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Some say that all diseases begin in the gut. Interestingly, this concept is actually quite old, since it is attributed to
the Ancient Greek physician Hippocrates, who proposed the hypothesis nearly 2500 years ago. The continuous
breakthroughs in modern medicine have transformed our classic understanding of the gastrointestinal tract (GIT)
and human health. Although the gut microbiota (GMB) has proven to be a core component of human health under
standard metabolic conditions, there is now also a strong link connecting the composition and function of the GMB
to the development of numerous diseases, especially the ones of musculoskeletal nature. The symbiotic microbes
that reside in the gastrointestinal tract are very sensitive to biochemical stimuli and may respond in many different
ways depending on the nature of these biological signals. Certain variables such as nutrition and physical

modulation can either enhance or disrupt the equilibrium between the various species of gut microbes.

osteoarthritis gut microbiota metabolic syndrome systemic inflammation

| 1. Introduction

Osteoarthritis (OA) has long been considered a degenerative disease that affects the hyaline cartilage alone. This
orthopedic disorder still remains one of the most common degenerative and progressive joint diseases and a major
cause of pain and disability in adults, affecting approximately 7% of the global population (. The Global Burden of
Disease (GBD) 2019 study results revealed that the number of individuals affected by this condition increased
globally by 48% between 1990 and 2019, classifying OA as the 15th highest cause of years lived with disability 2.
This significant increase is due to extrinsic factors such as the aging of the population as well as the indulgence in
poor dietary habits B4, Over the years, however, researchers started to notice that these pathological alterations
were not exclusive to the chondral compartment. Adjacent structures including the subchondral bone, ligaments,
synovium, and the joint capsule as a whole, are all involved in this pathological process albeit in varying degrees [
. Many explanations have been proposed in attempts to fully elucidate the development of osteoarthritic
alterations. Recent evidence indicates that OA progression is not exclusively attributed to biomechanical trauma
but biochemical stressors as well, which may negatively affect regular activity of various cells and tissues [,
Further research has shown that metabolic syndrome (MS), in particular, may in fact be one of the main culprits
responsible for the development of OA. MS is a major health condition of modern-day society, and it only continues
to expand and challenge public and clinical health on a global scale as a result of urbanization, increased calorie
intake, the rise of obesity and sedentary life habits [. MS is connected to multiple physiological systems, being
directly associated with the presence of four main clusters, which are: insulin resistance, obesity, vascular
pathology, and dyslipidemia. MS paves the way for the progression of “meta-inflammation”, a state of persistent,

low grade systemic inflammation triggered by metabolic stress [l This inflammatory stress disrupts cellular
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equilibrium and eventually aggravates systemic inflammation throughout the body [l By definition, meta-
inflammation is a state of chronic inflammation mediated by macrophages present in multiple locations such as the
liver, muscle, visceral fat, pancreas, colon and even the brain, for instance © 1tis important to note that the state of
chronic systemic inflammation also acts as a key mediator which drives the pathogenicity of OA by promoting
harmful subchondral bone alterations in the onset of OA 19, As a result, cartilage is also greatly affected by these
alterations, aggravating inflammation even further, contributing to a shift towards a predominant pro-inflammatory
and catabolic microenvironment in the joint [Bl. Cytokines related to OA pathogenesis include tumor necrosis factor
(TNF)-a, matrix metalloproteinases (MMPs), interleukin (IL)-1, IL-6, IL-2, IL-7, IL-15 and IL-21, and other
chemokines which contribute to catabolic activity and detrimental effects 1112 These findings prove to be of
particular significance since OA itself is influenced by the complex interplay between local, systemic and external
factors, which consequently dictate disease progression and the manner in which patients respond to the treatment
(131 pespite its clinical and financial ramifications, conventional OA treatments still prove to be challenging.
Conservative methods such as the administration of pharmacological agents only promote temporary alleviation of
pain but do not address the etiological source of the disease and may, in some cases, cause serious adverse
effects 4l Pharmaceuticals may compromise the integrity of the gastrointestinal barrier, creating a state of
hyper-permeability and inflammation 13, As a matter of fact, long term administration of corticosteroids, for
example, can increase the risk of serious side effects such as peptic ulcer disease, acute renal failure, and even
myocardial infarction 18],

