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Highlights

What are the main findings?

e  Human studies have identified KBD-associated alterations in gut microbial composi-
tion and metabolic profiles, whereas experimental models support the osteochondral
effects of selenium deficiency and T-2 toxin exposure.

e A microbiota—gut-osteochondral framework may provide a biological context linking
environmental exposures, host nutritional status, and cartilage injury, although most
mechanistic connections remain to be experimentally validated in KBD.

What are the implications of the main findings?

e An evidence-stratified framework helps distinguish direct KBD observations, KBD-
related experimental evidence, and hypotheses derived from broader microbiome and
skeletal research.

e  Future longitudinal and mechanistic studies integrating microbiome, metabolome, im-
mune profiling, and nutritional assessment are required to clarify causal relationships
and evaluate the potential of microbiota- and nutrition-based approaches.

Abstract

Kashin-Beck disease (KBD) is an endemic osteoarthropathy characterized by the degenera-
tion and necrosis of articular cartilage and epiphyseal growth plate cartilage, with disease
onset occurring predominantly during childhood. Its etiology has long been associated
with environmental and nutritional factors, particularly selenium deficiency, T-2 toxin
exposure, and dietary imbalance. Recent studies have also reported alterations in gut
microbial composition and metabolic profiles in patients with KBD, raising the possibil-
ity that the gut microbiota may represent an additional component of its multifactorial
etiology. This narrative review critically evaluates current evidence linking nutritional
factors, T-2 toxin exposure, gut microbial alterations, and osteochondral injury in KBD,
with particular attention to the level of evidence supporting these relationships. Direct
human evidence is currently limited to a small number of predominantly cross-sectional
microbiome and metabolomic studies, largely involving adults with established KBD.
KBD-related experimental models provide evidence that selenium deficiency and T-2 toxin
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exposure can induce osteochondral injury, including combined-exposure effects, and ex-
perimental studies also indicate that these exposures can be associated with alterations in
gut microbial composition. However, these findings do not demonstrate that gut microbial
changes mediate exposure-related osteochondral injury. Proposed pathways involving
short-chain fatty acids (SCFAs), intestinal-barrier dysfunction, lipopolysaccharide (LPS)-
related inflammatory signaling, immune regulation, and bone remodeling are supported
mainly by experimental or mechanistic evidence from non-KBD settings and have not been
validated as an integrated causal pathway in KBD. The microbiota—gut-osteochondral
framework should therefore be regarded as an evidence-stratified, hypothesis-generating
model. Prospective studies in children and adolescents from endemic areas, together with
factorial exposure models, direct measurement of proposed intermediate mediators, and
functional microbiota-manipulation experiments, are needed to determine whether gut
microbial alterations contribute causally to KBD development.

Keywords: Kashin-Beck disease; dietary factors; T-2 toxin; gut microbiota; microbiota—gut—
osteochondral framework

1. Introduction

Kashin-Beck disease (KBD) is a chronic endemic osteoarthropathy that primarily
affects children and adolescents. Pathologically, it is characterized by degeneration and
necrosis of articular cartilage and epiphyseal growth plate cartilage [1]. KBD is predomi-
nantly distributed along a broad endemic belt extending from northeastern to southwestern
China, with additional endemic regions historically reported in eastern Siberia, Russia,
and North Korea [2]. Despite decades of comprehensive prevention and control efforts
that have significantly reduced the incidence of new KBD cases, individuals affected by
the disease continue to suffer from irreversible skeletal deformities, impaired physical
function, and a diminished quality of life. Consequently, KBD remains a significant public
health concern and serves as a unique model for studying environmentally associated
osteochondral disorders.

For several decades, etiological research on KBD has focused on selenium deficiency,
mycotoxin exposure, and nutritional insufficiency. Selenium deficiency, contamination of
staple grains with Fusarium-derived mycotoxins—particularly T-2 toxin—and inadequate
intake of vitamins, proteins, and essential trace elements have been proposed as important
risk factors for the development and progression of disease [3,4]. These factors may con-
tribute to cartilage damage through mechanisms such as oxidative stress [5], mitochondrial
dysfunction [6], chondrocyte apoptosis [7], and extracellular matrix degradation [8]. How-
ever, no single etiological hypothesis adequately accounts for the pronounced geographic
clustering of KBD, the substantial interindividual variation in disease susceptibility, or its
heterogeneous pathological manifestations. These observations imply that KBD is more
likely the result of intricate interactions among environmental exposures, nutritional status,
host genetic susceptibility, and endogenous regulatory mechanisms.

In recent years, the gut microbiota has emerged as a potential area of investiga-
tion for understanding the multifactorial context of KBD. Beyond its roles in nutrient
metabolism and energy extraction, the gut microbiota can influence immune and inflam-
matory responses and skeletal homeostasis through microbial metabolites and components,
including short-chain fatty acids (SCFAs), bile acid derivatives, and lipopolysaccharide
(LPS) [9-11]. Studies of osteoporosis, osteoarthritis (OA), rheumatoid arthritis, and other
inflammatory disorders have increasingly implicated gut microbial dysbiosis in altered
intestinal barrier integrity, systemic immune regulation, and skeletal metabolism [12-14].
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However, these findings are derived largely from non-KBD settings and therefore provide
biological plausibility rather than direct evidence of KBD-specific mechanisms. Recent
studies have begun to examine the potential involvement of the gut microbiota in KBD
more directly. Wu et al. reported alterations in gut microbial composition in rats subjected
to selenium deficiency or T-2 toxin exposure, together with osteochondral abnormalities,
providing KBD-related experimental evidence linking these environmental factors with
both microbial and cartilage changes [15]. More recently, a hypothesis-focused article
proposed a “cartilage—gut-microbiome” axis linking selenium deficiency and T-2 toxin
exposure to KBD [16]. Rather than proposing a similar mechanistic hypothesis, the present
review focuses on critically evaluating the strength of evidence supporting the individual
links within this framework.

