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Abstract

Background/Objectives: Postbiotics are increasingly recognized as biologically active
products of microorganisms with emerging potential as microbiome-inspired therapeutic
interventions. While most microbiome-based strategies focus on modifying microbial
composition, restoration of microbial signaling has received comparatively less attention.
This review examines postbiotics through the lens of microbial signaling restoration and
proposes a unified Metabolite-Immune-Redox (MIR) axis linking microbial-derived sig-
nals with immune regulation, redox homeostasis, endothelial integrity, and host resilience.
Methods: This narrative review synthesizes current evidence on postbiotics, microbial
metabolites, structural microbial components, and extracellular vesicles, with emphasis
on their roles in immunometabolic regulation, redox biology, endothelial function, and
host-directed interventions. Results: Current evidence suggests that short-chain fatty acids,
indole derivatives, bile acid metabolites, and microbial extracellular vesicles are impor-
tant mediators of host-microbe communication. These signals influence interconnected
pathways involving mitochondrial function, inflammasome activity, immune calibration,
endothelial and glycocalyx homeostasis, and disease tolerance. The review highlights the
endothelium as an underrecognized therapeutic target and discusses biomarkers, includ-
ing soluble thrombomodulin, von Willebrand factor, and D-dimer, as potential tools for
identifying patients most likely to benefit from host-directed interventions. Major transla-
tional challenges include product heterogeneity, incomplete mechanistic characterization,
uncertain exposure-response relationships, and unresolved regulatory considerations.
Conclusions: The proposed MIR axis provides a hypothesis-generating framework for
understanding how restoration of microbial signaling may contribute to precision host-
directed therapeutic strategies. Further mechanistic and clinical studies are needed to
validate this concept and define its translational potential in inflammatory, infectious, and
critical illness settings.
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1. Introduction

Despite remarkable progress in microbiome research, translating these discoveries
into mechanism-driven therapeutics remains challenging [1,2]. While many microbiome-
based strategies have traditionally focused on modifying microbial composition, increasing
attention is now being directed toward understanding microbial functional activity and its
contribution to host physiology, recognizing that microbial composition and function are
fundamentally interconnected [1-5]. Indeed, alterations in microbial community structure
do not necessarily translate into restoration of the biochemical signaling networks through
which the microbiome regulates host physiology [5-7]. Consequently, growing emphasis
has been placed not only on correcting dysbiosis, but also on restoring microbial-derived
signaling pathways that contribute to immune, metabolic, and redox homeostasis [4-7].

This functional view carries important therapeutic implications. The depletion or
distortion of bioactive microbial signals—including short-chain fatty acids, indole deriva-
tives, bile acid metabolites, and microbial extracellular vesicle cargo—may contribute
to disease not merely through altered microbial ecology, but through loss of protective
pathways that ordinarily buffer inflammation, sustain endothelial integrity, and preserve
adaptive responses under stress [4-7]. Emerging evidence further suggests that certain
bacteriocins may also interact directly with host cells through immunomodulatory and
signaling mechanisms, extending their biological role beyond antimicrobial activity [8,9].
In this sense, pathology may reflect a deficit of host-protective signaling as much as a
burden of harmful stimuli [1,4,5]. Such a reframing complements ecological perspectives
on microbiota composition by emphasizing microbial-derived signaling as an additional
therapeutic dimension [1,3,5] and raises a more pharmacologically relevant question: can
the restoration of microbial-derived signaling itself become a therapeutic strategy? In this
context, the restoration of microbial signaling may represent a therapeutically actionable
concept capable of bridging microbiome science, redox pharmacology, endothelial biology,
and precision medicine [4-7,10,11].

Importantly, restoration of microbial-derived signaling should not be interpreted as a
substitute for restoration of a healthy and functionally resilient microbiota [1,3,5]. Rather,
microbial signaling may represent one mechanistic component of a broader recovery
process, in which sustained therapeutic benefit ultimately depends on the re-establishment
of microbial ecological stability and functional host-microbiota interactions [3,5]. In this
context, postbiotics may serve as complementary host-directed interventions that reinforce
protective signaling pathways while facilitating the gradual restoration of endogenous
microbial functional capacity and overall microbiota resilience [2,3,8,9].

Throughout this review, the term “microbiome-derived” is used to describe microbial
signaling processes and functional products involved in host-microbe communication
within the proposed MIR framework, rather than to imply that all postbiotic preparations
necessarily originate from microorganisms belonging to the human microbiome [10].

Within this emerging paradigm, postbiotics have attracted growing interest because
they may provide a route from microbiome modulation toward defined functional inter-
vention. Unlike strategies dependent on live microbial engraftment, postbiotics offer the
conceptual advantage of delivering microbial bioactivity in a form potentially more com-
patible with standardization, dose control, and translational development [2,10,11]. This
has begun to position them less as extensions of probiotic biology and more as candidate
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postbiotic therapeutic interventions with drug-like properties. Viewed through this lens,
postbiotics may be interpreted as next-generation pharmabiotics whose significance lies
not simply in their microbial origin, but in their capacity to engage identifiable host path-
ways relevant to disease modification [12,13]. However, whether postbiotics exert direct
disease-modifying effects or primarily serve as markers of broader microbiome-associated
health remains an area of ongoing debate. This distinction is particularly important when
considering their potential development as mechanistically defined therapeutic agents.

Here we propose that this therapeutic potential may be understood through a uni-
fied Metabolite-Immune-Redox (MIR) axis, in which microbial-derived signals con-
verge on three interconnected domains: metabolic signaling, immune calibration, and
redox—endothelial resilience (Figure 1) [4,5]. The MIR framework should be viewed as a
hypothesis-generating conceptual model that integrates emerging evidence across multiple
biological systems and is intended to guide future mechanistic and clinical investigation.
Importantly, the MIR axis is not intended to replace existing frameworks such as the Gut-
Brain Axis, immunometabolism, or host-directed therapy models, but rather to integrate
these perspectives into a unified and testable conceptual framework. This concept extends
beyond classical immunomodulation by suggesting that postbiotics may represent candi-
dates for precision redox-oriented therapeutics, with the potential to reinforce endogenous
pathways involved in oxidative stress adaptation, inflammatory set-point control, and
vascular homeostasis [14,15] (Table 1). Such a view is particularly relevant in inflammatory
and critical illness settings, where failure of resilience rather than pathogen burden alone
often drives progression toward organ dysfunction [16].

Table 1. Positioning of the proposed Metabolite-Immune-Redox (MIR) framework within existing

conceptual models of microbiome-host interactions.

Conceptual
Framework

Primary Focus

Major Contribution

Key Limitation

Additional Perspective
Provided by the MIR Axis

Gut-Brain Axis

Bidirectional
communication
between the gut and
central nervous system

Established the role of
microbiota in
neurological function
and behavior

Primarily focused on
neural and
neuroendocrine
signaling pathways

Expands the framework to
include immune
calibration, redox
regulation, endothelial
resilience, and
biomarker-guided
interventions

Interactions between

Demonstrated how

Limited emphasis on
microbiome-derived

Integrates microbial
metabolites as upstream

Immunometabolism metabolic pathways metabolism shapes . - regulators of
. . . signaling and vascular | .
and immune function immune responses ; immunometabolic
biology .
adaptation
Oxidative stress and 'Identlfled redox . Usually investigated qumor'ls . .
. imbalance as a driver of . microbial-derived signals

Redox Biology cellular redox independently of

homeostasis

inflammation and
tissue injury

microbiome signaling

as modulators of systemic
redox resilience

Host-Directed

Enhancement of host
responses rather than

Shifted therapeutic
focus from pathogens

Does not specifically
address microbial

Highlights the potential of
postbiotics as
microbiome-derived

Therapy direct pathogen to host resilience ) . host-directed interventions
. . signaling pathways . .
targeting mechanisms acting through restoration
of microbial signaling
. . Established endothelial ~ Often disconnected Connects microbial
. Vascular integrity and - - - . . .
Endothelial / microcirculator dysfunction as a from signaling disruption with
Glycocalyx Models homeostasis y determinant of critical =~ microbiome-centered endothelial and glycocalyx
illness outcomes mechanisms injury
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Table 1. Cont.

Major Contribution

Key Limitation

Additional Perspective
Provided by the MIR Axis

Conceptual .
Framework Primary Focus
Individualized
Precision Medicine ~ reatment based on
biological
heterogeneity

Promoted
biomarker-guided
patient stratification

Limited incorporation
of microbiome-derived
functional signals

Proposes
biomarker-guided
postbiotic interventions
based on microbial
signaling endotypes

Integration of
metabolite signaling,
immune calibration,
redox biology,
endothelial resilience,
and host-directed
interventions

Proposed MIR Axis

Provides a unified
mechanistic and
translational
framework linking
microbial signaling to
host resilience

Requires further
mechanistic validation
and clinical testing

Integrates microbial
metabolites, extracellular
vesicles, immune
responses, endothelial
biology, redox adaptation,
and biomarker-guided
therapeutic strategies into
a single framework

Footnote: Data synthesized and conceptually integrated from current literature on microbiome science, postbiotics,
microbial metabolites, immunometabolism, redox biology, endothelial dysfunction, host-directed interventions,
and disease tolerance [1-6,8,12,13,15-20]. The MIR framework is proposed by the authors as an hypothesis-

generating integrative conceptual model and does not represent an established consensus classification.
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The MIR Axis highlights how postbiotics integrate metabolite signaling (M), immune calibration (1), and redox—endothelial resilience (R)
to promote host resilience, disease tolerance, and protection against organ dysfunction.

