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ABSTRACT

Chronic inflammatory and degenerative disorders are driven by interconnected immune dysregulation, metabolic
instability, epithelial barrier disruption, and impaired tissue repair, limiting the durability of conventional single-target
therapies. The global rise in chronic inflammatory, metabolic, and age-related degenerative diseases underscores
an urgent need for multi-dimensional therapeutic strategies that move beyond isolated molecular targets. Despite
rapid advances in microbiome science and regenerative medicine, these fields have largely evolved in parallel, with
limited integration at the translational level. Emerging evidence identifies the gut microbiome as a central regulator
of systemic immunometabolic homeostasis through microbial metabolites, barrier integrity modulation, and immune-
cell education. In parallel, mesenchymal stem cell (MSC)-derived peptides, key components of the MSC secretome,
function as potent cell-free mediators of immunomodulation, angiogenesis, cytoprotection, and extracellular matrix
remodeling. This review advances the concept of a microbiome—peptidome therapeutic axis in which microbiome
conditioning enhances the permissiveness of tissues to regenerative peptide signaling. Lactobacillus reuteri DSMZ
17648 is highlighted as a strain-specific probiotic capable of pathogen co-aggregation, ecological modulation, and
anti-inflammatory microenvironment stabilization, while MSC-derived peptides act as downstream paracrine effectors
driving tissue repair. Integrating mechanistic insights with disease-oriented evidence across gastrointestinal, metabolic,
neuroinflammatory, and fibrotic conditions, we propose that upstream microbiome stabilization may potentiate peptide-
mediated regeneration. However, translational challenges including microbiome heterogeneity, peptide standardization,
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regulatory complexity, and limited combination trials must be addressed. Coordinated, biomarker-guided clinical studies

are required to validate this multi-tier therapeutic paradigm.

Keywords: Barrier dysfunction and tissue repair, Immunometabolic regulation, Lactobacillus reuteri DSMZ 17648,
Microbiome-peptidome axis, Mesenchymal stem cell secretome, Regenerative immunotherapy

1. Introduction

Chronic inflammatory and degenerative disorders
remain a major global health burden despite advances
in molecular and biologic therapies [1, 2]. Current
single-target approaches often fail to achieve sus-
tained clinical benefit because disease pathogenesis
is multifactorial, involving immune dysregulation,
metabolic imbalance, epithelial barrier dysfunction,
and impaired tissue repair [3-5]. Increasing evidence
identifies the gut microbiome as a key regulator
of systemic immunometabolic homeostasis. Dysbio-
sis disrupts barrier integrity and immune balance,
promotes chronic inflammation, and reduces regener-
ative capacity [6-8]. Therefore, microbiome-directed
strategies represent a biologically rational approach
to restoring upstream immune and metabolic stability
to support tissue repair [9].

Concurrently, mesenchymal stem cell (MSC) de-
rived peptides, key components of the MSC secre-
tome, have emerged as promising cell-free mediators
of tissue repair [10]. These bioactive factors ex-
ert immunomodulatory and pro-regenerative effects
through paracrine signaling while offering practi-
cal advantages over cell-based therapies, including
improved safety and regulatory feasibility [11-13].
However, their therapeutic efficacy is highly depen-
dent on the inflammatory and metabolic status of the
target tissue, which is influenced by systemic immune
balance and microbiota-derived signals [14].

Lactobacillus reuteri DSMZ 17648 is a strain-
specific probiotic with documented immunomodu-
latory and microbiome-stabilizing properties [15].
Rather than acting as a direct regenerative agent,
it influences host physiology by restoring microbial
ecology, supporting epithelial barrier integrity, and
reducing pro-inflammatory signaling [16]. Such up-
stream microenvironment conditioning may enhance
tissue responsiveness to regenerative stimuli. In par-
allel, MSC-derived peptides function as downstream
repair effectors through paracrine immunomodula-
tory signaling [17].

Despite growing evidence supporting probiotics
and MSC-secretome therapies independently, their
integration has received limited mechanistic and
translational attention. The potential for microbiome
conditioning to prime tissues for peptide-mediated

regeneration remains insufficiently defined. Critical
questions regarding therapeutic sequencing, disease
specificity, and molecular interplay therefore warrant
systematic exploration [18, 19].

