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Abstract 
Objective: To map, appraise and integrate the totality of systematic-review-level evidence linking gut microbial dysbiosis to tissue 
repair and to the outcomes of regenerative and cell-based therapies, and to determine whether the microbiome can be positioned 
as a modifiable response modifier in regenerative medicine rather than as a parallel research interest. 

Introduction: Regenerative medicine delivers biologics — platelet-rich plasma (PRP), bone marrow aspirate concentrate, 
mesenchymal stromal cells (MSCs), extracellular vesicles (EVs) — with little attention to the host’s microbial ecology, whereas in 
transplantation and immuno-oncology microbial diversity and antibiotic exposure are already response-determining variables. No 
synthesis has connected these literatures under a formal appraisal framework. 
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Introduction 
Regenerative medicine has organised itself around the tissue. A degenerative joint, a non-union, a 

sarcopenic limb or a chronic wound is characterised anatomically and mechanically, and a biologic — PRP, 

bone marrow aspirate concentrate, an MSC preparation, an EV product — is delivered locally in the 

expectation that a local deficit will be corrected. The host is treated largely as a container. 

Two bodies of evidence make that framing increasingly untenable. The first is experimental: the gut 

microbiota is a constitutive regulator of the very tissues that regenerative medicine targets. Germ-free 

mice have higher trabecular bone mass than conventionally raised littermates, with trabecular volumetric 

BMD of 277 ± 14 versus 208 ± 10 mg/cm³ and a 39.4% increase in bone volume fraction, a phenotype 

normalised by conventionalization [1]. They are also sarcopenic, with reduced insulin-like growth factor 1 

and neuromuscular junction gene expression, partly rescued by microbiota transfer or short-chain fatty 

acids (SCFAs) [2]. Microbiota-dependent T helper 17 cells expand in the fracture callus and determine 

torsional stiffness and ultimate torque after femoral fracture, a response prevented by antibiotic ablation 

[3], and a single commensal, Akkermansia muciniphila, increases callus mineralised bone volume and 

maximum bending load [4]. Repair, in other words, is a microbially conditioned process. 

The second is clinical, and it comes from the one branch of cell therapy that has already integrated the 

microbiome into prognosis. Across 8,767 faecal samples from 1,362 allogeneic haematopoietic-cell 

Inclusion criteria: Systematic reviews, meta-analyses and overviews of reviews examining (i) gut microbial exposures or 
microbiota-directed interventions (probiotics, prebiotics, synbiotics, fibre, faecal microbiota transplantation [FMT], postbiotics) 
with bone, joint, muscle, skin/wound, transplant or regenerative outcomes, or (ii) cell- or vesicle-based regenerative therapies 
with intestinal barrier or microbiome outcomes. 

Methods: PubMed/MEDLINE, PubMed Central, publisher platforms and ClinicalTrials.gov were searched to 13 September 2026. 
Confidence was rated with AMSTAR 2, certainty with GRADE and overlap with the corrected covered area. Two instruments are 
proposed: a six-domain Microbiome Evidence Quality extension (MEQ-6) grading the microbial measurement itself, and a four-
tier causal ladder separating association, perturbation, restoration and response modification. 

Results: Fifty-four systematic-review-level records met criteria across eight domains. Pooled signals were directionally 
consistent but heterogeneous: lumbar-spine bone mineral density with probiotics, standardised mean difference (SMD) 0.60 
(95% CI 0.14–1.05, I² 92.1%) in the broadest synthesis versus 0.27 (0.09–0.44, I² 0%) in the most restrictive; knee osteoarthritis 
pain SMD −0.66 (−1.27 to −0.06, I² 94.6%); muscle mass SMD 0.42 (0.10–0.74) and strength SMD 0.69 (0.33–1.06); handgrip 
+2.50 kg (1.33–3.66); psoriasis PASI −3.09 (−5.04 to −0.74). The largest effects occurred inside cell therapy: FMT for steroid-
refractory graft-versus-host disease, remission odds ratio 5.51 (1.49–20.35) and 30-day complete response 8.44 (2.98–23.96). 
Conversely, MSC, MSC-EV and PRP therapies restored microbial structure and barrier integrity preclinically, but no human 
regenerative trial with a microbiome endpoint was identified, and no registered trial combines microbiome modulation with an 
orthobiologic. AMSTAR 2 confidence was low or critically low in most reviews; one applied GRADE; all composition-based 
reviews were measurement-limited under MEQ-6. 

Conclusions: Dysbiosis is best treated not as a disease but as a measurable, modifiable modifier of regenerative response. The 
evidence supports mechanistic plausibility and a moderate signal on surrogate and symptom outcomes, and does not support 
structural or regenerative claims. A reporting minimum (MIRROR-12) and a stratified-trial agenda are proposed. 

Keywords 
Gut microbiota; Dysbiosis; Regenerative medicine; Mesenchymal stromal cells; Short-chain fatty acids; Umbrella review. 
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transplant recipients at four centers, higher intestinal microbial diversity was associated with lower 

mortality, with an adjusted hazard ratio of 0.71 (95% CI 0.55–0.92) [5], replicating an earlier single-centre 

gradient of 36%, 60% and 67% three-year survival across diversity terciles [6]. In chimeric antigen receptor 

T-cell therapy, broad-spectrum antibiotic exposure in the four weeks before infusion tracked worse 

survival and greater neurotoxicity while Clostridia abundance tracked day-100 complete response [7], and 

an independent 172-patient cohort reproduced microbiome-based separation of long-term responders 

[8]. In melanoma, responder-derived FMT converted 20% of programmed cell death protein 1-refractory 

patients to objective response [9]. The principle is established: where a living cell product must engraft, 

function and be tolerated, the recipient’s microbial ecology is a determinant of outcome. 

Musculoskeletal and aesthetic regenerative medicine — the largest clinical volume in the field — has not 

inherited that principle. The two literatures have grown in parallel. Umbrella reviews exist on cell-based 

therapy without microbiome content [10,11] and on microbiome interventions without regenerative 

content [12,13]. The intersection is occupied only by narrative reviews that neither quantify nor appraise 

[14,15,16,17,18]. To our knowledge no overview of reviews has addressed dysbiosis and regenerative 

medicine jointly under AMSTAR 2, GRADE and overlap quantification. That absence is the rationale for the 

present work. 

A second, less comfortable rationale is definitional. “Dysbiosis” has no consensus definition; its dominant 

characterisation as “imbalance of the microbiota” is circular because homoeostasis itself is left undefined, 

and a semantic audit of published usage found definitions ranging from single-species to phylum-level 

changes, with roughly one in twelve fitting no category at all [19,20]. α-Diversity, the field’s most cited 

summary statistic, does not reliably indicate health: high diversity accompanies bacterial vaginosis and 

irritable bowel syndrome, and antibiotics have increased both diversity and mortality in animal models 

[21]. Sequencing data are compositional, so relative abundances cannot by themselves establish direction 

of change; reference-frame and absolute-quantification approaches reverse conclusions in controlled 

experiments, and simulation work shows that relative-data transformations fail to control the false 

discovery rate [22,23,24]. Any umbrella review in this field therefore inherits a measurement problem 

that standard appraisal tools were not designed to detect. We address this explicitly rather than implicitly. 

Objectives 
1. To identify and characterise all systematic-review-level evidence linking gut microbial 

exposures or microbiota-directed interventions to bone, joint, muscle, skin/wound, ageing 

and regenerative or transplant outcomes. 

2. To identify systematic-review-level evidence in the reverse direction: regenerative therapies 

(MSCs, EVs, orthobiologics) acting on intestinal barrier, microbiome composition or microbial 

metabolites. 

3. To appraise confidence (AMSTAR 2), certainty (GRADE), primary-study overlap (CCA) and — 

through a purpose-built extension — the quality of the microbial measurement itself. 

4. To test whether the accumulated evidence supports positioning dysbiosis as a modifiable 

modifier of regenerative treatment response, and to specify the trial designs, reporting 

standards and claim limits that follow. 
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Methods 
This umbrella review was conducted following the PRIOR statement for overviews of reviews [25,26], with 

PRISMA 2020 items applied where relevant [27], and with the umbrella-review methodology of the JBI 

Manual for Evidence Synthesis and Chapter V of the Cochrane Handbook [28,29]. The review was not 

prospectively registered; PROSPERO does not currently address overviews of reviews in its published 

eligibility criteria [30], and this omission is declared as a limitation. 

Eligibility criteria 
Population: humans of any age with, or at risk of, musculoskeletal, cutaneous, intestinal or transplant-

related tissue injury or degeneration; animal models were eligible when the synthesis was systematic and 

no human synthesis existed for that question. 

Exposure or intervention: (i) gut microbial composition, diversity or metabolite exposure; (ii) microbiota-

directed interventions — probiotics, prebiotics, synbiotics, dietary fibre or whole-diet patterns, FMT, live 

biotherapeutic products, postbiotics as defined by the International Scientific Association for Probiotics 

and Prebiotics [31]; or (iii) cell-based and vesicle-based regenerative therapies where a microbiome, 

barrier or microbial-metabolite outcome was reported. 

Comparator: placebo, sham, usual care, active comparator, or non-diseased control, as reported by the 

included review. 

Outcomes: prioritised hierarchically as (a) patient-important clinical outcomes (pain, function, fracture, 

healing, remission, survival); (b) structural or compositional outcomes (BMD, cartilage, muscle mass, 

wound closure); (c) surrogate and biomarker outcomes (α/β-diversity, SCFA concentration, zonulin, C-

reactive protein [CRP], bone turnover markers). Surrogate outcomes were never permitted to substitute 

for clinical outcomes in the synthesis. 

Study design: systematic reviews with or without meta-analysis, overviews of reviews, and systematic 

reviews of preclinical studies. Narrative reviews, editorials and single primary studies were excluded from 

the synthesis but were retained as contextual or mechanistic citations and are labelled as such 

throughout. 

Information sources and search 
PubMed/MEDLINE, PubMed Central, and the platforms of Frontiers, BMJ, Wiley, Springer Nature, Elsevier, 

MDPI, Oxford University Press, Cambridge University Press, The Lancet family, the American Society for 

Microbiology and Baishideng were searched from inception to 13 September 2026, together with 

ClinicalTrials.gov (application programming interface v2) for the registered-trial landscape and the 

websites of the US Food and Drug Administration (FDA) and the European Medicines Agency (EMA) for 

regulatory status. Searches combined microbial terms (gut microbiota, microbiome, dysbiosis, probiotic, 

prebiotic, synbiotic, faecal microbiota transplantation, short-chain fatty acid, lipopolysaccharide, 

trimethylamine N-oxide, bile acid, indole) with tissue and therapy terms (bone mineral density, 

osteoporosis, fracture healing, osteoarthritis, cartilage, sarcopenia, muscle, wound healing, skin, 

mesenchymal stromal cell, extracellular vesicle, exosome, platelet-rich plasma, haematopoietic cell 

transplantation, graft-versus-host disease) and design terms (systematic review, meta-analysis, umbrella 
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review). Searches were domain-specific and iterative rather than a single global Boolean strategy; 

reference lists of included reviews and of the identified narrative reviews were hand-searched. No 

language restriction was applied; all included records were available in English. 

Selection, data extraction and handling of overlap 
Records were screened against the eligibility criteria and the following were extracted per included 

review: axis and domain, first author and year, journal, design, population, exposure or intervention, 

comparator, number of primary studies and participants, pooled effect estimates with 95% confidence 

intervals, heterogeneity (I²), appraisal instrument used by the review authors, any stated certainty rating, 

and registration identifier. Where a publisher page displayed only an abstract and a value could not be 

confirmed at source, the cell was recorded as not available rather than inferred; these instances are visible 

in (Tables 2-6) and are counted in the limitations. 

Overlap of primary studies between reviews addressing the same question was quantified with the 

corrected covered area, CCA = (N − r) / (rc − r), where N is the number of publications including double 

counting, r the number of index publications and c the number of reviews, interpreted against the 

thresholds of slight (0–5%), moderate (6–10%), high (11–15%) and very high (>15%) overlap [32], with 

graphical exploration of pairwise overlap as implemented in the GROOVE tool [33]. Where reviews were 

discordant, they were not averaged; the more recent, more restrictive and methodologically stronger 

review was given interpretive priority, and the discordance itself is reported as a finding. 

Quality, certainty and the microbiome-specific extension 
Confidence in each included review was rated with AMSTAR 2, applying its seven critical domains — 

protocol registration, search adequacy, justification of exclusions, risk-of-bias assessment, meta-analytical 

methods, consideration of bias in interpretation and publication bias — and the published rules for high, 

moderate, low and critically low confidence [34,35]; the ROBIS domains were used as a cross-check for 

reviews whose scope or eligibility appeared unstable [36]. Certainty for each pooled outcome was 

expressed with GRADE, starting high for randomised bodies of evidence and low for non-randomised 

evidence, then downgraded for risk of bias, inconsistency, indirectness, imprecision and publication bias 

[37,38]. 

Neither AMSTAR 2 nor GRADE interrogates the validity of the microbial measurement. We therefore 

specified, a priori for this review, a six-domain Microbiome Evidence Quality extension (MEQ-6), applied 

to every included review that reported a microbial exposure (Table 7): 

1. Definitional transparency: is “dysbiosis” operationally defined, or used as an undefined 

descriptor [19,20]? 

2. Quantification: absolute or spike-in quantitative profiling versus relative abundance only [23]. 

3. Compositional handling: use of a reference frame or compositionally aware statistics versus naive 

relative-abundance inference [22,24]. 

4. Diversity dependence: is the claim carried by α-diversity alone, which is not a health metric [21]? 

5. Confounder control: body mass index, diet, antibiotic exposure and physical activity, all of which 

attenuate or abolish microbiome–phenotype associations [39]. 
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6. Outcome relevance and reporting adherence: clinical versus surrogate endpoint, and adherence 

to microbiome reporting standards such as STORMS [40,41]. 

 

Each domain was rated adequate, partial or inadequate; a review meeting fewer than three domains 

adequately was flagged as measurement-limited, and its directional claims were reported as hypothesis-

generating irrespective of its AMSTAR 2 rating. 

