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Abstract: Osteoarthritis (OA) is a chronic, progressive degenerative joint disease that affects
the entire synovial joint, leading to the progressive degeneration of articular cartilage. It
seriously affects the quality of life and global disability of patients. OA is affected by a
variety of factors; the most significant risk factor for OA is age. As individuals age, the
risk and severity of OA increase due to the exacerbation of cartilage degeneration and
wear and tear. In recent years, research has indicated that the gut microbiota may play
a significant role in the aging and OA processes. It is anticipated that regulating the gut
microbiota may offer novel approaches to the treatment of OA. The objective of this paper
is to examine the relationship between the gut microbiota and senile OA, to investigate the
potential mechanisms involved. This review also summarizes the therapeutic strategies
related to gut flora in OA management, such as prebiotics and probiotics, diet, exercise, tra-
ditional Chinese medicine (TCM) modification, and fecal microbiota transplantation (FMT),
highlighting the potential clinical value of gut flora and elucidating the current challenges.
The foundation for future research directions is established through the summarization of
current research progress.
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1. Introduction
Osteoarthritis (OA) is a common chronic degenerative disease characterized by degen-

erative changes in cartilage, destruction of subchondral bone, and bone redundancy [1].
The most typical clinical manifestations of the disease are joint deformity, slowly progres-
sive joint pain, and limited mobility, which can impose a serious burden on patients’ quality
of life and socioeconomics [2]. OA is the fourth leading cause of disability worldwide [3]. It
is estimated that by 2050, nearly 1 billion people will suffer from OA [4]. The pathogenesis
of OA has not yet been clarified, and gender, aging, obesity, injury, and overuse may be
susceptible factors for OA [5,6]. For instance, women have a higher probability of develop-
ing OA compared to men [7]. Moreover, female OA patients frequently experience more
severe joint pain and increased disability compared to male OA patients [8]. Obesity and
overweight have long been recognized as potential risk factors for OA, particularly knee
osteoarthritis (KOA) [9]. Evidence suggests that for every 5 kg increase in body weight
above normal, the risk of knee OA increases by 36% [10]. Furthermore, in the younger
demographics, injuries such as ligament strains and meniscus injuries are the primary
cause of knee OA, increasing the risk of developing OA by more than sixfold [11]. Aging is
widely acknowledged as the foremost risk factor for OA [12]. With the increase in global
aging, OA is gradually developing into a major public health problem and becoming one
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of the main causes of pain and disability in the elderly [12]. According to the progress of
clinical research and epidemiology, the link between aging and OA has been gradually
confirmed [13].

The gut microbiota, located in the host’s intestine, is a collection of intestinal microbial
populations consisting of bacteria, viruses, fungi, parasites, archaea, and protozoa [14],
which play an important role in maintaining nutrient absorption, metabolic homeostasis,
resistance to infections and pathogen invasions, and promotion of the development and
maturation of the immune system [15,16]. However, these physiological functions may
be impaired by changes in microbial composition, termed ‘gut microbiota dysbiosis’. Gut
microbiota dysbiosis refers to the disruption of the intestinal microecological balance in
response to a range of external factors (e.g., diet, infections, age, and genetics), resulting in
alterations in the structure, function, and diversity of the intestinal microbiota, leading to
a variety of pathological conditions and diseases [17,18]. Increasing evidence suggests a
strong association between the gut microbiota and some factors associated with OA, such as
aging, obesity, diet, and gender [19,20]. Aging has been shown to increase the incidence of
OA [21]. Whereas the gut microbiota changes continuously from infancy to old age during
co-evolution with the host, organismal aging is inevitably accompanied by changes in the
gut microbiota [22]. The intestines of centenarians are enriched with Aspergillus phylum,
in which are located many potentially pathogenic bacteria that can induce elevated levels
of pro-inflammatory factors, leading to the development of inflammatory diseases such as
OA [23].

Therefore, we review the key findings of the association between aging and OA and
summarize the potential mechanisms by which gut microbes and their associated compo-
nents influence aging OA. In addition, we summarize potential therapeutic approaches to
prevent and treat OA by targeting gut microbes to aid in the amelioration of OA.

2. The Regulatory Role of Aging in OA
2.1. Pathological Mechanisms of OA

Traditionally, OA has been considered a total joint disease characterized by degener-
ation of articular cartilage. An increasing body of evidence indicates that, in addition to
cartilage tissue, pathological changes in OA involve multiple tissue systems, including the
synovium and subchondral bone.

2.1.1. Articular Cartilage

Articular cartilage covers the articular surface of the bones in a joint and consists
mainly of chondrocytes and extracellular matrix (ECM). It is a smooth, elastic, translucent
connective tissue that withstands loads and reduces joint friction [24]. The ECM is the
main component of cartilage tissue and consists mainly of high levels of water, collagen
fibers, and proteoglycans, which can provide structural and biochemical support to chon-
drocytes [25]. The earliest pathological changes of OA are usually seen on the surface of
the articular cartilage. The chondrocytes are the only type of cell in the articular cartilage,
and they are highly susceptible to damage due to the lack of blood vessels, lymphatic
fluids, and nerves. Articular cartilage takes a long time to heal after injury, which is an
important factor in causing OA [26]. In the early stage, OA chondrocytes are mainly effector
chondrocytes and regulatory chondrocytes, while in the late stage, they evolve into mast
cells and are accompanied by an increase in collagen type II alpha 1 chain (COL2A1),
matrix metalloproteinase-9 (MMP9), and MMP13, which leads to an increase in chondro-
cyte size and matrix-degrading enzymes, leading to remodeling and mineralization of
cartilage [27,28]. MMP13 plays a central role in cartilage catabolism [29]. In OA chon-
drocytes, high levels of MMP13 expression degrade collagen types I, II, and III, resulting
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in accelerated chondrolysis and lesions [30,31]. Apoptosis is a common phenomenon in
OA [32]. The number of apoptotic deaths increases with the severity of the lesion and is
considered a late event in OA, closely associated with cartilage destruction and matrix
degradation [33,34].