2. GBM-Derived Metabolites and Osteoarthritis (OA)
Progression

Recent attention has been given to bacterial-derived LPS, specifically, as this microbial protein has been
increasingly implicated in inflammatory disorders, namely OA. Researchers have revealed a correlation between
elevated levels of circulatory inflammatory biomarkers (including LPS) with the severity of OA, therefore painting
GMB-derived metabolites as pathogenic mediators responsible for driving inflammatory musculoskeletal disorders
[17)18] For instance, an animal study demonstrated that mice on a 28-week high-fat and high-sugar diet developed
an obese phenotype and displayed increased cartilage damage, establishing a direct correlation between serum
LPS levels and Mankin histological scores [17. In this study the researchers also examined GMB composition via
16S sequencing, detecting significant increases in Lactobacillus and Methanobrevibacter bacterial species, which
indicated that MS promoted a strong dysbiotic shift in murine GMB with a strong predictive relationship with
histological scores. In a similar study, Ulici et al. were able to demonstrate reduced severity of post-traumatic OA in
germ-free mice, implying once again a causal role for the GMB in musculoskeletal pathogenesis [22l. Most of the
animal studies evaluating the impact of GMB were performed on rodents due to the similarity of their GMB to that

of the human gut microenvironment 29121,

A similar pathogenic process occurs in humans. Dysbiosis of gut microbiome promotes excess porosity in the

epithelial barrier of the gut and leakage of microbes and their by-products into the circulation, as shown in Figure
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1 [22123] Stress involved in metabolic syndrome and pain involved in OA modulate gut microbiota through release

of neurotransmitters and result in increased intestinal permeability [23124],
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Figure 1. Mechanism of regulation of immune response by gut microbiome. The native immune system is tolerant
to the resident gut microbiome under the tight control of intestinal epithelial cells using mucosal barrier, secretory
IgA and antimicrobial peptides (AMP). The native gut microbiome stimulates the intestinal epithelial cells, dendritic
cells and macrophages to activate the T regulatory (T reg) cells and T helper 17 (Th17) cells. Upon activation of the
intestinal epithelial cells with toll-like receptors (TLRs), B-cell activating factor (BAFF) and a proliferation inducing
ligand (APRIL) are secreted which promotes the differentiation of IgA producing plasma cells, whereas in dysbiotic
status of gut microbiome with the loss of barrier integrity and breach in the intestinal epithelial cell barrier,
translocation of bacterial components, pathogen-associated molecular patterns (PAMPS), intestinal immune system
is triggered through TLR activation. This results in an inflammatory cascade through hyperactivation of T helper 1
(Thl) and Th17 cells resulting in section of inflammatory cytokines.

The hypothesis behind the dysbiosis of gut and the development of OA are (a) low-grade intestinal inflammation 22!
(28] (b) elevated levels of microbial lipopolysaccharide (LPS) 24, (c) metabolic endotoxemia (interaction of gut-
derived LPS and toll-like receptor (TLR)-4) [281291 (d) meta-inflammation (metabolic inflammation mediated by
macrophages present in multiple locations such as the liver, muscle, visceral fat, pancreas, colon and even the
brain) 221341 and (e) metabolic syndrome (abdominal obesity, dyslipidemia, hypertension, insulin resistance +
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glucose intolerance, pro-inflammatory and prothrombotic states) 3233l The presence of inflammatory products and

microbial genetic products in the joint pose a temporal association between gut microbiota and arthritis [34135],

2.1. Gut-Joint Axis Distortion

“Gut-Joint” axis establishes the crosstalk between gut and joint B4EEIB7EEISN Gyt microbiota elaborates the wide
range of metabolites, enzymes, and short chain fatty acids. These microbes produce lipopolysaccharides (LPS)
which pave a way for increased intestinal permeability (“leaky gut”) and enter into systemic circulation to produce
chronic low-grade intestinal inflammation. With respect to LPS, there exists an association with obesity and
metabolic syndrome that are the potential risk factors for the development of OA. There is proven evidence of the
role of LPS in OA pathogenesis “9. Dunn et al. 1 revealed the identification of microbial DNA signatures in
articular cartilage of rodents and humans. The researchers performed 16S ribosomal RNA gene deep sequencing
on eroded and intact cartilage samples from knee and hip OA patients, analyzing microbial DNA diversity and
metagenomic profiles. The findings in human cartilage were compared to those in cartilage from OA-susceptible
and OA-resistant mice. Result analysis indicated that alterations in microbial DNA signatures occur during OA
progression. Although knee samples were microbiologically distinct from hip cartilage, microbial DNA in OA
individuals was associated with increased Gram-negative constituents. This evidence shows that gut dysbiosis