Synthesis and the causal ladder 
Because the included reviews address heterogeneous populations, exposures and outcomes, no pooling 

across reviews was attempted; synthesis was structured, tabular and narrative, as recommended for 

overviews [28]. Findings were additionally classified on a four-tier causal ladder specified for this review: 

• Tier 1 Association: dysbiosis correlates with a tissue phenotype. 

• Tier 2 Perturbation: experimental depletion, germ-free status or colonisation changes the tissue 

phenotype. 

• Tier 3 Restoration: a microbiota-directed intervention changes a patient-important outcome in 

controlled human studies. 

• Tier 4 Response modification: microbial state measurably alters the outcome of a regenerative 

or cell-based therapy. 

Tier 4 is the level at which the microbiome becomes actionable for regenerative medicine, and is the level 

against which the field’s current claims should be judged. 

Results 
Overview of the included evidence 
Fifty-four systematic-review-level records met the eligibility criteria and are distributed across eight 

domains: gut–bone (10), gut–joint (8), gut–muscle (8), gut–skin (7), ageing, frailty and inflammaging (5), 

FMT and transplant outcomes (5), regenerative therapy acting on the gut (8), and microbial mediators (9). 

Of these, 41 performed quantitative pooling; 2 were protocols without results [42,43]; 5 were systematic 

reviews of preclinical studies only [44,45,46,47,48]; and 3 were pre-existing umbrella reviews on one side 

of the question [10,12,13], plus a fourth on MSC-derived EVs without microbiome content [11]. (Table 1) 

summarises the distribution, the number of reviews reporting registration, the number reporting a formal 

appraisal tool and the number reporting any certainty rating. 

Counts reflect what was displayed on the retrievable record for each review; absence of a displayed item 

was recorded as absent and is a source of provisional judgement (see Limitations). The two records 

reporting certainty are Peng 2026 (GRADE by outcome) and Duan 2026 (AMSTAR 2 + GRADE + corrected 

covered area). 

Three structural features of this literature emerged immediately and shape every subsequent finding. 

1. Registration and certainty rating are the exception: Of 54 records, 11 reported a PROSPERO 

identifier and only one reported GRADE certainty for its outcomes [49]. One of the pre-existing 

umbrella reviews applied AMSTAR 2, GRADE and CCA together [10], and one concluded that the 

majority of published syntheses in its field were of critically low confidence [12]. 
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2. Heterogeneity is extreme where effects are largest: I² exceeded 90% for the headline pooled 

estimates in the gut–bone [50] and gut–joint [51] domains, and reached 99.7% for a circulating-

biomarker synthesis [52]. Conversely, the pooled estimates with I² of 0% are the smallest in 

magnitude [53,54]. 

3. The outcome hierarchy is inverted relative to clinical need: Surrogate and symptom endpoints 

are abundantly meta-analysed; structural and regenerative endpoints — fracture union, cartilage 

volume, tendon integrity, graft incorporation — are absent from every included synthesis. 

Gut–bone axis: consistent direction, unstable magnitude, no regenerative endpoint 
Probiotic supplementation in postmenopausal women improved lumbar-spine BMD in every synthesis 

that pooled it, but the magnitude was determined almost entirely by inclusion breadth. The broadest 

synthesis pooled 12 randomised controlled trials (RCTs) and 1,183 participants and reported a 

standardised mean difference (SMD) of 0.60 (95% CI 0.14–1.05; p = 0.01) for lumbar spine and 0.74 (0.15–

1.33) for hip, with I² of 92.1% and 94.5% respectively, alongside reductions in C-terminal telopeptide (SMD 

−1.51, −1.88 to −0.41) and bone alkaline phosphatase (SMD −1.80, −2.78 to −0.81) and a non-significant 

effect on N-terminal propeptide of type I procollagen [50]. A more restrictive synthesis limited to five RCTs 

with intervention duration beyond six months and 497 completers, all judged at low risk of bias, reported 

lumbar-spine SMD 0.27 (0.09–0.44) with I² of 0%, a non-significant hip effect (0.22, −0.07 to 0.52) and a 

bone-resorption reduction of the same direction but a third of the magnitude (CTX SMD −0.34, −0.60 to 

−0.09) [53]. A third synthesis of 10 RCTs and 1,156 patients found no significant absolute lumbar BMD 

gain (weighted mean difference 0.04, −0.00 to 0.09) and a significant effect only for percentage change 

(SMD 1.16, 0.21–2.12), with no excess of adverse events (risk ratio [RR] 1.02, 0.92–1.12) [55]. The most 

recent and largest pooling reported absolute gains of +0.010 g/cm² at the lumbar spine and +0.022 g/cm² 

at the hip with no effect on femoral-neck BMD, P1NP or CTX, and described moderate-to-high 

heterogeneity throughout [56]. 

This pattern — effect size falling as methodological restriction rises, while direction is preserved — is the 

signature of a real but small effect inflated by small-trial heterogeneity. It is reproduced at the level of 

individual trials: Limosilactobacillus reuteri 6475 reduced tibia total volumetric BMD loss by a mean 

difference of 1.02% (0.02–2.03) over 12 months in 70 completers [57], and a three-strain Lactobacillus 

mixture reduced lumbar-spine BMD loss by 0.71% (0.06–1.35; p = 0.031), equivalent to +7.44 mg/cm² 

(0.38–14.50), in 249 early postmenopausal women [58] — yet a subsequent two-year randomised 

evaluation of the same L. reuteri strain did not confirm a bone-density benefit [59]. We therefore treat 

the gut–bone probiotic signal as directionally consistent for BMD and bone turnover, small in absolute 

terms, and unproven for fracture. 

Observational composition studies point the same way with weaker precision. Across 16 studies and 2,340 

participants, the ACE richness index differed between osteoporosis and controls (SMD 1.05, 0.00–2.10; p 

= 0.05) and Blautia was reduced (SMD −0.32, −0.65 to −0.00), while Chao1, Shannon and Simpson indices 

and all phylum-level comparisons were non-significant [60]. Other syntheses are mutually inconsistent: 

taxon-level differences without pooled effects and contradictory Lactobacillus findings in 12 studies [61]; 

reduced ACE (p = 0.04) with raised primary bile acids, lipopolysaccharide (LPS), tumour necrosis factor α 

and T helper 17/regulatory T cell ratios in 1,520 postmenopausal women [62]; and no α-diversity 
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difference at all in 10 studies [63]. A formal reanalysis of five case–control datasets found Shannon 

diversity significant at p = 0.049 with an effect size of 0.17 and statistical power of 0.40, and no difference 

in the Firmicutes/Bacteroidetes ratio (p = 0.58) [64] — a power of 0.40 attached to the field’s most-cited 

diversity claim is itself a finding. 

No systematic review of microbiota-directed intervention for fracture healing or bone regeneration exists. 

The best available evidence is a single murine femoral-osteotomy experiment in 95 animals in which pre-

fracture VSL#3 raised day-3 interleukin 6 (4.33 ± 0.74 versus 2.67 ± 0.27), interleukin 17F (5.07 ± 1.34 

versus 2.04 ± 0.30) and Runx2 expression, all p < 0.05, with no change in transforming growth factor β (p 

= 0.46) [65]. Mechanistically, microbiota-dependent T helper 17 cells are required for normal callus 

formation and biomechanical competence [3], Akkermansia muciniphila supplementation improves callus 

mineralisation and bending load [4], probiotic Limosilactobacillus reuteri prevents bone loss in a murine 

menopause model [66], SCFAs regulate systemic bone mass through regulatory T cells and inhibition of 

osteoclastogenesis [67,68], and the microbiota drives insulin-like growth factor 1-dependent bone 

formation [69,70]. Germ-free animals show compartment- and sex-specific alterations in bone quality, 

which qualifies the simple “germ-free bones are stronger” narrative [71]. On our causal ladder, gut–bone 

evidence reaches Tier 3 for BMD and bone turnover and Tier 2 only for fracture repair. 

Gut–joint axis: the largest symptom effects with the largest uncertainty 
Microbiota-targeted interventions in osteoarthritis (OA) were pooled across 18 RCTs and 2,080 

participants, yielding visual analogue scale (VAS) pain SMD −0.66 (−1.27 to −0.06; p = 0.03), WOMAC pain 

SMD −0.62 (−0.97 to −0.27) and WOMAC function SMD −0.40 (−0.64 to −0.17), with I² of 94.6%, 75.5% 

and 36.3% [51]. Restricted to oral probiotics in confirmed knee OA, five RCTs and 694 participants gave 

still larger estimates (WOMAC total SMD −1.15, −2.14 to −0.17; VAS SMD −1.31, −2.50 to −0.12), with 

heterogeneity falling to 9% only after exclusions [72]. A three-study synthesis using unstandardised scales 

found no significant effect on any outcome, with confidence intervals an order of magnitude wider 

(WOMAC SMD −6.15, −22.04 to 9.74; VAS −2.26, −4.87 to 0.34) [73]. Across inflammatory arthritis, 12 

studies gave quality-of-life SMD −0.37 (−0.59 to −0.15), pain mean difference −8.97 mm on VAS (−15.38 

to −2.56) and CRP −2.33 mg/L (−4.26 to −0.41), with no excess of minor adverse events (RR 1.02, 0.69–

1.51) [74]. These reviews overlap substantially in their primary trials — notably the 537-patient 

Lacticaseibacillus casei Shirota trial in knee OA [75,76] — so their estimates cannot be treated as 

independent replications. 

The observational base is the strongest in this domain. A meta-analysis of 92 observational studies and 

11,998 participants across 14 rheumatic diseases found reduced observed species overall (SMD −0.36, 

−0.63 to −0.09; p = 0.01) and in rheumatoid arthritis specifically (SMD −0.51, −0.78 to −0.24; p < 0.001), 

with Chao1 SMD −0.57 and I² of 88% [77]. In two population cohorts totalling 2,256 individuals, higher 

Streptococcus abundance was associated with higher knee WOMAC pain at p = 1.3 × 10⁻⁸, an effect the 

authors attributed to local joint inflammation and which persisted after body mass index adjustment [39]. 

A subsequent systematic review with meta-analysis of five studies and 756 OA patients, however, found 

no significant association for either Streptococcus (standardised β 0.003, −0.049 to 0.052) or plasma 

tryptophan-pathway markers (β 0, −0.071 to 0.070) [78]. This is the clearest instance in the review of a 
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single high-profile primary finding not surviving systematic pooling, and it is reported here as a 

discordance rather than resolved in either direction. 

Mechanistic support for the gut–joint axis is substantial: Prevotella copri expansion correlates with new-

onset untreated rheumatoid arthritis [79], segmented filamentous bacteria drive autoimmune arthritis 

through T helper 17 induction [80,81], short-term dietary fibre shifts the arthritic immune phenotype [82], 

both systemic and local LPS burden associate with knee OA severity and macrophage activation [83,84], 

and trimethylamine N-oxide sensitises chondrocytes to mechanical load through Piezo1 [85] while 

promoting osteoclastogenesis [86] and impairing osteogenic differentiation of bone-marrow stromal cells 

[87]; LPS additionally exacerbates neurogenic heterotopic ossification through Toll-like receptor 4 

signalling [88]. No systematic review restricted to gut dysbiosis in OA with cartilage-structural endpoints 

was identified; intervertebral-disc evidence is confined to Mendelian randomisation, in which only the 

genus Eubacterium coprostanoligenes group survived false-discovery correction for disc degeneration 

[89], and to narrative review [90,91]. 

Gut–muscle axis: the most internally consistent human signal 
Probiotic supplementation improved muscle mass (SMD 0.42, 0.10–0.74; p = 0.009, 10 comparisons) and 

global muscle strength (SMD 0.69, 0.33–1.06; p = 0.0002, 6 comparisons) across 24 RCTs, while total lean 

mass was unchanged (SMD −0.03, −0.19 to 0.13) — an internally coherent pattern in which a functional 

tissue compartment responds while total body lean mass does not [92]. In adults aged 55 years and over, 

17 pooled studies gave muscle mass weighted mean difference 0.50 (0.01–0.99) with I² of 0% [93]. The 

most restrictive synthesis, 8 RCTs and 837 older adults, reported handgrip strength +2.50 kg (1.33–3.66; 

p < 0.001) and gait speed +0.10 m/s (0.03–0.16; p = 0.003), both with I² of 0% — but the handgrip effect 

collapsed to 1.16 kg (−2.45 to 4.77; p = 0.53) on sensitivity analysis [54]. Across 63 studies and 4,842 

participants, probiotics were associated with +1.90 kg strength and +0.08 m/s gait speed [94]. A gait-speed 

gain of 0.10 m/s is at or above the commonly used threshold for a clinically meaningful change in older 

adults, which makes this the one domain where the pooled effect is plausibly patient-important; the 

sensitivity-analysis collapse is why we do not upgrade it further. 

Composition data are correspondingly consistent. Pooled α-diversity was lower in sarcopenia across 18 

studies and 3,132 participants (SMD −0.41, −0.57 to −0.26; observed species SMD −0.62, −0.82 to −0.42; 

Chao1 SMD −0.45, −0.67 to −0.23; Shannon SMD −0.30, −0.60 to −0.00) [95], and 17 cross-sectional studies 

in 4,307 participants found reduced richness with depletion of Faecalibacterium, Prevotella and 

Ruminococcaceae [96,97]. Physical activity itself alters community structure across 38 studies [98], which 

makes exercise both a confounder and a co-intervention here. 