Figure 1. The MIR Axis: a conceptual framework integrating postbiotic bioactive components

with metabolite signaling, immune calibration, and redox—endothelial resilience. The MIR Axis

illustrates a hypothesis-generating conceptual framework in which selected bioactive components

of postbiotics—including microbial metabolites, extracellular vesicles, and bacteriocins—contribute

to metabolite signaling (M), immune calibration (I), and redox—endothelial resilience (R), thereby

supporting host resilience, disease tolerance, and protection against organ dysfunction. Colored

dashed arrows illustrate the conceptual cross-talk between the metabolite signaling (M), immune

calibration (I), and redox—endothelial resilience (R) modules, whereas solid arrows represent the

principal biological pathways within each module.
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This perspective also aligns with evolving concepts in host-directed therapy, where
therapeutic value is increasingly linked not solely to suppressing pathogenic processes,
but to strengthening host capacity to tolerate injury [17]. In that context, host resilience
can be understood as the integrated ability to preserve function through maintenance of
redox balance, immune calibration, and endothelial stability under stress, while disease
tolerance reflects the capacity to limit tissue injury without necessarily altering pathogen
load [18]. Interpreted this way, postbiotics may represent candidate enhancers of both
resilience and disease tolerance, acting through restoration of protective signaling rather
than direct antimicrobial activity [5,14,16].

An additional conceptual dimension emerges from hormesis, whereby low-intensity
biological signals activate adaptive stress responses that enhance system-level robust-
ness [19,20]. Some postbiotic effects may plausibly operate through such mechanisms,
functioning not merely as passive metabolites but as signaling cues capable of triggering
cytoprotective redox programs, mitochondrial adaptation, and restraint of self-amplifying
inflammatory injury [20-22]. This possibility is especially compelling when considered
alongside emerging evidence implicating oxidative stress, endothelial dysfunction, and
thromboinflammation as shared drivers across sepsis, viral critical illness, and chronic
inflammatory disorders [4,14,22].

Taken together, these considerations support a broader pharmacological hypothesis:
postbiotics should not be viewed solely as successors to probiotics or synbiotics, but rather
as a distinct class of postbiotic host-directed interventions based on defined microbial
bioactive components that engage conserved host signaling pathways and may have
applications across multiple biomedical and clinical contexts (Table 2) [23-27]. On this basis,
this review examines the proposition that postbiotics may represent an emerging platform
for pharmacologic interventions based on microbial bioactive components. Throughout this
review, the term “microbiome-derived” is used to refer to microbial signaling molecules and
functional products that mediate host-microbe communication, rather than to imply that
all postbiotic preparations necessarily originate from the human microbiome [13,23-27].

The aim of this review is to synthesize current evidence on postbiotics within a unified
Metabolite-Immune-Redox (MIR) framework and to evaluate the potential of postbiotic
host-directed interventions within the proposed MIR framework. By integrating emerging
findings from microbial metabolite biology, extracellular vesicle research, redox regulation,
endothelial resilience, and precision medicine, this review seeks to provide a translational
perspective on microbial signaling restoration.

Collectively, the available evidence supports the view that postbiotics may provide a
rational platform for future biomarker-guided therapeutic strategies. Unlike many probiotic
interventions, whose clinical translation is often limited by the inability to directly quantify
or standardize their functional bioactive signals in vivo, postbiotic preparations contain
defined microbial bioactive components that can be chemically characterized, quantified,
and linked to measurable host pharmacodynamic biomarkers. Establishing this functional
relationship between postbiotic composition and host biomarker responses may represent
one of the key prerequisites for biomarker-guided microbiome-based therapeutic strategies.
Nevertheless, substantial mechanistic and clinical validation remains necessary before such
approaches can be implemented in routine clinical practice [2,10,11,14,15].

In particular, future clinical studies should evaluate not only clinical outcomes, but
also the quantitative relationship between defined postbiotic bioactive components and
host pharmacodynamic biomarker responses, thereby establishing quantitative exposure—
biomarker-response relationships analogous to those routinely employed in translational
pharmacology for pharmacodynamic characterization and biomarker-guided therapeutic
development. Such an approach may facilitate biomarker-guided patient stratification,
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improve mechanistic understanding of treatment response, and support the rational devel-

opment of standardized postbiotic interventions [10,11,14,15].

Table 2. Comparative and context-dependent translational characteristics of prebiotics, probiotics,

synbiotics, and postbiotics.

Feature Prebiotics Probiotics Synbiotics Postbiotics
Selective microbial Live microorganisms Combination of Non-viable
Definition substrates utilized by conferring health probiotics and microorganisms and/or
beneficial microbes benefit prebiotics their bioactive products
. . . . . Synergistic modulation  Functional modulation
. Selective modulation of Live microbial YRergisty .
Predominant . . . . of microbiota through defined
. . microbiota composition = modulation of host and i, . 11 .
mechanisms of action . . L . composition and host microbial bioactive
and function microbiota interactions
responses components

Variable (potentially high

Mechanistic Variable Variable Variable (formulation- . . .
specificity (substrate-dependent) (strain-dependent) dependent) for defined bioactive
p preparations)
Predominantly direct,
Predominant Integrated direct and with indirect effects

therapeutic effect

Predominantly indirect

Direct and indirect

indirect effects

depending on
formulation

Dependence on host

microbiome High Moderate-high High Generally lower
Standa.rd1zat10n Generally high Variable Variable Potentially high
potential
Manufacturing
standardization High Variable Variable Potentially high
potential
.. Formulation- Formulation- Formulation- Potentlal}y high for
Dose precision standardized
dependent dependent dependent -
preparations
PK/PD tractability ~  Limited Limited Limited Egﬁ;gmg (potentially
Target engagement Variable Variable Variable (formulation- Pot'entlall'y hlgher for
o . defined bioactive
definability (substrate-dependent) (strain-dependent) dependent) .
preparations
isl?rf\its}; in critical Favorable Potential concerns Potential concerns Potentially favorable
Redoxjmodulatmg Low-moderate Moderate Moderate-high High
potential
Potentially high when
Precision medicine Variable (substrate- and  Variable (strain- and Variable (formulation- supportefi by
and standardized

potential

biomarker-dependent)

biomarker-dependent)

biomarker-dependent)

preparations and
appropriate biomarkers

Pf)tentlal for . Variable Variable Variable (formulation- Potentlal}y hlgh for'
biomarker-guided . standardized bioactive
(substrate-dependent) (strain-dependent) dependent) .
use preparations
Compatibility with . .
host-directed therapy Limited Moderate Moderate High
. Highest theoretical
Drug-like .
(“pharmabiotic”) Minimal Partial Partial po.tentl'al among current
. microbiome-based
properties

interventions *
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Table 2. Cont.

Feature Prebiotics Probiotics Synbiotics Postbiotics

Regulatory maturity =~ Moderate Moderate Limited Emerging

Note: The characteristics summarized in this table are context-dependent and should not be interpreted as fixed
or universal properties of each intervention class. They are intended to provide a comparative translational per-
spective and may vary according to formulation, purity, microbial strain or substrate, manufacturing quality, dose,
biological target, host environment, regulatory oversight, quality-control procedures, and intended clinical appli-
cation. Footnote: PK/PD, pharmacokinetics/pharmacodynamics. * pending mechanistic and clinical validation.
Data synthesized from current consensus definitions and recent translational reviews [2,12,13,23,24,26,28-30].

Literature Search and Scope of the Review

This review was designed as a structured narrative review to summarize current
evidence on postbiotics and microbial signaling and to integrate mechanistic, translational,
and clinical perspectives relevant to the proposed MIR framework. Because the objective
was to synthesize multiple interconnected biological concepts rather than address a single
focused clinical question, a narrative approach was considered the most appropriate.

The literature search was performed using PubMed and Web of Science Core Collec-
tion from database inception through June 2026. Search terms included combinations of
postbiotics, microbial metabolites, extracellular vesicles, microbial signaling, short-chain
fatty acids, indole derivatives, redox biology, immune regulation, endothelial dysfunction,
host-directed therapy, critical illness, and precision medicine. Additional relevant publi-
cations were identified through manual screening of reference lists from key articles and
recent reviews.

Priority was given to consensus statements, mechanistic studies, translational research,
and clinically relevant human studies. Historical publications were included selectively
when necessary to provide scientific context or illustrate the evolution of concepts discussed
in this review.

2. Postbiotics as Redox Therapeutics

A particularly important conceptual shift in the field has been the recognition that
some postbiotic effects may be interpreted not only through immunomodulation, but
through redox biology. This distinction matters because oxidative stress in inflammatory
disease is increasingly viewed less as a simple excess of reactive oxygen species and more as
a failure of adaptive redox regulation [4,30]. Within this framework, microbial metabolites
are relevant not merely because they dampen inflammatory signaling, but because they
may reinforce endogenous pathways that preserve oxidative homeostasis. This perspective
has drawn particular attention to short-chain fatty acids, especially butyrate, whose biolog-
ical relevance appears to extend well beyond gut barrier maintenance. Emerging evidence
suggests that butyrate may influence Nrf2-linked cytoprotective responses, support mito-
chondrial efficiency, and redirect inflammatory metabolism away from oxidative injury
toward adaptive resilience [6,20,31]. The implication is significant: if some postbiotics
reinforce host antioxidant programs rather than merely counter oxidative stress secondar-
ily, they begin to resemble redox-active signaling therapeutics rather than conventional
nutritional adjuncts [21,31,32].

A parallel conceptual expansion is emerging around indole derivatives and the aryl
hydrocarbon receptor (AhR), where interest has shifted from mucosal tolerance alone
toward the intersection of barrier biology, immune calibration, and redox control [6,33].
In this context, immune calibration denotes something more precise than generalized
immunomodulation; it refers to fine-tuning inflammatory and regulatory pathways toward
controlled host defense with limited collateral tissue injury [4,14,34]. That distinction is
important because the biological goal is not indiscriminate suppression of inflammation,
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but optimization of inflammatory set-points compatible with tissue protection and dis-
ease tolerance [18,35]. Indole signaling is increasingly relevant in this regard because
epithelial integrity and oxidative homeostasis appear mechanistically intertwined: barrier
disruption can amplify inflammatory ROS signaling, while impaired redox control further
destabilizes barrier function. Interpreted through this feedback logic, AhR-active microbial
metabolites may help stabilize both systems simultaneously [36,37]. This is also one reason
NLRP3 attenuation has emerged as a mechanistically important theme, since inflamma-
some activation occupies a convergence point between mitochondrial stress, oxidative
injury, and inflammatory amplification [4,6,33]. The broader interpretation is that some
postbiotics may interrupt self-reinforcing redox—inflammasome loops that propagate tissue
damage, which represents a more sophisticated model than simply describing them as
anti-inflammatory agents [4,14,30].