Available human studies have reported differences in gut microbial composition and
metabolomic profiles between patients with KBD and comparator groups [17-19]. However,
these findings are based on a small number of predominantly cross-sectional studies, largely
involving adults with established disease, whereas KBD typically begins during childhood.
Against this background, the present narrative review critically evaluates evidence linking
nutritional factors, particularly selenium deficiency, T-2 toxin exposure, gut microbial alter-
ations, and osteochondral injury in KBD. Evidence from human KBD studies, KBD-related
animal models, in vitro studies, and mechanistic research in other disease settings is con-
sidered separately, with particular attention to distinguishing experimentally supported
findings from proposed or hypothesized links. By integrating these different levels of evi-
dence, we aim to clarify which components of the proposed microbiota—gut—osteochondral
framework are directly supported and which remain insufficiently validated, while identi-
fying key priorities for future research. Figure 1 summarizes the current evidence linking
nutritional factors, T-2 toxin exposure, gut microbial alterations, and osteochondral injury
in KBD.
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Current evidence supports associations among nutritional factors, T-2 toxin exposure, gut microbial alterations, and osteochondral injury,

but the causal role of gut microbiota in KBD remains unestablished.

Figure 1. Overview of current evidence linking nutritional factors, T-2 toxin exposure, gut microbial
alterations, and osteochondral injury in KBD (KBD, Kashin—-Beck disease, SCFAs: short-chain fatty
acids, LPS: lipopolysaccharide, RANKL: receptor activator of nuclear factor-«B ligand, OPG: osteo-
protegerin, TLR4: Toll-like receptor 4, NF-«B: nuclear factor kappa B, IL-13: interleukin-1 beta, IL-6:
interleukin-6, TNF-a: tumor necrosis factor alpha, Th17: T helper 17 cells, ECM: extracellular matrix).
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2. Materials and Methods

This article was designed as a narrative review to critically evaluate evidence link-
ing nutritional factors, T-2 toxin exposure, gut microbial alterations, and osteochondral
injury in KBD. Relevant literature was identified through searches of PubMed /MEDLINE,
Web of Science Core Collection, China National Knowledge Infrastructure (CNKI), and
Wanfang Data from database inception to 1 September 2026. The search was organized
around the major themes of this review, including KBD in combination with gut micro-
biota or microbiome, selenium and other nutritional factors, T-2 toxin and other mycotox-
ins, metagenomics and metabolomics, intestinal-barrier function, short-chain fatty acids,
lipopolysaccharide-related signaling, immune regulation, and osteochondral injury. Corre-
sponding Chinese search terms were used in CNKI and Wanfang Data. Articles published
in English or Chinese were considered. Reference lists of relevant reviews and primary
studies were also examined to identify additional publications.

Priority was given to original studies directly involving patients with KBD or ex-
perimental models relevant to KBD. Human studies from KBD-endemic populations,
KBD-related animal studies involving selenium deficiency, T-2 toxin or combined expo-
sures, and relevant in vitro studies were considered when they addressed the scope of this
review. Because direct mechanistic evidence in KBD is limited, non-KBD experimental and
clinical studies were included selectively when they provided biological context for specific
proposed pathways. Duplicate publications, studies unrelated to KBD or the proposed
framework, and non-KBD studies without direct relevance to the pathways discussed were
excluded from detailed consideration.

To distinguish direct observations from mechanistic extrapolation, evidence was cate-
gorized as (1) direct human KBD evidence; (2) KBD-related animal evidence; (3) in vitro
evidence; and (4) indirect mechanistic evidence derived from other diseases or general mi-
crobiome research. The literature search was intended to support a critical narrative synthe-
sis rather than a quantitative systematic review or meta-analysis; accordingly, mechanistic
pathways supported only by indirect evidence are described as proposed or biologically
plausible rather than as established KBD-specific mechanisms. Table 1 summarizes the
key findings and limitations of studies linking nutritional factors, T-2 toxin exposure, gut
microbiota alterations, and osteochondral injury in KBD. Detailed study information is
provided in Table Al.

Table 1. Evidence-stratified summary of key findings and limitations of studies relevant to Kashin-
Beck disease.

. Study .. T
Evidence Category Study Population/Model Key Findings Limitations
Proteomic and transcriptomic Small sample size:
Human KBD Hanetal, Human KBD and analyses identified cartilage metabolic }; thwa ’s
2025 [20] control cartilage metabolic disturbances in olcp y
inferred.
KBD.
Ning et al Juvenile and adult Alterations in No gut microbiota
Human KBD 8 e a : NF-kB/RANKL-related gut ot
2019 [21] KBD patients . . . e analysis.
signaling were identified.
. Gut microbiota composition =~ No healthy controls;
Human KBD Ning et al., KBD anq knee OA differed between KBD and cohort overlap with
2022 [18] patients
OA. [17].
Human KBD Wang et al., KBD patients and Gut %Zzils’fjhl Zii;ggi::i:ilatEd Cross-sectional
2021 [17] healthy controls design.
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Table 1. Cont.