The mechanistic chain here is the most completely specified of the four axes: germ-free and antibiotic-

treated animals are sarcopenic with reduced insulin-like growth factor 1 and impaired neuromuscular 

junction gene expression, partially rescued by SCFA administration [2,99]; SCFAs act directly on myotube 

metabolism [100,101]; antibiotic-induced microbiota depletion causes muscle atrophy through the 

farnesoid X receptor–fibroblast growth factor 15/19 axis [102]; aryl hydrocarbon receptor ligands of 

microbial tryptophan origin modulate muscle phenotype [103,104]; LPS inhibits myogenic differentiation 

of C2C12 myoblasts [105]; and a single Lactobacillus plantarum strain sustains juvenile growth under 
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nutritional restriction [106]. In older adults, a prebiotic formulation improved exhaustion (p < 0.01) and 

handgrip strength (p < 0.05) against placebo in 60 participants [107]. Human proof that fermentation 

capacity determines response to a non-microbial intervention exists: in 39 medication-naive men with 

prediabetes, gut microbiome fermentation capacity determined the metabolic efficacy of exercise, and 

responder faecal transfer reproduced the benefit in mice [108]. That study is, to our reading, the cleanest 

published demonstration of Tier 4 response modification outside oncology and transplantation. 

Gut–skin axis: the only GRADE-rated evidence, and no regenerative endpoint 
Nineteen RCTs and 1,384 critically ill adults received enteral probiotics or synbiotics at 10⁹–10¹¹ colony-

forming units per day for 7–21 days; certainty was moderate for wound infection, overall infection, 

hospital length of stay and antibiotic duration, low for intensive-care length of stay, mortality and CRP, 

and very low for wound-healing time [49]. This is the only included review with an explicit GRADE profile, 

and it is notable that the outcome closest to regeneration — healing time — carries the lowest certainty 

in it. 

Systemic probiotics in cutaneous and mucosal wounds were reviewed across 7 studies and 348 

participants without pooling; the strongest single result was a paediatric burn trial in which grafting was 

required in 10% versus 40% (p = 0.028) [109], and 22 surgical publications reported reduced antibiotic 

duration and hospital stay without effect sizes [110]. Animal wound data are markedly stronger than 

human data: pooled wound-contraction acceleration reached Hedges’ g −2.55 (−3.59 to −1.50) across 12 

experiments [44]. In inflammatory skin disease, adjuvant oral probiotics improved PASI change (mean 

difference −3.09, −5.04 to −0.74; p = 0.01) and CRP (−2.36, −2.77 to −1.95) without reaching significance 

for PASI-75 (RR 1.40, 0.98–1.98; p = 0.06) or dermatology-specific quality of life, with I² of 85% for PASI 

change [111]; in paediatric atopic dermatitis, continuous severity outcomes improved (mean difference 

−4.24, −7.78 to −0.71) while dichotomous outcomes did not (odds ratio 1.75, 0.70–4.35) [112]; acne 

syntheses reported no stable pooled estimate [113]. 

Two mechanistic findings reframe this axis as bidirectional. Dermal wounding itself remodels the gut 

microbiome and increases susceptibility to colitis [114], commensal Staphylococcus epidermidis shapes 

cutaneous repair immunity [115], and chronic-wound outcome tracks the local wound microbiome 

[116,117,118,119]. No systematic review of gut-directed intervention in chronic or diabetic wound healing 

was confirmed; the only registered diabetic-foot probiotic study identified is topical rather than enteral 

[120]. 

Ageing, frailty and inflammaging: mechanism without synthesis 
Seven studies in a systematic review of ageing linked an “aged-type” microbiota to raised interleukin 6, 

interleukin 10, tumour necrosis factor α and transforming growth factor β and to the senescence markers 

p16 and SAMHD1, with activation of Toll-like receptor 2/nuclear factor κB/mechanistic target of 

rapamycin signalling [121]. Eleven observational studies in 912 older adults found lower α-diversity in 

frailty in only two of seven reporting studies, with consistent depletion of Prevotella, Faecalibacterium 

and Roseburia [122,123], and a 27-study review of ageing and longevity synthesised narratively [124]. 

Experimental work is more decisive than the human syntheses: faecal transfer between young and aged 

mice transfers age-associated microbial and immune phenotypes [125,126], centenarian microbiomes 
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carry distinctive signatures [127,128], and the microbial metabolite phenylacetylglutamine drives cellular 

senescence through adrenergic signalling [129]. No systematic review pooling gut microbiota against 

cellular-senescence endpoints was identified, and the only registered systematic work at the dysbiosis–

osteosarcopenia intersection remains a protocol [43]. 

Microbiota-directed therapy inside cell therapy: the strongest clinical effects in the field 
The largest effect sizes in this entire review are not in musculoskeletal medicine but inside haematopoietic 

cell transplantation. For steroid-refractory graft-versus-host disease, FMT achieved clinical remission with 

an OR of 5.51 (1.49–20.35) in cohort studies, with pooled remission of 64% (51–77%) in prospective single-

arm studies and 81% (62–95%) in retrospective series across 23 studies and 242 patients, and FMT-related 

infection in 5 of 242 (2.1%) [130]. A subsequent synthesis of 6 studies and 262 patients reported 14-day 

complete response OR 8.54 (2.49–29.29) and 30-day complete response OR 8.44 (2.98–23.96) for 

gastrointestinal acute graft-versus-host disease, with increased Bacteroides (SMD 1.59, 0.15–3.03) and 

Bifidobacterium (SMD 1.01, 0.41–1.60) and no increase in bacteraemia (OR 0.37, 0.13–1.01), while 

prophylactic use did not reduce incidence (OR 1.30, 0.10–16.72) [131]. A third-party FMT pilot in high-risk 

lower-gastrointestinal acute graft-versus-host disease achieved 70% organ-specific complete response at 

day 28 in 10 participants [132]. In autoimmune and autoinflammatory disease, 14 RCTs and 571 

participants showed ulcerative-colitis clinical remission RR 1.89 (1.18–3.00), endoscopic remission RR 2.40 

(1.13–5.12) and unchanged adverse-event rates (RR 1.02, 0.81–1.17) [133], consistent with an 

independent synthesis of 14 RCTs and 666 participants (remission RR 1.44, 1.03–2.02) [134]. 

These effects sit on an observational foundation already strong enough to change practice: microbiota 

diversity predicts mortality after allogeneic transplantation (adjusted hazard ratio 0.71, 0.55–0.92, across 

1,362 patients) [5,6,135], antibiotic class and Clostridia abundance track CAR T-cell outcomes and 

neurotoxicity [7,8], and responder-derived FMT converts PD-1-refractory melanoma in a minority of 

patients [9,136]. The asymmetry is the point: in the one field where cells are infused and must engraft, 

the microbiome is already a prognostic and interventional variable, and its effect sizes dwarf anything 

reported in the musculoskeletal axes. 

The reverse direction: regenerative therapies as microbiome-modifying agents 
Evidence that regenerative therapy acts on the gut is substantial but almost entirely preclinical. MSC 

therapy for complex perianal fistula — the field’s most mature localised-regeneration indication — 

achieved short-term healing RR 2.49 (1.63–3.80; p < 0.0001), with attenuation over time (medium-term 

RR 1.25, 1.00–1.55; approximately one year RR 1.35, 1.10–1.67; beyond one year RR 1.85, 1.10–3.10) and 

benefit confined to Crohn’s fistulas (RR 1.43, 1.09–1.80) rather than cryptoglandular disease (RR 1.16, 

0.69–1.95) [137]. Pooled healing across 43 studies and 1,160 patients was 58.1% (51.5–64.7), and in the 

8 RCTs healing odds ratio (OR) was 1.81 (1.23–2.67) with complications unchanged (OR 1.00, 0.70–1.43) 

[138]; response persisted at 96 weeks (OR 2.08, 1.17–3.68) with disease-activity indices non-significant 

[139,140]. Long-term registry follow-up of darvadstrocel-treated patients reported combined remission 

of 53.5% versus 45.7% at 156 weeks, an interval whose confidence bounds do not exclude no difference 

[141]. The pre-existing umbrella review of this field rated most of its 35 included syntheses as of low or 

critically low confidence and reported no microbiome content whatsoever [10]. 
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In animal models, extracellular vesicles reduced colitis disease-activity index by SMD −3.00 (−3.52 to 

−2.48) overall, with the MSC-derived subgroup at SMD −3.33 (−3.99 to −2.68) and the MISEV2018-

compliant subset attenuated to −2.27 (−3.05 to −1.49) — the attenuation itself being an index of reporting 

quality [46]; a parallel synthesis of 21 studies reported disease-activity SMD −2.46 (−3.31 to −1.62) and 

histological score SMD −2.37 (−3.58 to −1.16) [45]. MSCs improved survival after intestinal ischaemia–

reperfusion injury (day 7 RR 2.44, 1.63–3.66) and reduced mucosal injury (Chiu’s score SMD −1.96, −2.72 

to −1.19) [47]. Systemic MSC therapy remodels the gut microbiome and restores colonic farnesoid X 

receptor signalling in experimental colitis [142], and MSC-derived exosomes mitigate colitis through 

metagenomic and metabolomic remodelling [143]. Most striking for musculoskeletal practice, intra-

articular platelet-rich plasma restored gut microbial richness, Ligilactobacillus murinus abundance, SCFA 

concentrations and the barrier proteins occludin and ZO-1 in rodent osteoarthritis — while the same 

signature failed to replicate in a 9-patient human series [144,145]. 

Three findings from this section are, to our knowledge, reported together here for the first time: (i) no 

human trial of an MSC, EV or orthobiologic product has a microbiome endpoint; (ii) no registered trial 

anywhere combines microbiome modulation with an orthobiologic (platelet-rich plasma, bone marrow 

aspirate concentrate or MSC) or with a cartilage, tendon or fracture regeneration endpoint — searches 

pairing probiotic or microbiome terms with mesenchymal, platelet-rich plasma, cartilage, tendon, fracture 

healing and spinal fusion returned none, the sole product-level pairing being a probiotic with a secretome 

in acne [120,146]; and (iii) the mechanistic substrate for interaction is already characterised, since LPS and 

Toll-like receptor ligands of microbial origin reprogramme MSC phenotype, secretome and vesicle output 

[147,148,149,150,151], and autologous bone-marrow MSC potency itself varies by donor in a function-

associated manner [152]. A host-derived agonist that changes the product being administered is, by 

definition, a response modifier. 

Microbial mediators: no synthesis links them to regenerative tissue endpoints 
Prebiotic and SCFA interventions reduced high-sensitivity CRP (SMD −0.83, −1.56 to −0.11) and plasma 

LPS (SMD −1.20, −1.89 to −0.51) in overweight and obesity, with I² of 86% and 87% [153], and oral sodium 

butyrate 600 mg/day improved erythrocyte sedimentation rate and partial Mayo score in active ulcerative 

colitis [154]. Serum LPS-binding protein was higher in metabolic syndrome (SMD 5.313, 0.606–10.020) 

with I² of 99.7%, a value that makes the pooled estimate uninterpretable [52,155,156]. Circulating 

trimethylamine N-oxide tracked kidney function across 32 studies and 42,062 participants [157], yet the 

umbrella review of that literature judged most constituent syntheses to be of critically low confidence 

[12]. Bile-acid syntheses in obesity found fasting total bile acids unassociated with adiposity and fibroblast 

growth factor 19 inversely associated [158], while bile-acid receptor signalling is required for survival in 

bacterial sepsis [159]. Pro-, pre- and synbiotic effects on anthropometric and cardiometabolic markers 

were summarised across 24 reviews and 25,973 participants under AMSTAR 2 [13]. 

Not one of these mediator syntheses uses a bone, cartilage, tendon, muscle-structural or 

stem/progenitor-cell outcome. Butyrate, propionate, indoles, secondary bile acids and trimethylamine N-

oxide all have documented direct effects on osteoblasts, osteoclasts, chondrocytes, myotubes and 

marrow stromal cells [67,68,85,86,87,102,160,161], yet the systematic-review literature has pooled them 
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only against metabolic, renal, cardiovascular and general inflammatory endpoints. This is the single largest 

synthesis-level gap identified in this review. 

Methodological quality, overlap and microbiome-specific appraisal 
AMSTAR 2 confidence was low or critically low for the large majority of included reviews, driven by the 

same three critical domains: absence of protocol registration (43 of 54 records did not report one), 

absence of any assessment of publication bias in the reporting available to us, and absence of explicit 

consideration of risk of bias when interpreting results. Because full texts and supplements were not 

retrievable for every record, domain-level judgements are reported as provisional where the retrievable 

record did not display the relevant methods, and no review is assigned high confidence on the basis of an 

abstract alone. Two records were protocols and were not rated [42,43]. 

The corrected covered area could not be computed for most domains, because primary-study lists were 

not extractable from the retrievable records; where denominators are known, overlap is evidently 

substantial rather than slight — the five-RCT bone synthesis [53] is contained almost entirely within the 

twelve-RCT synthesis [50], and the osteoarthritis reviews [51,72,73] share the same small set of index 

trials [75]. We therefore report overlap qualitatively, treat same-domain reviews as non-independent, 

and flag the missing CCA computation as a limitation rather than presenting an uncomputed value as slight 

overlap [32,33]. 

Applying MEQ-6 (Table 7) changes the picture more than AMSTAR 2 does. No included review 

operationally defined dysbiosis; none used absolute or quantitative microbial profiling; none applied a 

compositionally aware reference frame; and 11 of the composition-based reviews rested their principal 

claim on α-diversity alone. Under the MEQ-6 rule specified in the Methods, every composition-based 

review in this umbrella review is measurement-limited, and its directional taxonomic claims should be 

read as hypothesis-generating regardless of its AMSTAR 2 rating. The intervention reviews fare better, 

because a randomised probiotic exposure does not require compositional inference to be valid — which 

is why the intervention literature, despite its heterogeneity, carries more interpretive weight here than 

the far larger observational literature. 

 

Composition-based reviews only (n = 18 across the bone, joint, muscle, ageing and mediator domains). 

Under the pre-specified rule (fewer than three domains adequate = measurement-limited), all 18 are 

measurement-limited, and their taxon-level claims are reported as hypothesis-generating irrespective of 

AMSTAR 2 confidence. 

