs) and
nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs),
leading to:

* Cytokine storm: Excessive TNF-a, IL-1p, IL-6 release

* Neutrophil activation: Enhanced chemotaxis and reactive oxygen species

(ROS) production

* Endothelial activation: Increased vascular permeability and coagulation
abnormalities

This cascade contributes to systemic inflammatory response syndrome
(SIRS) and multi-organ dysfunction, hallmark features of sepsis.**?

Clinical evidence:

* Elevated plasma lipopolysaccharide-binding protein (LBP) and bacterial
DNA (16S rRNA) correlate with severity and mortality in septic patients.

* Patients with high intestinal permeability, measured by sugar absorption
tests or biomarkers (zonulin, I-FABP), demonstrate greater systemic
inflammation and worse outcomes.®'>!”

12.3.3. Microbial Translocation Pathways

Three basic pathways of translocation have been identified.’®" These are
presented in the table.
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Table 3. Major pathways of microbial translocation and their clinical significance

Pathway Mechanism Clinical Relevance
Through disrupted tight Most common route in sepsis; allows
Paracellular | . . . .
junctions bacterial endotoxins to enter circulation

Observed in pathogen-specific infections

Transcellular  Active uptake via epithelial cells (Salmonella, E. coli)

M-cell Specialized microfold (M) cells  Important for immune surveillance but can
mediated transport bacteria be hijacked during dysbiosis

12.3.4. Role of Microbiome in Modulating Translocation

A balanced microbiome protects against microbial translocation via:
* Competition with pathogens for nutrients and adhesion sites
* SCFA production that strengthens epithelial tight junctions

* Immune modulation: Treg induction and anti-inflammatory cytokine
production

Conversely, dysbiosis promotes overgrowth of pathobionts, increases
mucosal inflammation, and facilitates translocation. Therapeutic strategies such
as probiotics, prebiotics, and fecal microbiota transplantation (FMT) have
shown promise in experimental models for reducing translocation and systemic
inflammation."'*"”

12.4. Microbiome-Based Therapeutic Strategies

12.4.1. Introduction

Given the critical role of gut microbiota in sepsis pathophysiology—including
dysbiosis, microbial translocation, and systemic inflammation—therapeutic
modulation of the microbiome has emerged as a promising adjunct to standard
care. Microbiome-targeted interventions aim to restore microbial diversity,
strengthen intestinal barrier function, modulate immune responses, and reduce
systemic inflammation.>"”
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Table 4. Overview of Microbiome-Based Therapeutic Strategies in Sepsis'®

Strategy Mechanism of Action E:;l::;al/Chmcal Limitations/Challenges
Administration of live
beneficial microbes .
ICU studies show

e.g., Lactobacillus . . Strain-specific effects
(e.g, ’ reduced infection P ’

Bifidobacterium) to L. . risk of bacteremia in
incidence, improved

barrier integrity,
decreased systemic

Probiotics restore gut homeostasis,
enhance SCFA

production, and

immunocompromised
patients, variable
colonization

. cytokines
modulate immune 4
responses
Enhances SCFA
Non-digestible substrates production, supports . .
o . . Requires functional gut,
L. (e.g., inulin, FOS) barrier function; L L
Prebiotics . . limited data in critically
promoting growth of  limited human ICU . .
. . . . ill patients
beneficial bacteria studies show improved
microbiota composition
Potential synergistic
o effects on microbiota  Standardization and
.. Combination of . . . .
Synbiotics and host immunity; optimal combination

probiotics + prebioics small ICU trials show  unclear

reduced infection rates

Preclinical models show

decreased dysbiosis, Safety concerns,
reduced microbial regulatory hurdles,
translocation, improved donor screening, risk of

Fecal Microbiota Transfer of donor stool
Transplantation to restore microbial

(FMT) diversity . . o
survival; case reports in  pathogen transmission
severe sepsis
Preclinical studies .

. . . - . . Translational

Microbiome- Direct administration ~ show modulation cudies limited

. o Lo . studies limited,

derived of SCFAs, bile acids, or  of epithelial barrier, 0

. - . L pharmacokinetics

Metabolites tryptophan metabolites immune signaling, and
. unknown
inflammatory responses
Animal studies show .

. . . Potential off-target

Targeted Selective removal of reduced sepsis severity; o

. . . effects, microbial

Antibiotics / pathobionts to rebalance phage therapy can target ~ .

. . . . resistance, limited

Phage Therapy  microbiota multidrug-resistant

pathogens clinical data

12.4.2. Probiotics and Synbiotics

Probiotics exert beneficial effects by competing with pathogens for adhesion
sites, producing antimicrobial compounds, and modulating immune responses.
Studies in critically ill patients suggest a reduction in ventilator-associated

165



Precision Medicine in Sepsis: From Biomarkers to Bedside

pneumonia and bloodstream infections, although results are strain- and patient-
specific. Synbiotics combine the direct effects of probiotics with selective
stimulation of endogenous beneficial microbes via prebiotics, potentially
enhancing colonization and functional effects.'?***!

Challenges include heterogeneity of probiotic formulations, variable survival
in the gut, and the risk of translocation in severely immunocompromised

patients. Optimal dosing regimens and timing relative to sepsis onset remain

under investigation.*"**

12.4.3. Fecal Microbiota Transplantation (FMT)

FMT involves transferring a complex microbial community from a healthy
donor to restore microbial diversity and functional resilience. Preclinical studies
in sepsis models demonstrate:

* Restoration of microbial diversity

* Improved epithelial barrier integrity

* Reduced systemic cytokine production
* Improved survival

Early case reports in human sepsis indicate potential benefits, particularly
in severe dysbiosis following broad-spectrum antibiotics. However, safety and
standardization remain critical hurdles, including donor screening, risk of
pathogen transmission, and regulatory limitations.'*"?