Evidence Category Study Populasttil(l)ino del Key Findings Limitations
Human KBD Ning etal, = Adultand pediatric =~ Urinary metabolic alterations =~ Causality remains
2023 [22] KBD populations were identified in KBD. unclear.
Fecal metabolomics
Human KBD Wen et al., KBD patients and implicated altered Cross-sectional
2023 [19] healthy controls selenium-related metabolic design.
pathways.
. . Selenium deficiency . .
KBD-related animal Sun etal, Selenium-deficient exacerbated T-2-induced No m1cro‘p1ota
2021 [23] and T-2-exposed rats . . analysis.
cartilage injury.
Selenium deficiency and T-2
KBD-related animal Wuetal,  Selenium-deficient or exposure altered gut No microbiota
2023 [15] T-2-exposed rats microbiota and cartilage mediation analysis.
pathology.
Human-animal Yang et al., Hl'llman KED Selenium deficiency andd T2 Small human sample
evidence 2017 [7] cartilage ana rat exposure promote size.
models chondrocyte apoptosis.
Low selenium and T-2
Human-animal Dengetal., Human cartilage and exposure affected Limited human
evidence 2024 [4] rat models AMPK/mTOR/ULK1- samples.
associated autophagy.
Low selenium and T-2
Human-animal Wuetal, s:rlrtlrieasnalrfg?at exposure disrupted No microbiota
evidence 2025 [24] Ir)no dels ZIP6-associated zinc analysis.
homeostasis.
. Chen et al,, IPEC-]2 intestinal T-2 toxin impaired intestinal
In vitro 2023 [25] epithelial cells barrier function. Non-KBD cell model.
T-2 toxin induced
In vitro Yuetal., ATDCS and rat mitochondrial dysfunction Cell-model evidence
2024 [6] cartilage cells involving p53/CypD '
signaling.
AlQranei Murine . . .
Indirect evidence etal., 2021 osteoclastogenesis LPS/TLR4 signaling . Indirect relevance to
[26] model promoted osteoclastogenesis. KBD.
Kasaikina Dietary selenium Dietary selenium influenced No cartilage
Indirect evidence etal., 2011 and microbiota gut microbiota and host outcomesg
[27] mouse models selenoproteome expression. '
Lucas et al Mouse bone-loss Microbial short-chain fatty
Indirect evidence 2018 [11] v models acids regulated bone mass Non-KBD models.

and osteoclast activity.

Abbreviations: KBD, Kashin-Beck disease; OA, osteoarthritis; NF-«B, nuclear factor kappa B; RANKL,
receptor activator of nuclear factor kappa B ligand; T-2, T-2 toxin; AMPK, AMP-activated protein
kinase; mTOR, mechanistic target of rapamycin; ULK1, Unc-51-like kinase 1; ZIP6, Zrt- and Irt-like
protein 6; CypD, cyclophilin D; LPS, lipopolysaccharide; TLR4, Toll-like receptor 4.

3. Dietary Nutritional Factors Associated with KBD

3.1. Selenium Deficiency and Selenoprotein Dysfunction

Selenium is an essential trace element whose biological functions are largely mediated
by selenoproteins involved in redox regulation and antioxidant defense [28-30]. Key
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selenoproteins, such as glutathione peroxidases, thioredoxin reductases, and selenoprotein
P, contribute to the control of reactive oxygen species (ROS), maintenance of cellular redox
homeostasis, and protection against oxidative injury [28,31]. Given the susceptibility of
chondrocytes to oxidative stress, impairment of selenium-dependent antioxidant defense
may increase oxidative damage and thereby enhance the vulnerability of osteochondral
tissues to injury [32,33].

KBD has historically occurred in regions characterized by low environmental selenium
availability, and epidemiological studies have reported lower selenium status in popula-
tions from endemic areas [3,34,35]. A recent survey across historically severe KBD-endemic
areas showed that low selenium levels remain common in staple grains despite generally
moderate selenium status in children, highlighting persistent heterogeneity in selenium
exposure across endemic regions [36]. Experimental evidence suggests that selenium de-
ficiency may disrupt selenoprotein expression and impair antioxidant defenses, thereby
increasing oxidative stress and promoting chondrocyte apoptosis [32]. At the molecular
level, selenium deficiency has been linked to altered runt-related transcription factor 2
(RUNX2) methylation and expression in KBD chondrocytes [37]. However, selenium defi-
ciency alone does not reproduce the full epidemiological and pathological characteristics of
KBD, and not all individuals living in selenium-deficient areas develop the disease.

Selenium deficiency should therefore be regarded as an important predisposing or
susceptibility factor, rather than an independently sufficient cause of KBD. Its contribution is
likely to depend on interactions with other environmental exposures, nutritional conditions,
and host susceptibility. Evidence that selenium deficiency contributes to KBD specifically
through alterations of the gut microbiota remains limited.

3.2. Other Nutritional Factors Potentially Relevant to KBD

In addition to selenium, other nutritional factors have been investigated as potential
modifiers of KBD susceptibility. Vitamin E is of particular interest because of its antioxidant
properties and its functional relationship with selenium-dependent antioxidant systems. Ex-
perimental evidence indicates that inadequate antioxidant protection can increase cellular
susceptibility to oxidative injury, whereas selenium and vitamin E may exert complemen-
tary protective effects against oxidative stress [38]. However, the independent contribution
of vitamin E deficiency to KBD in human populations remains insufficiently established.
Vitamins D and K also contribute to skeletal homeostasis through their roles in calcium
metabolism and bone health [39]. Nevertheless, evidence directly linking deficiencies of
these vitamins to the initiation of KBD is limited. Notably, calcium and/or vitamin D sup-
plementation did not improve growth, KBD, or bone-metabolism outcomes in a prospective
study of children living in a KBD-endemic area of Tibet [40]. These findings suggest that
the roles of calcium and vitamin D in KBD are likely more complex than a simple deficiency
model. Associations identified in endemic populations should therefore be interpreted
cautiously because nutritional status may covary with age, geographic location, dietary
patterns, socioeconomic conditions, and other environmental exposures.

