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Abstract: Modern advances in molecular medicine have led to the reframing of osteoarthritis as a
metabolically active, inflammatory disorder with local and systemic contributing factors. According
to the ‘inflammatory theory’ of osteoarthritis, immune response to an initial damage is the key
trigger that leads to progressive joint destruction. Several intertwined pathways are known to
induce and govern articular inflammation, cartilage matrix degradation, and subchondral bone
changes. Effective treatments capable of halting or delaying the progression of osteoarthritis remain
elusive. As a result, supplements such as glucosamine and chondroitin sulphate are commonly used
despite the lack of scientific consensus. A novel option for adjunctive therapy of osteoarthritis is
LithoLexal® Joint, a marine-derived, mineral-rich extract, that exhibited significant efficacy in clinical
trials. LithoLexal® has a lattice microstructure containing a combination of bioactive rare minerals.
Mechanistic research suggests that this novel treatment possesses various potential disease-modifying
properties, such as suppression of nuclear factor kappa-B, interleukin 1β, tumor necrosis factor
α, and cyclooxygenase-2. Accordingly, LithoLexal® Joint can be considered a disease-modifying
adjunctive therapy (DMAT). LithoLexal® Joint monotherapy in patients with knee osteoarthritis
has significantly improved symptoms and walking ability with higher efficacy than glucosamine.
Preliminary evidence also suggests that LithoLexal® Joint may allow clinicians to reduce the dose
of nonsteroidal anti-inflammatory drugs in osteoarthritic patients by up to 50%. In conclusion,
the multi-mineral complex, LithoLexal® Joint, appears to be a promising candidate for DMAT of
osteoarthritis, which may narrow the existing gap in clinical practice.

Keywords: osteoarthritis; LithoLexal; lithothamnion; disease-modifying adjunctive therapy; anti-
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1. Introduction

Osteoarthritis is a degenerative joint disease characterized by articular cartilage ero-
sion, subchondral bone pathology and sclerosis, marginal bone hypertrophy and a range
of biochemical and morphological alterations of the synovial membrane and joint capsule.
Although it can affect any joint, osteoarthritis occurs most often in knees, hips, lower
back, neck, small joints of the fingers, base of the thumb and big toes. Clinical diagnosis
relies on patient’s history, physical examination, and radiographic evidence [1]. Medical
management of osteoarthritis still poses a significant clinical challenge, and its outcomes, in
most cases, are far from satisfactory. Considering this, the current review aims to introduce
the potential position and clinical efficacy of an emerging osteoarthritis adjunctive therapy
(LithoLexal® Joint, Nordic Medical Ltd., London, UK) and elaborate on our current state of
understanding of its mechanisms and action.
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1.1. Epidemiology and Health Burden of Osteoarthritis

Osteoarthritis is the most common chronic condition of the joints and the single most
common cause of disability in older adults. Ageing is the main risk factor for developing
osteoarthritis given that its prevalence considerably increases with age. For instance, the
prevalence of knee osteoarthritis increases from 26% in persons younger than 60 years to
44% in individuals older than 70 years [2]. Obesity is another major risk factor, strongly
associated with knee and hand osteoarthritis so that every 5-unit increase in body mass
index elevates the risk of knee osteoarthritis by 35% [3]. This chronic disease more often
occurs in women than men and in developed than developing countries [4]. Evidently,
radiographic hand osteoarthritis is the most prevalent form that occurs in 27–80% of adults,
while depending on the population, hip osteoarthritis has a prevalence rate of up to 45% [5].

Advanced osteoarthritis can lead to significant psychological, social and economic
consequences and impose a substantial financial burden to the health system [6]. Due
to ageing of the population and a growing obesity pandemic, the magnitude of this
burden is increasing. According to the 2010 Global Burden of Disease Study, hip and knee
osteoarthritis ranked 11th highest in terms of ‘years of life lived with disability’ among
291 conditions evaluated [7]. It is estimated that this chronic joint disease is responsible for
~7% of the ‘total productive life years’ lost due to disability worldwide [8].

1.2. Understanding Osteoarthritis as an Inflammatory Disease

Contemporary advances in molecular medicine have increased our understanding
of the pathophysiology of osteoarthritis. It is now well known that osteoarthritis is a
multifactorial, metabolically active condition that involves all joint tissues, i.e., articular
cartilage, synovium, subchondral bone, menisci, ligaments, muscles and nerves [9]. In this
model, low-grade, chronic inflammation plays a central role as the mediating mechanism
that connects etiological factors to a pervasive tissue damage characteristic of advanced
arthritis [10]. Direct evidence has recently become available through RNA sequencing
that a large number of the signaling pathways in osteoarthritic patients are associated
with immune response and inflammation [11,12]. To reflect this novel development, the
phrase ‘tear, flare and repair’ has been proposed [13], signifying the fundamental role of
immune response in the pathogenesis of osteoarthritis. The term ‘tear’ represents focal
biomechanical insults resulting from overload, overuse, malalignment, or injury, which
lead to fibrillation, erosion, and cracking on the superficial layer of articular cartilage.
Damage-associated molecules released into the synovial fluid during this initial tear can
induce inflammatory reactions in synovial macrophages and catabolic responses in chon-
drocytes [14], referred to as ‘the flare’. In the clinic, synovial inflammation and thickening
can be observed as morning stiffness, joint warmth, and effusion. Irritated synovial cells
produce inflammatory cytokines, including interleukin 1β (IL-1β), IL-6 and tumor necrosis
factor α (TNF-α), that share a capacity to activate an array of catabolic genes and signaling
pathways in chondrocytes. Inflammatory signals stimulate cytokine-activated transcription
factors, such as nuclear factor kappa-B (NF-κB), and thereby inhibit the activity of collagen
promoters and decrease the production of cartilage extracellular matrix [15] (Figure 1).
For instance, IL-1β inhibits the production of aggrecan [16] and types II and IX collagen
fibers [17].
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Figure 1. In osteoarthritic joints, a stimulated increase in the production of proinflammatory cytokines
causes an overactivity of catabolic factors that provoke degenerative changes to all articular tissues.
In response, anabolic pathways set out in vain to increase matrix production and repair the tissue
damage. Exaggerated responses may lead to hypertrophy of chondrocytes and osteophyte formation.

Another significant process contributing to pain and disability in osteoarthritis is
the formation of bone marrow lesions in the subchondral bone [18]. This phenomenon
is considered to be a repair process in response to persistent trauma, which contributes
to excessive levels of cytokines and angiogenetic factors and causes increasing pain due
to modulation of nociceptive pathways [19]. In addition, the generation of oxidative and
nitrosative acting substances is triggered by inflammatory processes. In the presence of
depleted antioxidants in affected cartilages, oxidative stress further contributes to impaired
biological activities, cell death and breakdown of matrix components [20].