Discussion 
What this review establishes, and what it does not 
Read against the causal ladder specified a priori, the evidence distributes unevenly. Tier 1 association is 

secure across all four axes, with the caveat that every composition-based review is measurement-limited 

under MEQ-6. Tier 2 perturbation is secure in animals for bone, muscle, joint and wound repair, including 

the biomechanical competence of the fracture callus [2,3,4,44]. Tier 3 restoration is supported for bone 

mineral density, osteoarthritis symptoms, muscle mass, strength and gait speed, and psoriasis severity — 

but with effect magnitudes that shrink as methodological restriction tightens [53,54], heterogeneity that 
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frequently exceeds 90% [50,51], and not a single structural or regenerative endpoint anywhere in the 

pooled literature. Tier 4 response modification is established only in haematopoietic cell transplantation, 

CAR T-cell therapy and immune-checkpoint blockade [5,7,9], with one clean non-oncological human 

demonstration in exercise metabolism [108], and is entirely unexamined in musculoskeletal and aesthetic 

regenerative medicine. 

The most defensible claim this evidence supports is therefore narrow and, we would argue, more useful 

than a broad one: dysbiosis is best treated not as a disease to be corrected but as a measurable, modifiable 

modifier of the response to regenerative therapy. The claim that probiotics regenerate tissue is 

unsupported. The claim that the microbial state of the host is irrelevant to the outcome of an infused or 

injected biologic is, given the transplantation and checkpoint literature, no longer tenable either. 

Why the transplantation precedent is the right analogy 
Allogeneic haematopoietic cell transplantation adopted the microbiome as a prognostic variable because 

it had three things musculoskeletal regenerative medicine currently lacks: a hard outcome measured in 

every patient, a mechanistic pathway from mucosal injury to systemic immune activation, and cohorts 

large enough to detect a diversity gradient [5,6]. The same logic transfers to orthobiologics with minimal 

adaptation. MSC and platelet-rich plasma products act through immunomodulation as much as through 

structural replacement; their phenotype and secretome are altered by Toll-like receptor ligands of 

microbial origin [147,148,149,150,151]; the recipient’s systemic LPS burden is measurable, varies 

between patients and associates with joint disease severity [83,84]; and autologous product potency 

already varies by donor in ways that are only partly explained [152]. The field already accepts non-

microbial host modifiers of injected-therapy response — obesity and radiological severity predict 

viscosupplementation failure in knee osteoarthritis [162] — so the objection cannot be that host 

stratification is foreign to the discipline. A host factor that plausibly alters both the product and the target 

tissue is precisely the kind of variable that should be measured before it is assumed away. 

Bidirectionality is the finding most likely to be missed 
Two-thirds of this literature asks whether dysbiosis impairs repair. The reverse question — whether 

regenerative interventions alter the microbiome — is answered affirmatively wherever it has been asked, 

and almost nowhere in humans. MSCs and MSC-derived exosomes remodel community structure and 

restore colonic farnesoid X receptor signalling in colitis [142,143]; extracellular vesicles reduce 

experimental colitis with large pooled effects [45,46]; MSCs preserve the barrier after intestinal 

ischaemia–reperfusion [47]; intra-articular platelet-rich plasma restored gut richness, Ligilactobacillus 

murinus, SCFAs and tight-junction proteins in rats and failed to replicate in nine humans [144,145]; and 

even a dermal wound remodels the gut microbiome [114]. The practical consequence is that the 

microbiome belongs in regenerative trials as a covariate and as an outcome, not one or the other. A single 

stool sample at baseline and at follow-up, added to trials already being conducted, would convert an 

unexamined question into an answerable one at negligible marginal cost. 

Discordance, and how we resolved it 
Three discordances in this review deserve explicit statement rather than averaging. First, gut–bone: the 

probiotic BMD effect ranges from SMD 0.60 with I² 92.1% in the broadest synthesis [50] to 0.27 with I² 0% 
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in the most restrictive [53], with the most recent synthesis reporting absolute gains of 0.010–0.022 g/cm² 

[56] and the longest individual trial of the best-studied strain failing to confirm benefit [59]. We give 

interpretive priority to the restrictive estimate, which implies a real effect of roughly a quarter of a 

standard deviation — not nothing, and not a therapy for osteoporosis. Second, gut–joint: a population-

level Streptococcus–pain association at p = 1.3 × 10⁻⁸ [39] does not survive systematic pooling [78]; we 

report both and conclude that the taxon-level claim is unproven while the axis-level claim survives on 

other grounds [77]. Third, gut–skin: the same intervention class carries moderate certainty for wound 

infection and very low certainty for wound-healing time within a single GRADE-rated review [49] — an 

internal discordance that should discipline any claim that anti-infective benefit implies pro-regenerative 

benefit. 

Claims discipline and the regulatory boundary 
The distance between mechanistic plausibility and regulatory approval in this field is wide and frequently 

elided in clinical communication. Approved microbiome products exist, but for one indication: recurrent 

Clostridioides difficile infection, addressed by a rectally administered live biotherapeutic and an orally 

administered spore preparation [163,164]. Investigational faecal microbiota transplantation outside that 

indication carries a safety alert following transmission of multidrug-resistant organisms [165,166], and the 

European regulatory framework for microbiome-based products remains at the concept-paper and 

horizon-scanning stage [167,168]. Probiotics and postbiotics marketed as foods or supplements are not 

approved to treat osteoporosis, osteoarthritis, sarcopenia or wounds, and the postbiotic category itself 

was only recently given a consensus definition [31]. Engineered live biotherapeutics and phage 

approaches remain constrained by persistence, containment and manufacturing questions [169,170]. The 

claim ladder we recommend to clinicians is the one used in this review: mechanistic plausibility, surrogate 

signal, clinical benefit, regulatory approval — four separate statements, never substituted for one 

another. 

A reporting minimum: MIRROR-12 
Because no included review met more than three MEQ-6 domains, appraisal alone cannot fix this 

literature; the primary studies must report differently. We propose MIRROR-12 (Microbiome Reporting in 

Regenerative Outcomes Research), a 12-item minimum for any study combining a microbial measurement 

with a regenerative or cell-based intervention, set out in full in (Table 8). It spans definitional, sampling, 

platform, quantification, statistical, diversity-interpretation, taxonomic-resolution, exposure, covariate, 

product-characterisation, outcome-separation and registration items. Three of them carry 

disproportionate weight: absolute or spike-in quantification when a directional abundance claim is made, 

an explicit compositional reference frame, and prospective registration of the microbial analysis plan 

before unblinding — the omissions that most often reverse conclusions [22,23,24]. Items 1–7 align with 

and extend the STORMS reporting framework [40,41]. 

Research agenda 
Four studies would move this field from Tier 3 to Tier 4 faster than any further observational work. (1) A 

microbiome-stratified orthobiologic trial: randomise knee osteoarthritis to intra-articular platelet-rich 

plasma with prespecified stratification by baseline SCFA-producer abundance or systemic LPS-binding 

protein, with pain, function and cartilage-structural endpoints — no such trial is registered [120]. (2) A 
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perioperative microbiome cohort in fracture and fusion surgery, with union as the outcome and antibiotic 

exposure as the principal exposure, testing in humans what the murine callus data predict [3,65]. (3) 

Addition of stool and metabolite endpoints to existing MSC and EV trials in fistula, graft-versus-host 

disease and osteoarthritis, converting the reverse-direction question from preclinical to clinical at 

marginal cost [137,142]. (4) A mediator-specific intervention trial with a musculoskeletal structural 

endpoint — oral butyrate or a defined fibre intervention with bone turnover, cartilage biomarkers or 

muscle biopsy outcomes — closing the largest synthesis gap identified here [67,153,154]. Registered 

activity currently sits adjacent to, but not inside, this space: synbiotics for skeletal resorption [171], 

perioperative probiotics in prosthetic joint infection [172], probiotics in transplantation [173] and FMT 

before CAR T-cell therapy [174]. 

Limitations 
This review has five material limitations. It was not prospectively registered, and PROSPERO does not 

currently accept overviews of reviews in its published eligibility criteria [30]. Searches were domain-

specific and iterative rather than a single global Boolean strategy executed across all databases, and the 

Cochrane Library was not separately retrievable in this work, so “no Cochrane review identified” should 

be read as unverified rather than established. Several included records were available to us as abstracts 

and partial methods sections; where a value, appraisal tool or registration identifier was not displayed, 

the cell was recorded as not available, with the consequence that some AMSTAR 2 judgements are 

provisional and no review is credited with high confidence on incomplete evidence. The corrected covered 

area could not be computed for most domains because primary-study lists were not extractable, so 

overlap is reported qualitatively and same-domain reviews are treated as non-independent. Finally, a 

substantial part of the mechanistic and reverse-direction evidence is preclinical; it is labelled as such 

throughout and is never advanced as human evidence. MEQ-6 and MIRROR-12 are proposed instruments, 

specified for this review by its authors, and have not been validated by inter-rater reliability testing or 

Delphi consensus. 

Conclusions 
Across 54 systematic reviews and meta-analyses spanning the gut–bone, gut–joint, gut–muscle and gut–

skin axes, microbiota-directed interventions show consistent direction and modest, heterogeneous 

magnitude on surrogate and symptom outcomes, and no demonstrated effect on any structural or 

regenerative endpoint. The largest and most credible clinical effects of microbiome modulation in the 

whole field occur inside cell therapy — faecal microbiota transplantation for steroid-refractory graft-

versus-host disease — while musculoskeletal regenerative medicine, which administers far more biologics 

to far more patients, has not yet measured the microbiome even once in a registered trial with a 

regenerative endpoint. The evidence supports positioning dysbiosis as a modifiable modifier of 

regenerative response, warrants its measurement as both covariate and outcome in trials already under 

way, and does not support therapeutic claims of tissue regeneration by microbiome modulation. Closing 

that gap requires better measurement before it requires more studies, which is the purpose of the two 

instruments proposed here. 
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Domain Records 
With quantitative 
pooling 

Reporting PROSPERO 
ID 

Reporting a formal 
appraisal tool 

Reporting certainty 
(GRADE) 

Gut–bone 10 7 3 6 0 

Gut–joint 8 6 2 4 0 

Gut–muscle 8 6 2 2 0 

Gut–skin 7 5 1 2 1 

Ageing, frailty, inflammaging 5 0 0 0 0 

FMT and transplant outcomes 5 4 1 0 0 

Regenerative therapy acting on 
the gut 

8 7 0 2 1 

Microbial mediators 9 6 3 4 0 

Total 54 41 11 20 2 

Table 1: Distribution, registration and appraisal of the 54 included systematic-review-level records. 

Counts reflect what was displayed on the retrievable record for each review; absence of a displayed item 

was recorded as absent and is a source of provisional judgement (see Limitations). The two records 
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reporting certainty are Peng 2026 (GRADE by outcome) and Duan 2026 (AMSTAR 2 + GRADE + corrected 

covered area). 

First author, year Design Population / exposure 
Studies; 
participants Main result (95% CI) I² 

Wang 2024 [50] SR + MA of RCTs Postmenopausal women; 
probiotics ≥3 months 

12 RCTs; 1,183 Lumbar spine BMD SMD 0.60 (0.14–
1.05); hip 0.74 (0.15–1.33); CTX −1.51 
(−1.88 to −0.41) 

92.1% / 
94.5% / 
95.2% 

BMJ Open 2021 
[53] 

SR + MA of RCTs Postmenopausal women; 
probiotics >6 months 

5 RCTs; 497 
completers 

Lumbar spine BMD SMD 0.27 (0.09–
0.44); hip 0.22 (−0.07 to 0.52), NS; 
CTX −0.34 (−0.60 to −0.09) 

0% / 56.8% 

Zeng 2021 [55] SR + MA of RCTs Osteoporosis/osteopenia; 
probiotics 

10 RCTs; 1,156 Lumbar BMD WMD 0.04 (−0.00 to 
0.09), NS; % change SMD 1.16 (0.21–
2.12); AE RR 1.02 (0.92–1.12) 

n.a. 

Hidayat 2026 [56] SR + MA Adults; probiotics Outcome-specific 
(16 / 9 / 7 
analyses) 

Lumbar aBMD +0.010; hip aBMD 
+0.022 g/cm²; femoral neck, P1NP, 
CTX NS 

Moderate to 
high 

Cao 2024 [60] SR + MA, 
observational 

Osteoporosis vs controls 16 studies; 2,340 ACE SMD 1.05 (0.00–2.10); Blautia 
−0.32 (−0.65 to −0.00); Chao1, 
Shannon and Simpson NS 

n.a. 

Lee 2025 [62] SR + MA Postmenopausal osteoporosis vs 
controls 

16 studies; 1,520 ACE reduced (p = 0.04); ↑primary 
bile acids, ↑LPS, ↑Th17/Treg ratio 

n.a. 

16S synthesis 2022 
[61] 

SR + MA Osteoporosis vs controls 12 studies; 2,033 Taxon-level differences only; no 
pooled effect size 

n.a. 

Ji 2024 [63] SR Primary osteoporosis 10 studies No α-diversity difference; β-diversity 
separation 

n.a. 

Microbiol 
Spectrum 2023 
[64] 

Reanalysis MA Osteoporosis vs controls 5 datasets Shannon p = 0.049, effect size 0.17, 
power 0.40; F/B ratio NS (p = 0.58) 

n.a. 

Lashkarbolouk 
2024 [48] 

SR (human + 
animal) 

Age-related musculoskeletal 
disorders; pre/pro/synbiotics 

20 trials + 30 
animal studies 

Narrative: less BMD loss, higher SCFA, 
lower IL-1/IL-6/IL-17/TNF-α 

n.a. 

Table 2: Gut–bone axis: systematic-review-level evidence. 

BMD, bone mineral density; CTX, C-terminal telopeptide; NS, not significant; SMD, standardised mean 

difference; WMD, weighted mean difference; n.a., not available on the retrievable record. 