Despite growing evidence supporting probiotics
and MSC-secretome therapies independently, these
approaches are predominantly investigated in iso-
lation, and an integrated mechanistic framework
remains insufficiently defined. Therefore, this re-
view integrates current knowledge on L. reuteri
DSMZ 17648 and MSC-derived peptide mediated
immunoregulation to define a coherent microbiome-
peptidome therapeutic framework. The analysis ex-
amines how persistent immune activation may limit
regenerative responsiveness and evaluates whether
microbiome conditioning can enhance peptide-driven
repair across inflammatory and degenerative dis-
eases. By combining mechanistic insights with
disease-oriented and translational perspectives, key
research priorities and clinical considerations for im-
plementing this integrated therapeutic strategy are
identified.

This narrative review synthesizes current
peer-reviewed literature relevant to microbiome
modulation, MSC-derived secretome biology,
immunometabolism, and regenerative disease
mechanisms. Emphasis was placed on recent
mechanistic and translational studies to support
the proposed microbiome-peptidome framework.

2. Biological basis of the
microbiome-peptidome axis

Microbiome-peptide axis may be seen as a com-
bined system, in which the ecology of microorgan-
isms and their metabolites together regulate host
defense tone, tissues of the microenvironment as
well as the response level to regenerative signal pep-
tides [20]. At the intestinal interface, commensal
microflora control immune homeostasis by modulat-
ing inflammation/mucosal antigen exposure, barrier
function and education of immune cell functions
that favor systemic not chronic immune responses
[21]. One primary mechanistic pathway is through
microbiota-derived metabolites that serve as criti-
cal signaling molecules which program the innate
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Fig. 1. Mechanistic representation of the microbiome-peptidome axis in tissue regulation.

and adaptive immune responses and reprogram the
inflammatory set points associated with chronic dis-
ease progression; these include short chain fatty
acids (SCFAs), bile acid derivatives, and tryptophan
metabolites [22].

Because immune responses are intimately
linked to cellular metabolism (described as
“immunometabolism”), metabolite-driven changes
in nutrient sensing and redox balance can reprogram
immune-cell function and influence whether
inflammation resolves with direct implications
for tissue-repair capacity [23]. When dysbiosis
interferes with these metabolite networks and
barrier-determined immune regulation, the host
shifts towards sustained low-grade inflammation as
well as maladaptive immune-metabolic signaling,
generating a less regenerative-permissive microen-
vironment [24]. Concurrently, the “peptidome”
arm of this axis is modeled by stem-cell-derived
bioactive molecules because therapeutic benefit
is being attributed more and more to the MSC
secretome (including peptide/protein regulators and
other paracrine synergies) as opposed to durable
engraftment of infused cells [25].

MSC-secretome-based therapies are therefore
poised as cell-free regenerative therapies with
the potential to modulate inflammation, promote
angiogenic repair, and mediate extracellular matrix
remodeling via orchestrated paracrine signaling
[26]. Nonetheless, the effectiveness and functional
phenotype of MSC paracrine factors depends on

local cues from the microenvironment; inflammatory
signals, hypoxia, and metabolic stress can reprogram
stromal cell function as well as secretome
composition and signaling cascades in recipient
tissues [27]. This reliance is a mechanism for synergy;
dependence on microbiome-mediated barrier status,
systemic inflammation, and immunometabolic
tone can pre-condition tissues towards immune
resolution and metabolic stability, priming their
responsiveness to regenerative peptide signals
rather than having this modulate effect progressively
blunted by immune resistance [28]. As such,
microbiome-targeted  interventions  (including
durable probiotics) should be considered upstream
microenvironment-conditioning modalities, while
stem-cell-mediated peptides serve as downstream
repair effectors to generate a complimentary
and multi-axis strategy for inflammatory and
degenerative disease contexts [29]. The coordi-
nated interaction between microbiome-derived
immunometabolic regulation and MSC-derived
peptide signaling defines a mechanistic framework
in which microenvironment conditioning enhances
regenerative responsiveness (c.f. Fig. 1).