Dietary studies conducted in KBD-endemic areas have also suggested that nutrients
other than selenium may contribute to the nutritional context in which KBD occurs [41].
However, current evidence does not justify attributing KBD to generalized protein-energy
malnutrition or dietary monotony alone. Rather, overall dietary quality and multiple
nutritional factors may modify susceptibility to osteochondral injury in combination with
selenium status and environmental exposures. Whether these nutritional factors influence
KBD through alterations of the gut microbiota remains largely unexplored.
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3.3. Other Trace Element Imbalance and Osteochondral Metabolic Dysfunction

In addition to selenium, other trace elements, particularly zinc and iron, have been
investigated in relation to KBD, although their specific contributions remain incompletely
understood. Zinc is involved in chondrocyte function, cartilage development, and extra-
cellular matrix homeostasis [42,43]. In KBD-endemic regions, regional variation in zinc
exposure has been documented through assessments of dietary and drinking-water in-
take [44], while differences in zinc status among children have also been reported based
on trace element measurements in biological samples, such as scalp hair, across endemic
areas [45]. Wu et al. further reported alterations in Zrt- and Irt-like protein 6 (ZIP6) expres-
sion and Zn?* homeostasis in adult and pediatric KBD chondrocytes and in experimental
models involving selenium deficiency and T-2 toxin exposure, together with changes in
extracellular-matrix-related genes [24]. Iron status may also be relevant to KBD, although
current evidence is inconsistent. Higher hair iron concentrations have been reported in
children from KBD-endemic areas, particularly in children with KBD, compared with
non-endemic controls [46]; however, a meta-analysis did not identify consistent differences
in hair or serum iron between KBD patients and healthy controls [47]. Given that excessive
labile iron can promote ROS generation and oxidative damage, the potential involvement
of iron in KBD-associated oxidative stress warrants further investigation [48]. Overall,
the contribution of individual trace elements to KBD remains uncertain and may vary
with regional dietary patterns, environmental exposure, age, nutritional status, and the
biological samples examined.

4. T-2 Toxin Exposure, Nutritional Status, and Proposed Gut Links
4.1. T-2 Toxin and Osteochondral or Intestinal Injury

T-2 toxin is a type A trichothecene mycotoxin produced by Fusarium species and
has been investigated as an environmental risk factor for KBD [49]. Previous studies
have demonstrated cytotoxic effects of T-2 toxin, including inhibition of protein synthesis,
oxidative stress, mitochondrial dysfunction, and apoptosis [6,49-51]. KBD-related studies
further support direct toxic effects on chondrocytes and osteochondral tissues [7]. T-2
toxin has been shown to compromise intestinal epithelial barrier integrity, disrupt tight-
junction proteins, and perturb cellular redox homeostasis [25,52,53], and has also been
associated with alterations in gut microbiota in experimental models [54,55]. However,
these findings demonstrate toxic effects on cartilage and the intestine but do not establish
that intestinal injury or gut microbial alterations mediate T-2 toxin-induced osteochondral
damage. In particular, the downstream sequence involving intestinal-barrier dysfunction,
LPS translocation, and systemic inflammatory signaling has not been directly demonstrated
in KBD-related models and should therefore be considered a proposed pathway rather
than an established mechanism.

4.2. Selenium Status and T-2 Toxin-Related Osteochondral Injury

Experimental studies using KBD-related models indicate that selenium deficiency can
modify the osteochondral response to T-2 toxin exposure. Combined selenium-deficiency
and T-2 toxin models have reproduced characteristic cartilage abnormalities, including
chondronecrosis and epiphyseal growth-plate lesions [23,56]. Other studies have further
demonstrated increased chondrocyte apoptosis and disturbances in cartilage matrix home-
ostasis under these exposure conditions [7,23]. These findings suggest that selenium status
influences tissue susceptibility to T-2 toxin rather than acting as an independently sufficient
determinant of cartilage injury.

Mechanistic studies have further identified several cellular processes through which
selenium deficiency and T-2 toxin exposure, alone or in combination, may contribute to
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osteochondral injury. Sun et al. showed that both selenium deficiency and T-2 toxin expo-
sure impaired SECIS-binding protein 2 (SECISBP2)-mediated selenoprotein expression and
cartilage homeostasis, with more pronounced abnormalities under combined exposure [23].
Zhou et al. showed altered type II collagen together with dysregulation of matrix met-
alloproteinase 1 (MMP1), matrix metalloproteinase 3 (MMP3), matrix metalloproteinase
13 (MMP13), and tissue inhibitor of metalloproteinases 1 (TIMP1) in a low-selenium rat
model exposed to T-2 toxin, supporting disruption of extracellular matrix turnover under
combined exposure conditions [57]. In addition, Deng et al. identified altered chondrocyte
autophagy and AMP-activated protein kinase (AMPK)/mechanistic target of rapamycin
(mTOR)/Unc-51-like kinase 1 (ULK1) signaling in KBD cartilage and in rats exposed to
low selenium, T-2 toxin, or their combination [4]. SIRT1 (sirtuin 1) hypermethylation
and reduced expression were also observed in KBD cartilage and were associated with
increased chondrocyte apoptosis; similar changes were induced by selenium deficiency or
T-2 toxin and were partially reversed by selenium supplementation [58]. Taken together,
these findings suggest that selenium deficiency and T-2 toxin exposure may disrupt mul-
tiple processes involved in osteochondral homeostasis, including selenoprotein function,
extracellular-matrix maintenance, autophagy, and epigenetic regulation.

4.3. Potential Links Among T-2 Toxin, Selenium Deficiency, and the Gut Microbiota

Wu et al. examined rats exposed to selenium deficiency or T-2 toxin and reported
osteochondral abnormalities together with exposure-associated differences in gut microbial
composition [15]. Notably, the microbial patterns associated with selenium deficiency and
T-2 toxin were not identical, suggesting that these environmental exposures may exert
distinct effects on the intestinal microbial ecosystem.

The relationship between these exposure-associated microbial alterations and osteo-
chondral injury remains unclear. Although selenium deficiency and T-2 toxin have been
studied together in KBD-related osteochondral models [5,7,23,56], their combined effects
on the gut microbiota have not been established. Current evidence therefore supports
potential links among nutritional status, T-2 toxin exposure, and gut microbial alterations,
but the nature and biological significance of these relationships in KBD require further
investigation.