2.1.2. Subchondral Bone

The subchondral bone consists of the subchondral bone plate and the subchondral
trabeculae. The subchondral bone plate is located below the calcified cartilage layer and is
a thin cortical plate with an obvious void structure through which blood vessels and nerves
pass, which is an important channel connecting cartilage and subchondral bone [35,36].
The subchondral trabeculae are located below the subchondral bone plate and play an
important role in cartilage nutrient supply and metabolism, joint shock absorption, and
structural support [37]. The progression of cartilage degradation in OA is closely related to
bone remodeling and sclerosis of the subchondral bone. In the early stages of OA, abnor-
mal biomechanical and biochemical factors recruit and promote osteoclast differentiation,
leading to increased subchondral bone porosity, decreased bone volume, decreased bone
density, and bone remodeling [38]. This abnormal bone remodeling not only reduces the
stability and stress tolerance of the joints but also causes joint pain in OA [39]; advanced
stages of OA favor increased bone formation and decreased bone resorption. Excessive
bone formation causes a significant increase in subchondral bone mineral density and bone
volume, resulting in the formation of osteosclerosis [40]. Furthermore, bone remodeling and
osteosclerosis will change the mechanical and mechanical properties of subchondral bone,
causing its absorption shear force and cushioning force to weaken, directly or indirectly
leading to cartilage degeneration and accelerating disease progression [41].

2.1.3. Synovial Tissue

Although the pathogenesis of OA is still unclear, with the in-depth study of OA,
more and more research data suggest that OA is a joint disease closely related to synovial
tissue [42]. Synovium is a special connective tissue that maintains synovial fluid and nour-
ishes chondrocytes mainly by producing lubricin and hyaluronic acid [43]. The synovium
can be divided into an inner synovial layer and a sub-synovial layer, which contains syn-
ovial macrophages (SMs) and synovial fibroblasts (FLSs) [44]. Histologically, the synovium
in patients with OA is characterized by synovial intimal hyperplasia and subintimal fibrosis
with an inflammatory cell infiltrate consisting of macrophages and lymphocytes [45,46].
An increase in M1 pro-inflammatory cytokines including interleukin-1β (IL-1β) and tumor
necrosis factor-alpha (TNF-α), and a decrease in M2 anti-inflammatory cytokines such
as IL-10, induce osteoclastogenesis [47]. FLSs contribute to cartilage degradation by pro-
moting the release of inflammatory or catabolic and anabolic factors [48]. Especially in
adult OA patients, FLSs are more responsive to pro-inflammatory stimuli and can secrete a
variety of protein hydrolases (MMP3, MMP13, etc.) to participate in cartilage degradation,
and a variety of inflammatory mediators and chemokines can also induce FLSs to produce
protein hydrolases, exacerbating cartilage destruction [49]. In addition to the production of
synovial fluid and lubricin to maintain joint homeostasis, the synovial lymphatic system
(SLS) is located within the synovial tissues and promotes the breakdown and metabolism
of inflammatory factors. This, in turn, maintains intra-articular homeostasis by ensuring a
dynamic balance of synovial fluid components under both physiological and pathological
conditions [50].

2.2. The Role of Aging in the Regulation of OA

In recent years, many studies have reported that senescent cells gradually accumulate
in aged cartilage and participate in the development of OA [51]. When senescent cells
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from mouse ear cartilage were injected into the knee joint cavity, it was observed that these
cells caused leg pain and activity dysfunction and ultimately induced the development of
KOA in mice [52]. This study demonstrated for the first time that cellular senescence can
cause OA. There is a large accumulation of senescent cells in the articular cartilage and
synovium of patients with anterior cruciate ligament transection (ACLT), and the selective
removal of these cells can promote chondrogenesis, reduce the inflammatory factor IL-6
and expression of MMP3, and alleviate the progression of post-traumatic OA [53].

2.2.1. Senescence-Associated Secretory Phenotypes

One of the mechanisms by which aging promotes chronic inflammation is through
cellular senescence. Cellular senescence is one of the hallmarks of aging and has been shown
to accumulate in various tissues with age [54]. Chondrocytes are the only cell type found in
articular cartilage. Chondrocyte senescence has been identified as a key factor in causing OA
and is characterized by cellular growth cycle arrest, resistance to apoptosis, and sustained
secretion of senescence-associated secretory phenotypes (SASPs) [55,56]. The SASP is an
umbrella term for pro-inflammatory cytokines, chemokines, and matrix metalloproteinases
involved in the destruction of joint tissues and is activated in conjunction with the dynamic
build-up of the aging process [57,58]. SASPs are activated through the promotion of the
secretion of inflammatory mediators such as IL-1β, TNF-α, IL-6, and MMPs to exacerbate
the inflammatory response and stimulate neighboring cellular senescence, thus leading
to pathological changes in senescent OA [59,60]. MMP13 secreted by SASPs is mainly
present in cartilage, and in addition to being able to degrade collagen, it also degrades
the proteoglycan molecule in aggregated glycans, and thus has a dual matrix-damaging
role and is a major player in the degenerative process in the pathogenesis of OA [61].
Vascular endothelial growth factor (VEGF) is one of the important members of SASPs
and is an essential cytokine in the process of osteogenesis within cartilage [62]. VEGF
acts as a promoter of osteoclastogenesis, inducing the up-regulation of the expression
of MMP2 and MMP9, and promotes chondrocyte apoptosis [63]. VEGF and its cognate
receptors are abundantly expressed in OA cartilage, which can lead to osteoclastogenesis
and play an important role in the pathological process of OA [64,65]. It is noteworthy
that vascular endothelial growth factor C (VEGF-C), a growth factor implicated in the
proliferation, differentiation, and survival of lymphatic endothelial cells (LECs), has been
shown to improve SLS function and attenuate age-related progression of OA [66]. In
addition, IL-6 levels increase with age and are strongly associated with diseases of aging,
and are important inflammatory mediators in OA [67].