Another impact of proinflammatory cytokines that disturbs the balance of cartilage
remodeling processes is promoting the expression of matrix metalloproteinases (MMPs) by
both chondrocytes and synovial cells [21]. The discovery of this direct association between
soluble inflammatory mediators and MMPs was a major milestone in understanding the
pathogenesis of cartilage loss in osteoarthritis. It is currently well documented that up-
regulated or inappropriately activated MMPs, especially MMP-13 and aggrecanases, are
responsible for proteoglycan and collagen degradation under the conditions of osteoarthri-
tis [22]. In parallel, the provoked metabolic stress in chondrocytes can result in the loss of
viable cells owing to apoptosis or senescence [23].
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Reacting to partial-thickness injuries, in a specific reparation process called ‘intrinsic
repair’, chondrocytes of the hyaline cartilage tissue initially proliferate and synthesize
an enhanced quantity of proteoglycans and collagen fibers. However, the repair tissue
usually has neither the original structure nor the properties of a normal cartilage and
is more susceptible to decay. Even this inept response will soon be outmatched by the
ongoing insults and protease activity that shift the cartilage remodeling balance in favor
of net degradation and loss of cartilage matrix [24]. In summary, the development of
chronic inflammation and tissue destruction in osteoarthritis can be understood as a self-
perpetuating cycle of local tissue damage, inflammation and ineffective repair in such a
way that the osteoarthritic joint has been likened to a chronic wound [25].

2. The Role of Adjunctive Therapy in the Management of Osteoarthritis

The ultimate goal in clinical treatment of osteoarthritis is to modify its pathogenetic
processes and thereby prevent or delay permanent joint damage, which leads to serious
disability. To this end, a comprehensive management plan is employed comprising of
nonpharmacologic conservative modalities, topical and oral analgesics, e.g., nonsteroidal
anti-inflammatory drugs (NSAIDs), and intraarticular corticosteroids together with dif-
ferent forms of adjunctive therapy to address the multi-factorial nature of the disorder.
Conservative interventions for the treatment of pain in osteoarthritis include physical
therapy and exercise as well as low-level laser therapy. These conventional modalities
frequently fail to provide significant improvement in pain at short- and long-term, thus
their sufficiency and clinical merit have been questioned by some authors [26]. In this
context, a timely utilization of effective adjunctive therapy is essential, knowing that most
first-line treatments are palliative and lack disease-modifying efficacy. Besides, a delayed
intervention in the advanced stages of osteoarthritis with potent medications, as per current
protocols, rarely results in altering the malign course of the disease.

2.1. Conventional Adjunctive Therapies

A range of products containing different forms of glucosamine (GluN) and chondroitin
sulphate (CS) have been in clinical use for years. However, the evidence for their efficacy
has always been controversial. In the largest randomized controlled trial on the subject to
date, the Glucosamine/chondroitin Arthritis Trial (GAIT) [27], the response rate in knee
osteoarthritic patients with either CS or its combination with GluN was relatively small
and not significantly different from placebo after 24 weeks. Only a modest symptomatic
response was observed with GluN + CS in patients with moderate-to-severe pain. Later, a
meta-analysis of the results from 10 large controlled trials has concluded that based on the
magnitude of change in outcome measures, GluN and/or CS were not clinically different
from placebo in improving joint pain or joint space width in knee or hip osteoarthritis [28].
With regard to the hip, monotherapy with GluN failed to reduce the symptoms and
progression of osteoarthritis after two years [29]. Based on the above, health authorities
gave both CS and GluN uncertain recommendations for symptom relief and emphasized
that these supplements are not appropriate for disease modification [30].

2.2. Natural Multi-Mineral Complexes

More than two decades ago, a new form of osteoarthritis adjunctive therapy had been
introduced. This novel treatment (LithoLexal® Joint, Nordic Medical Ltd., London, UK) is
based on multi-mineral complexes extracted from Lithothamnion species, a genus of red
algae that produces calcareous skeleton. Bio-mineralization by this marine organism is
exerted via condensing and precipitating biologically active sea minerals in its cell walls
and extracellular spaces through both biologically induced and biologically controlled
mineralization processes [31]. Imaging and analytical techniques have confirmed that
Lithothamnion biominerals are principally arranged as high-magnesium calcite, aragonite,
dolomite, and magnesite microstructures [32]. This unique intricate structure (Figure 2A)
has been harvested for human use through a proprietary extraction technique to preserve
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the original structure of the source material (Figure 2B). The final product has a spongy mi-
crostructure containing more than 70 macro and trace biominerals [33]. This multi-mineral
extract, previously produced under the brand name of Aquamin®, is now solely licensed
to and is produced by Nordic Medical LTD (London, UK) marketed as LithoLexal®. A
porous and lattice structure affords LithoLexal® a high surface to mass ratio and improved
solubility profile compared to rock-based products.
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Figure 2. (A) The microscopic structure of mineralized skeleton of Lithothamnion as revealed by
scanning electron microscope; (B) The structure of a LithoLexal® particle after being extracted and
milled indicating a similar lattice structure to the source; Images are courtesy of Marigot Ltd. (West
Sussex, UK).

LithoLexal® complex has been proved bioactive in treating several health conditions
with inflammation as an underlying mechanism including postmenopausal osteoporo-
sis [34,35], colitis [36], gastrointestinal polyposis [37] and ulcerative dermatitis [38]. This
putative anti-inflammatory property and benign safety profile have made LithoLexal®

a promising option for adjunctive therapy of osteoarthritis. In later sections, evidence
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for efficacy and the position of this novel treatment in a comprehensive osteoarthritis
management regimen are described.

2.3. Oral Proteoglycan Replacement Therapy (PRT)

Therapeutic effects of oral administration of specific marine-derived proteoglycans
have been evaluated in a variety of inflammatory conditions, including allergic respiratory
inflammation [39], experimental colitis [40] and alopecia [41] with promising outcomes.
In-vivo studies have unveiled some aspects of the anti-inflammatory properties of this
novel treatment. Observations indicated that oral administration of marine-derived pro-
teoglycans can downregulate interferon-β and γ in addition to multiple proinflammatory
interleukins [42].

In addition to anti-inflammatory attributes, the ability of PRT to enhance the concen-
tration of cartilage proteoglycans is especially relevant in the therapeutic approach towards
osteoarthritis. Cartilaginous tissues are rich in proteoglycans among which aggrecan is the
most abundant and functionally important proteoglycan, which provides resistance against
compressive loads. Both of its core protein and polysaccharide chains are susceptible to
degradation by enzymes and reactive oxygen species [43], a phenomenon that evidently oc-
curs in osteoarthritis [44]. Accumulating evidence suggests that the augmented presence of
cytokines, especially IL-1 and TNF-α, in osteoarthritic joints disturbs the turnover of carti-
lage proteoglycans by both suppressing their synthesis and upregulating the proteases [45].
A reduced concentration of proteoglycans leads to disturbed fluid pressurization within
the cartilage and loss of tensile support for collagen fibrils and thus permanent damage
and loosening of the collagen network [43]. Since this phenomenon usually happens early
in the course of osteoarthritis, it is believed to play a causal role.

Due to the fact that proteoglycans are actively synthesized and deposited into the
cartilage throughout a person’s lifetime and their early-stage depletion is ‘reversible’ [21],
enhancing the production of proteoglycans in osteoarthritis-affected cartilages is a viable
intervention target. To meet this target, a specific blend of fish cartilage proteoglycans,
branded as Vercilexal® (Nordic Medical Ltd., London, UK), has been developed as a
form of joint PRT. Preliminary clinical research has confirmed the mitigating effect of
long-term oral treatment with marine-derived proteoglycans on the symptoms of knee
osteoarthritis [46] and knee discomfort [47]. Evaluation of cartilage metabolism indicated
that marine-derived proteoglycans significantly diminished collagen degradation and
promoted collagen synthesis in subjects with severe pain [47]. However, recognizing the
full potential and action mechanism of joint PRT with Vercilexal® in different types of
osteoarthritis demands more mechanistic as well as clinical investigations.