A further implication of this framework is that immune calibration may be understood
not as passive attenuation of inflammation, but as active resetting of immune thresholds
toward controlled responsiveness and resolution competence [34,35]. This distinction is
pharmacologically relevant because therapies that recalibrate inflammatory set-points may
differ fundamentally from those that merely suppress immune activation, particularly
in conditions where excessive inflammation and immune paralysis can coexist [35,38,39].
Viewed in this light, postbiotics may have relevance not only as modulators of cytokine
magnitude, but as regulators of immune tone, influencing balance, activation thresholds,
and resolution programming in ways compatible with disease tolerance [34,35]. Such
a perspective strengthens the argument that some postbiotic effects may be interpreted
less as conventional anti-inflammatory activity and more as host-directed control of im-
munometabolic resilience [38,39]. Because inflammatory threshold setting is closely cou-
pled to cellular redox state, this concept also reinforces the view that immune calibration
and redox resilience may be mechanistically co-regulated rather than biologically separate
processes [20,38,40].

Among the most rapidly expanding and genuinely high-interest areas in this field
are microbial extracellular vesicles (EVs), precisely because they extend the discussion
beyond metabolite biology into structured interkingdom signaling [41,42]. Their growing
prominence is not incidental. EVs are attracting attention because they may function
as biologically organized delivery systems carrying lipids, proteins, nucleic acids, and
signaling cargo capable of influencing host pathways in ways free metabolites may not. That
introduces a distinctly pharmacological dimension, since these vesicles can be interpreted
as naturally evolved nano-scale carriers with potential relevance to target engagement
and signal specificity [41-43]. Their importance to the present framework lies in emerging
links to mitochondrial signaling, immunometabolic rewiring, and redox-sensitive host
responses, all of which make them unusually compatible with the MIR-axis concept [44—46].
This leads to a provocative but increasingly plausible interpretation: if soluble metabolites
represent one level of microbial signaling, extracellular vesicles may represent an emerging
higher-order layer of microbial signaling architecture, raising the possibility that some
postbiotic-associated extracellular vesicles may function as structured carriers of host-
directed resilience signals, although these mechanisms remain incompletely defined [24,47].
However, much of this field remains mechanistically early, and translational relevance
should presently be interpreted as hypothesis-generating rather than established.
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3. Endothelium as an Underrecognized Pharmacologic Target

One of the more underdeveloped but potentially important ideas in the postbiotic field
is that the endothelium may represent an underrecognized pharmacologic target rather
than a downstream bystander of inflammation [48-50]. This distinction matters because
endothelial dysfunction is increasingly recognized not simply as a consequence of critical
illness, but as an active driver of permeability, microvascular dysregulation, thromboinflam-
mation, and ultimately organ injury. In that context, the relevance of microbiome-derived
metabolites extends beyond mucosal immunity or systemic inflammation alone. Emerging
evidence suggests that metabolites such as short-chain fatty acids and indole derivatives
may influence endothelial homeostasis through mechanisms linked to barrier integrity,
oxidative signaling, and inflammatory tone [49-52]. This raises an important interpretive
shift: if dysbiosis contributes to the loss of protective vascular signaling, then part of the
therapeutic rationale for postbiotics may lie in restoring endothelial resilience, not merely
modulating immune responses [48,51,53].

A particularly compelling layer of this concept centers on the endothelial glycocalyx,
increasingly viewed as a vulnerable but biologically strategic interface where inflammation,
coagulation, and redox injury converge. Glycocalyx disruption has been linked to capillary
leak, leukocyte adhesion, platelet activation, and microthrombotic propagation, all central
features of severe infection and organ dysfunction [54-56]. What makes this especially
relevant for a postbiotic framework is the possibility that microbial signaling may influence
glycocalyx preservation indirectly through redox buffering and inflammatory calibration.
Short-chain fatty acids, particularly butyrate, are increasingly of interest in this regard,
not only because of anti-inflammatory effects, but because emerging evidence suggests
potential links to endothelial barrier support, oxidative stress modulation, and pathways
plausibly relevant to glycocalyx stability, including Nrf2-associated cytoprotective signal-
ing (Figure 2) [31,48,51,52,57]. While this area remains mechanistically incomplete, the
implication is provocative: some postbiotics may contribute to vascular resilience at a level
upstream of overt endothelial injury [48].

This is where biomarkers such as soluble thrombomodulin (sTM), von Willebrand
factor (vWEF), and D-dimer acquire more than prognostic significance; they may be inter-
preted as mechanistic readouts of endothelial injury and thromboinflammatory stress, and
potentially as candidate pharmacodynamic markers for endothelial-targeted postbiotic
interventions [58—60]. That distinction is important, because it reframes these biomarkers
not solely as reflections of severity, but as tools that may help define endotypes in which
endothelial-supportive postbiotic strategies are biologically rational (Table 3). Such an ap-
proach fits naturally with precision therapeutics, where biomarker-informed stratification
increasingly shapes translational relevance.

Table 3. Candidate bioactive components of postbiotic preparations as precision redox interventions:
mechanisms, translational relevance, and development challenges.

Bioactive Prima Immune Candidate
Component of Y o Endothelial Translational ~ Development
. Molecular Redox Effects Calibration Pharmacody-
Postbiotic Relevance . Caveats Challenges
. Targets Effects namic Markers
Preparations
GPCRs, HDAC Barrier IL-6, CRP, Exposure-
Shprt-cham fatty  inhibition, Oxidative Treg induction; support; oxidative stress Dose/context response
acids (e.g., Nrf2- stress bufferin inflammasome  possible markers (e.g., dependence uncertainty;
butyrate) associated & restraint glycocalyx MDA), P formulation
pathways protection syndecan-1 * stability
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Table 3. Cont.
Bioactive Prima Immune Candidate
Component of Yy . . Endothelial Translational =~ Development
. . Molecular Redox Effects Calibration Pharmacody-
Postbiotic £ Relevance . K Caveats Challenges
Preparations Targets Effects namic Markers
AhR-
. . . responsive
AhR signaling; Cytokine . . ] .
Indole epithelial and Barrier-redox balancing; Indirect signatures; Disease-stage Defined .
o ) i vascular inflammatory preparations
derivatives immune stabilization mucosal . . dependence
athwavs tolerance protection cytokine needed
P y profiles; barrier
injury markers
Metabolic-
Vascular- inflammatory
Secondary bile FXR, Metabolic Macr(?phage/ mﬂammatory signatures; Signaling Narrow .
. . . . redox cytokine and metabolic- . therapeutic
acid metabolites TGRS signaling . . . exploratory pleiotropy .
regulation modulation endothelial . window
endothelial
effects .
biomarkers
Vesicle- Cell-free DNA,
Microbial . . . . Emerging syndecan-1 *, Purification,
associated Mitochondrial/  Immunometabolic ; . Cargo S
extracellular e . . .. endothelial inflammatory . biodistribu-
. proteins, lipids, redox signaling  rewiring heterogeneity .
vesicles (EVs) nucleic acids relevance EV cargo tion, safety
profiles **
Antimicrobial
pathways; . Emerging anti- Limited Mechanistic
Bacteriocins emerging iloéie;il? lly inflammatory Mostly indirect Ijsff);blishe d translational validation
host-signaling effects evidence needed
effects

Note: In accordance with the ISAPP consensus definition, the entities listed in the first column represent candidate
bioactive components that may be present within postbiotic preparations and should not be interpreted as
postbiotic classes or as postbiotics themselves. Footnote: GPCR, G protein-coupled receptor; HDAC, histone
deacetylase; Nrf2, nuclear factor erythroid 2-related factor 2; AhR, aryl hydrocarbon receptor; FXR, farnesoid X
receptor; TGR5, G protein-coupled bile acid receptor 1; EVs, extracellular vesicles. Candidate PD markers are
hypothesis-generating and not validated surrogate endpoints for postbiotic efficacy. * syndecan-1 as glycocalyx
injury marker. ** EV cargo profiles = miRNA /protein signatures. Data synthesized from mechanistic and
translational studies [6,20,21,31-33,36,37,41-48,52—64].

This endothelial perspective also creates a conceptual bridge between microbiome biol-
ogy and organ dysfunction that many reviews leave underdeveloped. Rather than viewing
thrombosis, oxidative injury, and endothelial activation as parallel complications, they may
be interpreted as interconnected manifestations of impaired host resilience [48,50,51,53].
In this framework, microbial metabolites, glycocalyx integrity, coagulation signaling, and
organ function form a continuum rather than separate domains. That continuity is precisely
what makes the endothelial axis a potentially powerful extension of the MIR concept,
because it situates redox biology, immune calibration, and vascular protection within a
shared systems-level model (Figure 2) [54-56,58-60]. Such a systems view also aligns with
emerging network pharmacology concepts, in which therapeutic effects may arise from
coordinated modulation of interconnected pathways rather than through single-target
intervention [65,66].

Seen through this lens, postbiotics may be relevant not simply because they influence
inflammation, but because they may help interrupt progression from endothelial stress to
thromboinflammatory amplification and organ failure [54-60,65,66]. Although this hypoth-
esis remains to be rigorously validated, it offers a pharmacologically testable framework
linking restoration of microbial signaling to endothelial protection and organ resilience.
Precisely because this framework bridges microbiome biology, vascular pathology, and
host-directed therapeutics, it may represent one of the more translationally fertile directions
in next-generation pharmabiotic research.
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Figure 2. Conceptual framework illustrating how defined bioactive components contained in postbi-
otic preparations may contribute to restoration of microbial signaling, enhancement of host resilience,
promotion of disease tolerance, and preservation of organ function through interconnected im-
mune, redox, and endothelial pathways. The figure represents a hypothesis-generating conceptual
model intended to illustrate potential host-directed intervention strategies rather than established
therapeutic mechanisms. Solid arrows indicate the principal progression within each conceptual
pathway, whereas dashed arrows represent conceptual interactions linking the pathogenic cascade,
postbiotic-derived mechanisms, and restorative host responses. The lower panel summarizes the
proposed integrative sequence linking microbial signaling, host resilience, disease tolerance, and
host-directed interventions.