3. Functional properties of Lactobacillus
reuteri DSMZ 17648

L. reuteri DSMZ 17648 is an example of strain-
specific probiotic that has been investigated for host
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microbial ecology modulation, immune regulation
and gastrointestinal homeostasis effects not implicit
to generic species-level effects. Unlike other
wide-spectrum probiotics DSMZ 17648 successfully
coaggregates with pathogens like Helicobacter pylori,
which can lead to a decreased colonization and
inflammation of the stomach [30]. Strain-specific
probiotic activities also encompass modulation of gut
microbiota composition and metabolic products,
leading to stimulation of favorable microbial
metabolic functions (e.g., production of short-chain
fatty acids) and out-competition against pathogenic
taxa [31]. Apart from microbial competition,
L. reuteri has been shown to influence host immune
pathways through interaction with epithelial and
immune cells, resulting in modulation of cytokine
profiles and strengthened regulatory immune effects
in preclinical as well as clinical conditions [32].
From a mechanistic point of view, L. reuteri could
interact with host pattern recognition receptors and
affect signaling cascades (e.g., TLR-mediated path-
ways) involved in the regulation of innate immune ac-
tivation and subsequent adaptive responses, thereby
promoting an anti-inflammatory environment [33].
The ability of L. reuteri to support the function of
epithelial barriers, which include increasing tight
junction integrity as well as mucosal resistance,
has been shown in both animal models and human
observational studies and was implicated in main-
taining the mucosal defense against luminal antigens
and microbial translocation [34]. Besides immuno-
regulation and barrier effects, strain-specific effects of
L. reuteri on systemic metabolic endpoints are demon-
strated by transformations in microbial metabolites
and clinical symptoms related to dysbiosis that im-
prove in some small exploratory clinical trials [35].
The strain-specific functional properties of L. reuteri
DSMZ 17648, including its clinical efficacy in H. py-
lori adjunct therapy and its pathogen co-aggregation
mechanisms, are summarized in Table 1.

4. Biological activity of stem cell derived
peptides

Peptides derived from mesenchymal stem cells
(MSCQC), which are bioactive constituents of the larger
MSC secretome, have recently emerged as dominant
mediators of the regenerative and immunomodula-
tory properties associated with stem cell therapy.
MSCs do not act via stable engraftment or direct cel-
lular replacement but rather achieve their therapeutic
effects mainly by paracrine/paracrinemediated path-
ways, which deliver a variety of proteins, peptides,
cytokines, and growth factors that together orches-

trate tissue healing and immune regulation [38]. At
the molecular level MSC-produced peptides atten-
uate overactivation of pro-inflammatory pathways,
like NF-«B and STAT signaling, while promoting a
regulatory phenotype by either expanding T regs or
skewing macrophages toward reparative (M2-like)
phenotypes. This transition from proinflammatory
amplification to regulated resolution may be espe-
cially pertinent in chronic inflammatory disorders
with ongoing cytokine dysregulated and immune ex-
haustion [39, 40].

Apart from immunomodulation, MSC peptides
demonstrated pro-angiogenic features by acting on
endothelial cell survival mechanisms, induction of
vascular endothelial growth factor (VEGF)-associated
signaling and microvascular remodeling. These ef-
fects are important in ischemic and degenerating
microenvironments where perfusion is restricted
and endogenous repair capability is impaired. By
restoring the vascular support, peptide-driven sig-
naling enhances oxygenation, metabolism stability
and nutritional exchange in injured tissues [41-43].
Cytoprotection and regulation of apoptosis is yet
another key MSC-produced peptide activity. These
peptides can reduce apoptosis induced by oxidative
stress and increase the resistance of cells to stress
(inflammatory or hypoxic state) through control-
ling the PI3K/Akt and MAPK pathways. This role
is crucial, particularly in tissues with compromised
metabolism, where chronic inflammation alters mi-
tochondrial homeostasis and energy status [44-47].

MSC-peptides also modulate the dynamics of ECM
through control of fibroblasts activation and by regu-
lating collagen deposition and enzymes that remodel
matrix. Excessive ECM deposition is detrimental to
the organization and functioning of scarred or in-
flamed tissue, and consequently manipulation of
matrix turnover is a major therapeutic goal for re-
generation [48, 49]. Crucially, the biological activity
of peptides derived from stem-cell differ widely de-
pending on the context. The inflammatory status,
metabolic context, oxygen availability and immune
milieu of the target tissue can profoundly influence
not only the composition of the MSC secretome but
also recipient cell responsiveness. Pro-inflammatory
microenvironment can dampen the regenerating sig-
naling or repurpose the peptide effect, while a
balanced immune milieu promotes regeneration effi-
cacy. This micro-environment dependence highlights
the necessity for upstream conditioning interven-
tions, including manipulation of the microbiome, to
maximize therapeutic efficacy [50-52].