3. Disease-Modifying Adjunctive Therapy (DMAT) in Osteoarthritis: A
Novel Frontier

A disease-modifying drug by definition is a pharmaceutical that targets one (or more)
of the underlying pathologic process(es) of a disease whereby it reduces the severity and/or
frequency of symptoms and delays or prevents disease progression and complications.
This concept has first been promulgated for a class of antirheumatic drugs but has later
been adopted by other fields of medicine, particularly neurology, to describe other families
of drugs. In case of dietary supplements and adjunctive therapies, a mounting body of
evidence has become available during the past few decades denoting that some natural
compounds are able to modify the course of certain diseases, a good example being alpha
linolenic acid in stroke [48]. Therefore, the term ‘disease-modifying adjunctive therapy
(DMAT)’ has been suggested to differentiate the compounds with disease-modifying
efficacy from symptom-modifying agents.

With regard to osteoarthritis, no conventional adjunctive therapy is proven effective
in modifying the progression of joint damage, and thus a clinical need for an osteoarthri-
tis DMAT still exists. Based on the modern ‘inflammatory theory’ of osteoarthritis, it
is a prerequisite for a compound to demonstrate efficient anti-inflammatory properties
before it can qualify as an osteoarthritis DMAT. Given this, the natural multi-mineral
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complex, LithoLexal®, has been proposed as a potential candidate on grounds of its
anti-inflammatory properties reported by several lines of mechanistic research. Through
a controlled in-vitro experiment [49], scientists have uncovered that pre-treatment of
macrophages with LithoLexal® can significantly reduce the level of lipopolysaccharide-
induced NF-κB transcriptional activity compared with untreated cells. Suppression of
NF-κB by LithoLexal® was a result of enhancing the activity of its inhibitory protein, the
inhibitor of kappa B alpha (I-κBα). NF-κB protein complex is upregulated by TNF-α,
IL-1β, reactive oxygen species and other stress-related factors. Hence, similar to other
inflammatory diseases, NF-κB dysregulation is implicated in the pathophysiology of os-
teoarthritis. Accordingly, targeted strategies that interfere with NF-κB signaling could offer
unconventional therapeutic options for osteoarthritis [50].

LithoLexal® also demonstrates a considerable inhibitory effect on cyclooxygenase-2
(COX-2) expression. In a study by O’Gorman et al. [49], COX-2 expression in lipopolysac-
charides (LPS)-stimulated macrophages treated with either LithoLexal® or placebo was
compared. Observations corroborated that a physiologically relevant concentration of
LithoLexal® is effective in diminishing the cellular expression of COX-2. Prostaglandins,
particularly prostaglandin E2, are among the mediators that not only stimulate the produc-
tion of cartilage-degrading proteases, but also contribute to osteoarthritis-associated pain
pathways and hyperalgesia. Prostaglandin E2 sensitizes peripheral nociceptors via cAMP-
mediated enhancement of sodium currents [51]. Since IL-1β is a potent inducer of COX-2,
the inhibition of IL-1β by LithoLexal®, described earlier [52], may represent a synergistic,
analgesic activity that further augments the impact of LithoLexal® on prostaglandin sup-
pression. This reflects a key therapeutic effect for the fact that pain is the most prominent
and disabling symptom of osteoarthritis and thus is a main target of medical treatment.

Suppressing the secretion of proinflammatory cytokines can theoretically dissociate
the initial biomechanical insult from its consequent intraarticular and systemic inflam-
mation in osteoarthritic subjects. From this perspective, the potent ability of physiologic
concentrations of LithoLexal® to attenuate the induced secretion of both TNF-α and IL-1β
by macrophages [52] suggests a disease-modifying potential. The initial findings were
subsequently verified by a controlled double-blinded human trial in which monotherapy
by LithoLexal® decreased the serum levels of TNF-α in individuals with moderate to severe
osteoarthritis [53]. This is important since previous research has associated the elevated
serum levels of TNF-α with severity of osteoarthritis and its future progression [54].

Based on the above, marine-derived multi-mineral complexes can be taken as promis-
ing therapeutics with several potential disease-modifying effects for the management of
osteoarthritis. Considering that inflammatory effectors act in a parallel redundant man-
ner in osteoarthritis [10], the multi-dimensional bioactivity of LithoLexal® may help in
controlling the progression of this debilitating disorder.

4. LithoLexal® Joint, a Natural DMAT for the Management of Osteoarthritis

The anti-inflammatory properties of LithoLexal® Joint underpinning its application as
a DMAT for the prevention of joint damage were described earlier. In this section, clinical
trials of monotherapy and adjunctive therapy with LithoLexal® Joint in individuals with
mild to severe osteoarthritis will be reviewed.

In a randomized, active-controlled, clinical trial, LithoLexal® was compared with
placebo, GluN alone and a combination of GluN plus LithoLexal® in men and women with
knee osteoarthritis [55]. After 12 weeks of intervention, monotherapy with LithoLexal®

significantly improved pain, stiffness, activity and composite scores of the Western Ontario
and McMaster Universities (WOMAC) index compared to placebo and produced larger
effect sizes than GluN. The walking capacity of patients, evaluated by six-minute walk
test, was improved by both supplements; however, the increase in walking distance with
LithoLexal was almost twice that of GluN. An unexpected but important conclusion of this
study was that the combination of LithoLexal® and GluN failed to induce any significant
clinical improvements probably due to an antagonistic pharmacological effect [55]. A
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subsequent placebo-controlled trial [56] set out to investigate the potential of LithoLexal®

adjunctive therapy to allow for reducing the dosage of NSAIDs in advanced osteoarthritic
patients. Researchers tapered the usual daily dosage of NSAIDs by 50% after two weeks
of coadministration with LithoLexal®, and then tapered again after four weeks to discon-
tinuation. One month into the study, individuals on LithoLexal® exhibited a dramatically
improved six-minute walking distance while only receiving half of their usual dose of
NSAIDs. The tapered need of patients for NSAIDs may root in the COX-2 suppressive
activity of LithoLexal® described earlier. It is also likely that mineral supplementation
via LithoLexal® Joint imparts a palliative influence on myofascial pain syndrome due to
central sensitization that frequently exists in patients with chronic painful osteoarthritis.
Research revealed that the majority of patients with knee osteoarthritis have an increased
number of active and latent myofascial trigger points, which are a source of painful mo-
tion [12,57]. Certain trace minerals, such as magnesium, selenium and zinc, are promising
options for the treatment of central sensitization syndromes as elaborated in a review by
Aguilar-Aguilar et al. [58].