4. Precision Postbiotics in Critical Illness: A Translational Framework

Critical illness may represent one of the most compelling settings in which the ther-
apeutic logic of postbiotics can be tested, precisely because dysregulated inflammation,
oxidative injury, endothelial dysfunction, and loss of host resilience converge in a manner
unlikely to be addressed by single-pathway interventions [50,51,53,54,58-60]. In this con-
text, the relevance of postbiotics may lie less in conventional microbiome correction and
more in their potential as metabolite-guided host-directed therapeutic strategies [65,60].
This reflects a broader paradigm shift from microbiome modulation toward microbial
signaling therapeutics, where the objective is not primarily to alter community structure,
but to restore functional pathways relevant to disease adaptation. The implication is im-
portant: in critical illness, where pathogenesis often reflects network-level failure rather
than isolated molecular defects, multi-target signaling interventions may hold particular
pharmacological interest (Figure 3) [11-15].
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Figure 3. A continuum of complementary microbiome-based interventions converging on the MIR
Axis. The figure illustrates a conceptual continuum of complementary microbiome-based intervention
strategies, highlighting how prebiotics, probiotics, synbiotics, and postbiotics differ in their primary
targets and mechanisms of action while converging on shared host-protective pathways. Although
these interventions influence microbial ecology and host physiology through distinct upstream mech-
anisms, they ultimately promote overlapping biological processes—including microbial signaling,
immune calibration, redox regulation, endothelial protection, and disease tolerance—represented
by the MIR axis. Importantly, the microbial bioactive components shown (e.g., short-chain fatty
acids, indole derivatives, secondary bile acid metabolites, extracellular vesicles, and bacteriocins) are
presented as representative examples of molecules that may be generated through microbial activity
or incorporated into defined postbiotic preparations, rather than as postbiotic classes themselves.
The figure is intended as a hypothesis-generating conceptual model illustrating complementary,
context-dependent translational strategies rather than hierarchical relationships among intervention
classes. Vertical arrows indicate progression along the microbiome-based intervention continuum,
colored arrows represent the dominant mechanistic flow toward the shared MIR axis pathways, and
horizontal arrows illustrate convergence toward common biological outcomes.

This perspective also helps explain why postbiotics may, in some contexts, offer
advantages over live biotics. Reproducibility, formulation stability, and reduced safety
concerns are often cited practical benefits, but their deeper importance is translational:
they may allow microbial-derived interventions to be approached with a degree of stan-
dardization and mechanistic tractability closer to pharmacologic agents than ecological
therapeutics [10-13,23,24,26]. That distinction becomes especially relevant in critically ill
populations, where unpredictability of colonization, altered gut ecology, and safety con-
cerns may limit the precision of live microbial approaches. Framed this way, the question is
not whether postbiotics are universally superior to probiotics, but whether they may be
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better suited to settings where controllability and host-targeted signaling are therapeutically
decisive [66,67].

Within the MIR framework, precision should not be viewed solely as a property
of patient selection, but also as a property of postbiotic design. If microbial bioactive
components constitute the functional drivers of metabolite signaling, immune calibration,
and redox—endothelial resilience, then the biological activity of a postbiotic preparation
is expected to depend on the qualitative and quantitative composition of these retained
bioactive components. Consequently, precision postbiotics may originate not only from
biomarker-guided therapeutic application but also from rational manufacturing strategies
designed to reproducibly enrich specific microbial bioactive profiles [10,11,13,26].

From this perspective, microbial strain selection, fermentation substrate, cultivation
conditions, growth phase, inactivation procedures, downstream processing, and formula-
tion strategies become integral determinants of the final biological composition of postbiotic
preparations. Rather than representing purely manufacturing variables, these processes
collectively shape the repertoire of retained metabolites, extracellular vesicles, bacteri-
ocins, and other microbial bioactive components that ultimately engage host pathways
represented within the MIR axis [10,11,23,26].

This concept closely aligns with the principles of Quality by Design (QbD), in which
predefined critical manufacturing parameters are systematically controlled to achieve re-
producible product quality and biological performance [68-71]. Applied to postbiotics,
such an approach could enable the rational enrichment of selected microbial bioactive
components while preserving the preparation within the ISAPP consensus definition
of a postbiotic, thereby linking manufacturing precision with mechanistic consistency
and subsequent biomarker-guided patient stratification [10,11,26,68-71]. Viewed in this
way, precision postbiotics represent the convergence of three complementary dimen-
sions: precision manufacturing, precision biomarker characterization, and precision patient
selection [10,11,24,26,65-71].

Building upon this manufacturing framework, a particularly provocative extension
is the precision enrichment hypothesis, namely that postbiotic responsiveness may be bi-
ologically enriched within specific endotypes rather than uniformly distributed across
patients [72,73]. This possibility matters because oxidative stress, endothelial injury,
and inflammatory dysregulation are heterogeneous even within sepsis or severe viral
illness [58—60]. It is therefore plausible that patients characterized by high oxidative burden,
thromboinflammatory signatures, or barrier dysfunction may represent subgroups in which
redox-active or endothelial-supportive postbiotics are mechanistically more relevant. Such
a model aligns naturally with biomarker-guided precision medicine and shifts the field
from generalized microbiome supplementation toward predictive enrichment strategies
(Table 4) [72,73].

At the same time, the translational promise of this concept depends on unresolved
questions being addressed explicitly rather than minimized. Dose definition, formulation-
dependent bioactivity, biomarker-guided patient selection, and uncertainty regarding
causal mechanisms remain central challenges [10,24,65-67,74]. Their importance is not a
weakness of the field but part of what makes the pharmacological development of post-
biotics credible rather than speculative. Indeed, it may be precisely the integration of
mechanistic plausibility with these unresolved translational questions that makes postbi-
otics relevant to pharmacological research at this stage.

Taken together, postbiotics may be viewed not merely as successors to probiotics,
but as promising candidates for microbiome-informed therapeutic interventions based
on defined microbial bioactive components. Framed through the MIR axis, they offer a
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potential translational roadmap linking the restoration of microbial signaling to precision
interventions in inflammatory and critical illness [24,66,72,74].

Table 4. Proposed biomarker-defined endotypes potentially responsive to postbiotic interventions.

Proposed Postbiotic Potential
Endotype Biomarker Profile P . Mechanistic Rationale Pharmacodynamic
Formulation

Response Readouts

Hyperinflammatory SCFA-enriched Inﬂarr}ma.s ome IL-6/C - reduction;

IL-6, CRP 1 . . restraint; immune attenuation of
phenotype postbiotic formulations R . . .
calibration inflammatory signaling

Oxidative stress

MDA, F2-isoprostanes 1

Reduction in oxidative

Redox-oriented Nrf2-linked resilience .
stress biomarkers; redox

phenotype postbiotic formulations  support biomarker shift
Modulation of

Endothelial injury VWE, sTM, D-dimer 1 Barrier-supportive Glycocalyx and endothelial injury

phenotype ! / postbiotic formulations ~ vascular protection markers; exploratory
syndecan-1 signal

Gut barrier Reduction in

dvsfunction Zonulin t, LPS 1 Indole-enriched AhR-mediated barrier ~ permeability-associated

ﬁeno o onuin -, postbiotic formulations  support markers; barrier function
p typ normalization

Footnote: Symbols: 1 denotes an increase in the indicated parameter or risk. Abbreviations: CRP, C-reactive
protein; MDA, malondialdehyde; sTM, soluble thrombomodulin; vWF, von Willebrand factor; LPS, lipopolysac-
charide; AhR, aryl hydrocarbon receptor; SCFA, short-chain fatty acid. SCFA-enriched postbiotics refer to
postbiotic preparations whose endogenous SCFA content has been enhanced through controlled strain selection,
fermentation conditions, and manufacturing processes, rather than by addition of purified SCFAs. Similarly,
indole-enriched postbiotic formulations refer to postbiotic preparations whose endogenous indole-derived bioac-
tive component profile has been optimized through controlled microbial strain selection, fermentation, inactivation,
and formulation processes, rather than by supplementation with purified indole compounds. * Zonulin should be
interpreted cautiously as an exploratory surrogate of barrier dysfunction rather than a definitive permeability
biomarker. Data synthesized from mechanistic and biomarker-enrichment literature [31,32,36,37,48,52-60,62-74].

5. Current Challenges, Limitations and Future Perspectives

Despite growing enthusiasm, several limitations continue to constrain the translational
development of postbiotics. Among the most important is the need for greater harmo-
nization of terminology across scientific, regulatory, and commercial contexts. Although
the ISAPP consensus statement has substantially advanced the field by providing a stan-
dardized definition of postbiotics, ongoing scientific and regulatory discussions remain
regarding the scope of this definition, the classification of postbiotic preparations, and
the distinction between postbiotic preparations and individual microbial bioactive compo-
nents. Further harmonization of scientific terminology and regulatory frameworks will be
essential to improve study comparability, product standardization, clinical translation, and
regulatory approval pathways [10,11,24,26]. Ultimately, harmonized terminology and stan-
dardized product characterization represent fundamental prerequisites for reproducible
manufacturing, meaningful biomarker interpretation, and successful clinical translation of
postbiotic interventions.

Additional uncertainty surrounds formulation characteristics and exposure-response
relationships, since pharmacologically meaningful dose ranges, bioactive component pro-
files, and delivery-dependent effects remain incompletely defined [23,24,39,43]. Addressing
these challenges will require standardized manufacturing strategies guided by Quality by
Design (QbD) principles, coupled with robust product characterization and biomarker-
informed evaluation, to ensure reproducible postbiotic preparations suitable for transla-
tional development within a pharmabiotic or drug-like framework [68-71].