2.2.2. Aging and Oxidative Stress

Oxidative stress is a key factor contributing to OA. Oxidative stress is the result of
an imbalance between the production of reactive oxygen species (ROS) and their removal
through antioxidant defenses [68]. ROS are mainly derived from chondrocytes, where they
are usually present at low levels and are important for maintaining cellular homeostasis
and function [69]. With age, increased oxidative stress and inflammation associated with
senescence promote the accumulation of senescent cells and reduce chondrocyte survival
and response to growth factors, making oxidative stress a major cause of stress-induced
senescence during aging [70,71]. Oxidative stress levels are significantly elevated in OA
cartilage, which is a major cause of chronic inflammation and a consequence of ROS
overproduction [72]. On the one hand, ROS up-regulates matrix metalloproteinases and
induces the expression of inflammatory factors such as nitric oxide synthase (NOS), IL-6,
IL-1, and TNF-α, which promote the inflammatory pathological manifestations of OA [73];
on the other hand, the high up-regulation of cytokines, such as IL-1β, TNF-α, and IL-6



Int. J. Mol. Sci. 2025, 26, 1505 5 of 23

in OA joints will induce ROS production and expression of matrix-degrading proteases,
leading to ECM degradation and joint dysfunction [72]. NO is one of the major components
of ROS [74]. It has been reported that NO increases inflammatory responses by stimulating
the activation of the nuclear factor-κB (NF-κB) signaling pathway, which promotes the
production of TNF-α and IL-1β [75]. In turn, inflammatory factors lead to increased ROS
production in mitochondria and chondrocytes, which triggers SASPs through activation of
p38 MAPK, further promoting chondrocyte senescence and chondrocyte apoptosis [76,77].

2.2.3. Aging and Mitochondrial Damage

Mitochondria are the energy-generating centers within the cell and perform a variety
of biochemical processes including regulation of metabolic activities and apoptosis [78].
Mitochondrial dysfunction refers to mitochondrial DNA damage, decreased mitochondrial
membrane potential, decreased oxidative phosphorylation, increased ROS production, etc.
These changes lead to abnormal mitochondrial function, affecting normal cellular function
and metabolism, which is regarded as one of the ‘hallmarks of aging’ [79,80]. It has been
found that mitochondrial dysfunction causes oxidative stress, leading to excessive accumu-
lation of intracellular ROS and an imbalance in cellular antioxidant capacity [81]. Excessive
ROS can damage cell membranes, disrupting the integrity of cellular structures and dam-
aging lysosomal membranes, causing lysosomal release and hydrolysis of intracellular
substances, resulting in chondrocyte death [82,83]. In addition, mitochondrial oxidative
stress induces the release of MMPs and degradation of the ECM [84], which is important for
maintaining the normal structure and function of chondrocytes, and its degradation leads
to structural damage and loss of function of chondrocytes, accelerating the degenerative
lesions of articular cartilage and the induction of OA [85]. Chronic inflammation is another
hallmark of aging [86]. Mitochondrial damage activates Nod-like receptor thermal protein
domain associated protein 3 (NLRP3) inflammatory vesicles, leading to excessive release of
inflammatory mediators such as IL-1β and TNF-α, exacerbating the inflammatory response
of chondrocytes and promoting chondrocyte apoptosis [87,88].

2.2.4. Aging and Autophagy

Autophagy is an intracellular process of self-degradation, which in most cases is a pro-
tective mechanism that maintains cellular integrity by removing damaged macromolecules
and organelles and plays an important role in cartilage growth and development and
the maintenance of articular cartilage homeostasis [89,90]. Stimulation of autophagy has
anti-aging effects, preventing chondrocyte death and cartilage senescence and promoting
longevity [91,92]. However, with age, the basic autophagic activity of cells in senescent
tissues decreases, and the clearance efficiency decreases, leading to increased aggregation
of various macromolecular proteins [93], which attenuates the protective effect on cartilage
and ultimately results in cartilage degeneration and a series of aging-related diseases [94].
In advanced stages of OA, chondrocytes exhibit decreased autophagy and increased apop-
tosis [95]. Autophagy-related proteins, such as unc-51-like kinase 1 (ULK1), Beclin-1, and
light chain 3 (LC3), are highly expressed in clusters of human chondrocytes, whereas their
expression is reduced in the elderly [96]. Decreased autophagy leads to reduced chondro-
cyte activity and accelerated chondrocyte death, which may be the underlying cause of
OA development [97]. In the early stage of OA, the enhancement of autophagic activity
in superficial chondrocytes may serve as an adaptive response to avoid cell death. In
contrast, the absence of autophagy in deep chondrocytes may be associated with abnormal
calcification of cartilage and replacement of chondrocytes in late OA [98]. In addition,
decreased autophagy in senescent cells promotes oxidative stress and ROS production [99].
Accumulation of ROS accelerates the onset of age-related degenerative diseases [100].
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2.2.5. Aging and the ECM