As with walking capacity, active and passive range of motion in extension have also
significantly improved by LithoLexal®, whereas between-group differences in WOMAC
index and rescue medication consumption did not reach statistical significance. Importantly,
dropouts due to aggravated pain after NSAID discontinuation were five times lower in
LithoLexal® than in the placebo group, indirectly indicating a higher symptom-relieving
efficacy of LithoLexal® [56]. Recently, Heffernan et al. a crossover, active-controlled trial
that confirms the pain-relieving effect of LithoLexal® in osteoarthritic patients. In this study,
the efficacy of 12 weeks of treatment with LithoLexal® (plus seawater derived MgOH2
and pine bark extract) was compared with GluN. At endpoint, only LithoLexal® improved
pain in both affected men and women (p < 0.01). Similar to the study by Frestedt et al.,
LithoLexal® caused a meaningful decline of 72% (p = 0.03) in patients’ overall need for
analgesics, 35% of which were NSAIDs. The functional performance of subjects was also
improved by LithoLexal® as measured by ‘timed-up-and-go’ test. Treatment safety and
tolerability were excellent reflected in a 93% treatment adherence throughout the study [59].
An independent trial was also carried out by Murphy et al., to assess how LithoLexal®

affects inflammatory biomarkers and typical symptoms of osteoarthritis. Seven out of
11 participants had low WOMAC composite index score after six weeks of LithoLexal®

therapy; specifically, eight felt less pain, six felt less stiffness and six felt an improvement
in performing their daily activities. Additionally, the key inflammatory biomarker, TNF-
α, was reduced by 23.6% compared to the baseline. Adding antioxidant bioflavonoids
intensified the efficacy of LithoLexal® in this setting [53]. It has to be considered that, due
to a short intervention period, this trial is likely to have underestimated the effect size
of LithoLexal® Joint. Equally important, no clinically significant side effects or dropouts
related to LithoLexal® Joint therapy has been observed during its clinical testing.

As yet, the exact action mechanism of this marine-derived multi-mineral extract in
modulating the pathogenesis of osteoarthritis is not fully understood and demands further
research. Nevertheless, it can be conjectured that the ability of LithoLexal® in suppressing
the inflammatory response of macrophages via downregulating several key proinflam-
matory pathways [49,52,53] plays a sizable role in its clinical bioactivity. Moreover, there
are clues in the literature that some biominerals included in the structure of LithoLexal®

possess in-vivo anti-inflammatory and antioxidative properties and can support carti-
lage formation, interfering with the progression of osteoarthritis. According to recent
observations, high intake of magnesium is inversely associated with radiographic knee
osteoarthritis and joint space narrowing [60]. This finding may be explained by the en-
hancing effects of magnesium on the synthesis of cartilage matrix and promotion of the
adhesion of human synovial stem cells through integrins [61]. On the other hand, lower
magnesium intake is associated with more severe pain and reduced function in subjects
with knee osteoarthritis [62]. This association is conceivably due to increased expression of
TNF-α and resulting activation of NF-kB. Beyond this, magnesium has been speculated to
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have analgesic effects [63]. Manganese is another trace mineral with beneficial potentials
for joint health. This biomineral is the preferred cofactor of glycosyltransferases required
for the synthesis of proteoglycans during cartilage formation. Manganese also takes part in
the function of a member of superoxide dismutase family of antioxidant enzymes mainly
in mitochondrial matrix. This enzyme limits the formation of extremely reactive oxygen
species, such as hydroxyl radical and peroxy-nitrite, that cause cartilage degradation by
activating MMPs [64]. Gene expression studies have shown that the level of manganese
superoxide dismutase is reduced in osteoarthritis affected cartilages, which can be detected
even prior to the appearance of cartilage erosions [65].

Modulation of gut microbiome is yet another plausible mechanism via which LithoLexal®

Joint mitigates local and systemic inflammation in osteoarthritic patients. This hypothesis
originates from the novel concept of intestine–brain–articulation axis and its role in the
association between low-grade inflammation and osteoarthritis. It is well-established that
gut microbiota can influence the pathophysiology of several distant organs, including
the skeletal system. In the case of osteoarthritis, the dysbiosis of intestinal microbiome
may lead to elevated absorption of proinflammatory microbial products, such as LPS,
which can activate macrophage cells in the knee and aggravate disease severity and joint
symptoms, mainly pain [66,67]. A factor with promising potential to break this cycle by
altering the diversity of gut microbiome is the use of dietary trace minerals. Of note is that
the interaction between gut microbiome and minerals is bidirectional meaning that while
the microbiota can affect the absorption of minerals, its composition is also influenced by
changes in the level of trace minerals. For instance, selenium status strongly correlates
with a higher diversity of gut microbiome [68]. Therefore, it is not unreasonable to propose
that LithoLexal® Joint as a source of major and trace biominerals may provoke observable
improvements in the dysbiotic microbiome of patients with osteoarthritis.

Overall, a substantial synergy between major biominerals included in the unique
composition of LithoLexal® Joint may underlie its in vivo pharmacological functions and
therapeutic effects on cartilage formation and maintenance in osteoarthritis affected joints.

5. Conclusions

The contemporary evolution in our understanding of the causal role of proinflam-
matory pathways and cytokines in the pathogenesis of osteoarthritis has posed an op-
portunity for the development of disease-modifying drugs and supplements. As a result,
several natural and synthetic compounds have been tested; however, a safe treatment
with inflammation-suppressing properties has been elusive. The concept of DMAT in
osteoarthritis evolves from this paradigm-shifting perspective with the introduction of
a marine-sourced, multi-mineral complex, LithoLexal®. This specific bioactive complex
has exhibited multi-dimensional, inflammation-suppressing activities on macrophage cell
lines, which appears to be translated into clinical efficacy as shown by a number of clinical
trials. Improvements in all subscales of WOMAC index and a significant increase in the
ability of patients to walk after a relatively short treatment period with LithoLexal® Joint
are indicative of potent clinical efficacy. These promising findings, however, await further
confirmation by larger studies.

Known to generate a multiplicity of major adverse effects, most disease-modifying
medications are merely indicated for patients with advanced stages of osteoarthritis. To
help individuals with milder forms of the disease, symptomatic slow-acting drugs for
osteoarthritis (SySADOA) have been introduced over recent decades [69]. LithoLexal®

Joint can be considered a novel form of SySADOA and an effective option for primary or
secondary prevention of clinical or radiological osteoarthritis with a desirable safety and
tolerability profile. LithoLexal® Joint can be administered as a mono- or adjunctive therapy
to conventional osteoarthritis medications depending on the needs of each individual.
Importantly, there is evidence to support that coadministration of LithoLexal® Joint with
NSAIDs can reduce the overall need for analgesia by half and hence mitigate their burden
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of side effects. Diverse disease-modifying properties of LithoLexal® can conceivably
modulate articular inflammation and prevent its self-aggravation and perpetuation.

In summary, LithoLexal® Joint is a promising option for adjunctive therapy of patients
with mild to severe osteoarthritis with putative multi-dimensional, disease-modifying
effects, shown to improve patients’ symptoms and mobility and reduce the need for
analgesics. Future research is expected to illuminate more details on the pharmacology
and clinical application of LithoLexal® Joint in the prevention and management of one of
the most common chronic diseases faced by humans.

Author Contributions: E.F.E. and D.M.O. conceived the idea and framework of the current review
and performed the literature search. E.F.E. drafted the manuscript with considerable contribution
from all co-authors. O.L. and G.Y.N. provided substantial clinical expertise and input for this work.
All authors have read and agreed to the published version of the manuscript.