A second limitation concerns context dependence and potential unintended effects.
Microbial-derived signals often exhibit pleiotropic and condition-sensitive behavior, raising
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the possibility that beneficial effects may vary across disease stage, host metabolic status,
or inflammatory endotype. This is especially relevant for redox-active signaling, where
hormetic principles suggest that adaptive versus adverse effects may depend on dose and
biological context. Moreover, although postbiotics are often perceived as intrinsically safe,
potential risks of off-target immunometabolic effects, maladaptive immune dampening,
or unpredictable extracellular vesicle signaling remain insufficiently characterized and
warrant caution [29,30,43,50,66].

An additional caution relates to safety liabilities that may accompany pharmaco-
logic development, particularly for complex preparations such as extracellular vesicle-
derived postbiotics. Potential concerns include immunogenic cargo effects, unintended
perturbation of redox-sensitive signaling networks, or formulation-dependent toxicities
that may not be apparent from current mechanistic studies [38,40,43,50,75]. Addressing
these liabilities prospectively may be essential if postbiotics are to advance as credible
host-directed therapeutics.

Another important limitation is causal uncertainty. Much of the evidence linking
postbiotics to resilience, endothelial protection, or disease tolerance remains associative
or mechanistically incomplete, and whether these mediators directly drive protection
or instead reflect broader host-microbiome health often remains unresolved. This is
particularly relevant to the MIR-axis and endothelial frameworks proposed here, which
should be regarded as hypothesis-generating rather than clinically validated therapeutic
models [48,53-60,65]. Recognition of these limitations does not weaken the field; rather, it
defines the level of rigor needed for translation.

An additional translational challenge concerns regulatory classification and develop-
ment pathways. Because postbiotics comprise heterogeneous preparations ranging from
defined postbiotic preparations enriched in microbial bioactive components to complex
extracellular vesicle-containing preparations and inactivated microbial preparations, their
positioning within existing regulatory frameworks remains unsettled [11,24,26]. Depending
on composition and intended use, some candidates may be viewed through the lens of
functional biotics, whereas others may move closer to biologic or drug-like development
paradigms. This ambiguity has implications for standardization, manufacturing quality con-
trol, pharmacodynamic characterization, and eventual clinical translation [11,24,26,68-71].
Importantly, this perspective should not be interpreted as implying that all postbiotic
preparations should be regulated as pharmaceuticals. Rather, the appropriate regulatory
pathway should remain proportionate to the composition, intended use, level of characteri-
zation, and supporting evidence for each specific preparation [11,24,26]. Clarifying these
pathways while preserving appropriate regulatory flexibility may be essential if postbiotics
are to realize their full potential across healthcare, nutrition, and other evidence-based
applications [11,26].

These challenges also point toward future priorities. Progress will likely depend
on greater compositional standardization, biomarker-guided patient stratification, and
endotype-enriched testing to determine whether subsets characterized by oxidative stress
burden or endothelial injury may be preferentially responsive to postbiotic interventions.
In that sense, the central future implication is not whether postbiotics can replace existing
biotics, but whether they can evolve into precision host-directed therapeutic strategies
grounded in mechanistic pharmacology [65,66,72-74].

Future clinical studies should evaluate not only clinical outcomes, but also the quanti-
tative relationship between defined postbiotic bioactive components and host pharmacody-
namic biomarker responses, thereby establishing exposure-biomarker-response relation-
ships analogous to those used in translational pharmacology [68-72]. Such an approach
may facilitate biomarker-guided patient stratification, improve mechanistic understanding
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of treatment response, and support the rational development of standardized postbiotic
interventions [11,24,68-72].

Collectively, these limitations define the key scientific and translational priorities that
must be addressed before restoration of microbial signaling can evolve from a compelling
biological concept into a reproducible, biomarker-guided clinical intervention (Table 5.).

Table 5. Outstanding research priorities for translating microbial signaling restoration into biomarker-
guided clinical practice.

Research Area

Current Knowledge Gap Translational Importance

SCFA Signaling

Which microbial bioactive

components are causally responsible  Identification of therapeutic targets
for protective immune and and exposure-response relationships
endothelial effects?

Extracellular Vesicles

Which vesicle cargo molecules
mediate biological activity and
tissue-specific signaling?

Development of next-generation
postbiotic therapeutics

Endothelial and Glycocalyx Biology =~ preserve endothelial function and

Can microbial signaling restoration .. "
& & Translation into critical care and

glycocalyx integrity in humans? inflammatory disease interventions

Biomarker-Guided Therapy

Which biomarkers best identify
individuals most likely to respond to
postbiotic interventions?

Precision medicine and patient
stratification

Exposure-Response Relationships of postbiotic exposure are required

What concentrations and durations Rational dosing and therapeutic
for clinically meaningful effects? optimization

MIR Framework Validation

Can restoration of microbial
signaling be quantitatively measured
and linked to clinical outcomes?

Validation of the MIR axis as a
translational framework

Multi-Omics Integration

Which microbial pathways

demonstrate causal rather than Identification of actionable
associative relationships with disease mechanisms and therapeutic targets
outcomes?

Quality by Design and
Manufacturing

Which manufacturing parameters

reproducibly determine the Standardized postbiotic
qualitative and quantitative manufacturing, reproducible product
composition of retained microbial quality, and regulatory translation

bioactive components?

Footnote: Data synthesized from recent reviews and translational studies addressing postbiotics, microbial
bioactive components, extracellular vesicles, endothelial dysfunction, biomarker-guided precision medicine, host-
directed interventions, Quality by Design, and microbiome-based interventions [2-5,11,12,15,38,43,45,50,62-71].
The listed priorities represent key unresolved questions identified across the current literature and integrate
current concepts in postbiotic biology, Quality by Design, biomarker-guided precision medicine, and the MIR
framework to guide future mechanistic and clinical research.

6. Conclusions

Postbiotics are increasingly being viewed not simply as downstream products of micro-
bial activity, but as candidates for standardized therapeutic interventions based on defined
microbial bioactive components [10,11,24]. Framed through the MIR axis, their relevance
may lie less in generalized microbiome modulation than in the possibility of restoring
redox, immune, and vascular signaling pathways relevant to host resilience. This review
advances the hypothesis that such effects may be particularly relevant in critical illness,
where network-level dysfunction may favor multi-target, host-directed interventions over
single-pathway approaches. Although major uncertainties remain regarding causality, stan-
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dardization, dose definition, and biomarker-guided enrichment, these challenges are not
simply obstacles to the concept, but part of its pharmacological maturation [11,24,68-71].
Viewed in this light, the future significance of postbiotics may depend less on replac-
ing existing biotics than on whether they can evolve into credible precision therapeutics
grounded in mechanistic pharmacology. Future validation of the MIR framework will
require integration of mechanistic experimentation, biomarker-guided clinical studies, and
multi-omics approaches capable of distinguishing causation from association.

Author Contributions: Conceptualization, D.B., N.T., M.L.P. and N.M.; methodology, D.B., N.T.,
M.S. and N.M,; investigation, A.M., D.S. and B.T.; data curation, D.B.; validation, J.V. and M.S.;
visualization, D.B., A.M. and B.T.; writing—original draft preparation, D.B.; writing—review and
editing, N.T., M.L.P,, J.V,, AM,, D.S,, BT, M.S. and N.M.; supervision, M.L.P., M.S. and N.M. All
authors contributed to the interpretation of the literature, critically revised the manuscript and agreed
to be accountable for all aspects of the work. All authors have read and agreed to the published

version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable for studies not involving humans or animals.
Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: The authors acknowledge the use of ChatGPT (GPT-5.5, OpenAl) as an assistive
tool during the preparation of the graphical illustrations presented in this review. All scientific
content, figure design, interpretation, and final editing were performed and verified by the authors,
who take full responsibility for the accuracy and integrity of the presented material.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

AhR Aryl Hydrocarbon Receptor
CRP C-Reactive Protein

D-dimer D-dimer

EVs Extracellular Vesicles

FXR Farnesoid X Receptor

GPCR G Protein-Coupled Receptor
HDAC Histone Deacetylase

IL-6 Interleukin-6

LPS Lipopolysaccharide

MDA Malondialdehyde

MIR Metabolite-Immune-Redox

MISEV Minimal Information for Studies of Extracellular Vesicles
NLRP3  NLR Family Pyrin Domain Containing 3

Nrf2 Nuclear Factor Erythroid 2-Related Factor 2

PD Pharmacodynamic

PK/PD  Pharmacokinetics/Pharmacodynamics

ROS Reactive Oxygen Species

SCFAs Short-Chain Fatty Acids

sTM Soluble Thrombomodulin

TGR5 Takeda G Protein-Coupled Receptor 5 (G Protein-Coupled Bile Acid Receptor 1)
Treg Regulatory T Cell

vWE von Willebrand Factor

https://doi.org/10.3390 /medsci14040438


https://doi.org/10.3390/medsci14040438

Med. Sci. 2026, 14, 438 18 of 21

References

1. Ma, Z; Zuo, T.; Frey, N.; Rangrez, A.Y. A systematic framework for understanding the microbiome in human health and disease:
From basic principles to clinical translation. Signal Transduct. Target. Ther. 2024, 9, 237. [CrossRef] [PubMed]

2. Sun, C; Zhu, J.; Sun, X,; Zhang, Z.; Sun, Y,; Jin, Y.; Wu, T. Targeting the human gut microbiome: A comparative review of
probiotics, prebiotics, synbiotics, and postbiotics. J. Adv. Res. 2025, in press. [CrossRef] [PubMed]

3.  Safarchi, A.; Al-Qadami, G.; Tran, C.D.; Conlon, M. Understanding dysbiosis and resilience in the human gut microbiome:
Biomarkers, interventions, and challenges. Front. Microbiol. 2025, 16, 1559521. [CrossRef] [PubMed]

4. Herrera-Quintana, L.; Iturbe-Sanz, P.; Olivares-Arancibia, J.; Vazquez-Lorente, H.; Plaza-Diaz, J. Interplay of microbiome,
oxidative stress and inflammation in health and disease. Antioxidants 2026, 15, 222. [CrossRef] [PubMed]