5. Gut Microbiota Characteristics in Patients with KBD
5.1. Alterations in Gut Microbial Diversity and Composition

Available human studies have identified differences in gut microbial diversity and
composition between patients with KBD and comparator groups, although the findings
vary according to the sequencing approach and comparator population. In a study of
32 patients with KBD and 35 healthy controls, 165 rDNA sequencing showed no significant
differences in alpha-diversity indices, including Shannon, observed-species, and Chaol,
whereas beta-diversity analyses revealed significant differences in microbial community
structure between the two groups [17]. Taxonomic analysis further identified differences at
both the phylum and genus levels, including higher relative abundances of Bacteroidota
and Fusobacteriota and lower relative abundance of Firmicutes in the KBD group, together
with a number of differentially abundant genera [17]. In contrast to the 16S results, shotgun
metagenomic analysis of the same participants showed significantly lower alpha diversity
in both grade I and grade II KBD groups than in healthy controls and further identified
differences in microbial composition at the species level [17].

Ning et al. subsequently compared patients with KBD and patients with OA and
reported differences in gut microbial composition, including higher relative abundances
of Prevotella_9, Lactobacillus, and Coprococcus_2 in the KBD group [18]. Notably, the KBD
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participants overlapped with those in Wang et al. [17]; therefore, the two studies should
not be considered independent replication cohorts. Overall, the available human studies
suggest KBD-associated alterations in gut microbial composition, whereas evidence for
changes in microbial diversity varies according to the sequencing approach and comparator
population. Given the limited number of independent cohorts, a consistent KBD-specific
microbial signature has yet to be confirmed.

An important limitation of the available human microbiome evidence is the disease
stage at which participants have been studied. KBD is typically initiated during child-
hood, when lesions develop in articular and epiphyseal growth-plate cartilage, whereas
the currently available gut microbiome and fecal metabolomics studies have largely ex-
amined adults with established KBD. For example, the fecal metabolomics study by Wen
et al. included patients with a mean age of approximately 59 years [19]. Thus, microbial
or metabolic differences detected in these populations may characterize adult residual
KBD rather than biological events involved in disease initiation. Age-related changes in
the gut microbiota, reduced mobility, medication or supplement use, long-term dietary
adaptation, chronic pain, and secondary degenerative joint changes may all contribute to
the observed profiles [59-61]. Reverse causation and residual confounding should therefore
be considered when interpreting KBD-associated microbial differences.

5.2. Functional and Metabolic Alterations Associated with KBD

Beyond differences in microbial composition, multi-omics studies have identified
alterations in microbial functional potential and metabolic profiles associated with KBD. In
the study by Wang et al. [17], Phylogenetic Investigation of Communities by Reconstruction
of Unobserved States 2 (PICRUSt2) analysis based on 16S rDNA sequencing identified dif-
ferences in predicted microbial functional potential between patients with KBD and healthy
controls. Shotgun metagenomic analysis further revealed differences in microbial gene
abundance and pathway profiles among grade I KBD, grade Il KBD, and healthy control
groups, involving carbohydrate, sphingolipid, glutathione, and vitamin B6 metabolism [17].
These findings indicate alterations in microbial functional potential but do not directly
demonstrate changes in gene expression or metabolite production.

Serum liquid chromatography-mass spectrometry (LC-MS) metabolomics further re-
vealed alterations primarily involving lipid-related pathways, including unsaturated fatty
acid and glycerophospholipid metabolism [17]. Several unsaturated fatty acids, including
docosapentaenoic acid, y-linolenic acid, and oleic acid, were negatively correlated with
Paenibacillus montanisoli and positively correlated with Buttiauxella brennerae [17], suggesting
potential microbiome-metabolome associations. Untargeted fecal ultra-high-performance
liquid chromatography—mass spectrometry metabolomics identified alterations in selenium-
related, lipid, bile acid, and amino acid metabolic pathways in patients with KBD [19]. A
urinary LC-MS metabolomics study further reported alterations in several metabolic path-
ways, including arachidonic acid and amino acid metabolism [22]. Beyond metabolomic
evidence, multi-omics profiling of KBD cartilage identified alterations in proteins and tran-
scripts associated with metabolic processes, including enrichment of tryptophan metabolism
at the proteomic level [20]. Collectively, these findings support the presence of metabolic
disturbances associated with KBD, although their causal relevance remains unclear.

Nevertheless, predicted microbial functional potential, metagenomic gene abundance,
and measured metabolites represent distinct levels of evidence. Moreover, microbiome—
metabolome correlations do not establish causality, and measured metabolites cannot
be assumed to be microbiota-derived without direct evidence of their microbial origin.
Direct functional links connecting gut microbial alterations, metabolite production, and
osteochondral injury in KBD therefore remain to be established.
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5.3. Interpretation According to Age, Disease Stage, and Residual Degenerative Changes

Human KBD microbiome findings should be interpreted in the context of disease
stage. Juvenile active KBD, adult residual KBD, and secondary osteoarthritic changes
represent biologically distinct settings. Juvenile KBD reflects the period in which growth
plate and articular cartilage lesions develop, whereas adult residual KBD represents the
long-term structural consequences of disease acquired earlier in life [1]. In adults, secondary
osteoarthritic remodeling, chronic inflammation, altered mobility, and treatment-related
factors may further influence both musculoskeletal and microbial phenotypes.

Consequently, gut microbial differences observed in adults with KBD cannot be as-
sumed to represent initiating factors in childhood disease. They may instead represent
persistent correlates of the disease, consequences of long-standing disability, secondary
osteoarthritic changes, or age-related host-microbiome alterations. Prospective studies in
children and adolescents from endemic areas are therefore required to determine whether
microbial changes precede or follow osteochondral injury.