Funding: The authors have not received any funding for the preparation of this paper.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All the data supporting the conclusions of this review are published in
scientific journals.

Conflicts of Interest: The authors declare that they have no conflict of interest.

References
1. Abhishek, A.; Doherty, M. Diagnosis and clinical presentation of osteoarthritis. Rheum. Dis. Clin. N. Am. 2013, 39, 45–66.

[CrossRef]
2. Felson, D.T.; Naimark, A.; Anderson, J.; Kazis, L.; Castelli, W.; Meenan, R.F. The prevalence of knee osteoarthritis in the elderly.

The Framingham Osteoarthritis Study. Arthritis Rheum. 1987, 30, 914–918. [CrossRef]
3. Jiang, L.; Tian, W.; Wang, Y.; Rong, J.; Bao, C.; Liu, Y.; Zhao, Y.; Wang, C. Body mass index and susceptibility to knee osteoarthritis:

A systematic review and meta-analysis. Jt. Bone Spine 2012, 79, 291–297. [CrossRef] [PubMed]
4. Palazzo, C.; Nguyen, C.; Lefevre-Colau, M.M.; Rannou, F.; Poiraudeau, S. Risk factors and burden of osteoarthritis. Ann. Phys.

Rehabil. Med. 2016, 59, 134–138. [CrossRef] [PubMed]
5. Pereira, D.; Peleteiro, B.; Araujo, J.; Branco, J.; Santos, R.A.; Ramos, E. The effect of osteoarthritis definition on prevalence and

incidence estimates: A systematic review. Osteoarthr. Cartil. 2011, 19, 1270–1285. [CrossRef] [PubMed]
6. Gupta, S.; Hawker, G.A.; Laporte, A.; Croxford, R.; Coyte, P.C. The economic burden of disabling hip and knee osteoarthritis (OA)

from the perspective of individuals living with this condition. Rheumatology 2005, 44, 1531–1537. [CrossRef] [PubMed]
7. Cross, M.; Smith, E.; Hoy, D.; Nolte, S.; Ackerman, I.; Fransen, M.; Bridgett, L.; Williams, S.; Guillemin, F.; Hill, C.L.; et al. The

global burden of hip and knee osteoarthritis: Estimates from the global burden of disease 2010 study. Ann. Rheum. Dis. 2014, 73,
1323–1330. [CrossRef] [PubMed]

8. Lozano, R.; Naghavi, M.; Foreman, K.; Lim, S.; Shibuya, K.; Aboyans, V.; Abraham, J.; Adair, T.; Aggarwal, R.; Ahn, S.Y.; et al.
Global and regional mortality from 235 causes of death for 20 age groups in 1990 and 2010: A systematic analysis for the Global
Burden of Disease Study 2010. Lancet 2012, 380, 2095–2128. [CrossRef]

9. Egloff, C.; Hugle, T.; Valderrabano, V. Biomechanics and pathomechanisms of osteoarthritis. Swiss Med. Wkly. 2012, 142, w13583.
[CrossRef]

10. Robinson, W.H.; Lepus, C.M.; Wang, Q.; Raghu, H.; Mao, R.; Lindstrom, T.M.; Sokolove, J. Low-grade inflammation as a key
mediator of the pathogenesis of osteoarthritis. Nat. Rev. Rheumatol. 2016, 12, 580–592. [CrossRef]

11. Chen, C.; Bao, G.F.; Xu, G.; Sun, Y.; Cui, Z.M. Altered Wnt and NF-κB Signaling in Facet Joint Osteoarthritis: Insights from RNA
Deep Sequencing. Tohoku J. Exp. Med. 2018, 245, 69–77. [CrossRef] [PubMed]

12. Sanchez Romero, E.A.; Fernandez Carnero, J.; Villafane, J.H.; Calvo-Lobo, C.; Ochoa Saez, V.; Burgos Caballero, V.; Val, S.L.;
Pedersini, P.; Martín, D.P. Prevalence of Myofascial Trigger Points in Patients with Mild to Moderate Painful Knee Osteoarthritis:
A Secondary Analysis. J. Clin. Med. 2020, 9, 2561. [CrossRef] [PubMed]

13. Porcheret, M.; Healey, E.H.E.; Dziedzic, K.; Corp, N.; Howells, N.; Birrell, F. Osteoarthritis: A modern approach to diagnosis and
management. In Reports on the Rheumatic Diseases; Series 6 (Hands On No 10); Arthritis Research UK: Chesterfield, UK, 2011.

14. Berenbaum, F. Osteoarthritis as an inflammatory disease (osteoarthritis is not osteoarthrosis!). Osteoarthr. Cartil. 2013, 21, 16–21.
[CrossRef]

15. Goldring, M.B.; Otero, M. Inflammation in osteoarthritis. Curr. Opin. Rheumatol. 2011, 23, 471–478. [CrossRef] [PubMed]
16. Pfander, D.; Heinz, N.; Rothe, P.; Carl, H.D.; Swoboda, B. Tenascin and aggrecan expression by articular chondrocytes is influenced

by interleukin 1beta: A possible explanation for the changes in matrix synthesis during osteoarthritis. Ann. Rheum. Dis. 2004, 63,
240–244. [CrossRef]

http://doi.org/10.1016/j.rdc.2012.10.007
http://doi.org/10.1002/art.1780300811
http://doi.org/10.1016/j.jbspin.2011.05.015
http://www.ncbi.nlm.nih.gov/pubmed/21803633
http://doi.org/10.1016/j.rehab.2016.01.006
http://www.ncbi.nlm.nih.gov/pubmed/26904959
http://doi.org/10.1016/j.joca.2011.08.009
http://www.ncbi.nlm.nih.gov/pubmed/21907813
http://doi.org/10.1093/rheumatology/kei049
http://www.ncbi.nlm.nih.gov/pubmed/16091394
http://doi.org/10.1136/annrheumdis-2013-204763
http://www.ncbi.nlm.nih.gov/pubmed/24553908
http://doi.org/10.1016/S0140-6736(12)61728-0
http://doi.org/10.4414/smw.2012.13583
http://doi.org/10.1038/nrrheum.2016.136
http://doi.org/10.1620/tjem.245.69
http://www.ncbi.nlm.nih.gov/pubmed/29806631
http://doi.org/10.3390/jcm9082561
http://www.ncbi.nlm.nih.gov/pubmed/32784592
http://doi.org/10.1016/j.joca.2012.11.012
http://doi.org/10.1097/BOR.0b013e328349c2b1
http://www.ncbi.nlm.nih.gov/pubmed/21788902
http://doi.org/10.1136/ard.2002.003749


Clin. Pract. 2021, 11 911

17. Goldring, M.B.; Birkhead, J.; Sandell, L.J.; Kimura, T.; Krane, S.M. Interleukin 1 suppresses expression of cartilage-specific types II
and IX collagens and increases types I and III collagens in human chondrocytes. J. Clin. Investig. 1988, 82, 2026–2037. [CrossRef]