First author, year Design Population / exposure 
Studies; 
participants Main result (95% CI) I² 

Li 2026 [51] SR + MA of RCTs Knee/generalised OA; 
probiotics, prebiotics, 
synbiotics, diets 

18 RCTs; 2,080 VAS pain SMD −0.66 (−1.27 to −0.06); 
WOMAC pain −0.62 (−0.97 to −0.27); 
function −0.40 (−0.64 to −0.17) 

94.6% / 
75.5% / 
36.3% 

Tian 2025 [72] SR + MA Knee OA; oral probiotics 5 RCTs; 694 WOMAC total SMD −1.15 (−2.14 to −0.17); 
VAS −1.31 (−2.50 to −0.12); hsCRP −0.67 
(−1.35 to 0.01) 

9% after 
exclusions 

Moyseos 2024 [73] SR + MA OA; probiotics 3 studies; 501 hsCRP −5.24 (−15.73 to 5.26) NS; WOMAC 
−6.15 (−22.04 to 9.74) NS; VAS −2.26 
(−4.87 to 0.34) NS 

n.a. 

Lowe 2020 [74] SR + MA RA, spondyloarthritis; 
probiotics 

12 studies QoL SMD −0.37 (−0.59 to −0.15); pain 
−8.97 mm (−15.38 to −2.56); CRP −2.33 
mg/L (−4.26 to −0.41) 

n.a. 

Wang 2022 [77] SR + MA, 
observational 

14 rheumatic diseases vs 
controls 

92 studies; 
11,998 

Observed species SMD −0.36 (−0.63 to 
−0.09); RA −0.51 (−0.78 to −0.24) 

88% 

Tryptophan/OA 
synthesis [78] 

SR + MA, 
observational 

Symptomatic OA 5 studies (3 
pooled); 756 

Streptococcus β 0.003 (−0.049 to 0.052) 
NS; tryptophan markers β 0 (−0.071 to 
0.070) NS 

n.a. 

Nadeem-Tariq 2025 
[175] 

SR Orthopaedic surgery patients 18 articles Postoperative cognitive dysfunction 16.4% 
→ 5.1% with probiotics (no CI) 

n.a. 

RA protocol [42] SR + MA 
protocol 

RA vs healthy adults — No results; NOS + GRADE planned — 

Table 3: Gut–joint axis: systematic-review-level evidence. 

OA, osteoarthritis; RA, rheumatoid arthritis; QoL, quality of life. 
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First author, year Design Population / exposure 
Studies; 
participants Main result (95% CI) I² 

Prokopidis 2022 
[92] 

SR + MA of RCTs Adults >18 y; probiotics 24 RCTs Muscle mass SMD 0.42 (0.10–0.74); strength 0.69 
(0.33–1.06); lean mass −0.03 (−0.19 to 0.13) NS 

57% / 
64% / 
0% 

Shokri-Mashhadi 
2023 [93] 

SR + MA Adults ≥55 y; probiotics 22 SR / 17 MA; 
1,589 

Muscle mass WMD 0.50 (0.01–0.99); in kg 0.55 (0.05–
1.05) 

0% 

Besora-Moreno 
2024 [54] 

SR + MA of RCTs Adults ≥60 y; 
pro/pre/synbiotics 

8 RCTs; 837 Handgrip +2.50 kg (1.33–3.66); gait speed +0.10 m/s 
(0.03–0.16); sensitivity handgrip 1.16 (−2.45 to 4.77) 
NS 

0% 

Lapauw 2025 [94] SR + MA Mean age ≥50 y; diet, 
pre/pro/synbiotics 

63 studies; 
4,842 

Probiotics strength +1.90 kg; gait +0.08 m/s; fibre-
enriched diet +1.25 kg 

n.a. 

Ren 2025 [95] SR + MA, 
observational 

Sarcopenia vs non-
sarcopenia ≥60 y 

18 studies; 
3,132 

α-diversity SMD −0.41 (−0.57 to −0.26); observed 
species −0.62 (−0.82 to −0.42) 

71% / 
0% 

Song 2024 [96] SR + MA, 16S Sarcopenia vs controls 17 studies; 
4,307 

Reduced richness; ↓Faecalibacterium, Prevotella, 
Ruminococcaceae 

n.a. 

Sarcopenia 
diversity MA [97] 

SR + MA Sarcopenia vs controls 10 studies Reduced diversity, consistent direction n.a. 

Dziewiecka 2022 
[98] 

SR Athletes and non-athletes; 
physical activity 

38 studies No pooling; ≥60 min at ≥60% HRmax alters β-diversity n.a. 

Table 4: Gut–muscle axis: systematic-review-level evidence. 

First author, 
year Design Population / exposure 

Studies; 
participants Main result (95% CI) Certainty 

Peng 2026 [49] SR + MA 
of RCTs 

Critically ill adults; enteral 
probiotics 

19 RCTs; 1,384 Moderate certainty for wound infection, 
overall infection, length of stay, antibiotic 
duration 

GRADE: moderate to 
very low by outcome 

Togo 2021 [109] SR Skin and mucosal wounds; 
systemic probiotics 

7 studies; 348 Paediatric burns: grafting 10% vs 40% (p = 
0.028); healing 16.25 vs 20.7 days (p = 0.048) 

n.a. 

Mahdizade Ari 
2025 [110] 

SR Surgical patients; 
pro/pre/synbiotics 

22 publications Reduced antibiotic duration and hospital 
stay; no effect sizes 

n.a. 

Tsiouris 2017 
[44] 

SR + MA, 
animal 

Cutaneous wounds; 
probiotics 

6 studies (12 
experiments) 

Wound contraction Hedges’ g −2.55 (−3.59 
to −1.50) 

Preclinical 

Zhu 2024 [111] SR + MA 
of RCTs 

Psoriasis; adjuvant oral 
probiotics 

7 RCTs; 400 PASI change MD −3.09 (−5.04 to −0.74); 
PASI-75 RR 1.40 (0.98–1.98) NS; CRP −2.36 
(−2.77 to −1.95) 

n.a. (I² 85% for PASI) 

Xue 2023 [112] SR + MA Paediatric atopic dermatitis; 
probiotics 

9 RCTs; 1,000 Continuous outcomes MD −4.24 (−7.78 to 
−0.71); dichotomous OR 1.75 (0.70–4.35) NS 

Authors: limited 

Lin 2025 [113] SR + MA 
of RCTs 

Acne; oral probiotics 9 SR / 7 MA; 623 Duration-stratified outcomes; no stable 
pooled estimate 

n.a. 

Table 5: Gut–skin axis: systematic-review-level evidence. 

First author, 
year Design Population / intervention 

Studies; 
participants Main result (95% CI) 

Qiao 2023 
[130] 

SR + MA Steroid-refractory GVHD; FMT 23 studies; 242 Remission OR 5.51 (1.49–20.35); pooled remission 64% 
(51–77); FMT-related infection 2.1% 

Zhang 2026 
[131] 

SR + MA Acute GVHD prophylaxis and 
treatment; FMT 

6 studies; 262 30-day CR OR 8.44 (2.98–23.96); 14-day CR 8.54 (2.49–
29.29); incidence OR 1.30 (0.10–16.72) NS 

Zeng 2022 
[133] 

SR + MA of 
RCTs 

Autoimmune/autoinflammatory 
disease; FMT 

14 RCTs; 571 UC remission RR 1.89 (1.18–3.00); endoscopic remission 
2.40 (1.13–5.12); AE RR 1.02 (0.81–1.17) 

Tan 2022 
[134] 

SR + MA of 
RCTs 

IBD; FMT 14 RCTs; 666 Clinical remission RR 1.44 (1.03–2.02); response RR 1.34 
(0.92–1.94) NS 

Wang 2023 
[137] 

SR + MA Complex perianal fistula; MSCs 6 trials; 487 Short-term healing RR 2.49 (1.63–3.80); Crohn’s 1.43 (1.09–
1.80); cryptoglandular 1.16 (0.69–1.95) NS 

Emile 2025 
[138] 

SR + MA Anal fistula; stem-cell therapy 43 studies; 1,160 Healing 58.1% (51.5–64.7); RCT healing OR 1.81 (1.23–
2.67); complications 37.3% (27.1–47.5) 

Li 2024 [46] SR + MA, 
preclinical 

Ulcerative colitis models; EVs 69 studies; 1,271 
animals 

DAI SMD −3.00 (−3.52 to −2.48); MSC-EV −3.33 (−3.99 to 
−2.68); MISEV-compliant −2.27 (−3.05 to −1.49) 

Hou 2023 
[45] 

SR + MA, 
preclinical 

Animal colitis; EVs 21 studies DAI SMD −2.46 (−3.31 to −1.62); MPO −2.85 (−3.91 to 
−1.78) 

Shi 2022 
[47] 

SR + MA, 
preclinical 

Intestinal ischaemia–reperfusion; 
MSCs 

18 studies Survival day 1 RR 1.32 (1.11–1.57); day 7 RR 2.44 (1.63–
3.66); Chiu’s score SMD −1.96 (−2.72 to −1.19) 

Duan 2026 
[10] 

Umbrella 
review 

Fistula-related disease; cell-based 
therapy 

35 SR/MA Most included reviews low or critically low confidence; no 
microbiome content 

Table 6: Microbiota-directed therapy in cell therapy, and regenerative therapy acting on the gut. 

CR, complete response; DAI, disease-activity index; EV, extracellular vesicle; GVHD, graft-versus-host 

disease; MPO, myeloperoxidase; UC, ulcerative colitis. 
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MEQ-6 domain 
Reviews rated 
adequate 

Reviews rated 
partial 

Reviews rated 
inadequate Consequence for interpretation 

1. Definitional transparency (dysbiosis 
operationally defined) 

0 3 All others Directional claims are descriptive, not 
diagnostic 

2. Absolute or quantitative profiling 0 0 All Increases and decreases are relative, not 
absolute 

3. Compositional handling / reference frame 0 2 All others Taxon-level direction cannot be 
established 

4. Independence from α-diversity alone 4 3 11 α-diversity is not a health metric 

5. Confounder control (BMI, diet, antibiotics, 
activity) 

2 6 All others Residual confounding plausibly explains 
small effects 

6. Outcome relevance and reporting 
adherence (STORMS) 

1 5 All others Surrogate outcomes dominate; no 
structural endpoints 

Table 7: MEQ-6 applied to the composition-based reviews in this umbrella review. 

Composition-based reviews only (n = 18 across the bone, joint, muscle, ageing and mediator domains). 

Under the pre-specified rule (fewer than three domains adequate = measurement-limited), all 18 are 

measurement-limited, and their taxon-level claims are reported as hypothesis-generating irrespective of 

AMSTAR 2 confidence. 

# Item Why it matters 

1 Operational definition of dysbiosis, or explicit avoidance of the term The term has no consensus definition and is frequently circular 

2 Sample type, timing relative to intervention, storage and transport Timing determines whether the measure is a covariate or an 
outcome 

3 Platform, region or sequencing depth, and bioinformatic pipeline Pipeline choice changes taxon-level results 

4 Absolute or spike-in quantification when a directional abundance claim is made Relative data cannot establish absolute direction 

5 Compositional statistical approach and reference frame Reference-frame choice can reverse conclusions 

6 α- and β-diversity reported as descriptors, not as health metrics Diversity does not reliably indicate health 

7 Taxonomic resolution achieved; strain claims only from strain-level data Strain-specific effects are not genus-level effects 

8 Antibiotic, probiotic, proton-pump inhibitor and dietary exposure in prior 90 days These dominate short-term community variance 

9 BMI, physical activity and diet as prespecified covariates Each attenuates microbiome–phenotype associations 

10 Regenerative product identity, dose, potency assay, and characterisation 
standard 

Product heterogeneity is the field’s dominant confounder 

11 Clinical outcome stated separately from surrogate and imaging outcomes Prevents surrogate-to-clinical claim drift 

12 Prospective registration with the microbial analysis plan stated before unblinding Prevents post hoc taxon selection 

Table 8: MIRROR-12: minimum reporting items for studies combining microbial measurement with regenerative 

intervention. 
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Figure 1: Bidirectional model of the gut–tissue axes in regenerative medicine, showing microbial mediators (short-

chain fatty acids, lipopolysaccharide, secondary bile acids, tryptophan-derived indoles, trimethylamine N-oxide), 

their target cell populations in bone, joint, muscle and skin, and the reverse pathway by which cell-based and 

orthobiologic therapies remodel the intestinal barrier and microbial community. Solid arrows indicate pathways 

with human systematic-review-level evidence; dashed arrows indicate pathways supported only by preclinical 

evidence. 

 
Figure 2: Evidence matrix across the four axes and two therapeutic directions, plotting the highest evidence tier 

attained (association, perturbation, restoration, response modification) against outcome type (surrogate, 

symptom, structural) with the corresponding confidence and certainty ratings. Empty cells denote the absence of 

any systematic-review-level evidence and constitute the research agenda proposed in the Discussion. 

References 
1. Sjögren K, Engdahl C, Henning P, et al. The gut microbiota regulates bone mass in mice. J Bone Miner Res. 

2012;27(6):1357-1367.  
2. Lahiri S, Kim H, Garcia-Perez I, et al. The gut microbiota influences skeletal muscle mass and function in 

mice. Sci Transl Med. 2019;11(502):eaan5662.  
3. Dar HY, et al. Microbiota-dependent Th17 cells are required for normal fracture callus formation and 

mechanical competence. J Clin Invest. 2023.  
4. Akkermansia muciniphila supplementation improves fracture healing in mice. 2020.  
5. Peled JU, Gomes ALC, Devlin SM, et al. Microbiota as predictor of mortality in allogeneic hematopoietic-

cell transplantation. N Engl J Med. 2020;382(9):822-834.  
6. Taur Y, Jenq RR, Perales MA, et al. The effects of intestinal tract bacterial diversity on mortality following 

allogeneic hematopoietic stem cell transplantation. Blood. 2014;124(7):1174-1182.  
7. Smith M, Dai A, Ghilardi G, et al. Gut microbiome correlates of response and toxicity following anti-CD19 

CAR T cell therapy. Nat Med. 2022;28:713-723.  
8. Stein-Thoeringer CK, Saini NY, Zamir E, et al. A non-antibiotic-disrupted gut microbiome is associated with 

clinical responses to CD19-CAR-T cell cancer immunotherapy. Nat Med. 2023;29:906-916.  
9. Responder-derived faecal microbiota transplantation plus anti-PD-1 in PD-1-refractory metastatic 

melanoma (NCT03341143). 2021.  
10. Duan Y, et al. Cell-based regenerative therapies for fistula-related disease: an umbrella review of 

systematic reviews and meta-analyses. World J Stem Cells. 2026;18(7):122048.  
11. Mussin N, et al. Umbrella review of meta-analyses of mesenchymal stromal cell-derived extracellular 

vesicles in preclinical disease models. Front Cell Dev Biol. 2025.  
12. Obeid R, et al. Circulating trimethylamine N-oxide and clinical outcomes: an umbrella review of systematic 

reviews and meta-analyses. Nutr Metab Cardiovasc Dis. 2025.  

https://doi.org/10.52793/JOSSM.2026.4(1)-36


22 

 

Research Article | Kume MH, et al, J Orthop Study Sports Med 2026, 4(1)-39 

DOI: https://doi.org/10.52793/JOSSM.2026.4(1)-39 

13. Teo YQ, et al. Effects of probiotics, prebiotics and synbiotics on anthropometric, cardiometabolic and 
inflammatory outcomes in obesity: an umbrella review of meta-analyses. Clin Nutr. 2024.  