6. Dietary Factors and Gut Microbiota
6.1. Selenium and Gut Microbiota

Experimental evidence suggests that selenium availability can influence the intestinal
microbial environment. In a KBD-related rat model, selenium deficiency was associated
with alterations in gut microbial composition [15]. Outside the KBD context, dietary
selenium has also been shown to alter gut microbial composition and host selenopro-
teome expression in experimental models [27]. Studies using selenium-containing dietary
components have also reported alterations in gut microbial composition and intestinal
inflammatory phenotypes in experimental disease models [62,63]. These findings suggest
that selenium status or selenium-containing dietary components can influence the gut
microbial ecosystem, although the effects may depend on selenium form, dose, host status,
and experimental context.

These observations provide biological plausibility for a selenium-microbiota relation-
ship but do not establish that gut microbial alterations mediate the effects of selenium
deficiency in KBD. Direct human KBD studies simultaneously assessing selenium status,
gut microbiota, and osteochondral outcomes are currently lacking.

6.2. Dietary Fiber and Short-Chain Fatty Acid Production

Dietary fiber is fermented by intestinal microorganisms to generate SCFAs, princi-
pally acetate, propionate, and butyrate [64]. SCFAs, particularly butyrate, contribute to
intestinal epithelial homeostasis and represent important mediators of diet-microbiota
interactions [65]. However, direct evidence linking dietary fiber intake to measured SCFA
concentrations in patients with KBD is scarce, and reduced SCFA production has not been
established as a characteristic metabolic feature of KBD. Further studies integrating dietary
assessment with direct measurement of SCFAs are needed to clarify whether fiber-related
microbial metabolism is altered in KBD.

6.3. Vitamin D and the Gut Microbiota

Vitamin D has been associated with gut microbial composition and intestinal home-
ostasis in experimental studies outside KBD [66]. Human intervention studies further
suggest that vitamin D supplementation can modify gut microbial composition [67-69].
In vitamin-D-deficient healthy women, vitamin D supplementation was associated with
changes in microbial diversity and the relative abundance of several bacterial taxa [67]. A
randomized dose-response trial in healthy adults also reported changes in gut microbial
composition following 8 weeks of vitamin D3 supplementation [68]. However, the reported
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microbial responses vary across study populations, vitamin D doses, and experimental
settings, and a consistent vitamin D-associated microbial signature has not been established.

In KBD, evidence directly linking vitamin D status, gut microbial alterations, and
osteochondral injury is currently lacking. Thus, although vitamin D may represent another
nutritional factor capable of modifying the intestinal microbial environment, its relevance to
the proposed microbiota—gut—osteochondral framework in KBD remains to be determined.

7. Proposed Microbiota—Gut-Osteochondral Pathways in KBD
7.1. Evidence-Stratified Microbiota—Gut—Osteochondral Framework

The evidence summarized in Table 1 indicates that direct KBD studies have mainly
demonstrated alterations in gut microbial profiles, metabolic signatures, and osteochondral
changes, whereas mechanistic links connecting these observations remain incompletely
established. The gut microbiota has been implicated in skeletal homeostasis through
microbial metabolism, intestinal barrier function, and immune regulation [70,71]. These
relationships provide a biological basis for considering a microbiota—gut-osteochondral
framework in KBD. However, most mechanistic evidence underlying this framework
derives from general microbiome research or studies of other skeletal disorders rather than
from KBD itself. The framework should therefore be interpreted as a set of biologically
plausible links rather than an established causal cascade in KBD.

Available evidence can be considered at different levels. Human KBD studies provide
direct evidence of differences in gut microbial composition, microbial functional potential,
and metabolic profiles [17-19]. KBD-related experimental studies indicate that selenium
deficiency and T-2 toxin exposure can induce osteochondral injury and may also be associ-
ated with alterations in gut microbial composition [7,15]. Combined selenium-deficiency
and T-2 toxin models further support osteochondral effects under combined exposure
conditions. However, current evidence does not establish that gut microbial alterations
mediate these exposure-related osteochondral effects.

Accordingly, Figure 2 presents an evidence-stratified conceptual framework rather
than an established mechanistic cascade. The proposed links involve microbial metabolites,
intestinal barrier function, inflammatory and immune signaling, and osteochondral home-
ostasis, but these components are supported by different levels of evidence and have not
been validated as an integrated pathway in KBD.

2.Microbial metabolites 3.Immune-inflammatory and 4.0steochondral injury
and gut barrier bone remodeling in KBD)

LPS®0—y
hondrocyte
9 ®o o TLR4/ NF-xB [ LR @C S
SCFAs 4 & signaling :
g v
o
2 - (NF-xB) 0&?" Apoptosis
y [ ° e )
LPS °
AR S A |
xposure Inflammation Matrix
o “ & oxidative stress g ROS degradation
- : : : Collagen 11
ll.l.l Coppusiing Al 3 ) Immune regulation /'\“ 2 ’ll alteration
o ... O. (Treg/ Thi7 balance) 57 ©
iversity .
B 20
O 5 ; 0, (__osteochondral
(o} Functional potential 0= RANKL/OPG (RANKL -(orG) C ) lesions
° signaling (
'X" RECLoi hanges Barrier’ impairment 7
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. 5 S evidence (from KBD-related g 5 ?
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Figure 2. Evidence-stratified conceptual framework of proposed microbiota—gut—osteochondral
pathways in KBD (SCFAs: short-chain fatty acids, LPS: lipopolysaccharide, TLR4: Toll-like receptor 4,
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NF-kB: nuclear factor kappa B, ROS: reactive oxygen species, Treg: regulatory T cells, Th17: T helper
17 cells, RANKL: receptor activator of nuclear factor-«B ligand, OPG: osteoprotegerin).