The ECM is a complex meshwork of various proteins, including collagen, fibronectin,
and proteoglycans, that regulates cellular homeostasis, confers biomechanical properties
to articular cartilage, and provides mechanical support [101]. As cells age, the ECM will
undergo alterations including transcriptional, translational, and post-translational modifi-
cations of its components, which directly or indirectly affect the interaction between the
ECM and the cell, resulting in corresponding damage [102]. For example, the integrity of
the ECM is decreased by glycosylation of collagen fibers, oxidation, inappropriate cross-
linking, and accumulation of protein macromolecules [103]. Meanwhile, the accumulation
of senescent cells directly affects ECM synthesis, secretion, and remodeling [104]. With
cellular senescence, the up-regulation of two deterrent proteins, p16, and p21, will irre-
versibly stall the cell cycle in the G0 or G1 phase, preventing the cell from replicating
and affecting the transcription and translation of ECM genes, leading to alterations in the
composition and structure of the ECM [105]. ECM-degrading enzymes are up-regulated in
senescent cells. Senescent cells affect the structure and content of the ECM by secreting the
corresponding SASPs, in particular through the up-regulation of MMPs and tissue inhibitor
of metalloproteinases (TIMP), leading to gradual degradation and dysfunction of the ECM
and accelerated joint destruction [106,107] (Figure 1).
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Figure 1. The mechanism of osteoarthritis in aging. The process of senescence results in the induction
of apoptosis through the activation of SASPs, mitochondrial damage, and impaired autophagy. This
leads to an increase in the production of ROS, inflammatory factors (IL-1β and TNF-α), and MMPs,
as well as the promotion of ECM degradation and the release of hydrolytic enzymes. SASPs inhibit
the cell cycle through the promotion of p16 and p21, and the inhibition of autophagy by senescence
results in decreased expression of autophagy-related proteins (LC3, Beclin-1, ULK1). This ultimately
promotes apoptosis and leads to OA.



Int. J. Mol. Sci. 2025, 26, 1505 7 of 23

3. Gut Microbiota Regulates Senile OA
It is widely accepted that dysregulation of the gut microbiota represents a significant

contributing factor to the development of OA [108]. In recent years, an increasing number of
studies have demonstrated a strong correlation between gut microbiota and osteoarthritis.
It has been shown that alterations in the gut microbiota can transmit signals through the
‘gut–joint axis’, which directly or indirectly influences the inflammatory response of the
joints and disease progression by modulating the intestinal mucosal barrier, intestinal
metabolites, and the level of immunity and disease progression [109].

3.1. Intestinal Mucosal Barrier

The composition of the gut microbiota plays an essential role in regulating the function
of the intestinal mucosal barrier [110]. The intestinal mucosal barrier serves to prevent
the penetration of noxious substances from the intestinal lumen into the blood circulation,
thereby maintaining the overall health of the organism [111]. The process of aging not
only affects the composition of the intestinal flora but is also associated with changes in
the intestinal mucosa and barrier function. These changes include a contraction of the
protective intestinal mucus layer, loss of intestinal tight junction proteins, and increased
permeability of the intestinal epithelial barrier [112]. This leads to the leakage of toxic bacte-
rial metabolites into the circulation, which in turn promotes the development of low-grade
inflammation throughout the body [113]. Thevaranjan et al. [114] transplanted the micro-
bial microflora of an aged mice population into young mice, which resulted in increased
intestinal permeability in the young mice. This suggests that the composition of the micro-
biota can influence intestinal permeability and that permeability increases with age. The
tight junctions between the intestinal epithelial cells are permitted to disintegrate, resulting
in augmented absorption of bacterial products, including lipopolysaccharides [115], and
the stimulation of inflammatory responses in vivo [116]. It has been demonstrated that
elevated levels of LPS in the blood can activate janus tyrosine kinase 2/signal transducer
and activator of transcription 1 (JAK2/STAT1) by inducing the toll-like receptor 4 (TLR4)
pathway, which in turn promotes macrophage M1 polarization [117,118]. This process
leads to the release of pro-inflammatory cytokines, including IL-1, IL-6, IL-12, TNF-α,
ROS, and NO, which exacerbate tissue inflammation and damage [119]. Alternatively,
LPS has been demonstrated to induce the secretion of degradative enzymes, including
MMPs, a disintegrin, and metalloproteinase with thrombospondin motifs 4 (ADAMTS4)
and ADAMTS5 through the activation of NF-κB transactivation, which ultimately leads to
the degradation of articular cartilage [120,121]. Furthermore, it has been demonstrated that
LPS stimulates the synthesis of inflammatory and catabolic factors by increasing the ex-
pression of cyclooxygenase-2 (COX-2), prostaglandin E2 (PGE2), and NO, which ultimately
results in chondrocyte apoptosis [121]. Therefore, the aforementioned studies indicate that
elevated intestinal permeability resulting from disruption of the intestinal mucosal barrier
can lead to the release of a considerable number of inflammatory factors, which ultimately
exacerbates joint inflammation.

3.2. Immune Response

With age, senescent cells down-regulate proliferation-related genes while overexpress-
ing inflammatory factors and other molecules that regulate the immune response thereby
causing dysregulation of the immune system, leading to diseases associated with immune
decline and chronic inflammation [122,123]. The gut microbiota plays a crucial role in
the formation of the intestinal immune system and can modulate the immune response
through the production of substances with immunomodulatory and anti-inflammatory
functions such as short-chain fatty acids, indoles and their derivatives, and secondary
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bile acids (BAs) [124]. A disruption in the equilibrium between the gut microbiota and
the immune system can result in damage to the intestinal immune system due to al-
tered intestinal mucosal permeability. This, in turn, can lead to a dysregulation of the
intestinal endo-environment and a variety of immune-mediated and related diseases (e.g.,
inflammatory bowel disease, rheumatoid arthritis, and OA) [125,126]. The levels of LPS,
a metabolite derived from the gut microbiota, have been demonstrated to correlate with
the severity of OA [127]. LPS can act on macrophages and neutrophils in the immune
system through the activation of the CD14-LPS-LBP complex and the binding of TLR4,
which leads to the conversion of macrophages to M1-type macrophages, inducing the
synthesis of pro-inflammatory factors, such as IL-1β, TNF-α, and MMPs, which can initiate
a pro-inflammatory response in immune cells, leading to significant secondary effects in
the joint tissues, exacerbating the onset and progression of OA [128–130]. TLRs are present
in a variety of innate immune cells and represent a significant class of protein molecules
involved in the innate immune response [131]. They facilitate the interconnection between
the intestinal barrier, intestinal flora, and the innate immune system, thereby influencing
the development of the gut microbiota [132]. TLR4 induces an inflammatory response
in chondrocytes by increasing the expression of inflammatory factors, such as IL-1β and
MMPs, and decreasing the synthesis of proteoglycans and col2a1. This results in the degra-
dation of the cartilage matrix and an exacerbation of OA severity [133,134]. Bifidobacteria
have been demonstrated to promote immune responses and to produce metabolites such
as indoleacetic acid (IAA) and indoleacrylic acid (IA). These metabolites have been shown
to promote the integrity of the intestinal mucosal barrier and to inhibit inflammatory
responses by stimulating IL-22 expression and activating the aryl hydrocarbon receptor
(AhR) [135,136]. Conversely, the number of bifidobacteria is significantly reduced in the
elderly, which induces an increase in inflammatory factors and produces inflammatory
lesions such as OA [137]. Therefore, the process of aging results in disturbances within the
intestinal microecological environment, which can subsequently lead to the dysregulation of the
immune response and the subsequent development of OA.