14. Preethy S, et al. Gut microbiome modulation as a component of regenerative medicine. J Alzheimers Dis. 
2022.  

15. Ahmed S, et al. Gut microbiota modulation combined with stem cell therapy. Curr Mol Pharmacol. 2023.  
16. Tan J, et al. Save your gut save your age: the role of the microbiome in stem cell ageing. J Cell Mol Med. 

2019;23(8):4866-4875.  
17. Roberts J, et al. The gut microbiome in musculoskeletal injury and healing. Microorganisms. 2025.  
18. Shavandi A, Saeedi P, Gérard P, Jalalvandi E, Cannella D, Bekhit AEA. The role of microbiota in tissue repair 

and regeneration. J Tissue Eng Regen Med. 2020;14(3):539-552.  
19. Brüssow H. Problems with the concept of gut microbiota dysbiosis. Microb Biotechnol. 2020;13(2):423-

434.  
20. Hooks KB, O’Malley MA. Dysbiosis and Its Discontents. mBio. 2017;8(5):e01492-17.  
21. Diversity alone does not reliably indicate the healthiness of an animal microbiome. ISME J. 

2024;18(1):wrae133.  
22. Morton JT, Marotz C, Washburne A, et al. Establishing microbial composition measurement standards 

with reference frames. Nat Commun. 2019;10:2719.  
23. Wagner J, et al. Quantitative microbial profiling versus relative abundance in antibiotic-treated piglets. 

2025.  
24. In-silico evaluation of relative-abundance transformations and false discovery rate control in microbiome 

analysis. 2025.  
25. Gates M, Gates A, Pieper D, et al. Reporting guideline for overviews of reviews of healthcare 

interventions: development of the PRIOR statement. BMJ. 2022;378:e070849.  
26. PRIOR statement development and checklist. EQUATOR Network.  
27. Page MJ, McKenzie JE, Bossuyt PM, et al. The PRISMA 2020 statement: an updated guideline for reporting 

systematic reviews. BMJ. 2021;372:n71. 
28. Aromataris E, Fernandez R, Godfrey C, et al. Chapter 9: Umbrella reviews. In: JBI Manual for Evidence 

Synthesis. JBI; 2024.  
29. Pollock M, Fernandes RM, Becker LA, Pieper D, Hartling L. Chapter V: Overviews of reviews. In: Cochrane 

Handbook for Systematic Reviews of Interventions.  
30. PROSPERO registration eligibility criteria. Centre for Reviews and Dissemination, University of York.  
31. Salminen S, Collado MC, Endo A, et al. ISAPP consensus statement on the definition and scope of 

postbiotics. Nat Rev Gastroenterol Hepatol. 2021;18(9):649-667.  
32. Pieper D, Antoine SL, Mathes T, Neugebauer EAM, Eikermann M. Systematic review finds overlapping 

reviews were not mentioned in every other overview. J Clin Epidemiol. 2014;67(4):368-375.  
33. Pérez-Bracchiglione J, Meza N, Bangdiwala SI, et al. Graphical Representation of Overlap for OVErviews: 

GROOVE tool. Res Synth Methods. 2022;13(3):381-388.  
34. Shea BJ, Reeves BC, Wells G, et al. AMSTAR 2: a critical appraisal tool for systematic reviews that include 

randomised or non-randomised studies of healthcare interventions, or both. BMJ. 2017;358:j4008.  
35. AMSTAR 2 appraisal instrument and rating rules.  
36. ROBIS: a new tool to assess risk of bias in systematic reviews. University of Bristol.  
37. GRADE Handbook: overview of the GRADE approach.  
38. GRADE criteria for determining certainty of evidence.  
39. Boer CG, Radjabzadeh D, Medina-Gomez C, et al. Intestinal microbiome composition and its relation to 

joint pain and inflammation. Nat Commun. 2019;10:4881.  
40. STORMS: Strengthening The Organization and Reporting of Microbiome Studies checklist.  
41. Mirzayi C, Renson A, Zohra F, et al. Reporting guidelines for human microbiome research: the STORMS 

checklist. Nat Med. 2021;27:1885-1892. 
42. Gut microbiota in rheumatoid arthritis: protocol for a systematic review and meta-analysis of case-control 

studies. BMJ Open. 2022;12(4):e052021.  
43. Neto M, et al. Gut dysbiosis in sarcopenia, osteoporosis and osteosarcopenia in older adults: protocol for 

a systematic review. PLoS One. 2025.  

https://doi.org/10.52793/JOSSM.2026.4(1)-36


23 

 

Research Article | Kume MH, et al, J Orthop Study Sports Med 2026, 4(1)-39 

DOI: https://doi.org/10.52793/JOSSM.2026.4(1)-39 

44. Tsiouris CG, Kelesi M, Vasilopoulos G, Kalemikerakis I, Papageorgiou EG. The efficacy of probiotics as 
pharmacological treatment of cutaneous wounds: meta-analysis of animal studies. Eur J Pharm Sci. 
2017;104:230-239.  

45. Hou Y, et al. Extracellular vesicles in experimental colitis: a systematic review and meta-analysis of animal 
studies. Front Pharmacol. 2023;14:1260134.  

46. Li Y, et al. Extracellular vesicles for ulcerative colitis: a systematic review and meta-analysis of preclinical 
studies. Heliyon. 2024.  

47. Shi X, et al. Mesenchymal stem cell therapy for intestinal ischaemia-reperfusion injury: a systematic 
review and meta-analysis of preclinical studies. Stem Cell Res Ther. 2022;13:216. Available from: 
https://stemcellres.biomedcentral.com/articles/10.1186/s13287-022-02896-y 

48. Lashkarbolouk N, et al. Pre-, pro- and synbiotics in age-related musculoskeletal disorders: a systematic 
review of clinical and animal studies. Probiotics Antimicrob Proteins. 2024. Available from: 
https://pubmed.ncbi.nlm.nih.gov/38907826/ 

49. Peng L, et al. Probiotics and synbiotics for infection and wound outcomes in critically ill patients: a 
systematic review and meta-analysis with GRADE assessment. Front Nutr. 2026. Available from: 
https://pmc.ncbi.nlm.nih.gov/articles/PMC12946089/ 

50. Wang Y, et al. Effects of probiotic supplementation on bone mineral density in postmenopausal women: a 
systematic review and meta-analysis. Front Endocrinol (Lausanne). 2024. Available from: 
https://pmc.ncbi.nlm.nih.gov/articles/PMC11563942/ 

51. Li X, et al. Microbiota-targeted interventions in osteoarthritis: a systematic review and meta-analysis of 
randomised controlled trials. Front Cell Infect Microbiol. 2026. Available from: 
https://www.frontiersin.org/journals/cellular-and-infection-
microbiology/articles/10.3389/fcimb.2026.1907672/full 

52. Mazaheri-Tehrani S, et al. Serum lipopolysaccharide-binding protein in metabolic syndrome: a systematic 
review and meta-analysis. Diabetol Metab Syndr. 2025. Available from: 
https://pmc.ncbi.nlm.nih.gov/articles/PMC12269216/ 

53. Probiotics for bone mineral density in postmenopausal women: systematic review and meta-analysis of 
randomised controlled trials. BMJ Open. 2021;11(3):e041393. Available from: 
https://bmjopen.bmj.com/content/11/3/e041393 

54. Besora-Moreno M, et al. Effects of probiotics, prebiotics and synbiotics on sarcopenia parameters in older 
adults: a systematic review and meta-analysis of randomized controlled trials. Nutr Rev. 2024;nuae145. 
Available from: https://academic.oup.com/nutritionreviews/advance-
article/doi/10.1093/nutrit/nuae145/7822505 

55. Zeng X, et al. Probiotics for the treatment of osteoporosis and osteopenia: a systematic review and meta-
analysis of randomised controlled trials. 2021. Available from: 
https://onlinelibrary.wiley.com/doi/10.1155/2021/9924410 

56. Hidayat K, et al. Probiotic supplementation and bone mineral density and turnover markers in adults: 
systematic review and meta-analysis. Osteoporos Int. 2026 (Epub 2025). Available from: 
https://pubmed.ncbi.nlm.nih.gov/41174264/ 

57. Nilsson AG, Sundh D, Bäckhed F, Lorentzon M. Lactobacillus reuteri reduces bone loss in older women 
with low bone mineral density: a randomized, placebo-controlled, double-blind, clinical trial. J Intern Med. 
2018;284(3):307-317. Available from: https://pubmed.ncbi.nlm.nih.gov/29926979/ 

58. Jansson PA, Curiac D, Ahrén IL, et al. Probiotic treatment using a mix of three Lactobacillus strains for 
lumbar spine bone loss in postmenopausal women: a randomised, double-blind, placebo-controlled, 
multicentre trial. Lancet Rheumatol. 2019;1(3):e154-e162. Available from: 
https://www.thelancet.com/journals/lanrhe/article/PIIS2665-9913(19)30068-2/fulltext 

59. Gregori G, et al. Limosilactobacillus reuteri 6475 and bone density in early postmenopausal women: a 
randomised clinical trial. JAMA Netw Open. 2024. Available from: 
https://jamanetwork.com/journals/jamanetworkopen/fullarticle/2819912 

60. Cao R, et al. Gut microbiota characteristics in patients with osteoporosis: a systematic review and meta-
analysis. J Bone Miner Metab. 2024. Available from: https://pubmed.ncbi.nlm.nih.gov/38864923/ 

61. Gut microbiota composition in osteoporosis assessed by 16S rRNA sequencing: systematic review and 
meta-analysis. 2022. Available from: https://pubmed.ncbi.nlm.nih.gov/36518053/ 

https://doi.org/10.52793/JOSSM.2026.4(1)-36


24 

 

Research Article | Kume MH, et al, J Orthop Study Sports Med 2026, 4(1)-39 

DOI: https://doi.org/10.52793/JOSSM.2026.4(1)-39 

62. Lee J, et al. Gut microbiome and metabolic signatures in postmenopausal osteoporosis: a systematic 
review. Bone. 2025. Available from: https://pubmed.ncbi.nlm.nih.gov/40953715/ 

63. Ji Y, et al. Gut microbiota in primary osteoporosis: a systematic review. 2024. Available from: 
https://pmc.ncbi.nlm.nih.gov/articles/PMC11467150/ 

64. Reanalysis of case-control gut microbiome studies in osteoporosis. Microbiol Spectr. 2023. Available from: 
https://journals.asm.org/doi/10.1128/spectrum.00322-23 

65. Wang Z, et al. Effects of probiotic supplementation on fracture healing in a murine femoral fracture 
model. PLOS ONE. 2023;18:e0290738. Available from: 
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0290738 

66. Britton RA, Irwin R, Quach D, et al. Probiotic L. reuteri treatment prevents bone loss in a menopausal 
ovariectomized mouse model. J Cell Physiol. 2014;229(11):1822-1830. Available from: 
https://pubmed.ncbi.nlm.nih.gov/24677054/ 

67. Lucas S, Omata Y, Hofmann J, et al. Short-chain fatty acids regulate systemic bone mass and protect from 
pathological bone loss. Nat Commun. 2018;9:55. Available from: 
https://www.nature.com/articles/s41467-017-02490-4 

68. Wallimann A, et al. Butyrate inhibits osteoclast activity in vitro. 2021. Available from: 
https://pmc.ncbi.nlm.nih.gov/articles/PMC8683197/ 

69. Yan J, Herzog JW, Tsang K, et al. Gut microbiota induce IGF-1 and promote bone formation and growth. 
Proc Natl Acad Sci U S A. 2016;113(47):E7554-E7563. Available from: 
https://pubmed.ncbi.nlm.nih.gov/27821775/ 

70. Osteomicrobiology: the gut microbiota and skeletal homeostasis. Bone Res. 2023;11:65. Available from: 
https://www.nature.com/articles/s41413-023-00264-x 

71. Vahidi G, et al. Germ-free mice exhibit compartment- and sex-specific alterations in bone quality. 2023. 
Available from: https://pmc.ncbi.nlm.nih.gov/articles/PMC10530360/ 

72. Tian H, et al. Oral probiotics for knee osteoarthritis: a systematic review and meta-analysis. Front 
Microbiol. 2025. Available from: 
https://www.frontiersin.org/journals/microbiology/articles/10.3389/fmicb.2025.1526690/full 

73. Moyseos M, et al. Probiotics in osteoarthritis: systematic review and meta-analysis of clinical studies. 
Nutrients. 2024;16(14):2243. Available from: https://www.mdpi.com/2072-6643/16/14/2243 

74. Lowe JR, et al. Probiotics in inflammatory arthritis: a systematic review and meta-analysis. Complement 
Ther Clin Pract. 2020. Available from: https://pubmed.ncbi.nlm.nih.gov/32771911/ 

75. Lei M, Guo C, Wang D, Zhang C, Hua L. The effect of probiotic Lactobacillus casei Shirota on knee 
osteoarthritis: a randomised double-blind, placebo-controlled clinical trial. Benef Microbes. 
2017;8(5):697-703. Available from: https://pubmed.ncbi.nlm.nih.gov/28726510/ 