7.2. SCFAs and Intestinal Barrier Function

SCFAs, predominantly acetate, propionate, and butyrate, are microbial metabolites
produced through the fermentation of dietary fiber [64]. Experimental studies outside KBD
have shown that SCFAs can influence intestinal epithelial integrity, immune regulation,
and bone metabolism [11,65,72,73]. In vitro, butyrate has been shown to facilitate tight-
junction assembly and enhance epithelial barrier function in Caco-2 cell monolayers [73].
In experimental models, propionate and butyrate have been shown to suppress osteoclast
differentiation and bone resorption [11], while butyrate has also been linked to regulatory
T-cell-mediated osteoimmune regulation [72].

These findings provide biological plausibility for a potential SCFA-related link between
gut microbial metabolism and osteochondral homeostasis. However, current human
KBD studies have not established reduced fecal or circulating SCFA concentrations as a
reproducible disease feature, nor have they demonstrated a linked relationship among SCFA
alterations, intestinal permeability, immune changes, and osteochondral injury [17-19].
Therefore, an SCFA-mediated gut-osteochondral pathway in KBD should currently be
regarded as a proposed link rather than an established mechanism.

7.3. LPS-TLR4/NF-«B Signaling and Osteochondral Injury

Impairment of the intestinal barrier can facilitate systemic exposure to microbial
components such as LPS in experimental and non-KBD settings [74]. LPS can be rec-
ognized by TLR4 (Toll-like receptor 4) and activate downstream nuclear factor kappa B
(NF-kB) signaling, promoting the production of pro-inflammatory cytokines, including IL-
13 (interleukin-1p), IL-6 (interleukin-6), and TNF-« (tumor necrosis factor-«) [75,76]. These
findings provide biological plausibility for a potential link between intestinal microbial
alterations, systemic inflammation, and osteochondral homeostasis. However, increased
intestinal permeability, circulating LPS, or gut-derived TLR4 activation has not been directly
demonstrated in KBD.

Several downstream inflammatory and bone-remodeling components relevant to this
proposed pathway have been examined in KBD or KBD-related models. NF-kB-p65 and
receptor activator of nuclear factor-«B ligand (RANKL) expression have been investigated
in articular cartilage from patients with KBD, with age-dependent alterations reported
between juvenile and adult disease [21]. Altered circulating RANKL and osteoprotegerin
(OPG) levels have also been reported in KBD-related experimental models [77]. Experimen-
tal evidence outside KBD further supports roles for LPS-TLR4 signaling, inflammatory
cytokines, and T helper 17 (Th17)/regulatory T (Treg) cell balance in osteoimmune reg-
ulation [26,78,79]. However, these findings have not been directly linked to gut-derived
signals in KBD.

Importantly, these inflammatory and bone-remodeling changes may represent comple-
mentary processes associated with disease progression, tissue repair, and remodeling, rather
than substitutes for the hallmark pathological features of KBD, which are characterized
primarily by chondrocyte injury and necrosis in the articular and epiphyseal growth-plate
cartilage [3,80]. Accordingly, although individual components of the proposed pathway
are biologically plausible or supported by experimental evidence, a sequential link from
gut dysbiosis and intestinal-barrier dysfunction to LPS/TLR4/NF-«B signaling, immune
dysregulation, and osteochondral injury has not been established in KBD.
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8. Research Gaps and Future Directions
8.1. Establishing Causality and Disease-Stage Relevance

Current human microbiome studies in KBD are predominantly cross-sectional and
largely involve adults with established disease [17-19]. Because KBD originates in child-
hood and affects the growth plate and articular cartilage [1], adult microbial profiles may
not fully represent the microbial state during disease initiation [81,82]. Adult microbiome
findings may reflect aging, reduced mobility, medication use, dietary adaptation, sele-
nium supplementation, chronic pain, or secondary OA. Reverse causation and residual
confounding therefore remain major concerns.

Prospective studies should prioritize children and adolescents in endemic areas and
distinguish among active juvenile KBD, adult residual KBD, and secondary osteoarthritic
changes in adults with KBD. Repeated assessment of nutritional status, T-2 toxin expo-
sure, gut microbial profiles, metabolic markers, and imaging during the period of disease
risk would help determine whether microbial alterations precede osteochondral injury or
emerge as consequences of established disease. Adult case—control studies should addition-
ally account for age, mobility, medication use, nutritional supplementation, chronic pain,
diet, and coexisting OA wherever possible.

Factorial designs incorporating selenium-replete and selenium-deficient conditions
with and without T-2 toxin are needed to distinguish independent, additive, and formal in-
teraction effects. Germ-free, antibiotic-treated, defined-colonization, or microbiota-transfer
approaches could subsequently determine whether microbial changes mediate or modify
exposure-related osteochondral injury.

8.2. Functional Validation of Microbiota-Related Mechanisms

Future studies should integrate shotgun metagenomics with metatranscriptomics,
targeted metabolomics, host molecular profiling, and clinical phenotyping to distinguish
microbial functional potential from actual microbial activity and host metabolic responses.
Longitudinal sampling would allow microbial gene abundance, transcript abundance, mea-
sured metabolites, inflammatory markers, and osteochondral phenotypes to be evaluated
in temporal sequence.

Particular priority should be given to direct measurement of currently proposed
intermediate components, including fecal and circulating SCFAs, intestinal permeability,
circulating LPS, relevant inflammatory signaling, and immune-cell profiles. Predicted
pathways and taxon-metabolite correlations should subsequently undergo functional
validation using microbial manipulation, metabolite supplementation or depletion, or
pathway-specific experiments.

8.3. Potential Interventions and Translational Considerations

Nutritional and microbiota-targeted approaches should currently be regarded as re-
search possibilities rather than established treatments for KBD. Selenium intervention has
historically been relevant to KBD prevention, particularly in selenium-deficient popula-
tions [3]. However, prevention in children at risk should be distinguished from treatment of
adults with established KBD. Future intervention studies should consider baseline selenium
status, dose, chemical form, age, disease stage, and safety limits because selenium has a
relatively narrow range between nutritional adequacy and excessive exposure [83].