Peptide-based strategies have several advantages
over cell-based approaches from a translational point
of view, such as eliminating risk of unregulated
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Table 1. Strain-specific functional properties of L. reuteri DSMZ 17648 and level of supporting evidence.

Category Functional Domain Key Findings References
Clinical Evidence (H. pylori  Eradication efficacy & Adjunct supplementation significantly increased H. pylori [36]
Adjunct Therapy) symptom improvement eradication rates and reduced gastrointestinal symptom
severity compared to standard therapy alone;
demonstrated favorable safety profile including non-viable
(postbiotic) formulations.
Strain-Specific Mechanism  Co-aggregation with H. Non-viable DSMZ 17648 cells selectively co-aggregate with [30]1
pylori H. pylori, interfering with pathogen motility and mucosal
adherence, thereby reducing bacterial load independent of
colonization.
Microbial Ecology Competitive exclusion & Demonstrates competitive binding behavior that may limit [371
Modulation ecological interference pathogen persistence and contribute to restoration of
microbial balance in the gastric niche.
Immunological & Barrier Barrier integrity & Probiotic-mediated modulation of epithelial tight junctions, [31]

Influence (Probiotic
Class Effects)

immune signaling

microbial metabolites, and mucosal immune pathways
supports inflammatory resolution and epithelial resilience,

although DSMZ 17648-specific immune studies remain
limited.

proliferation, being easier to store and transport, and
potentially having more predictable safety profiles.
However, standardization, peptide characterization,
batch-to-batch variation issue and regulatory po-
sition of peptides become critical when complex
peptide mixtures are employed instead of well-
defined molecular entities [53-55]. MSC-derived
peptides constitute a biologically tenable and mech-
anistically flexible platform to repair tissues and
recalibrate the immune system. However, their max-
imum effectiveness is likely to be achieved through
coordinated programming with approaches that bal-
ance immune system and metabolic homeostasis -
rendering this microbiome-peptidome axis a ratio-
nal, multi-tier physiological circuit for therapeutic
intervention.

5. Disease-oriented integration of the
microbiome-peptidome axis

Relevance of the microbiome-peptidome axis is
realized in disease-specific pathophysiologic con-
ditions that feature chronic inflammation, barrier
failure, metabolic dysregulation and defective regen-
erative signaling. Instead of being separate inter-
ventions, rather that act synergistically in multiple
organ systems to which tissue repair is limited
by immune dysregulation. The proposed intersec-
tions between microbial regulation, immune recal-
ibration, and regenerative peptide activity across
major inflammatory and degenerative conditions
are summarized in Table 2. The disease-oriented
convergence of microbiome dysregulation and re-
generative peptide signaling across major inflam-

matory and degenerative conditions is illustrated in
Fig. 2.

5.1. Gastrointestinal inflammatory disorders

In the presence of conditions such as inflam-
matory bowel disease (IBD) and chronic gastritis,
dysbiosis-promoted immune activation and epithelial
barrier loss conspire to establish a hostile mucosal
microenvironment for endogenous repair [63]. A
probiotic intervention targeting specific strains may
help to lower pathogenic load; re-establish micro-
bial homeostasis and periphery suppress non-specific
pro-inflammatory mechanisms [64, 65]. At the same
time, MSC-produced peptides might contribute to
epithelium amelioration and lead to macrophage po-
larization regulation as well as angiogenesis repair.
In this regard, stabilization of microbiomes may serve
as an upstream-permissive influence on the aug-
mentation of peptide-mediated mucosal regeneration
[66, 67].

5.2. Metabolic and systemic inflammatory disorders

Metabolic and non-alcoholic fatty liver disease,
obesity-related inflammation are  associated
with low-grade systemic inflammation partly
driven by microbial-derived endotoxemia and
immunometabolic dysfunction [68, 69]. Modulation
of the resident microbiome is a proposed strategy
to reduce circulating systemic inflammatory markers
and as regulators of metabolic signaling cascades
[70]. Other peptides derived from stem cells can
also act by inhibiting inflammatory cascades and
preventing apoptosis (and fibrosis) in metabolically
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Table 2. Proposed microbiome—peptidome synergy across inflammatory and degenerative disease contexts.