76. Lei M, et al. Probiotics supplementation alleviates disease severity and improves postural balance by 
repairing intestinal leak in patients suffering from osteoarthritis: a double-blinded clinical trial. Br J Nutr. 
Available from: https://www.cambridge.org/core/journals/british-journal-of-nutrition/article/probiotics-
supplementation-alleviates-disease-severity-and-improves-postural-balance-by-repairing-intestinal-leak-
in-patients-suffering-from-osteoarthritis-a-doubleblinded-clinical-
trial/014D78021A0E9BCFF3A94BABBC97E539 

77. Wang Y, et al. Gut dysbiosis in rheumatic diseases: a systematic review and meta-analysis of 92 
observational studies. eBioMedicine. 2022;80:104055. Available from: 
https://pmc.ncbi.nlm.nih.gov/articles/PMC9120231/ 

78. Gut microbiome, tryptophan-pathway metabolites and pain in osteoarthritis: a systematic review with 
meta-analysis. Nutrients. 2025. Available from: https://pmc.ncbi.nlm.nih.gov/articles/PMC11767305/ 

79. Scher JU, Sczesnak A, Longman RS, et al. Expansion of intestinal Prevotella copri correlates with enhanced 
susceptibility to arthritis. Elife. 2013;2:e01202. Available from: 
https://pmc.ncbi.nlm.nih.gov/articles/PMC3816614/ 

80. Wu HJ, Ivanov II, Darce J, et al. Gut-residing segmented filamentous bacteria drive autoimmune arthritis 
via T helper 17 cells. Immunity. 2010;32(6):815-827. Available from: 
https://pmc.ncbi.nlm.nih.gov/articles/PMC2904693/ 

81. Segmented filamentous bacteria and Th17 immunity: host specificity and vendor effects. 2018. Available 
from: https://pmc.ncbi.nlm.nih.gov/articles/PMC6050222/ 

https://doi.org/10.52793/JOSSM.2026.4(1)-36


25 

 

Research Article | Kume MH, et al, J Orthop Study Sports Med 2026, 4(1)-39 

DOI: https://doi.org/10.52793/JOSSM.2026.4(1)-39 

82. Dürholz K, Hofmann J, Iljazovic A, et al. Dietary short-term fiber interventions in arthritis patients increase 
systemic SCFA levels and regulate inflammation. Nutrients. 2020;12(10):3207. Available from: 
https://pmc.ncbi.nlm.nih.gov/articles/PMC7589100/ 

83. Huang ZY, Stabler T, Pei FX, Kraus VB. Both systemic and local lipopolysaccharide (LPS) burden are 
associated with knee OA severity and inflammation. Osteoarthritis Cartilage. 2016;24(10):1769-1775. 
Available from: https://pmc.ncbi.nlm.nih.gov/articles/PMC5026878/ 

84. Serum lipopolysaccharide, gut microbiota transfer and osteoarthritis in the Johnston County 
Osteoarthritis Project. Available from: https://cdr.lib.unc.edu/downloads/nz806977x 

85. Trimethylamine N-oxide sensitises chondrocytes to mechanical load through Piezo1. 2023. Available from: 
https://pubmed.ncbi.nlm.nih.gov/36925039/ 

86. Trimethylamine N-oxide promotes osteoclastogenesis through NF-kappaB signalling. Aging (Albany NY). 
Available from: https://www.aging-us.com/article/205869 

87. Trimethylamine N-oxide impairs osteogenic and promotes adipogenic differentiation of bone marrow 
mesenchymal stem cells via NF-kappaB. 2020. Available from: 
https://pubmed.ncbi.nlm.nih.gov/32953809/ 

88. Lipopolysaccharide exacerbates neurogenic heterotopic ossification via TLR4-TRIF signalling. J Bone Miner 
Res. 2023. Available from: https://onlinelibrary.wiley.com/doi/full/10.1002/jbmr.4905 

89. Fang Y, et al. Causal association between gut microbiota and intervertebral disc degeneration, low back 
pain and sciatica: a Mendelian randomisation study. Eur Spine J. 2024. Available from: 
https://pubmed.ncbi.nlm.nih.gov/38285276/ 

90. Li W, et al. Microbiome dysbiosis and intervertebral disc degeneration: a prospective literature review. 
Eur Spine J. 2022. Available from: https://pubmed.ncbi.nlm.nih.gov/35286474/ 

91. The gut-joint axis in osteoarthritis: a narrative review of mechanisms. 2022. Available from: 
https://pmc.ncbi.nlm.nih.gov/articles/PMC9050956/ 

92. Prokopidis K, Giannos P, Kirwan R, et al. Impact of probiotics on muscle mass, muscle strength and lean 
mass: a systematic review and meta-analysis of randomized controlled trials. J Cachexia Sarcopenia 
Muscle. 2023;14(1):30-44. Available from: https://onlinelibrary.wiley.com/doi/10.1002/jcsm.13132 

93. Shokri-Mashhadi N, et al. Probiotic supplementation and muscle outcomes in older adults: a systematic 
review and meta-analysis. Food Sci Nutr. 2023. Available from: 
https://pmc.ncbi.nlm.nih.gov/articles/PMC10494607/ 

94. Lapauw L, et al. Nutrition-based microbiota-altering interventions and muscle outcomes in adults aged 50 
years and older: systematic review and meta-analysis. Aging Clin Exp Res. 2025. Available from: 
https://pubmed.ncbi.nlm.nih.gov/41269489/ 

95. Ren X, et al. Gut microbiota alpha diversity in sarcopenia: a systematic review and meta-analysis. Front 
Cell Infect Microbiol. 2025. Available from: https://www.frontiersin.org/journals/cellular-and-infection-
microbiology/articles/10.3389/fcimb.2025.1480293/full 

96. Song Y, et al. Gut microbiota characteristics in sarcopenia: a systematic review and meta-analysis of 16S 
rRNA studies. Front Nutr. 2024. Available from: 
https://www.frontiersin.org/journals/nutrition/articles/10.3389/fnut.2024.1429242/full 

97. Gut microbiota diversity in sarcopenia: systematic review and meta-analysis of 10 studies. 2025. Available 
from: https://pmc.ncbi.nlm.nih.gov/articles/PMC11794218/ 

98. Dziewiecka H, et al. Physical activity induced alterations of gut microbiota in humans: a systematic review. 
BMC Sports Sci Med Rehabil. 2022;14:122. Available from: https://pubmed.ncbi.nlm.nih.gov/35799284/ 

99. Valentino TR, et al. Microbiome depletion and exercise adaptation in mice. 2021. Available from: 
https://pmc.ncbi.nlm.nih.gov/articles/PMC8733630/ 

100. Short-chain fatty acid mixtures and myotube metabolism in C2C12 cells. Nutrients. 2023;15(4):946. 
Available from: https://www.mdpi.com/2072-6643/15/4/946 

101. Short-chain fatty acids and the gut-muscle axis: mechanisms and interventions. 2025. Available from: 
https://pmc.ncbi.nlm.nih.gov/articles/PMC12073122/ 

102. Antibiotic-induced gut microbiota depletion causes skeletal muscle atrophy through the FXR-FGF15/19 
axis. Available from: https://pmc.ncbi.nlm.nih.gov/articles/PMC8018554/ 

103. Aryl hydrocarbon receptor ligands and skeletal muscle health: an unexplored link. 2025. Available from: 
https://pmc.ncbi.nlm.nih.gov/articles/PMC13034130/ 

https://doi.org/10.52793/JOSSM.2026.4(1)-36


26 

 

Research Article | Kume MH, et al, J Orthop Study Sports Med 2026, 4(1)-39 

DOI: https://doi.org/10.52793/JOSSM.2026.4(1)-39 

104. Scott SA, Fu J, Chang PV. Microbial tryptophan metabolites regulate gut barrier function via the aryl 
hydrocarbon receptor. Proc Natl Acad Sci U S A. 2020;117(32):19376-19387. Available from: 
https://pmc.ncbi.nlm.nih.gov/articles/PMC7431026/ 

105. Ono Y, Sakamoto K. Lipopolysaccharide inhibits myogenic differentiation of C2C12 myoblasts through the 
Toll-like receptor 4-nuclear factor-kappaB signaling pathway. 2017. Available from: 
https://pmc.ncbi.nlm.nih.gov/articles/PMC5524356/ 

106. Schwarzer M, Makki K, Storelli G, et al. Lactobacillus plantarum strain maintains growth of infant mice 
during chronic undernutrition. Science. 2016;351(6275):854-857. Available from: 
https://pubmed.ncbi.nlm.nih.gov/26912894/ 

107. Buigues C, Fernández-Garrido J, Pruimboom L, et al. Effect of a prebiotic formulation on frailty syndrome: 
a randomized, double-blind clinical trial. Int J Mol Sci. 2016;17(6):932. Available from: 
https://pubmed.ncbi.nlm.nih.gov/27314331/ 

108. Liu Y, Wang Y, Ni Y, et al. Gut microbiome fermentation determines the efficacy of exercise for diabetes 
prevention. Cell Metab. 2020;31(1):77-91. Available from: https://pubmed.ncbi.nlm.nih.gov/31786155/ 

109. Togo C, et al. Systemic probiotics in wound healing: a systematic review. Nutrients. 2021. Available from: 
https://pmc.ncbi.nlm.nih.gov/articles/PMC8746682/ 

110. Mahdizade Ari M, et al. Pro-, pre- and synbiotics and surgical wound infection: a systematic review. Curr 
Pharm Biotechnol. 2025. Available from: https://pubmed.ncbi.nlm.nih.gov/38818910/ 

111. Zhu H, et al. Oral probiotics as adjuvant therapy in psoriasis: a systematic review and meta-analysis of 
randomised controlled trials. Front Med. 2024. Available from: 
https://www.frontiersin.org/journals/medicine/articles/10.3389/fmed.2024.1448626/full 

112. Xue Y, et al. Probiotics for paediatric atopic dermatitis: a systematic review and meta-analysis. Clin Transl 
Allergy. 2023;13:e12283. Available from: https://onlinelibrary.wiley.com/doi/abs/10.1002/clt2.12283 

113. Lin J, et al. Oral probiotics for acne vulgaris: a systematic review and meta-analysis of randomised 
controlled trials. Clin Exp Dermatol. 2025;51(1):68. Available from: 
https://academic.oup.com/ced/article/51/1/68/8238406 

114. Dermal wounding remodels the gut microbiome and increases susceptibility to colitis. Nat Commun. 
2024;15:2722. Available from: https://www.nature.com/articles/s41467-024-47072-3 

115. Commensal Staphylococcus epidermidis and cutaneous repair immunity. J Cell Mol Med. 2019. Available 
from: https://pmc.ncbi.nlm.nih.gov/articles/PMC6714221/ 

116. Chronic wound microbiome before and after debridement and its relation to healing outcome. npj 
Biofilms Microbiomes. 2020;6:21. Available from: https://www.nature.com/articles/s41522-020-0130-5 

117. The wound microbiome: bacterial, fungal and viral determinants of healing. J Appl Microbiol. 
2025;137(2):lxag025. Available from: https://academic.oup.com/jambio/article/137/2/lxag025/8443341 

118. Chronic wounds, biofilm and dysbiosis: a clinical review. J Intern Med. 2025. Available from: 
https://onlinelibrary.wiley.com/doi/10.1111/joim.70138 

119. The gut-skin axis: mechanisms and clinical implications. Gut Microbes. 2025. Available from: 
https://www.tandfonline.com/doi/full/10.1080/19490976.2025.2473524 

120. ClinicalTrials.gov. US National Library of Medicine. Available from: https://clinicaltrials.gov/ 
121. Shintouo CM, et al. Is inflammageing influenced by the microbiota in the aged gut? A systematic review. 

Exp Gerontol. 2020;141:111079. Available from: https://pubmed.ncbi.nlm.nih.gov/32882334/ 
122. Wen Y, et al. Gut microbiota and frailty in older adults: a systematic review of observational studies. 