3.3. Metabolites of the Gut Microbiota

The gut microbiota is capable of producing a diverse range of metabolites, and the
levels of specific metabolites have been associated with the severity of inflammatory pro-
cesses in arthritis [124]. BAs are metabolites derived from gut flora including species
such as Lactobacillus, Bifidobacterium, Clostridium, and Anaplasma. They represent the
most significant class of gut flora metabolites [138]. BAs represent a principal pathway for
cholesterol and lipid metabolism and have been linked to a range of metabolic disorders [139]. It has
been demonstrated that the gut microbiota in aged mice is markedly disrupted, exhibit-
ing dysregulated BA homeostasis and markedly reduced levels of taurocholic acid (TCA)
and taurohyodeoxycholic acid (THDCA). This results in a reduction in the abundance of
BAs in mice, leading to increased systemic inflammation and a worsening of the progres-
sion of arthritis [140]. Furthermore, NLRP3 is an inflammatory vesicle that triggers an
inflammatory response by activating cysteine-aspartate specific proteinase-1 (Caspase-1),
thereby inducing the release of pro-inflammatory factors IL-1β and IL-18 [141]. It has been
demonstrated that BAs inhibit the activation of NLRP3 inflammatory vesicles, which are
responsible for inducing an inflammatory response [142]. Conversely, an increase in age
has been shown to result in a reduction in BA levels, which in turn leads to an increase
in the production of inflammatory cytokines [143]. These findings collectively indicate
that a reduction in BA content associated with the aging process may contribute to the
exacerbation of OA. It can therefore be surmised that age-related metabolic disorders of the
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gut microbiota may induce an inflammatory response, thereby exacerbating the progression
of OA (Figure 2).
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cause intestinal flora disorder. On the one hand, it will reduce the number of beneficial microbiota
(Lactobacillus, Bacteroides, Clostridium), reduce the level of BAs and SCFAs, and promote the
expression of inflammatory factors; on the other hand, the combination of LPS and TLR4 acts
on macrophages, leading to the transformation of macrophages into M1 macrophages, triggering
inflammatory reactions in immune cells, and jointly inducing the occurrence of OA.

4. Potential Strategies for Targeting Gut Microbiota to Treat Senile OA
4.1. Diet

It is well established that diet plays a pivotal role in shaping the gut microbiota [144].
The supplementation of appropriate dietary fiber has been demonstrated to modulate
the structure of the intestinal flora, thereby altering the composition of the microbiota,
metabolism, and host immune response [123,145]. Resveratrol is a natural phenolic com-
pound found in foods such as grapes, blueberries, and peanuts. It has been demonstrated
to possess anti-inflammatory, antioxidant, and immunomodulatory effects [146,147]. It has
been demonstrated that resveratrol markedly elevates the population of Bacteroides, Lacto-
bacillus, and Bifidobacteria [148]. Similarly, Lactobacillus and Lactobacillus acidophilus
(LAC) have been shown to enhance the bioavailability of resveratrol [149]. Increased
resveratrol has been demonstrated to stimulate the regeneration of microvilli in the gut by
modulating the nuclear factor erythroid 2-related factor 2 (Nrf2) and NF-κB signaling path-
ways, attenuating the increase in intestinal permeability induced by LPS and promoting
tight junctions between the intestinal mucosal barriers [150]. Furthermore, resveratrol has
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been demonstrated to promote antioxidant stress by up-regulating the phosphatidylinosi-
tol 3-kinase (PI3K)/protein kinase B (AKT)-mediated Nrf2 signaling pathway, which in
turn reduces intracellular ROS levels and apoptosis rates [151]. Additionally, resveratrol
has been shown to inhibit the expression of pro-inflammatory cytokines such as IL-1β
and TNF-α and enhances mitochondrial autophagy to reduce chondrocyte apoptosis and
degradation, thereby exerting a protective effect against OA [152,153]. For instance, in
the experiment of Gu et al. [154], the oral administration of resveratrol exerted anti-OA
effects by reducing body weight, restoring the expression of type II collagen (COL2) in
cartilage, and inhibiting chondrocyte apoptosis in mice fed a high-fat diet (HFD), which
may be related to changes in the gut microbiota. The inhibitory effect on the number of
cells undergoing apoptosis was more significant in the middle dose (22.5 mg/kg) and high
dose resveratrol (45 mg/kg). Chondroitin sulfate (CS) is a nutraceutical that is widely used
to improve the symptoms of OA and plays an important role in maintaining the structural
integrity of cartilage tissue [155]. The oral administration of CS has been demonstrated
to be associated with an increase in SCFAs and the Anaplasma phylum, and a decrease
in the Aspergillus phylum [156,157]. Among these, the anaplastic gates were observed
to significantly reduce the activity of pro-inflammatory cytokines in synovial fluid [158].
Furthermore, the activation of AMPK by SCFAs was demonstrated to induce inflammatory
resistance, which could potentially attenuate the destruction of cartilage by inflammatory
mediators and ameliorate joint damage [159]. Angelica dahurica, a botanical ingredient
extracted from pine bark and metabolized by the gut microbiota, has been shown to reduce
C-reactive protein levels by 71.3% and plasma free radical levels by 29.9% in patients with
OA, with anti-inflammatory effects [160]. In a clinical trial, patients with primary OA
were administered 150 mg of Angelica dahurica daily for a period of 60 days. The results
demonstrated a significant reduction in pain, stiffness, physical functioning, and WOMAC
scores by 18.6%, 18%, 19.6%, and 19.2%, respectively. This finding signifies a substantial
alleviation of the clinical manifestations associated with OA [161]. In conclusion, diet may
protect against OA by regulating the gut microbiota.