leads to the progression of the natural course of OA [28],

The role of MS on gut—joint instability in the absence of obesity has recently been investigated. In a mouse model
of MS, Guss et al. 42 analyzed the effects of mechanically-induced OA on TLR5-deficient mice. Much like previous
findings, histological evidence indicated that severe changes in cartilage were present in the high-fat diet mice
groups, corresponding to GMB dysbiosis, increased body fat and systemic inflammation (as expected), only this
time with an increased number of Firmicutes bacteria. Although metabolic irregularities were found in TLR5-
deficient mice, the researchers concluded that, in isolation, they could not have been solely responsible for the
development of OA. Actually, the increased levels of LPS and the overgrowth of Firmicutes played a much more

expressive role, here revealing a strong correlation between microbial components and OA progression.

2.2. Gut-Joint-Brain Axis Distortion

Turroni et al. established Gut-Joint-Brain (GJB) axis with OA pain 32, The altered pain perception in OA cases is
due to the modulation of the peripheral nociception and sensitization phenotype which results in the discrepancy in
the results of the estimation of OA pain to the severity of radiological findings 2. Increased intestinal permeability
allows microbial metabolites to prime macrophages and exacerbate the joint inflammation, resulting in pain 24!,
With the existing “Gut—Joint” axis, the exposure of stress and pain alter the interactions between the brain and the
intestine, resulting in distorted quorum sensing signals and microbial gene expression, altered Gl secretion,
increased gut permeability and mobility, and dysbiotic gut. All this disequilibrium between gut microbiota and pain
perception results in joint and systemic inflammation 22481, Understanding the temporal relationship among the
pain perception in OA, gut microbiota, and joint inflammation leads to improved therapeutic strategies in the

management of patient health in OA.
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2.3. Evidences on Pathogenesis of OA

In a study involving 25 patients with knee OA, researchers were able to establish a link between serum and
synovial fluid levels of LPS with known hallmark features of OA: the presence of activated macrophages (M1—pro-
inflammatory) in the knee joint capsule and synovium; joint space narrowing; osteophyte formation; and high
WOMAC (The Western Ontario and McMaster Universities Arthritis Index) scores, indicative of severe pain 18],
This also lies in parallel with a larger cohort study in the Dutch population 47, The Rotterdam study-lll recruited
1444 patients with hip and/or knee OA, where a solid association between increased WOMAC scores and
abundance of Streptococcus bacteria with pro-inflammatory profile was found. For these reasons, physicians have
been prompted to view the GMB from a new perspective, as a patient's GMB must also be accounted for in

consideration of possible dysbiotic shifts and secondary pathogenic effects.

Coulson et al. compared 3000 mg/day of green-lipped mussel (GLM) and 3000 mg/day of glucosamine (GS) in OA
patients for 12 weeks and evaluated therapeutic efficacy on gut microbiota. In the GLM group, increased
Bifidobacterium and decreased Enterococcus and yeasts were observed whereas in the GS group decreased
Bacteroides and increased yeasts and coliforms, most notably Escherichia coli, were observed. Clostridia was
reduced in both the groups, which is a potent immunomodulatory that decreases inflammation, improved WOMAC
and GSRS scores and improved OA symptoms in response with colonic Th17 and CD4+ regulatory T cells 28],

Boer et al. evaluated gut microbiome and joint pain and inflammation. They demonstrated a spurious association
between increased amounts of Streptococcus spp. and higher OA-related knee pain, but the causal association
needs to be established. The possible hypothesis for OA-related knee pain and Streptococcus spp. is due to the
production of microcellular vesicles by Streptococcus spp. in the Gl tract. With the above findings, by reversing the
gut dysbiosis through diet interventions, OA-related knee pain can be reversed. The causal association

between Streptococcus spp. and OA has to be establish before translating into clinical practice 241,

Huang et al. demonstrated the role of LPS, a pro-inflammatory mediator from Gram-negative microbes, in
accelerating the severity of OA 49, They established a correlation between the presence of LPS in synovial fluid in

the knee with the increased activated macrophages in the knee and clinical and radiographic severity of OA knee
g,
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