MSC-Derived

Disease / Condition Microbiome Effect Peptide Effect Synergy Insight References
Inflammatory Bowel Gut microbial dysbiosis MSC secretome has A balanced microbiome may [56, 57]
Disease (IBD) drives intestinal immunomodulatory, normalize immune signals

immune imbalance, anti-inflammatory, and and reduce chronic

barrier dysfunction, regenerative effects on inflammation, enhancing

and local mucosa and immune secretome-mediated

inflammation. cells. mucosal repair.
Chronic Wound Commensal bacteria and  MSC secretome accelerates  Microbial modulation of [56, 58]
Healing probiotics contribute tissue repair, reduces immune responses may

to immune regulation immune dysregulation, prime local environments

and epithelial repair, and enhances cell to become more receptive

influencing infiltration and to secretome-driven

inflammation regeneration. regeneration.

resolution.
Autoimmune & Gut dysbiosis is linked MSC secretome modulates A healthier microbiome [57, 59]
Immune-Mediated to systemic immune immune cell activity, could reduce systemic
Disorders disturbances and reducing inflammation, improving

chronic inflammatory pro-inflammatory peptide-guided immune

signaling. cytokines and promoting recalibration.

regulatory phenotypes.

Neuroinflammatory Gut-brain axis: MSC secretome Balanced microbial-immune [60]
and microbial metabolites demonstrates interactions may reduce
Neurodegenerative modulate anti-inflammatory, neuroinflammatory
Conditions neuroimmune neuroprotective, and burden, enhancing

signaling and CNS regenerative potential in secretome impact on

inflammation. preclinical models. neuronal repair.
Neuroinflammatory Gut-brain axis: microbial = MSC secretome Balanced microbial-immune [60, 61]
and metabolites modulate demonstrates interactions may reduce
Neurodegenerative neuroimmune anti-inflammatory, neuroinflammatory
Conditions signaling and CNS neuroprotective, and burden, enhancing

inflammation. regenerative potential in secretome impact on

preclinical models. neuronal repair.

Respiratory & Microbiome shapes MSC secretome has Microbial regulation of [25, 57, 59, 62]
Multi-Organ immune axis beyond anti-inflammatory and systemic immunity may
Inflammation the gut, influencing immune-regulating reduce baseline

respiratory and
systemic
inflammation.

effects across tissues.

inflammation, facilitating
secretome-mediated repair
in multiple organs.

stressed tissues. This dual target approach might
act on upstream players (inflammatory triggers)
and also on downstream damage in the tissue
[71, 721.

5.3. Neuroinflammatory and neurodegenerative
conditions

The evidence Increasing underlines the existence of
such a gut-brain axis, where microbial metabolites
affect central immune signaling and neuroinflam-
mation. Systemic inflammation induced by dysbiosis
may interfere with neural repair mechanisms [73,
74]. Microbiome-directed interventions might reduce
peripheral inflammatory setpoints and impact neu-
roimmune signaling, which are expected to increase
the responsiveness of neural tissue to regenerative
peptides [75, 76]. MSC-related peptides may provide

neuroprotection, anti-inflammation and angiogenesis
support, indicating a multitarget regulation strategy
in the pathological contexts of aging-associated neu-
rodegeneration [77, 78].

5.4. Chronic wound healing and fibrotic disorders

Chronic wounds and fibrotic conditions involve
persistent inflammation, impaired angiogenesis, and
extracellular matrix imbalance [79, 80]. Probiotic-
mediated modulation of systemic immune tone and
barrier integrity may reduce inflammatory burden
[81, 82]. MSC-derived peptides may accelerate re-
epithelialization, stimulate angiogenesis, and regu-
late matrix remodeling. Here, microbiome condition-
ing may shift the wound microenvironment from
inflammatory persistence toward regenerative com-
petence [83].
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Fig. 2. Disease-oriented integration of the microbiome-peptidome axis.