4.2. Probiotics and Prebiotics

Probiotics and prebiotics are dietary substances that have been demonstrated to im-
prove host health by modulating the composition and function of the host’s gut microbiota,
either directly or indirectly, by promoting the growth of beneficial flora [28,162]. Lactobacil-
lus spp. have a long history of use as a probiotic therapy for OA [163]. Lactobacillus casei
Shirota (LcS) is one of the most frequently utilized probiotics [164]. The ingestion of LcS has
been demonstrated to reduce circulating levels of serum high-sensitivity C-reactive protein
and to improve knee pain in patients with KOA [165]. The increased frequency of intake of
LcS-containing fermented dairy products has been demonstrated to result in the attenuation
of Helicobacter pylori-induced NF-κB activation, a reduction in pro-inflammatory cytokine
levels (IL-6 and TNF-α), and an increase in fecal deoxycholic acid (CDCA), deoxycholic
acid (DCA), litho-carbonic acid, and BAs abundance. This has been accompanied by a sup-
pression of the inflammatory response [164,166]. LAC, a probiotic commonly used in research,
has been demonstrated to reduce the relative abundance of Streptococcus species in the gut
microbiome and decrease the amount of endotoxin produced by these bacteria [167]. This
has been shown to alleviate cartilage degeneration in OA by rebalancing anti-inflammatory
and pro-inflammatory factors, thereby reversing gut microecological dysregulation in OA
models and pain [168]. Prebiotics are defined as foods that are rich in bioactive substances,
including polysaccharides, oligofructose, and polyphenols [169]. Several animal studies
have demonstrated that prebiotics can improve the status of osteoarthritis by modulat-
ing the gut microbiota [170,171]. For instance, the administration of continuous prebiotic
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oligofructose supplementation (10% w/w) over a period of two weeks has been shown
to enhance the proliferation of beneficial bacterial species, including Actinobacteria and
Bifidobacteria. Concurrently, this intervention has been observed to reverse the adverse
effects of high-fat diet-induced obesity on the intestinal microbiota. Furthermore, it has
been demonstrated to induce a reduction in pro-inflammatory mediators, such as IL-12
and monocyte chemotactic protein-1 (MCP-1), and to attenuate OARSI scores, thereby
promoting the recovery of knee joint injury in mice models of OA [172]. Furthermore,
Bifidobacterium longum CBi0703 lyophilized inactivated culture (LIC) administered at a
dose of 1 µg/kg once a day for 12 weeks reduced cartilage structural damage and signif-
icantly lowered serum Coll2-1 levels, suggesting inhibition of COL2 degradation and a
potentially preventive effect on the development of OA [170]. In conclusion, prebiotics or
probiotics may prove effective in ameliorating the pathological process of OA by increasing
the abundance of beneficial bifidobacteria.

4.3. Exercise

It has been demonstrated that exercise is beneficial to health and can effectively im-
prove pain and function in patients with OA [173]. Furthermore, evidence indicates that
exercise can markedly alter the structure, diversity, and abundance of intestinal flora, aug-
ment the number of beneficial microbial species, fortify intestinal mucosal immunity, and
exert a beneficial influence on the intestinal microecological balance, energy homeostasis,
and regulation [174,175]. Butyrate has been demonstrated to possess the capacity to at-
tenuate cartilage degradation in vivo [176]. The increase in butyrate-producing bacteria,
such as Faecalibacterium prausnitzii and Roseburia hominis, resulting from exercise leads
to the promotion of chondrocyte autophagy through a reduction in necrotic apoptotic
factors. Furthermore, the enhancement of LC3 and Beclin-1 expression, along with the
up-regulation of the p62 protein, is also observed. Consequently, IL-1β-induced inflamma-
tory cytokine expression and ECM degradation are attenuated, while ROS generation is
effectively reduced, chondrocyte cell cycle arrest is prevented, and cartilage degradation
is improved [177,178]. Furthermore, exercise has been demonstrated to confer benefits to
OA joints by inhibiting the elevation of serum TNF-α, LPS, and endotoxin concentrations,
and by inducing a decrease in systemic low-grade inflammation through a reduction in
the abundance of Clostridium difficile [179]. Furthermore, the prolongation of exercise
duration has been observed to elicit more pronounced alterations in the intestinal flora,
which may potentially facilitate enhanced metabolic processes and mitigate the prolifer-
ation of flora, leaky gut, and systemic inflammation [180]. Petriz et al. [181] found that a
training program involving running at a speed of 12.5 m per minute, five days per week for
four weeks resulted in a 1.1-fold enhancement in the abundance of the Phylum Firmicutes,
and a 1.8-fold reduction in the abundance of the Proteobacteria in obese rats. This finding is
potentially valuable in the treatment of OA. In conclusion, exercise can prevent and delay
the onset and progression of OA by regulating the metabolism of the intestinal microbiota
and reducing the production of inflammatory factors.