5. Sies, C; Tropini, C. Microbial regulation of stress-associated signaling molecules and its role in health and disease. npj Biofilms
Microbiomes 2026, 12, 65. [CrossRef] [PubMed]

6. Masse, K.E.; Lu, V.B. Short-chain fatty acids, secondary bile acids and indoles: Gut microbial metabolites with effects on
enteroendocrine cell function and their potential as therapies for metabolic disease. Front. Endocrinol. 2023, 14, 1169624.
[CrossRef] [PubMed]

7. Sun, X,; Shukla, M.; Wang, W.; Li, S. Unlocking gut-liver-brain axis communication metabolites: Energy metabolism, immunity
and barriers. npj Biofilms Microbiomes 2024, 10, 136. [CrossRef] [PubMed]

8.  Cotter, PD.; Ross, R.P; Hill, C. Bacteriocins: A Viable Alternative to Antibiotics? Nat. Rev. Microbiol. 2013, 11, 95-105. [CrossRef]
[PubMed]

9.  Molujin, A.M.; Abbasiliasi, S.; Nurdin, A.; Lee, P.C.; Gansau, ]J.A.; Jawan, R. Bacteriocins as potential therapeutic approaches in
the treatment of various cancers: A review of in vitro studies. Cancers 2022, 14, 4758. [CrossRef] [PubMed]

10. Salminen, S.; Collado, M.C.; Endo, A.; Hill, C.; Lebeer, S.; Quigley, EEM.M.; Sanders, M.E.; Shamir, R.; Swann, J.R.; Szajewska,
H.; et al. The International Scientific Association of Probiotics and Prebiotics (ISAPP) consensus statement on the definition and
scope of postbiotics. Nat. Rev. Gastroenterol. Hepatol. 2021, 18, 649—-667. [CrossRef] [PubMed]

11.  Guglielmetti, S.; Boyte, M.E.; Smith, C.L.; Ouwehand, A.C.; Paraskevakos, G.; Younes, ].A. Commercial and regulatory frameworks
for postbiotics: An industry-oriented scientific perspective for non-viable microbial ingredients conferring beneficial physiological
effects. Trends Food Sci. Technol. 2025, 163, 105130. [CrossRef]

12. Ji,J;Jin, W,; Liu, S.J.; Jiao, Z.; Li, X. Probiotics, prebiotics, and postbiotics in health and disease. MedComm 2023, 4, e420. [CrossRef]
[PubMed]

13.  Amobonye, A; Pillay, B.; Hlope, E; Asong, S.T.; Pillai, S. Postbiotics: An insightful review of the latest category in functional
biotics. World J. Microbiol. Biotechnol. 2025, 41, 293. [CrossRef] [PubMed]

14. Chen, N.; Chan, C.K,; Khan, FU.; Makhijani, P.; Valentino, T.R.; Winer, SW.; Luk, C.T.; Winer, D.A. Gut microbiota-derived
metabolites as immune modulators in aging and age-related chronic inflammatory diseases. Ageing Res. Rev. 2026, 116, 103036.
[CrossRef] [PubMed]

15. Bermejo-Martin, J.F,; Martin-Fernandez, M.; Lopez-Mestanza, C.; Duque, P.; Almansa, R. Shared features of endothelial dysfunc-
tion between sepsis and its preceding risk factors. J. Clin. Med. 2018, 7, 400. [CrossRef] [PubMed]

16. Asefa, Z.; Belay, A.; Welelaw, E.; Haile, M. Postbiotics and their biotherapeutic potential for chronic disease and their future
perspective: A review. Front. Microbiomes 2025, 4, 1489339. [CrossRef] [PubMed]

17.  Thom, R.E.; Elkington, P.T.; Friedland, J.S. Future applications of host-directed therapies for infectious disease. Front. Immunol.
2024, 15, 1436557. [CrossRef] [PubMed]

18.  Ayres, ].S. Disease tolerance as a defense strategy. Science 2020, 370, eabc1518.

19. Nitti, M.; Marengo, B.; Furfaro, A.L.; Pronzato, M.A.; Marinari, U.M.; Domenicotti, C.; Traverso, N. Hormesis and oxidative
distress: Pathophysiology of reactive oxygen species and the open question of antioxidant modulation and supplementation.
Antioxidants 2022, 11, 1613. [CrossRef] [PubMed]

20. Wan, Y, Liu, J.; Mai, Y;; Hong, Y,; Jia, Z.; Tian, G.; Liu, Y.; Liang, H.; Liu, J. Current advances and future trends of hormesis in
disease. npj Aging 2024, 10, 26. [CrossRef] [PubMed]

21. Murphy, M.P; Bayir, H.; Belousov, V.; Chang, C.J.; Davies, K.J.A.; Davies, M.].; Dick, T.P.; Finkel, T.; Forman, H.].; Janssen-
Heininger, Y.; et al. Guidelines for measuring reactive oxygen species and oxidative damage in cells and in vivo. Nat. Metab. 2022,
4, 651-662. [CrossRef] [PubMed]

22. Backston, K.; Morgan, J.; Patel, S.; Koka, R.; Hu, J.; Raina, R. Oxidative stress and endothelial dysfunction: The pathogenesis of
pediatric hypertension. Int. ]. Mol. Sci. 2025, 26, 5355. [CrossRef] [PubMed]

23. Kumar, A.; Green, K.; Rawat, M. A comprehensive overview of postbiotics with a special focus on discovery techniques and
clinical applications. Foods 2024, 13, 2937. [CrossRef] [PubMed]

24. Vinderola, G.; Sanders, M.E.; Salminen, S. The concept of postbiotics. Foods 2022, 11, 1077. [CrossRef] [PubMed]

https://doi.org/10.3390 /medsci14040438


https://doi.org/10.1038/s41392-024-01946-6
https://www.ncbi.nlm.nih.gov/pubmed/39307902
https://doi.org/10.1016/j.jare.2025.12.032
https://www.ncbi.nlm.nih.gov/pubmed/41461310
https://doi.org/10.3389/fmicb.2025.1559521
https://www.ncbi.nlm.nih.gov/pubmed/40104586
https://doi.org/10.3390/antiox15020222
https://www.ncbi.nlm.nih.gov/pubmed/41750603
https://doi.org/10.1038/s41522-026-00932-w
https://www.ncbi.nlm.nih.gov/pubmed/41673001
https://doi.org/10.3389/fendo.2023.1169624
https://www.ncbi.nlm.nih.gov/pubmed/37560311
https://doi.org/10.1038/s41522-024-00610-9
https://www.ncbi.nlm.nih.gov/pubmed/39587086
https://doi.org/10.1038/nrmicro2937
https://www.ncbi.nlm.nih.gov/pubmed/23268227
https://doi.org/10.3390/cancers14194758
https://www.ncbi.nlm.nih.gov/pubmed/36230679
https://doi.org/10.1038/s41575-021-00440-6
https://www.ncbi.nlm.nih.gov/pubmed/33948025
https://doi.org/10.1016/j.tifs.2025.105130
https://doi.org/10.1002/mco2.420
https://www.ncbi.nlm.nih.gov/pubmed/37929014
https://doi.org/10.1007/s11274-025-04483-8
https://www.ncbi.nlm.nih.gov/pubmed/40751848
https://doi.org/10.1016/j.arr.2026.103036
https://www.ncbi.nlm.nih.gov/pubmed/41628781
https://doi.org/10.3390/jcm7110400
https://www.ncbi.nlm.nih.gov/pubmed/30380785
https://doi.org/10.3389/frmbi.2025.1489339
https://www.ncbi.nlm.nih.gov/pubmed/41852428
https://doi.org/10.3389/fimmu.2024.1436557
https://www.ncbi.nlm.nih.gov/pubmed/39411713
https://doi.org/10.3390/antiox11081613
https://www.ncbi.nlm.nih.gov/pubmed/36009331
https://doi.org/10.1038/s41514-024-00155-3
https://www.ncbi.nlm.nih.gov/pubmed/38750132
https://doi.org/10.1038/s42255-022-00591-z
https://www.ncbi.nlm.nih.gov/pubmed/35760871
https://doi.org/10.3390/ijms26115355
https://www.ncbi.nlm.nih.gov/pubmed/40508164
https://doi.org/10.3390/foods13182937
https://www.ncbi.nlm.nih.gov/pubmed/39335866
https://doi.org/10.3390/foods11081077
https://www.ncbi.nlm.nih.gov/pubmed/35454664
https://doi.org/10.3390/medsci14040438

Med. Sci. 2026, 14, 438 19 of 21

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Zumla, A.; Rao, M.; Wallis, R.S.; Kaufmann, S.H.E.; Rustomjee, R.; Mwaba, P.; Vilaplana, C.; Yeboah-Manu, D.; Chakaya, J.;
Ippolito, G.; et al. Host-directed therapies for infectious diseases: Current status, recent progress, and future prospects. Lancet
Infect. Dis. 2016, 16, e47—e63. [CrossRef] [PubMed]

Vinderola, G.; Sanders, M.E.; Cunningham, M.; Hill, C. Frequently asked questions about the ISAPP postbiotic definition. Front.
Microbiol. 2024, 14, 1324565. [CrossRef] [PubMed]

Helaine, S.; Conlon, B.P.; Davis, K.M.; Russell, D.G. Host stress drives tolerance and persistence: The bane of anti-microbial
therapeutics. Cell Host Microbe 2024, 32, 852-862. [CrossRef] [PubMed]

Gibson, G.R.; Hutkins, R.; Sanders, M.E.; Prescott, S.L.; Reimer, R.A.; Salminen, S.J.; Scott, K.; Stanton, C.; Swanson, K.S.; Cani,
P.D,; et al. Expert consensus document: The International Scientific Association for Probiotics and Prebiotics consensus statement
on the definition and scope of prebiotics. Nat. Rev. Gastroenterol. Hepatol. 2017, 14, 491-502. [CrossRef] [PubMed]