5.5. Skeletal disorders and the gut-bone axis

The integration of microbiome-based interventions
with stem cell-derived bioactive factors represents
a potent frontier for therapeutic immunomodulation
and systemic tissue regeneration. The probiotic L.
reuteri has demonstrated significant clinical and pre-
clinical efficacy in maintaining skeletal homeostasis,
specifically by enhancing bone mineral density and
preventing bone loss in both aging populations and
estrogen-deficient models [84-86]. This therapeutic
effect is driven by the species’ capacity to restore
immune equilibrium, particularly through the expan-
sion and functional enhancement of Regulatory T
cells (Tregs), which then stimulate the expression
of osteogenic ligands such as WntlOb to promote
tissue repair [87, 88]. Complementing this micro-
bial influence, stem cell-derived extracellular vesicles
(EVs)—such as those from adipose tissue-derived
stem cells function as rich peptidomic reservoirs,
carrying essential signaling proteins like osteoprote-
gerin (OPG) that directly inhibit pathological bone
resorption and support structural integrity [89, 90].
Synergistically, the interaction between these micro-
bial metabolites and stem cell products including
bone morphogenetic proteins (BMPs) and stem cell
factors (SCF)—targets the gut-bone axis to provide a

comprehensive biological network capable of manag-
ing complex inflammatory and degenerative diseases
[91, 92]. By leveraging both the immunomodula-
tory power of the microbiome and the regenerative
potential of stem cell-derived peptides, these syner-
gistic therapeutics offer a multifaceted approach to
restoring systemic homeostasis and promoting heal-
ing across various disease contexts [93, 94].

5.6. Autoimmune rheumatic diseases and the
gut-immune axis

Disruption of gut microbial ecology and loss of
immune tolerance are increasingly recognized as
central contributors to the pathogenesis of autoim-
mune rheumatic diseases (ARDs) [95]. Mechanisti-
cally, dysbiosis may promote autoreactivity through
molecular mimicry, whereby microbial mimotopes
resemble host autoantigens and trigger aberrant
adaptive immune responses [96]. In this context, L.
reuteri has been investigated for its immunomodu-
latory potential, particularly its ability to promote
regulatory T cell (Treg) expansion and enhance pro-
duction of anti-inflammatory cytokines such as IL-10
[97, 98]. This regulatory shift counterbalances Th17-
driven inflammatory pathways, which are critically
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implicated in conditions such as rheumatoid arthritis
and systemic lupus erythematosus [99]. Concur-
rently, stem cell-derived bioactive peptides and
extracellular vesicles (EVs) contribute complemen-
tary regenerative and immunoregulatory effects [100,
101]. These paracrine mediators enhance epithelial
barrier integrity and reduce permeability, thereby
limiting systemic translocation of pro-inflammatory
microbial ligands such as lipopolysaccharide (LPS),
which can amplify autoimmune flares [102, 103].
At the intracellular level, both microbiome-mediated
immune recalibration and stem cell-derived signaling
may converge on key inflammatory pathways, includ-
ing NF-«B and RANKL cascades, which are frequently
overactivated in chronic autoimmune states [104,
105]. By integrating microbial suppression of patho-
biont expansion with peptide-driven restoration of
tolerogenic immune environments, the microbiome-
peptidome axis represents a biologically coherent
strategy for attenuating autoimmune inflammation
and potentially slowing progressive tissue destruction
[106, 1071].

6. Translational challenges and therapeutic
optimization strategies

While prior studies have explored microbiome
modulation and MSC-secretome therapies indepen-
dently, limited attention has been given to their
coordinated integration within a unified therapeu-
tic framework. Most existing literature focuses either
on upstream immune regulation through micro-
biome interventions or on downstream regenerative
mechanisms mediated by stem cell-derived factors.
In contrast, the present framework emphasizes a
sequential and mechanistically linked microbiome-
peptidome axis, positioning immune conditioning as
a strategy to enhance regenerative responsiveness.

Although there is strong mechanistic justification
for microbiome-induced peptidome synergy, several
application hurdles need to be addressed that sit
between the bench and bedside for such holistic
approach to become routine in clinics [108, 109].
Human microbiomes are themselves highly hetero-
geneous among individuals, and this diversity plays
a role in probiotic responses including colonization
efficiency, metabolite production, and subsequent
modulation of the immune response [110, 111]. Pre-
cision microbiome profiling and multi-omics profiling
have thus been suggested as a means to stratify
patients and predict responsiveness to therapy in
microbiome-targeted interventions [112, 113].