4.4. Traditional Chinese Medicine

It is hypothesized that Chinese medicine may exert its therapeutic effects on os-
teoarthritic diseases by influencing and regulating the composition and balance of intesti-
nal flora. One active ingredient of traditional Chinese medicine (TCM), quercetin, has a
regulatory effect on the intestinal flora of OA rats. By increasing the levels of Lactobacillus
spp. and Clostridium difficile, it can reduce the expression of TNF-α, IL-6, and MMP3
in the synovial membrane of OA. Furthermore, it can promote the expression of IL-10
and TIMP-3, enhancing anti-inflammatory responses in OA and promoting the protective
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effect on chondrocytes [163,182,183]. Erxian Decoction (EXD), a multi-component and
multi-target herbal compound, has been demonstrated to improve articular cartilage degen-
eration by reducing the expression levels of MMP3 and MMP13 in KOA cartilage through
the up-regulation of the abundance of Mycobacterium anisopliae and Mycobacterium
thickeniens [184,185]. Moxibustion is a frequently employed treatment in the field of Chi-
nese medicine, and has been demonstrated to alleviate systemic inflammation in patients
with KOA by increasing the abundance of beneficial flora, including probiotics such as
Lactobacillus and Blautia [186]. Furthermore, prolonged moxibustion treatment has been
demonstrated to effectively regulate the dysfunction of intestinal flora, reducing the abun-
dance of Rumen coccus and Parabacteroides spp. (which correlate with intestinal barrier
disruption and OA severity) and down-regulating the levels of cartilage matrix-degrading
enzymes (ADAMTS5 and MMP13) on the one hand to ameliorate cartilage degeneration
and degradation, and at the same time, to promote a reduction in pro-inflammatory sub-
stances in the synovial fluid of KOA rats (IL-1β, TNF-α) to alleviate the progression of
inflammation [187,188]. TNF-α and IL-1β are archetypal pro-inflammatory factors in KOA,
and their activity and production can be inhibited by IL-10 [189,190]. In the study by
Jia et al. [187], KOA mice were treated with moxibustion at two acupoints, “Dubi” and
“Zusanli”, once every two days for a duration of 30 min. It was found that compared with
the control group (no moxibustion), moxibustion for 4 weeks (MS4) and 6 weeks (MS6) not
only increased the diversity and abundance of the intestinal flora in KOA mice, but also
significantly contributed to the elevation of IL-10 levels (control: 9.93 ± 0.96 pg/mL vs.
MS4: 15,96 ± 2,44 pg/mL vs. MS6: 13.72 ± 3.04 pg/mL), thus decreasing IL-1β and TNF-α
levels, increasing the number of chondrocytes and improving cartilage surface roughness.
In conclusion, TCM treats osteoarticular diseases and reduces inflammation by regulating
the balance and composition of the gut microbiota.

4.5. Fecal Microbiota Transplantation

Fecal microbiota transplantation (FMT) represents an alternative therapeutic approach
that is designed to treat diseases that are associated with the gut microbiota. This is achieved
by transferring feces from a healthy donor to the distal gastrointestinal tract of a recipient
patient, to reestablish the balance of the microbiota. This process is supported by the evi-
dence presented in the reference [191]. FMT has demonstrated good therapeutic potential
in a wide range of diseases, including autoimmune diseases, irritable bowel syndrome (IBS),
inflammatory bowel disease (IBD), and metabolic diseases, and its efficacy has been widely
validated in clinical practice [192–195]. For instance, a 20-year-old female patient suffering
from rheumatoid arthritis (RA) who received a FMT from a healthy 8-year-old donor exhib-
ited a gradual reduction in the required dosage of RA medications, along with a substantial
improvement in her rheumatoid factor titer, disease activity, and disability index. Notably,
no post-FMT discomfort was experienced by the patient [196]. As demonstrated by Huang
et al. for the first time [197], it was shown that microbiomes from different populations
could alter the pathological process of surgically induced OA in mice. In particular, the
transplantation of fecal samples from OA patients with metabolic syndrome (Mets) into
germ-free mice resulted in a significant elevation in low-grade inflammation, accompanied
by an increase in the abundance of Fusobacterium and Faecalibacterium and a decrease in
the abundance of Ruminococcaceae. This ultimately led to the exacerbation of the severity
of surgically induced OA in meniscus ligament injuries in mice. This provides a promising
avenue for the potential use of FMT in the treatment of OA. Regrettably, there is currently
a paucity of studies in this field, and thus a need for extensive research to ascertain the
viability of FMT as a treatment for OA (Table 1).
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Table 1. Potential strategies for targeting the gut microbiota against OA.

Treatment Gut Microbiota Regulation Role Ref.

Resveratrol
Bacteroides ↑

Lactobacillus ↑
Bacillus Bifidus ↑

Autophagy ↑
ROS ↓

Apoptosis ↓
Inflammation ↓

[148,151–153]

CS
Bacteroidetes ↑

SCFA ↑
Proteobacteria ↓

Inflammation ↓ [156–158]

LcS BA ↑
Helicobacter pylori ↓

hs-CRP ↓
Inflammation ↓ [165,166]

LAC Helicobacter pylori ↓
Streptococcus ↓

Endotoxin ↓
Inflammatory

balance ↑
[168]

Oligofructose Bifidobacteria ↑
Actinobacteria ↑ Inflammation ↓ [172]

Exercise F.prausnitzii ↑
R.hominis ↑

Autophagy ↑
LC3 ↑

Beclin-1 ↑
Inflammation ↓

ECM degradation ↓

[177,178]

Exercise Fusobacterium ↓
LPS ↓

Endotoxin ↓
Inflammation ↓

[179]

Quercetin Lactobacillus genus ↑
Clostridium ↑

IL-10 ↑
TIMP-3 ↑
MMP3 ↓

Inflammation ↓

[163,182,183]

PAL Bacteroidetes ↑
Firmicutes ↑

MMP3 ↓
MMP13 ↓ [184,185]

Moxibustion Lactobacilli ↑
Blautia ↑

Mankin scores ↓
Inflammation ↓ [186]

Moxibustion Ruminococcus ↓
Parabacteroides ↓

ADAMTS5 ↓
MMP13 ↓

Inflammation ↓
[187,188]

FMT
Fusobacterium ↑

Faecalibacterium ↑
Ruminococcaceae ↓

Endotoxin ↑
Low-grade

inflammation ↑
[197]

ABBREVIATIONS: CS: Chondroitin sulfate, LCS: Lacticaseibacillus casei Shirota, LAC: Lactobacillus acidophilus,
PAL: Palmatine, FMT: Fecal microbiota transplantation, hs-CRP: Hypersensitive C-reactive protein.