Swanson, K.S.; Gibson, G.R.; Hutkins, R.; Reimer, R.A.; Reid, G.; Verbeke, K.; Scott, K.P.; Holscher, H.D.; Azad, M.B.; Delzenne,
N.M,; et al. The International Scientific Association for Probiotics and Prebiotics consensus statement on the definition and scope
of synbiotics. Nat. Rev. Gastroenterol. Hepatol. 2020, 17, 687-701. [CrossRef] [PubMed]

Phillips, R. Nutrition, cell signalling, mitochondrial function, and chronic non-communicable disease. Int. J. Mol. Sci. 2026,
27,3303. [CrossRef] [PubMed]

Saso, L.; Ates, I.; Tunc, R.; Yilmaz, B.; Gallorini, M.; Carradori, S.; Suzen, S. Modulation of Nrf2 and mitochondrial function:
Pharmacological implications. Pharmaceuticals 2025, 18, 1698. [CrossRef] [PubMed]

Xing, X.; Jiang, Z.; Tang, X.; Wang, P,; Li, Y,; Sun, Y.; Le, G.; Zou, S. Sodium butyrate protects against oxidative stress in HepG2 cells
through modulating Nrf2 pathway and mitochondrial function. J. Physiol. Biochem. 2017, 73, 405-414. [CrossRef] [PubMed]
Metidji, A.; Omenetti, S.; Crotta, S.; Li, Y.; Nye, E.; Ross, E.; Li, V.; Maradana, M.R.; Schiering, C.; Stockinger, B. The environmental
sensor AHR protects from inflammatory damage by maintaining intestinal stem cell homeostasis and barrier integrity. Immunity
2018, 49, 353-362.€5. [CrossRef] [PubMed]

Chen, J.Y,; Shih, L.J.; Liao, M.T.; Tsai, KW.; Lu, K.C.; Hu, W.C. Understanding the immune system’s intricate balance: Activation,
tolerance, and self-protection. Int. J. Mol. Sci. 2025, 26, 5503. [CrossRef] [PubMed]

McCarville, J.L.; Ayres, J.S. Disease tolerance: Concept and mechanisms. Curr. Opin. Immunol. 2018, 50, 88-93. [CrossRef]
[PubMed]

Ren, T.; Li, D; Sun, F; Pan, L.; Wang, A; Li, X,; Bao, Y.; Zhang, M.; Zheng, F.; Yue, H. Indole propionic acid regulates gut
immunity: Mechanisms of metabolite-driven immunomodulation and barrier integrity. ]. Microbiol. Biotechnol. 2025, 35, €2503045.
[CrossRef] [PubMed]

Owe-Larsson, M.; Drobek, D.; Iwaniak, P.; Kloc, R.; Urbanska, E.M.; Chwil, M. Microbiota-derived tryptophan metabolite
indole-3-propionic acid-emerging role in neuroprotection. Molecules 2025, 30, 3628. [CrossRef] [PubMed]

Wang, W.; Ma, L.; Liu, B.; Ouyang, L. The role of trained immunity in sepsis. Front. Immunol. 2024, 15, 1449986. [CrossRef]
[PubMed]

Paul, S.N.; Nessel, I.; Puthucheary, Z.; Henson, S.M. Sepsis and the immunometabolic inflammatory response. npj Metab. Health
Dis. 2026, 4, 4. [CrossRef] [PubMed]

Dell’Atti, E; Abreu, H.; Malfa, P.; Raineri, D.; Cappellano, G.; Chiocchetti, A. Probiotic-derived extracellular vesicles: The next
breakthrough in postbiotics for rheumatoid arthritis. Front. Immunol. 2025, 16, 1620185. [CrossRef] [PubMed]

Dixson, A.C.; Dawson, T.R.; Di Vizio, D.; Weaver, A.M. Context-specific regulation of extracellular vesicle biogenesis and cargo
selection. Nat. Rev. Mol. Cell Biol. 2023, 24, 454-476. [CrossRef]

Chronopoulos, A.; Kalluri, R. Emerging role of bacterial extracellular vesicles in cancer. Oncogene 2020, 39, 6951-6960. [CrossRef]
[PubMed]

Wei, ].; Ding, W.; Song, K.; Zhang, Y.; Luo, Q.; Qi, C. Next-generation probiotics and engineered BEV:s for precision therapeutics
in osteoporosis. Front. Nutr. 2025, 12, 1581971. [CrossRef] [PubMed]

Jackson, D.N.; Theiss, A.L. Gut bacteria signaling to mitochondria in intestinal inflammation and cancer. Gut Microbes 2020, 11,
285-304. [CrossRef] [PubMed]

Moustakli, E.; Messini, C.; Potiris, A.; Zikopoulos, A.; Arkoulis, I.; Kozonis, A.; Karampitsakos, T.; Machairoudias, P.; Machairiotis,
N.; Antsaklis, P; et al. The gut-extracellular vesicle-mitochondria axis in reproductive aging: Antioxidant and anti-senescence
mechanisms. Antioxidants 2026, 15, 174. [CrossRef] [PubMed]

Li, Y,; Liu, Y.; Wei, X.; Wang, C.; Khan, M.Z.; Ma, Q. Probiotic extracellular vesicles reprogram macrophage immunometabolism:
From gut crosstalk to host health. Gut Microbes 2026, 18, 2614115. [CrossRef] [PubMed]

Prasad, S.; Patel, B.; Kumar, P,; Lall, R. Postbiotics: Multifunctional microbial products transforming animal health and perfor-
mance. Vet. Sci. 2025, 12, 1191. [CrossRef] [PubMed]

https://doi.org/10.3390 /medsci14040438


https://doi.org/10.1016/S1473-3099(16)00078-5
https://www.ncbi.nlm.nih.gov/pubmed/27036359
https://doi.org/10.3389/fmicb.2023.1324565
https://www.ncbi.nlm.nih.gov/pubmed/38268705
https://doi.org/10.1016/j.chom.2024.05.002
https://www.ncbi.nlm.nih.gov/pubmed/38870899
https://doi.org/10.1038/nrgastro.2017.75
https://www.ncbi.nlm.nih.gov/pubmed/28611480
https://doi.org/10.1038/s41575-020-0344-2
https://www.ncbi.nlm.nih.gov/pubmed/32826966
https://doi.org/10.3390/ijms27073303
https://www.ncbi.nlm.nih.gov/pubmed/41977482
https://doi.org/10.3390/ph18111698
https://www.ncbi.nlm.nih.gov/pubmed/41304943
https://doi.org/10.1007/s13105-017-0568-y
https://www.ncbi.nlm.nih.gov/pubmed/28600747
https://doi.org/10.1016/j.immuni.2018.07.010
https://www.ncbi.nlm.nih.gov/pubmed/30119997
https://doi.org/10.3390/ijms26125503
https://www.ncbi.nlm.nih.gov/pubmed/40564965
https://doi.org/10.1016/j.coi.2017.12.003
https://www.ncbi.nlm.nih.gov/pubmed/29253642
https://doi.org/10.4014/jmb.2503.03045
https://www.ncbi.nlm.nih.gov/pubmed/40825672
https://doi.org/10.3390/molecules30173628
https://www.ncbi.nlm.nih.gov/pubmed/40942152
https://doi.org/10.3389/fimmu.2024.1449986
https://www.ncbi.nlm.nih.gov/pubmed/39221248
https://doi.org/10.1038/s44324-025-00095-w
https://www.ncbi.nlm.nih.gov/pubmed/41629610
https://doi.org/10.3389/fimmu.2025.1620185
https://www.ncbi.nlm.nih.gov/pubmed/40852703
https://doi.org/10.1038/s41580-023-00576-0
https://doi.org/10.1038/s41388-020-01509-3
https://www.ncbi.nlm.nih.gov/pubmed/33060855
https://doi.org/10.3389/fnut.2025.1581971
https://www.ncbi.nlm.nih.gov/pubmed/40667443
https://doi.org/10.1080/19490976.2019.1592421
https://www.ncbi.nlm.nih.gov/pubmed/30913966
https://doi.org/10.3390/antiox15020174
https://www.ncbi.nlm.nih.gov/pubmed/41750555
https://doi.org/10.1080/19490976.2026.2614115
https://www.ncbi.nlm.nih.gov/pubmed/41521420
https://doi.org/10.3390/vetsci12121191
https://www.ncbi.nlm.nih.gov/pubmed/41472171
https://doi.org/10.3390/medsci14040438

Med. Sci. 2026, 14, 438 20 of 21

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.
72.