12.4.4. Microbiome-Derived Metabolites

Supplementation with metabolites such as butyrate, propionate, secondary
bile acids, or tryptophan derivatives can mimic the beneficial effects of a healthy
microbiome. Mechanisms include:

* Tight junction regulation

* Anti-inflammatory signaling

* Treg differentiation

* Modulation of systemic immunity

Although promising in preclinical studies, translation to humans is limited.
Pharmacokinetics, dosing, and long-term safety require further investigation.®'?

12.4.5. Targeted Microbiome Modulation: Antibiotics and Phages

Selective targeting  of  pathobionts using  narrow-spectrum
antibiotics or bacteriophages offers an alternative to broad-spectrum therapy,
potentially reducing dysbiosis while controlling pathogens. Animal models show
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improved survival and reduced systemic inflammation; however, clinical translation
remains nascent. Potential limitations include off-target microbial effects, resistance
development, and limited availability of phages for clinical use.'®"

12.4.6. Integrative Approaches and Future Directions

Combining  microbiome-based  therapies  with  omics-guided
diagnostics and personalized medicine approaches may optimize treatment in
sepsis. For example:

* Early metagenomic or metabolomic profiling can identify patients at
high risk of dysbiosis or translocation.

* Tailored probiotic or metabolite interventions could restore balance
before irreversible organ damage occurs.

Future research should focus on well-designed clinical trials, standardized
formulations, and integration with multi-omics data to refine personalized
microbiome therapies.?>*

12.5. Conclusion and Future Perspectives

12.5.1. Summary of Key Findings

Sepsis represents a complex interplay between pathogen invasion, host
immune dysregulation, and organ dysfunction. Emerging evidence highlights
the central role of the gut microbiome in modulating both susceptibility to
sepsis and disease progression. Key findings include:

* Dysbiosis in critically ill and septic patients is characterized by loss of
commensal bacteria, overgrowth of pathobionts, and reduced microbial
diversity, correlating with disease severity and mortality.>'?

* Microbial translocation through a compromised gut barrier amplifies
systemic inflammation, driving cytokine storms, endothelial activation,
and multi-organ dysfunction.'""

* Microbiome-targeted therapies, including probiotics, prebiotics, synbiotics,
fecal microbiota transplantation (FMT), and microbiome-derived
metabolites, demonstrate potential in restoring microbial homeostasis,

reducing systemic inflammation, and improving clinical outcomes.?*?
g sy g

* [Integration of omics technologie—metabolomics, transcriptomics, and
proteomics—enables mechanistic insights into microbial-host interactions
and identification of novel diagnostic and prognostic biomarkers.?**
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12.5.2. Translational Potential of Microbiome Research in Sepsis

In conclusion, microbiome science suggests the following paradigm shifts in
sepsis management:
1. Diagnostic Applications:

* Multi-omics profiling can identify dysbiosis signatures predictive of sepsis
onset or progression.

* Early detection of microbial translocation markers (e.g., 16S rRNA, LPS-
binding protein) may guide timely interventions.
2. Therapeutic Strategies:

* Personalized interventions, including targeted probiotics or FMT,
may restore microbial balance, enhance gut barrier integrity, and modulate
immune responses.

* Integration with machine learning models can optimize patient selection
and predict therapeutic responses.

3. Prognostic Insights:

* Microbiome composition and metabolite profiles may serve as biomarkers
for organ dysfunction risk, secondary infections, and mortality, allowing
risk stratification and precision therapy.

12.5.3. Challenges and Limitations

Despite promising findings, translation to clinical practice faces significant
challenges:'202>24

* Heterogeneity of microbiome interventions: Probiotic formulations, FMT
protocols, and metabolite dosing vary widely, limiting reproducibility.

* Safety concerns: Particularly in immunocompromised patients, microbiome
modulation carries risks of bacteremia or pathogen transmission.

» Complexity of multi-omics data: Standardization, bioinformatic pipelines,
and clinical validation are still in early stages.

* Regulatory and logistical barriers: Clinical implementation of FMT or phage
therapy is restricted by stringent regulations and safety requirements.

12.5.4. Future Directions

To fully realize the potential of microbiome-based strategies in sepsis, future
research should focus on:

1. Longitudinal, multi-center studies to define dysbiosis patterns across diverse
populations and clinical contexts.
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2. Standardization of microbiome interventions, including strain selection,
dosing, and delivery methods for probiotics, synbiotics, and FMT.

3. Integration of multi-omics and Al-based predictive models to enable
personalized diagnosis and therapy.

4. Exploration of microbiome-derived metabolites as therapeutic agents or
adjuncts to conventional treatment.

5. Development of rapid, bedside microbiome diagnostic tools enabling real-time
monitoring and timely intervention.

12.5.5. Final Remarks

The gut microbiome represents a dynamic and modifiable axis in sepsis
pathophysiology. Understanding the interactions between microbial communities,
translocation mechanisms, and systemic immunity provides opportunities
for early diagnosis, precision therapy, and improved patient outcomes. Integration
of multi-omics, microbiome therapeutics, and computational modeling promises
a future where sepsis management is guided not only by clinical observation but
also by personalized, microbiome-informed strategies.

These approaches have the potential to create microbiome-integrated intensive
care treatment strategies and reduce morbidity and mortality in sepsis.
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