18. Shabestari, M.; Kise, N.J.; Landin, M.A.; Sesseng, S.; Hellund, J.C.; Reseland, J.E.; Eriksen, E.F.; Haugen, I.K. Enhanced
angiogenesis and increased bone turnover characterize bone marrow lesions in osteoarthritis at the base of the thumb. Bone Jt.
Res. 2018, 7, 406–413. [CrossRef]

19. Shabestari, M.; Shabestari, Y.R.; Landin, M.A.; Pepaj, M.; Cleland, T.P.; Reseland, J.E.; Eriksen, E.F. Altered protein levels in bone
marrow lesions of hip osteoarthritis: Analysis by proteomics and multiplex immunoassays. Int. J. Rheum. Dis. 2020, 23, 788–799.
[CrossRef]

20. Franz, A.; Joseph, L.; Mayer, C.; Harmsen, J.F.; Schrumpf, H.; Frobel, J.; Ostapczuk, M.S.; Krauspe, R.; Zilkens, C. The role of
oxidative and nitrosative stress in the pathology of osteoarthritis: Novel candidate biomarkers for quantification of degenerative
changes in the knee joint. Orthop. Rev. 2018, 10, 7460. [CrossRef]

21. Goldring, M.B.; Otero, M.; Tsuchimochi, K.; Ijiri, K.; Li, Y. Defining the roles of inflammatory and anabolic cytokines in cartilage
metabolism. Ann. Rheum. Dis. 2008, 67 (Suppl. S3), iii75–iii82. [CrossRef]

22. Burrage, P.S.; Brinckerhoff, C.E. Molecular targets in osteoarthritis: Metalloproteinases and their inhibitors. Curr. Drug Targets
2007, 8, 293–303. [CrossRef] [PubMed]

23. Aigner, T.; Kim, H.A.; Roach, H.I. Apoptosis in osteoarthritis. Rheum. Dis. Clin. N. Am. 2004, 30, 639–653. [CrossRef] [PubMed]
24. Di Cesare, P.E.; Haudenschild, D.R.; Samuels, J.; Abramson, S.B. Pathogenesis of Osteoarthritis. In Kelley and Firestein’s Textbook of

Rheumatology, 10th ed.; Firestein, G.S., Budd, R.C., Gabriel, S.E., McInnes, I.B., O’Dell, J.R., Eds.; Elsevier: Philadelphia, PA, USA,
2017; pp. 1685–1704.

25. Scanzello, C.R.; Plaas, A.; Crow, M.K. Innate immune system activation in osteoarthritis: Is osteoarthritis a chronic wound? Curr.
Opin. Rheumatol. 2008, 20, 565–572. [CrossRef] [PubMed]

26. Villafane, J.H. Does “time heal all wounds” still have a future in osteoarthritis? Clin. Exp. Rheumatol. 2018, 36, 513. [PubMed]
27. Clegg, D.O.; Reda, D.J.; Harris, C.L.; Klein, M.A.; O’Dell, J.R.; Hooper, M.M.; Bradley, J.D.; Bingham, C.O., III; Weisman, M.H.;

Jackson, C.G.; et al. Glucosamine, chondroitin sulfate, and the two in combination for painful knee osteoarthritis. N. Engl. J. Med.
2006, 354, 795–808. [CrossRef] [PubMed]

28. Wandel, S.; Juni, P.; Tendal, B.; Nuesch, E.; Villiger, P.M.; Welton, N.J.; Reichenbach, S.; Trelle, S. Effects of glucosamine, chondroitin,
or placebo in patients with osteoarthritis of hip or knee: Network meta-analysis. BMJ 2010, 341, c4675. [CrossRef]

29. Rozendaal, R.M.; Koes, B.W.; van Osch, G.J.; Uitterlinden, E.J.; Garling, E.H.; Willemsen, S.P.; Ginai, A.Z.; Verhaar, J.A.N.; Weinans,
H.; Bierma-Zeinstra, S.M.A. Effect of glucosamine sulfate on hip osteoarthritis: A randomized trial. Ann. Intern. Med. 2008, 148,
268–277. [CrossRef]

30. Arden NK, H.M. Management of osteoarthritis. In Rheumatology, 2, 7th ed.; Hochberg, M.C.S.A., Gravallese, E.M., Smolen, J.S.,
Weinblatt, M.E., Weisman, M.H., Eds.; Elsevier: Amsterdam, The Netherlands, 2018; pp. 1582–1590.

31. De Carvalho, R.T.; Salgado, L.T.; Amado Filho, G.M.; Leal, R.N.; Werckmann, J.; Rossi, A.L.; Campos, A.P.C.; Karez, C.S.; Farina,
M. Biomineralization of calcium carbonate in the cell wall of Lithothamnion crispatum (Hapalidiales, Rhodophyta): Correlation
between the organic matrix and the mineral phase. J. Phycol. 2017, 53, 642–651. [CrossRef]

32. Krayesky-Self, S.; Richards, J.L.; Rahmatian, M.; Fredericq, S. Aragonite infill in overgrown conceptacles of coralline Lithothamnion
spp. (Hapalidiaceae, Hapalidiales, Rhodophyta): New insights in biomineralization and phylomineralogy. J. Phycol. 2016, 52,
161–173. [CrossRef]

33. Aslam, M.N.; Kreider, J.M.; Paruchuri, T.; Bhagavathula, N.; DaSilva, M.; Zernicke, R.F.; Goldstein, S.A.; Varani, J. A mineral-
rich extract from the red marine algae Lithothamnion calcareum preserves bone structure and function in female mice on a
Western-style diet. Calcif. Tissue Int. 2010, 86, 313–324.

34. Brennan, O.; Sweeney, J.; O’Meara, B.; Widaa, A.; Bonnier, F.; Byrne, H.J.; O’Gorman, D.M.; O’Brien, F.J. A Natural, Calcium-
Rich Marine Multi-mineral Complex Preserves Bone Structure, Composition and Strength in an Ovariectomised Rat Model of
Osteoporosis. Calcif. Tissue Int. 2017, 101, 445–455. [CrossRef]

35. Slevin, M.M.; Allsopp, P.J.; Magee, P.J.; Bonham, M.P.; Naughton, V.R.; Strain, J.J.; Duffy, M.E.; Wallace, J.M.; Mc Sorley, E.M.
Supplementation with calcium and short-chain fructo-oligosaccharides affects markers of bone turnover but not bone mineral
density in postmenopausal women. J. Nutr. 2014, 144, 297–304. [CrossRef] [PubMed]

36. Aviello, G.; Amu, S.; Saunders, S.P.; Fallon, P.G. A mineral extract from red algae ameliorates chronic spontaneous colitis in IL-10
deficient mice in a mouse strain dependent manner. Phytother. Res. 2014, 28, 300–304. [CrossRef] [PubMed]

37. Aslam, M.N.; Paruchuri, T.; Bhagavathula, N.; Varani, J. A mineral-rich red algae extract inhibits polyp formation and inflamma-
tion in the gastrointestinal tract of mice on a high-fat diet. Integr. Cancer Ther. 2010, 9, 93–99. [CrossRef]