Tonch-Cerbu, A.K.; Boicean, A.G.; Stoia, O.M.; Teodoru, M. Gut microbiota-derived metabolites in atherosclerosis: Pathways,
biomarkers, and targets. Int. J. Mol. Sci. 2025, 26, 8488. [CrossRef] [PubMed]

Rajendran, P.; Rengarajan, T.; Thangavel, J.; Nishigaki, Y.; Sakthisekaran, D.; Sethi, G.; Nishigaki, I. The vascular endothelium and
human diseases. Int. J. Biol. Sci. 2013, 9, 1057-1069. [CrossRef] [PubMed]

Kondapalli, N.; Katari, V.; Dalal, K K,; Paruchuri, S.; Thodeti, C.K. Microbiota in gut-heart axis: Metabolites and mechanisms in
cardiovascular disease. Compr. Physiol. 2025, 15, €70024. [CrossRef] [PubMed]

Li, J.; Wang, Y.; Shrestha, S.; Gewirtz, A.T,; Ding, Y.; Zou, ]. Targeting gut microbiota to combat vascular aging and cardiovascular
disease: Mechanisms and therapeutic potential. Nutrients 2025, 17, 2887. [CrossRef] [PubMed]

Bartolomaeus, H.; Balogh, A.; Yakoub, M.; Homann, S.; Marké, L.; Hoges, S.; Tsvetkov, D.; Krannich, A.; Wundersitz, S.; Avery,
E.G,; et al. Short-chain fatty acid propionate protects from hypertensive cardiovascular damage. Circulation 2019, 139, 1407-1421.
[CrossRef] [PubMed]

Zhang, Y.; Cao, X.; Xiong, S.; Zhen, W.; Yang, Y.; Gong, N. An expert narrative review on the mechanisms and therapeutic potential
of gut microbiota-derived metabolites in multi-organ crosstalk. Front. Endocrinol. 2026, 16, 1706353. [CrossRef] [PubMed]
Uchimido, R.; Schmidt, E.P.; Shapiro, N.I. The glycocalyx: A novel diagnostic and therapeutic target in sepsis. Crit. Care 2019,
23,16. [CrossRef] [PubMed]

Chelazzi, C.; Villa, G.; Mancinelli, P.; De Gaudio, A.R.; Adembri, C. Glycocalyx and sepsis-induced alterations in vascular
permeability. Crit. Care 2015, 19, 26. [CrossRef] [PubMed]

Ilyina, Y.; Fot, E.; Kuzkov, V.; Kirov, M. The glycocalyx shedding influences hemodynamic and metabolic response to fluid load in
septic shock. Turk. J. Anaesthesiol. Reanim. 2022, 50, 94-100. [CrossRef] [PubMed]

Peng, L.; Li, Z.R.; Green, R.S.; Holzman, I.R; Lin, J. Butyrate enhances the intestinal barrier by facilitating tight junction assembly
via activation of AMP-activated protein kinase in Caco-2 cell monolayers. J. Nutr. 2009, 139, 1619-1625. [CrossRef] [PubMed]
Ostrowski, S.R.; Haase, N.; Miiller, R.B.; Moller, M.H.; Pott, EC.; Perner, A.; Johansson, P.I. Association between biomarkers of
endothelial injury and hypocoagulability in patients with severe sepsis: A prospective study. Crit. Care 2015, 19, 191. [CrossRef]
[PubMed]

Iba, T.; Maier, C.L.; Helms, J.; Ferrer, R.; Thachil, J.; Levy, ].H. Managing sepsis and septic shock in an endothelial glycocalyx-
friendly way: From the viewpoint of surviving sepsis campaign guidelines. Ann. Intensiv. Care 2024, 14, 64. [CrossRef]
[PubMed]

Goshua, G.; Pine, A.B.; Meizlish, M.L.; Chang, C.H.; Zhang, H.; Bahel, P; Baluha, A.; Bar, N.; Bona, R.D.; Burns, AJ; et al.
Endotheliopathy in COVID-19-associated coagulopathy: Evidence from a single-centre, cross-sectional study. Lancet Haematol.
2020, 7, e575-e582. [CrossRef] [PubMed]

Fiorucci, S.; Biagioli, M.; Zampella, A.; Distrutti, E. Bile acids activated receptors regulate innate immunity. Front. Immunol. 2018,
9, 1853. [CrossRef] [PubMed]

Chiang, J.Y.L.; Ferrell, ].M. Bile acid metabolism in liver pathobiology. Gene Expr. 2018, 18, 71-87. [CrossRef] [PubMed]
Guryanova, S.V. Immunomodulation, bioavailability and safety of bacteriocins. Life 2023, 13, 1521. [CrossRef] [PubMed]
Sugrue, L; Ross, R.P; Hill, C. Bacteriocin diversity, function, discovery and application as antimicrobials. Nat. Rev. Microbiol. 2024,
22,556-571. [CrossRef] [PubMed]

Nogales, C.; Mamdouh, Z.M.; List, M.; Kiel, C.; Casas, A.L; Schmidt, HH.H.W. Network pharmacology: Curing causal
mechanisms instead of treating symptoms. Trends Pharmacol. Sci. 2022, 43, 136-150. [CrossRef] [PubMed]

Pitashny, M.; Kesten, L; Shlon, D.; Ben Hur, D.; Bar-Yoseph, H. The future of microbiome therapeutics. Drugs 2025, 85, 117-125.
[CrossRef] [PubMed]

He, S;; Lin, F; Hu, X,; Pan, P. Gut microbiome-based therapeutics in critically ill adult patients: A narrative review. Nutrients 2023,
15,4734. [CrossRef] [PubMed]

Nunavath, R.S.; Singh, M.T.; Jain, A.; Chakma, M.; Arivuselvam, R.; Abdul Azeeze, M.S.T. Quality by Design in pharmaceuticals:
A review of its impact on regulatory compliance and product quality. Drug Res. 2024, 74, 18-23. [CrossRef] [PubMed]
Grangeia, H.B,; Silva, C.; Simdes, S.P,; Reis, M.S. Quality by design in pharmaceutical manufacturing: A systematic review of
current status, challenges and future perspectives. Eur. J. Pharm. Biopharm. 2020, 147, 19-37. [CrossRef] [PubMed]

Simoes, A.; Veiga, E; Vitorino, C. Question-based review for pharmaceutical development: An enhanced quality approach. Eur. .
Pharm. Biopharm. 2024, 195, 114174. [CrossRef] [PubMed]

Rathore, A.S.; Winkle, H. Quality by design for biopharmaceuticals. Nat. Biotechnol. 2009, 27, 26-34. [CrossRef] [PubMed]
Alevizou, A.; Soulioti, P.; Giamarellos-Bourboulis, E.J.; Safarika, A. Biomarker guided immunomodulatory precision medicine to
improve prognostic, predictive and adaptive enrichment strategies in sepsis trials. Expert Rev. Mol. Diagn. 2025, 25, 357-369.
[CrossRef] [PubMed]

https://doi.org/10.3390 /medsci14040438


https://doi.org/10.3390/ijms26178488
https://www.ncbi.nlm.nih.gov/pubmed/40943409
https://doi.org/10.7150/ijbs.7502
https://www.ncbi.nlm.nih.gov/pubmed/24250251
https://doi.org/10.1002/cph4.70024
https://www.ncbi.nlm.nih.gov/pubmed/40542540
https://doi.org/10.3390/nu17172887
https://www.ncbi.nlm.nih.gov/pubmed/40944275
https://doi.org/10.1161/CIRCULATIONAHA.118.036652
https://www.ncbi.nlm.nih.gov/pubmed/30586752
https://doi.org/10.3389/fendo.2025.1706353
https://www.ncbi.nlm.nih.gov/pubmed/41710162
https://doi.org/10.1186/s13054-018-2292-6
https://www.ncbi.nlm.nih.gov/pubmed/30654825
https://doi.org/10.1186/s13054-015-0741-z
https://www.ncbi.nlm.nih.gov/pubmed/25887223
https://doi.org/10.5152/TJAR.2021.21224
https://www.ncbi.nlm.nih.gov/pubmed/35544247
https://doi.org/10.3945/jn.109.104638
https://www.ncbi.nlm.nih.gov/pubmed/19625695
https://doi.org/10.1186/s13054-015-0918-5
https://www.ncbi.nlm.nih.gov/pubmed/25907781
https://doi.org/10.1186/s13613-024-01301-6
https://www.ncbi.nlm.nih.gov/pubmed/38658435
https://doi.org/10.1016/S2352-3026(20)30216-7
https://www.ncbi.nlm.nih.gov/pubmed/32619411
https://doi.org/10.3389/fimmu.2018.01853
https://www.ncbi.nlm.nih.gov/pubmed/30150987
https://doi.org/10.3727/105221618X15156018385515
https://www.ncbi.nlm.nih.gov/pubmed/29325602
https://doi.org/10.3390/life13071521
https://www.ncbi.nlm.nih.gov/pubmed/37511896
https://doi.org/10.1038/s41579-024-01045-x
https://www.ncbi.nlm.nih.gov/pubmed/38730101
https://doi.org/10.1016/j.tips.2021.11.004
https://www.ncbi.nlm.nih.gov/pubmed/34895945
https://doi.org/10.1007/s40265-024-02107-3
https://www.ncbi.nlm.nih.gov/pubmed/39843757
https://doi.org/10.3390/nu15224734
https://www.ncbi.nlm.nih.gov/pubmed/38004128
https://doi.org/10.1055/a-2185-4916
https://www.ncbi.nlm.nih.gov/pubmed/38134919
https://doi.org/10.1016/j.ejpb.2019.12.007
https://www.ncbi.nlm.nih.gov/pubmed/31862299
https://doi.org/10.1016/j.ejpb.2023.114174
https://www.ncbi.nlm.nih.gov/pubmed/38160986
https://doi.org/10.1038/nbt0109-26
https://www.ncbi.nlm.nih.gov/pubmed/19131992
https://doi.org/10.1080/14737159.2025.2505537
https://www.ncbi.nlm.nih.gov/pubmed/40347479
https://doi.org/10.3390/medsci14040438

Med. Sci. 2026, 14, 438 21 of 21

73. Huang, T.; Cheng, H.; Zhao, Q.; Li, M. Macrophage reprogramming and functional plasticity in sepsis. Front. Immunol. 2026,
17,1731805. [CrossRef] [PubMed]

74. Guarino, M,; Di Ciaula, A.; Portincasa, P.; De Giorgio, R. Narrative review on microbiota and sepsis: The host’s betrayal? Intern.
Emerg. Med. 2026, 21, 607-619. [CrossRef] [PubMed]

75. Calabrese, E.J. Hormesis: Path and progression to significance. Int. J. Mol. Sci. 2018, 19, 2871. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/medsci14040438


https://doi.org/10.3389/fimmu.2026.1731805
https://www.ncbi.nlm.nih.gov/pubmed/41846911
https://doi.org/10.1007/s11739-025-04215-8
https://www.ncbi.nlm.nih.gov/pubmed/41329233
https://doi.org/10.3390/ijms19102871
https://www.ncbi.nlm.nih.gov/pubmed/30248927
https://doi.org/10.3390/medsci14040438

	Introduction 
	Postbiotics as Redox Therapeutics 
	Endothelium as an Underrecognized Pharmacologic Target 
	Precision Postbiotics in Critical Illness: A Translational Framework 
	Current Challenges, Limitations and Future Perspectives 
	Conclusions 
	References