Formulation-wise, probiotic viability and stability
have been the major issues, especially when for-
mulated with bioactive peptides, which may have

different storage conditions and delivery systems
[114]. To improve probiotic survival through the gut,
encapsulation methods such as microencapsulation
and enteric-coated systems were studied to maintain
the functional activity of probiotics [115]. In the
same manner, stabilization of MSC-harvested pep-
tide fractions necessitates sophisticated purification,
lyophilization and sustained-release formulations to
sustain bioactivity and reproducibility [116, 117].

One of the important aspects in microbiome-
peptidome integration is therapeutic sequencing,
where pre-treatment of immune-metabolic microen-
vironment and regenerative peptide signaling could
make the target entity more prone to be respon-
sive [118]. There is evidence from experimental
studies indicating that both inflammatory tone and
metabolic stress impact on MSC secretome composi-
tion and subsequent cellular effects, thus microbiome
manipulation may act as a priming therapy before
peptide infatuation [110, 120]. However, these se-
quencing patterns need to be further validated in
well-designed clinical trials regarding the most appro-
priate time point of administration and dosage and
duration of treatment.

Regulations constitute an additional formidable
barrier, as probiotics are frequently classified as di-
etary supplements, while stem-cell-derived products
could be subject to ATMP regulations or they could
be considered as a biologics depending on their
compositions and manufacturing quality [121]. The
lack of standardized regulatory definitions for com-
plex secretome-derived peptide cocktails is impeding
approval pathways and standardization processes
[122, 123]. The development of well-defined po-
tency assays, molecular characterization pipelines
and batch-to-batch consistency will be critical in the
clinical translation process to ensure safety and repro-
ducibility [124, 125].

Furthermore, the immunological complexity
of chronic inflammatory diseases mnecessitates
biomarker-guided therapeutic monitoring to evaluate
microbiome shifts, inflammatory cytokine dynamics,
and tissue-regeneration markers in parallel [126]. In-
tegration of microbiome sequencing, metabolomics,
and proteomic profiling may provide comprehensive
insight into patient-specific responses and enable
adaptive therapeutic adjustment [127, 128]. Such
systems-biology—guided frameworks align with
the emerging paradigm of precision regenerative
medicine, where upstream immune stabilization and
downstream regenerative activation are coordinated
rather than independently targeted.

Finally, large-scale randomized controlled trials
assessing combined microbiome—peptidome inter-
ventions remain scarce, and most current evidence
is derived from independent probiotic or secretome
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studies rather than integrated protocols [129]. Fu-
ture translational research must therefore prioritize
standardized combination-study designs, mechanistic
biomarker endpoints, and long-term safety evaluation
to validate the microbiome-peptidome axis as a clin-
ically viable multi-tier therapeutic strategy.

Several limitations warrant consideration. As an
integrative narrative synthesis, this framework is
primarily based on mechanistic and preclinical ev-
idence, with limited randomized combination trials
currently available. Interindividual microbiome het-
erogeneity, strain-specific variability, and challenges
in secretome standardization may influence therapeu-
tic reproducibility. These factors should be carefully
addressed in future translational investigations.

7. Conclusion

In summary, the evidence synthesized in this re-
view supports a microbiome-peptidome axis as a
mechanistically coherent, multi-tier framework for
chronic inflammatory and degenerative diseases in
which immune dysregulation, metabolic instability,
barrier failure, and impaired repair are interdepen-
dent drivers. Within this paradigm, L. reuteri DSMZ
17648 is positioned as a strain-specific microbiome-
conditioning modality that can stabilize microbial
ecology and reduce inflammatory tone, whereas MSC-
derived peptides represent downstream paracrine
effectors capable of coordinating immunomodula-
tion and tissue repair. Importantly, this integrated
model has practical relevance: microbiome and in-
flammatory profiling may enable patient stratifica-
tion and support a sequential strategy in which
microbiome stabilization precedes peptide-based re-
generative intervention in selected disease settings.
To translate this concept, priority should be given to
(i) biomarker-guided combination trials that test se-
quencing (microbiome priming vs co-administration
vs peptides alone), (ii) standardized characterization
and potency assays for secretome-derived peptide
preparations with batch-to-batch controls, (iii) strain-
and disease-specific validation of probiotic mech-
anisms and durability of microbiome shifts, and
(iv) harmonized safety, regulatory, and long-term
follow-up frameworks. Addressing these steps will
determine whether microbiome conditioning can re-
liably enhance regenerative peptide efficacy and
enable clinically actionable protocols.
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