5. Conclusions and Perspectives
OA is a multifactorial disease, with aging representing the most significant risk factor.

As individuals age, senescent cells gradually accumulate in articular cartilage, contributing
to the pathological process of OA. The process of cellular senescence has been observed to
promote the secretion of SASPs, increase ROS production and mitochondrial damage in
chondrocytes, and induce the development of inflammatory responses and chondrocyte
apoptosis. Autophagy plays a pivotal role in safeguarding chondrocytes against a multitude
of stressors. Conversely, the process of aging has been observed to result in a reduction
in autophagic activity, which in turn has been linked to an increase in oxidative stress
generation and cartilage catabolism. Additionally, the ECM undergoes a progressive
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decline with age, resulting in impaired functionality and accelerated deterioration of
articular cartilage.

Recent years have seen an increasing number of studies demonstrating the close
relationship between a gut microbiota imbalance and the pathogenesis of OA. This review
examines the relationship between intestinal flora and the progression of OA. It highlights
that age-related changes in the intestinal flora disrupt the intestinal mucosal barrier and
dysregulate the immune response, leading to the development of inflammatory lesions
such as OA. Furthermore, a reduction in gut microbiota metabolites, such as BAs, has
been observed to increase the levels of inflammatory cytokines, thereby exacerbating
the progression of OA. A number of studies have indicated that modulation of the gut
microbiota may represent a potential avenue for the treatment of OA. A range of therapeutic
modalities, including diet, exercise, prebiotics and probiotics, TCM modification, and FMT,
have been proposed as possible interventions to prevent and manage the progression
of OA. In addition to acting alone, probiotics have been shown to combine with other
substances to exert their therapeutic effects. So et al. [198] found that the combination of
Lactobacillus casei (2 × 1010 cfu/kg, 500 mg/kg), glucosamine (250 mg/kg), and COL2
(250 mg/kg) enhanced anti-inflammatory effects in the joints and alleviated joint pain,
which was effective in inhibiting the progression of OA. Furthermore, the combined effect
of probiotic complex (12.5 mg/rat), zinc (20 mg/rat), and rosavin (100 mg/rat) reduced
the expression of TNF-α, IL-6, and MMP3, while significantly increasing the levels of
IL-10 and tissue inhibitor of metalloproteinase 3 (TIMP3). The inhibition of degenerative
changes in cartilage and slowing down the progression of OA was also observed [199]. It
is important to acknowledge that, despite its widespread recognition and acceptance as
a treatment, FMT is not without its drawbacks. These include the risk of infection and a
paucity of supporting data relating to long-term efficacy and safety [115]. Adverse events
following FMT have been reported to be generally mild, self-limiting and gastrointestinal,
with the majority manifesting as transient fever, nausea, abdominal discomfort, vomiting,
diarrhea, and constipation [200]. However, it is important to note that FMT can also result
in the development of serious adverse events, including death, sepsis, multi-organ failure,
and recurrence of IBD [200]. The risk posed by FMT may be correlated with the donor’s
intestinal flora [201]. For instance, a study revealed that at least one patient succumbed
to multidrug-resistant Escherichia coli (E. coli) organisms following FMT treatment [202].
Consequently, there is a necessity for comprehensive and standardized screening of donors
prior to FMT treatment, in addition to the management of potential complications, in order
to mitigate the risk of FMT.

Given that the process of aging is ongoing, changes in the gut microbiota and its
associated inflammatory state during aging may significantly influence the onset and
development of OA as a key determinant. Nevertheless, the precise mechanism by which
gut microbiota contributes to OA remains unclear. Further investigation is therefore
required to substantiate the efficacy of regulating gut flora in the management of OA
and to identify novel avenues for OA treatment. Furthermore, current studies on the gut
microbiota in OA have focused on chondrocytes and lacked exploration of subchondral
bone and synovial tissues. Consequently, future studies in this area should be strengthened
to more comprehensively understand the role of gut microbiota in OA and to provide a
scientific basis for the development of new therapies for OA.
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49. Chwastek, J.; Kędziora, M.; Borczyk, M.; Korostyński, M.; Starowicz, K. Inflammation-Driven Secretion Potential Is Upregulated
in Osteoarthritic Fibroblast-Like Synoviocytes. Int. J. Mol. Sci. 2022, 23, 11817. [CrossRef]

50. Cao, M.; Ong, M.T.Y.; Yung, P.S.H.; Tuan, R.S.; Jiang, Y. Role of synovial lymphatic function in osteoarthritis. Osteoarthr. Cartil.
2022, 30, 1186–1197. [CrossRef]

51. Coryell, P.R.; Diekman, B.O.; Loeser, R.F. Mechanisms and therapeutic implications of cellular senescence in osteoarthritis. Nat.
Rev. Rheumatol. 2021, 17, 47–57. [CrossRef] [PubMed]

52. Xu, M.; Bradley, E.W.; Weivoda, M.M.; Hwang, S.M.; Pirtskhalava, T.; Decklever, T.; Curran, G.L.; Ogrodnik, M.; Jurk, D.; Johnson,
K.O.; et al. Transplanted Senescent Cells Induce an Osteoarthritis-Like Condition in Mice. J. Gerontol. Ser. A 2017, 72, 780–785.
[CrossRef] [PubMed]

53. Jeon, O.H.; Kim, C.; Laberge, R.M.; Demaria, M.; Rathod, S.; Vasserot, A.P.; Chung, J.W.; Kim, D.H.; Poon, Y.; David, N.; et al.
Local clearance of senescent cells attenuates the development of post-traumatic osteoarthritis and creates a pro-regenerative
environment. Nat. Med. 2017, 23, 775–781. [CrossRef] [PubMed]
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