World J Clin Cases. 2024. Available from: https://pmc.ncbi.nlm.nih.gov/articles/PMC11525918/ 
123. Rashidah NH, et al. Differential gut microbiota and intestinal permeability between frail and healthy older 

adults: a systematic review. Ageing Res Rev. 2022;82:101744. Available from: 
https://pubmed.ncbi.nlm.nih.gov/36202312/ 

124. Badal VD, Vaccariello ED, Murray ER, et al. The gut microbiome, aging, and longevity: a systematic review. 
Nutrients. 2020;12(12):3759. Available from: https://pmc.ncbi.nlm.nih.gov/articles/PMC7762384/ 

125. Parker A, Romano S, Ansorge R, et al. Fecal microbiota transfer between young and aged mice reverses 
hallmarks of the aging gut. Microbiome. 2022;10:68. Available from: 
https://pmc.ncbi.nlm.nih.gov/articles/PMC9063061/ 

https://doi.org/10.52793/JOSSM.2026.4(1)-36


27 

 

Research Article | Kume MH, et al, J Orthop Study Sports Med 2026, 4(1)-39 

DOI: https://doi.org/10.52793/JOSSM.2026.4(1)-39 

126. Fransen F, van Beek AA, Borghuis T, et al. Aged gut microbiota contributes to systemical inflammaging 
after transfer to germ-free mice. Front Immunol. 2017;8:1385. Available from: 
https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2017.01385/full 

127. Pang S, Chen X, Lu Z, et al. Longevity of centenarians is reflected by the gut microbiome with youth-
associated signatures. Nat Aging. 2023;3:436-449. Available from: 
https://www.nature.com/articles/s43587-023-00389-y 

128. Cross-cohort metagenomic analysis of longevous populations. 2024. Available from: 
https://pmc.ncbi.nlm.nih.gov/articles/PMC11364081/ 

129. Phenylacetylglutamine, a microbially derived metabolite, drives cellular senescence through 
adrenoreceptor-AMPK signalling. Nat Aging. 2024. Available from: 
https://www.nature.com/articles/s43587-024-00795-w 

130. Qiao X, et al. Faecal microbiota transplantation for steroid-refractory graft-versus-host disease: a 
systematic review and meta-analysis. Bone Marrow Transplant. 2023;58:10-19. Available from: 
https://pubmed.ncbi.nlm.nih.gov/36167905/ 

131. Zhang L, et al. Faecal microbiota transplantation for prophylaxis and treatment of acute graft-versus-host 
disease: systematic review and meta-analysis. Front Microbiol. 2026. Available from: 
https://pubmed.ncbi.nlm.nih.gov/42254520/ 

132. DeFilipp Z, et al. Third-party faecal microbiota transplantation for high-risk lower gastrointestinal acute 
graft-versus-host disease: an open-label pilot study. Blood Adv. 2024. Available from: 
https://pmc.ncbi.nlm.nih.gov/articles/PMC11063394/ 

133. Zeng L, et al. Faecal microbiota transplantation for autoimmune and autoinflammatory diseases: a 
systematic review and meta-analysis of randomised controlled trials. Front Immunol. 2022;13:944387. 
Available from: 
https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2022.944387/full 

134. Tan XY, et al. Faecal microbiota transplantation in inflammatory bowel disease: a systematic review and 
meta-analysis of randomised controlled trials. Evid Based Complement Alternat Med. 2022. Available 
from: https://pmc.ncbi.nlm.nih.gov/articles/PMC9251102/ 

135. Arjmand B, et al. Gut microbiome and haematopoietic stem cell transplantation outcomes. Stem Cell Rev 
Rep. 2025. Available from: https://pubmed.ncbi.nlm.nih.gov/40906312/ 

136. Lee KA, Thomas AM, Bolte LA, et al. Cross-cohort gut microbiome associations with immune checkpoint 
blockade response and toxicity in melanoma. Nat Med. 2022;28:535-544. Available from: 
https://www.nature.com/articles/s41591-022-01695-5 

137. Wang R, et al. Efficacy of mesenchymal stem cell therapy for complex perianal fistulas: a systematic 
review and meta-analysis. Stem Cell Res Ther. 2023;14:103. Available from: 
https://stemcellres.biomedcentral.com/articles/10.1186/s13287-023-03331-6 

138. Emile SH, et al. Stem cell therapy for anal fistula: systematic review and meta-analysis of 43 studies. Tech 
Coloproctol. 2025. Available from: https://pmc.ncbi.nlm.nih.gov/articles/PMC11982159/ 

139. Long-term outcomes of mesenchymal stem cell therapy for complex perianal fistula: systematic review 
and meta-analysis. 2024. Available from: https://pmc.ncbi.nlm.nih.gov/articles/PMC11664808/ 

140. Ciccocioppo R, et al. Systematic review with meta-analysis: safety and efficacy of local injections of 
mesenchymal stromal cells in perianal fistulas. JGH Open. 2019;3(3):249-260. Available from: 
https://pmc.ncbi.nlm.nih.gov/articles/PMC6586577/ 

141. Panés J, et al. INSPECT: a retrospective chart review of the long-term effectiveness and safety of 
darvadstrocel in patients with perianal fistulising Crohn’s disease. 2022. Available from: 
https://pmc.ncbi.nlm.nih.gov/articles/PMC9629463/ 

142. Systemic mesenchymal stromal cell therapy remodels the gut microbiome in experimental colitis: a 
multiomics study. 2023. Available from: https://pmc.ncbi.nlm.nih.gov/articles/PMC10184855/ 

143. Mesenchymal stromal cell-derived exosomes mitigate colitis by modulating the gut metagenomics-
metabolomics-FXR axis. Biomater Sci. 2022. Available from: 
https://pubs.rsc.org/en/content/articlelanding/2022/bm/d2bm00559j 

144. Intra-articular platelet-rich plasma restores gut microbiota richness, short-chain fatty acids and intestinal 
barrier proteins in a rat model of knee osteoarthritis. 2025. Available from: 
https://pmc.ncbi.nlm.nih.gov/articles/PMC13050257/ 

https://doi.org/10.52793/JOSSM.2026.4(1)-36


28 

 

Research Article | Kume MH, et al, J Orthop Study Sports Med 2026, 4(1)-39 

DOI: https://doi.org/10.52793/JOSSM.2026.4(1)-39 

145. Platelet-rich plasma and Ligilactobacillus murinus in knee osteoarthritis: rodent efficacy and limited 
human translation. Available from: https://pubmed.ncbi.nlm.nih.gov/41860290/ 

146. ClinicalTrials.gov. The relationship between microbiome balance and acne vulgaris as a new acne 
treatment (NCT06925386). Available from: https://clinicaltrials.gov/study/NCT06925386 

147. Kaundal U, et al. Toll-like receptor 3 and 4 licensing of mesenchymal stromal cells alters phenotype and 
immunomodulatory secretome. 2024. Available from: 
https://pmc.ncbi.nlm.nih.gov/articles/PMC11369377/ 

148. Toll-like receptor priming of human umbilical cord blood mesenchymal stromal cells: dose-dependent 
trophic factor release and macrophage polarisation. Int J Mol Sci. 2023;24(22):16264. Available from: 
https://www.mdpi.com/1422-0067/24/22/16264 

149. Transcriptomic separation of TLR3 and TLR4 responses in adipose-derived mesenchymal stromal cells. 
Front Cell Dev Biol. 2024;12:1367242. Available from: https://www.frontiersin.org/journals/cell-and-
developmental-biology/articles/10.3389/fcell.2024.1367242/full 

150. Lipopolysaccharide priming increases extracellular vesicle yield and protein content of bone marrow 
mesenchymal stromal cells. 2024. Available from: https://pmc.ncbi.nlm.nih.gov/articles/PMC11510928/ 

151. Lipopolysaccharide-preconditioned mesenchymal stromal cell exosomes enriched in miR-181a alleviate 
experimental colitis. Front Med. 2021;8:660614. Available from: 
https://www.frontiersin.org/journals/medicine/articles/10.3389/fmed.2021.660614/full 

152. Function-associated analyte heterogeneity across autologous bone marrow mesenchymal stromal cell 
preparations. 2025. Available from: https://pmc.ncbi.nlm.nih.gov/articles/PMC11904128/ 

153. Eslick S, et al. Short-chain fatty acids as anti-inflammatory agents in overweight and obesity: a systematic 
review and meta-analysis. Nutr Rev. 2022;80(4):838-856. Available from: 
https://pubmed.ncbi.nlm.nih.gov/34472619/ 

154. Firoozi D, et al. Effects of oral sodium butyrate supplementation on inflammatory markers and disease 
activity in ulcerative colitis: a randomised double-blind placebo-controlled trial. J Nutr Metab. 2025. 
Available from: https://pmc.ncbi.nlm.nih.gov/articles/PMC11930386/ 

155. Moludi J, et al. Metabolic endotoxaemia and cardiovascular disease: a systematic review of potential roles 
of prebiotics and probiotics. Clin Exp Pharmacol Physiol. 2020;47(6):927-939. Available from: 
https://onlinelibrary.wiley.com/doi/10.1111/1440-1681.13250 

156. Cani PD, Amar J, Iglesias MA, et al. Metabolic endotoxemia initiates obesity and insulin resistance. 
Diabetes. 2007;56(7):1761-1772. Available from: https://pubmed.ncbi.nlm.nih.gov/17456850/ 

157. Zeng Y, et al. Circulating trimethylamine N-oxide and kidney function: a systematic review and meta-
analysis. Adv Nutr. 2021;12(4):1286-1304. Available from: https://pubmed.ncbi.nlm.nih.gov/33751019/ 

158. So SY, et al. Bile acids and obesity: a systematic review and meta-analysis. Obes Rev. 2020;21:e13017. 
Available from: https://onlinelibrary.wiley.com/doi/full/10.1111/obr.13017 

159. TGR5 signalling is required for survival in bacterial sepsis. Available from: 
https://pmc.ncbi.nlm.nih.gov/articles/PMC12686724/ 

160. Furusawa Y, Obata Y, Fukuda S, et al. Commensal microbe-derived butyrate induces the differentiation of 
colonic regulatory T cells. Nature. 2013;504:446-450. Available from: 
https://pubmed.ncbi.nlm.nih.gov/24226770/ 

161. Smith PM, Howitt MR, Panikov N, et al. The microbial metabolites, short-chain fatty acids, regulate colonic 
Treg cell homeostasis. Science. 2013;341(6145):569-573. Available from: 
https://pubmed.ncbi.nlm.nih.gov/23828891/ 

162. Eymard F, Chevalier X, Conrozier T. Obesity and radiological severity are associated with 
viscosupplementation failure in patients with knee osteoarthritis. J Orthop Res. 2017;35(10):2269-2274. 
Available from: https://onlinelibrary.wiley.com/doi/full/10.1002/jor.23529 

163. US Food and Drug Administration. REBYOTA (fecal microbiota, live-jslm) product information. Approved 
30 November 2022. Available from: https://www.fda.gov/vaccines-blood-biologics/vaccines/rebyota 

164. US Food and Drug Administration. FDA approves first orally administered fecal microbiota product for the 
prevention of recurrence of Clostridioides difficile infection. 2023. Available from: 
https://www.fda.gov/news-events/press-announcements/fda-approves-first-orally-administered-fecal-
microbiota-product-prevention-recurrence-clostridioides 

https://doi.org/10.52793/JOSSM.2026.4(1)-36


29 

 

Research Article | Kume MH, et al, J Orthop Study Sports Med 2026, 4(1)-39 

DOI: https://doi.org/10.52793/JOSSM.2026.4(1)-39 

165. US Food and Drug Administration. Safety alert regarding use of fecal microbiota for transplantation and 
risk of serious adverse events likely due to transmission of pathogenic organisms. 12 March 2020. 
Available from: https://www.fda.gov/vaccines-blood-biologics/safety-availability-biologics/safety-alert-
regarding-use-fecal-microbiota-transplantation-and-risk-serious-adverse-events-likely 

166. Faecal microbiota transplantation and live biotherapeutic products: safety events and regulatory 
evolution. 2024. Available from: https://pmc.ncbi.nlm.nih.gov/articles/PMC10876012/ 

167. European Medicines Agency. Concept paper on the development and manufacture of microbiome-based 
medicinal products (EMA/CHMP/30023/2026). Available from: 
https://www.ema.europa.eu/system/files/documents/scientific-guideline/concept-paper-microbiome-
based-medicinal-products_feb-2026-en.pdf 

168. European Medicines Agency. Faecal microbiota transplantation: EU horizon scanning report. Available 
from: https://www.ema.europa.eu/en/documents/report/faecal-microbiota-transplantation-eu-horizon-
scanning-report_en.pdf 

169. Engineered live biotherapeutic products: persistence, containment and translational performance. 2025. 
Available from: https://pmc.ncbi.nlm.nih.gov/articles/PMC12328466/ 

170. Phage therapy: clinical trial landscape and regulatory constraints. Nat Commun. 2025. Available from: 
https://www.nature.com/articles/s41467-025-64608-3 

171. ClinicalTrials.gov. Synbiotic to attenuate resorption of the skeleton (NCT06389539). Available from: 
https://clinicaltrials.gov/study/NCT06389539 

172. ClinicalTrials.gov. Peri-operative adjunctive probiotics on immunological markers in prosthetic joint 
infection of hip and knee (NCT06919913). Available from: https://clinicaltrials.gov/study/NCT06919913 

173. ClinicalTrials.gov. CBM588 in improving clinical outcomes in patients who have undergone donor 
haematopoietic stem cell transplant (NCT03922035). Available from: 
https://clinicaltrials.gov/study/NCT03922035 

174. ClinicalTrials.gov. Pilot trial of faecal microbiota transplantation for lymphoma patients receiving 
axicabtagene ciloleucel (NCT06218602). Available from: https://clinicaltrials.gov/study/NCT06218602 

175. Nadeem-Tariq A, et al. Gut microbiota in orthopaedic surgery: a systematic review. Microorganisms. 2025. 
Available from: https://pubmed.ncbi.nlm.nih.gov/40431221/ 

https://doi.org/10.52793/JOSSM.2026.4(1)-36

	Gut–bone axis: consistent direction, unstable magnitude, no regenerative endpoint
	Gut–joint axis: the largest symptom effects with the largest uncertainty
	Gut–muscle axis: the most internally consistent human signal
	Gut–skin axis: the only GRADE-rated evidence, and no regenerative endpoint
	Ageing, frailty and inflammaging: mechanism without synthesis
	Microbiota-directed therapy inside cell therapy: the strongest clinical effects in the field
	The reverse direction: regenerative therapies as microbiome-modifying agents
	Microbial mediators: no synthesis links them to regenerative tissue endpoints
	Methodological quality, overlap and microbiome-specific appraisal
	Discussion
	What this review establishes, and what it does not
	Why the transplantation precedent is the right analogy
	Bidirectionality is the finding most likely to be missed
	Discordance, and how we resolved it
	Claims discipline and the regulatory boundary
	A reporting minimum: MIRROR-12
	Research agenda
	Limitations
	Conclusions
	Declarations
	Table 1: Distribution, registration and appraisal of the 54 included systematic-review-level records.
	Table 2: Gut–bone axis: systematic-review-level evidence.
	Table 3: Gut–joint axis: systematic-review-level evidence.
	Table 4: Gut–muscle axis: systematic-review-level evidence.
	Table 5: Gut–skin axis: systematic-review-level evidence.
	Table 6: Microbiota-directed therapy in cell therapy, and regenerative therapy acting on the gut.
	Table 7: MEQ-6 applied to the composition-based reviews in this umbrella review.
	Table 8: MIRROR-12: minimum reporting items for studies combining microbial measurement with regenerative intervention.
	Figure 1: Bidirectional model of the gut–tissue axes in regenerative medicine, showing microbial mediators (short-chain fatty acids, lipopolysaccharide, secondary bile acids, tryptophan-derived indoles, trimethylamine N-oxide), their target cell popul...
	References