38. Hampton, A.L.; Aslam, M.N.; Naik, M.K.; Bergin, I.L.; Allen, R.M.; Craig, R.A.; Kunkel, S.L.; Veerapaneni, I.; Paruchuri, T.;
Patterson, K.; et al. Ulcerative Dermatitis in C57BL/6NCrl Mice on a Low-Fat or High-Fat Diet With or Without a Mineralized
Red-Algae Supplement. J. Am. Assoc. Lab. Anim. Sci. 2015, 54, 487–496. [PubMed]

39. Ono, H.K.; Yoshimura, S.; Hirose, S.; Narita, K.; Tsuboi, M.; Asano, K.; Nakane, A. Salmon cartilage proteoglycan attenuates
allergic responses in mouse model of papaininduced respiratory inflammation. Mol. Med. Rep. 2018, 18, 4058–4064. [PubMed]

40. Mitsui, T.; Sashinami, H.; Sato, F.; Kijima, H.; Ishiguro, Y.; Fukuda, S.; Yoshihara, S.; Hakamada, K.-I.; Nakane, A. Salmon cartilage
proteoglycan suppresses mouse experimental colitis through induction of Foxp3+ regulatory T cells. Biochem. Biophys. Res.
Commun. 2010, 402, 209–215. [CrossRef]

http://doi.org/10.1172/JCI113823
http://doi.org/10.1302/2046-3758.76.BJR-2017-0083.R3
http://doi.org/10.1111/1756-185X.13843
http://doi.org/10.4081/or.2018.7460
http://doi.org/10.1136/ard.2008.098764
http://doi.org/10.2174/138945007779940098
http://www.ncbi.nlm.nih.gov/pubmed/17305507
http://doi.org/10.1016/j.rdc.2004.04.002
http://www.ncbi.nlm.nih.gov/pubmed/15261346
http://doi.org/10.1097/BOR.0b013e32830aba34
http://www.ncbi.nlm.nih.gov/pubmed/18698179
http://www.ncbi.nlm.nih.gov/pubmed/29465356
http://doi.org/10.1056/NEJMoa052771
http://www.ncbi.nlm.nih.gov/pubmed/16495392
http://doi.org/10.1136/bmj.c4675
http://doi.org/10.7326/0003-4819-148-4-200802190-00005
http://doi.org/10.1111/jpy.12526
http://doi.org/10.1111/jpy.12392
http://doi.org/10.1007/s00223-017-0299-7
http://doi.org/10.3945/jn.113.188144
http://www.ncbi.nlm.nih.gov/pubmed/24453130
http://doi.org/10.1002/ptr.4989
http://www.ncbi.nlm.nih.gov/pubmed/23554071
http://doi.org/10.1177/1534735409360360
http://www.ncbi.nlm.nih.gov/pubmed/26424246
http://www.ncbi.nlm.nih.gov/pubmed/30106157
http://doi.org/10.1016/j.bbrc.2010.09.123


Clin. Pract. 2021, 11 912

41. Thom, E. Nourkrin: Objective and subjective effects and tolerability in persons with hair loss. J. Int. Med. Res. 2006, 34, 514–519.
[CrossRef]

42. Sashinami, H.; Asano, K.; Yoshimura, S.; Mori, F.; Wakabayashi, K.; Nakane, A. Salmon proteoglycan suppresses progression of
mouse experimental autoimmune encephalomyelitis via regulation of Th17 and Foxp3(+) regulatory T cells. Life Sci. 2012, 91,
1263–1269. [CrossRef]

43. Roughley, P.J.; Mort, J.S. The role of aggrecan in normal and osteoarthritic cartilage. J. Exp. Orthop. 2014, 1, 8. [CrossRef]
44. Chamberland, A.; Wang, E.; Jones, A.R.; Collins-Racie, L.A.; LaVallie, E.R.; Huang, Y.; Liu, L.; Morris, E.A.; Flannery, C.R.; Yang, Z.

Identification of a novel HtrA1-susceptible cleavage site in human aggrecan: Evidence for the involvement of HtrA1 in aggrecan
proteolysis in vivo. J. Biol. Chem. 2009, 284, 27352–27359. [CrossRef] [PubMed]

45. Troeberg, L.; Nagase, H. Proteases involved in cartilage matrix degradation in osteoarthritis. Biochim. Biophys. Acta 2012, 1824,
133–145. [CrossRef] [PubMed]

46. Takahashi, T.; Masutani, T.; Tomonaga, A.; Watanabe, K.; Yamamoto, T.; Ito, K.; Tsuboi, M.; Yamaguchi, H.; Nagaoka, I. Influence
on improvement of osteoarthritis by oral intake of proteoglycan extracted from salmon nasal cartilage. In Proceedings of
the International Conference and Exhibition on Nutraceuticals and Functional Foods, Sapporo, Japan, 14–17 November 2011;
Abstract P112.

47. Tomonaga, A.; Takahashi, T.; Tanaka, Y.T.; Tsuboi, M.; Ito, K.; Nagaoka, I. Evaluation of the effect of salmon nasal proteoglycan on
biomarkers for cartilage metabolism in individuals with knee joint discomfort: A randomized double-blind placebo-controlled
clinical study. Exp. Ther. Med. 2017, 14, 115–126. [CrossRef] [PubMed]

48. Blondeau, N. Building the momentum in stroke protection using the nutraceutical potential of omega-3 alpha-linolenic acid for
patients and public Health. J. Community Med. Health Educ. 2016, 6 (Suppl. S1), 135.

49. O’Gorman, D.M.; O’Carroll, C.; Carmody, R.J. Evidence that marine-derived, multi-mineral, Aquamin inhibits the NF-kappaB
signaling pathway in vitro. Phytother. Res. 2012, 26, 630–632. [CrossRef]

50. Marcu, K.B.; Otero, M.; Olivotto, E.; Borzi, R.M.; Goldring, M.B. NF-kappaB signaling: Multiple angles to target OA. Curr. Drug
Targets 2010, 11, 599–613. [CrossRef]

51. Lee, A.S.; Ellman, M.B.; Yan, D.; Kroin, J.S.; Cole, B.J.; van Wijnen, A.J.; Im, H.J. A current review of molecular mechanisms
regarding osteoarthritis and pain. Gene 2013, 527, 440–447. [CrossRef]

52. Ryan, S.; O’Gorman, D.M.; Nolan, Y.M. Evidence that the marine-derived multi-mineral Aquamin has anti-inflammatory effects
on cortical glial-enriched cultures. Phytother. Res. 2011, 25, 765–767. [CrossRef]

53. Murphy, C.T.; Martin, C.; Doolan, A.M.; Molloy, M.G.; Dinan, T.G.; Gorman, D.; Nally, K. The Marine-derived, Multi-mineral
formula, AquaPT Reduces TNF-α Levels in Osteoarthritis Patients. J. Nutr. Health Food Sci. 2014, 2, 1–3.