Dietary fiber, probiotics, prebiotics, and synbiotics may provide experimental ap-
proaches for testing whether modification of the gut microbiota or microbial metabolites
influences KBD-related outcomes. However, no KBD-specific clinical trial has demon-
strated therapeutic efficacy of microbiota-targeted interventions. These approaches should
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therefore first be evaluated for their ability to reproducibly modify microbial or metabolic
features and experimentally defined osteochondral outcomes.

Fecal microbiota transplantation is particularly speculative in KBD and should cur-
rently be regarded primarily as an experimental tool for testing microbial causality rather
than as a therapeutic option. Microbiota-transfer studies in appropriate animal models
could help determine whether KBD-associated microbial communities modify susceptibility
to selenium deficiency or T-2 toxin-related osteochondral injury.

9. Conclusions

Current evidence supports a multifactorial view of KBD involving nutritional status,
environmental exposures, host susceptibility, and potentially the gut microbiota. However,
the relationships among these factors are supported by different levels of evidence. Direct
human KBD evidence is currently limited to a small number of predominantly cross-
sectional studies showing differences in gut microbial composition, microbial functional
potential, and metabolic profiles, largely in adults with established disease. These findings
support KBD-associated microbial and metabolic alterations but do not establish their
temporal or causal relationship with disease development.

KBD-related experimental studies provide evidence that selenium deficiency and T-2
toxin exposure can induce osteochondral injury, with combined-exposure models sup-
porting their joint effects on osteochondral tissues. Experimental studies also indicate
that selenium deficiency or T-2 toxin exposure can be associated with alterations in gut
microbial composition. However, whether these microbial changes mediate or modify
exposure-related osteochondral injury remains unknown. Proposed pathways involving
short-chain fatty acids, intestinal-barrier dysfunction, lipopolysaccharide-related inflam-
matory signaling, immune regulation, and bone remodeling are biologically plausible but
are supported mainly by experimental evidence from non-KBD settings and have not been
validated as an integrated causal pathway in KBD.

Accordingly, the microbiota—gut-osteochondral framework should be regarded as an
evidence-stratified, hypothesis-generating model rather than an established KBD-specific
mechanism. Future research should prioritize prospective studies in children and adoles-
cents from endemic areas, together with appropriately designed experimental studies and
direct measurement of proposed intermediate mediators, to clarify the temporal and causal
relationships among environmental exposures, gut microbial alterations, and osteochondral
injury. Such studies will help determine whether gut microbial alterations represent causal
mediators, susceptibility modifiers, consequences, or correlates of KBD.
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Abbreviations

The following abbreviations are used in this manuscript:

Phylogenetic Investigation of Communities by Reconstruction of Unobserved States 2

AMPK AMP-activated protein kinase

CNKI China National Knowledge Infrastructure
IL-1B3 interleukin-1f3

IL-6 interleukin-6

KBD Kashin-Beck disease

LC-MS liquid chromatography-mass spectrometry
LPS lipopolysaccharide

MMP1 matrix metalloproteinase 1

MMP3 matrix metalloproteinase 3

MMP13 matrix metalloproteinase 13

mTOR mechanistic target of rapamycin

NF-«B nuclear factor kappa B

OA osteoarthritis

OPG osteoprotegerin

PBMCs peripheral blood mononuclear cells
PICRUSt2

RANKL receptor activator of nuclear factor-«B ligand
ROS reactive oxygen species

RUNX2 runt-related transcription factor 2

SCFAs short-chain fatty acids

SECISBP2  SECIS-binding protein 2

SIRT1 sirtuin 1

Th17 T helper 17 cell

TIMP1 tissue inhibitor of metalloproteinases 1
TLR4 Toll-like receptor 4

TNF-o tumor necrosis factor-o

Treg regulatory T cell

ULK1 Unc-51-like kinase 1

ZIP6 Zrt- and Irt-like protein 6
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Table A1. Study characteristics, comparators, exposure conditions, analytical methods, and measured

and inferred outcomes of the included studies.
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Study Location

Study Measured Inferred
Characteristics Comparator Exposure Samples Method Outcomes Outcomes

Kasaikina
et al.,
2011 [27]

Se-sufficient

- Microbiota
mice;

Dietary Se and
United germ-free/ Dietary Gut contents; sequencing;
. : germ-free vs. : .
States conventionalized colonized selenium host tissues molecular

mouse models - analysis
mice

Microbiota,
host —
responses

Lucas
etal, Germany
2018 [11] groups (SCFAs)

Micro-CT;

Bone, .
histomor-
marrow and Bone

. hometry;
systemic phometry; outcomes
molecular
samples

analysis

Untreated/ Propionate

Mouse bone-loss control and butyrate

models SCFA effects

Abbreviations: KBD, Kashin-Beck disease; OA, osteoarthritis; RNA-seq, RNA sequencing; PBMCs,
peripheral blood mononuclear cells; rDNA, ribosomal deoxyribonucleic acid; LC-MS, liquid
chromatography-mass spectrometry; UHPLC-MS, ultra-high-performance liquid chromatography-—
mass spectrometry; Se, selenium; T-2, T-2 toxin; qPCR, quantitative polymerase chain reaction;
TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling; IHC, immunohis-
tochemistry; RT-PCR, reverse transcription polymerase chain reaction; TEM, transmission electron
microscopy; qRT-PCR, quantitative reverse transcription polymerase chain reaction; IPEC-J2, intesti-
nal porcine epithelial cell line J2; ATDC5, ATDC5 chondrogenic cell line; RANKL, receptor activator of
nuclear factor kappa B ligand; LPS, lipopolysaccharide; TLR4, Toll-like receptor 4; SCFAs, short-chain
fatty acids; micro-CT, micro-computed tomography.
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