54. Stannus, O.; Jones, G.; Cicuttini, F.; Parameswaran, V.; Quinn, S.; Burgess, J.; Ding, C. Circulating levels of IL-6 and TNF-alpha are
associated with knee radiographic osteoarthritis and knee cartilage loss in older adults. Osteoarthr. Cartil. 2010, 18, 1441–1447.
[CrossRef]

55. Frestedt, J.L.; Walsh, M.; Kuskowski, M.A.; Zenk, J.L. A natural mineral supplement provides relief from knee osteoarthritis
symptoms: A randomized controlled pilot trial. Nutr. J. 2008, 7, 9. [CrossRef] [PubMed]

56. Frestedt, J.L.; Kuskowski, M.A.; Zenk, J.L. A natural seaweed derived mineral supplement (Aquamin F) for knee osteoarthritis: A
randomised, placebo controlled pilot study. Nutr. J. 2009, 8, 7. [CrossRef] [PubMed]

57. Sanchez-Romero, E.A.; Pecos-Martin, D.; Calvo-Lobo, C.; Garcia-Jimenez, D.; Ochoa-Saez, V.; Burgos-Caballero, V.; Fernandez-
Carnero, J. Clinical features and myofascial pain syndrome in older adults with knee osteoarthritis by sex and age distribution: A
cross-sectional study. Knee 2019, 26, 165–173. [CrossRef] [PubMed]

58. Aguilar-Aguilar, E.; Marcos-Pasero, H.; Ikonomopoulou, M.P.; Loria-Kohen, V. Food Implications in Central Sensitization
Syndromes. J. Clin. Med. 2020, 9, 4106. [CrossRef]

59. Heffernan, S.M.; McCarthy, C.; Eustace, S.; FitzPatrick, R.E.; Delahunt, E.; De Vito, G. Mineral rich algae with pine bark improved
pain, physical function and analgesic use in mild-knee joint osteoarthritis, compared to Glucosamine: A randomized controlled
pilot trial. Complement. Ther. Med. 2020, 50, 102349. [CrossRef]

60. Zeng, C.; Li, H.; Wei, J.; Yang, T.; Deng, Z.H.; Yang, Y.; Zhang, Y.; Yang, T.-B.; Lei, G.-H. Association between Dietary Magnesium
Intake and Radiographic Knee Osteoarthritis. PLoS ONE 2015, 10, e0127666.

61. Shimaya, M.; Muneta, T.; Ichinose, S.; Tsuji, K.; Sekiya, I. Magnesium enhances adherence and cartilage formation of synovial
mesenchymal stem cells through integrins. Osteoarthr. Cartil. 2010, 18, 1300–1309. [CrossRef]

62. Shmagel, A.; Onizuka, N.; Langsetmo, L.; Vo, T.; Foley, R.; Ensrud, K.; Valen, P. Low magnesium intake is associated with
increased knee pain in subjects with radiographic knee osteoarthritis: Data from the Osteoarthritis Initiative. Osteoarthr. Cartil.
2018, 26, 651–658. [CrossRef]

63. Li, Y.; Yue, J.; Yang, C. Unraveling the role of Mg(++) in osteoarthritis. Life Sci. 2016, 147, 24–29. [CrossRef]
64. Rajagopalan, S.; Meng, X.P.; Ramasamy, S.; Harrison, D.G.; Galis, Z.S. Reactive oxygen species produced by macrophage-derived

foam cells regulate the activity of vascular matrix metalloproteinases in vitro. Implications for atherosclerotic plaque stability. J.
Clin. Investig. 1996, 98, 2572–2579. [CrossRef]

65. Scott, J.L.; Gabrielides, C.; Davidson, R.K.; Swingler, T.E.; Clark, I.M.; Wallis, G.A.; Boot-Handford, R.P.; Kirkwood, T.B.L.; Talyor,
R.W.; Young, D.A. Superoxide dismutase downregulation in osteoarthritis progression and end-stage disease. Ann. Rheum. Dis.
2010, 69, 1502–1510. [CrossRef]

http://doi.org/10.1177/147323000603400508
http://doi.org/10.1016/j.lfs.2012.09.022
http://doi.org/10.1186/s40634-014-0008-7
http://doi.org/10.1074/jbc.M109.037051
http://www.ncbi.nlm.nih.gov/pubmed/19657146
http://doi.org/10.1016/j.bbapap.2011.06.020
http://www.ncbi.nlm.nih.gov/pubmed/21777704
http://doi.org/10.3892/etm.2017.4454
http://www.ncbi.nlm.nih.gov/pubmed/28672901
http://doi.org/10.1002/ptr.3601
http://doi.org/10.2174/138945010791011938
http://doi.org/10.1016/j.gene.2013.05.069
http://doi.org/10.1002/ptr.3309
http://doi.org/10.1016/j.joca.2010.08.016
http://doi.org/10.1186/1475-2891-7-9
http://www.ncbi.nlm.nih.gov/pubmed/18279523
http://doi.org/10.1186/1475-2891-8-7
http://www.ncbi.nlm.nih.gov/pubmed/19187557
http://doi.org/10.1016/j.knee.2018.09.011
http://www.ncbi.nlm.nih.gov/pubmed/30528723
http://doi.org/10.3390/jcm9124106
http://doi.org/10.1016/j.ctim.2020.102349
http://doi.org/10.1016/j.joca.2010.06.005
http://doi.org/10.1016/j.joca.2018.02.002
http://doi.org/10.1016/j.lfs.2016.01.029
http://doi.org/10.1172/JCI119076
http://doi.org/10.1136/ard.2009.119966


Clin. Pract. 2021, 11 913

66. Sanchez Romero, E.A.; Melendez Oliva, E.; Alonso Perez, J.L.; Martin Perez, S.; Turroni, S.; Marchese, L.; Villafañe, J. Relationship
between the Gut Microbiome and Osteoarthritis Pain: Review of the Literature. Nutrients 2021, 13, 716. [CrossRef] [PubMed]

67. Pedersini, P.; Turroni, S.; Villafane, J.H. Gut microbiota and physical activity: Is there an evidence-based link? Sci. Total Environ.
2020, 727, 138648. [CrossRef] [PubMed]

68. Beane KER, M.C.; Wang, X.; Pan, J.H.; Le, B.; Cicalo, C.; Jeon, S.; Kim, Y.J.; Lee, J.H.; Shin, E.; Li, Y.; et al. Effects of dietry fibers,
micronutrients, and phytonutrients on gut microbiome: A review. Appl. Biol. Chem. 2021, 64, 36. [CrossRef]

69. Dougados, M. Symptomatic slow-acting drugs for osteoarthritis: What are the facts? Jt. Bone Spine 2006, 73, 606–609. [CrossRef]
[PubMed]

http://doi.org/10.3390/nu13030716
http://www.ncbi.nlm.nih.gov/pubmed/33668236
http://doi.org/10.1016/j.scitotenv.2020.138648
http://www.ncbi.nlm.nih.gov/pubmed/32498183
http://doi.org/10.1186/s13765-021-00605-6
http://doi.org/10.1016/j.jbspin.2006.09.008
http://www.ncbi.nlm.nih.gov/pubmed/17126058

	Introduction 
	Epidemiology and Health Burden of Osteoarthritis 
	Understanding Osteoarthritis as an Inflammatory Disease 

	The Role of Adjunctive Therapy in the Management of Osteoarthritis 
	Conventional Adjunctive Therapies 
	Natural Multi-Mineral Complexes 
	Oral Proteoglycan Replacement Therapy (PRT) 

	Disease-Modifying Adjunctive Therapy (DMAT) in Osteoarthritis: ANovel Frontier 
	LithoLexal® Joint, a Natural DMAT for the Management of Osteoarthritis 
	Conclusions 
	References

