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Abstract
Osteoarthritis and type 2 diabetes mellitus are two prevalent chronic conditions that impose a substantial burden on health-
care systems worldwide. The comorbidity of type 2 diabetes mellitus and osteoarthritis (especially in individuals with over-
weight/obesity) presents a formidable challenge due to the potential synergistic effects of these conditions on metabolism 
and joint health. Chronic low-grade systemic inflammation plays a pivotal role in the development of both type 2 diabetes 
mellitus and osteoarthritis and is a common feature they share. Chondroitin sulfate is a naturally occurring glycosamino-
glycan integral to the structure and function of articular cartilage. It has gained attention as a potential therapeutic agent 
for osteoarthritis due to its multifaceted mechanisms of action, including an effect on transcriptional factors and signaling 
pathways associated with chronic low-grade systemic inflammation. Chondroitin sulfate originated from natural sources, 
including standardized small marine fish extract, and can be regarded as a promising means in the therapy of osteoarthritis 
and type 2 diabetes mellitus. It can serve as an illustrative medication able to alleviate NF-κB-mediated inflammatory and 
metabolic disorders. Standardized small marine fish extract demonstrates anti-inflammatory, antioxidant, antidiabetic, an-
ti-cancer, antimicrobial, anti-hypertensive, and wound healing properties.

Keywords: osteoarthritis, type 2 diabetes mellitus, chronic low-grade systemic inflammation, standardized 
small marine fish extract, chondroitin sulfate.

Introduction

Osteoarthritis (OA) and type 2 diabetes mellitus 
(T2DM) are two prevalent chronic conditions that im-
pose a substantial burden on healthcare systems world-
wide. The coexistence of T2DM and OA (especially in 
individuals with overweight/obesity) presents a formi-
dable challenge due to the potential synergistic effects 
of these conditions on metabolism and joint health. 
T2DM has a detrimental effect on the results of arthro-
plasty and is a risk factor for the advancement of OA [1]. 
47.3 percent of T2DM patients have some degree of OA [2]. 

It is still unclear what is behind the significant OA prev-
alence among T2DM individuals diagnosed with type 2 
diabetes mellitus. 

Overweight/obesity and advanced age are two risk 
factors for both OA and T2DM that, to some extent, may 
contribute to the explanation of why OA is more com-
mon in individuals with diabetes. T2DM is expected to 
affect 4.6 million people in the US between the ages of 18 
and 44, 14.3 million between the ages of 45 and 64, and 
12.0 million over the age of 65 [3]. Radiographically char-
acterized knee OA substantially increases with age, af-
fecting 14% of adults over 25 and 37% of those over 60 [4].
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Recent research has shown that OA is linked to sys-
temic metabolic abnormalities frequently observed in 
T2DM. This may indicate that diabetes affects the OA 
pathophysiology regardless of body fat or the aging 
process per se [5]. It has now been suggested that there 
is an underlying connection between OA and T2DM 
stemming from the metabolic changes.

In recent years, there has been T2DM considerable 
interest in searching for effective management of oste-
oarthritis in T2DM individuals, with a growing focus 
on the role of metabolic agents, which are able to im-
pact transcriptional factors and signaling pathways 
regulating inflammation and oxidative processes in 
the human body.

Chondroitin sulfate (CS) is a naturally occurring 
glycosaminoglycan integral to the structure and func-
tion of articular cartilage. It has gained attention as a 
potential therapeutic agent for osteoarthritis due to its 
multifaceted mechanisms of action, including an effect 
on transcriptional factors and signaling pathways asso-
ciated with nuclear factor kappa-light-chain-enhancer 
of activated B cells (NF-κB), signal transducer and ac-
tivator of transcription (STAT) 3, mitogen-activated 
protein kinases (MAPKs), wingless-like (Wnt)/β-cat-
enin, as well as nuclear factor erythroid 2-related factor 
(Nrf) 2.

This review aims to explore the current literature 
on the molecular pathways and therapeutic capability 
of CS in managing osteoarthritis among diabetic indi-
viduals.

Pathogenic overlaps: exploring shared 
pathways in the development of 
osteoarthritis and diabetes

Chronic low-grade inflammation (CLGI) is a cen-
tral characteristic shared by both OA and T2DM. On the 
one hand, inflammation induced by such factors as bi-
omechanical stress plays a role in OA development [6]. 
On the other hand, the OA progression occurs through 
the development of a systemic inflammatory response 
resulting from a number of conditions, including in-
fectious diseases (e.g., COVID-19) [7, 8], systemic met-
abolic alterations (“metainflammation”) [9–11], and 
haemocoagulation (“thromboinflammation”) [12], dis-
ruptions in gut microbiota composition [13–15], disor-
ders of central and peripheral circadian oscillators [16, 
17], inflammatory responses within the brain and spi-
nal cord (“neuroinflammation”) [18], and age-related 
inflammation (“inflammaging”) [19, 20].

Both direct biomechanical joint impact and sys-
temic inflammatory response factors induce the re-
lease of early-stage pro-inflammatory cytokines such 
as interleukins (ILs) 1β and 18 [21]. Damage-associated 
molecular patterns (DAMPs) caused by mechanical 
stress and released from damaged cellular organelles, 
dying cells, or the extracellular matrix (e.g., adenosine 
triphosphate, uric acid, pore-forming toxins, and me-
tabolites), hyperlipidemia, reactive oxygen and nitro-
gen species (ROS/RNS), and crystals, activate toll-like 
receptors (TLRs) and contribute to the assembly of the 
NLRP3 inflammasome [21, 22]. Caspase-1 is activat-
ed when the inflammasome is formed, and it cleaves 
gasdermin D (GSMD), pro-IL-1 and 18. The N-termi-
nal GSMD leads to the formation of a transmembrane 
pore, which is a pathway for bioactive ILs 1 and 18 to en-
ter extracellular space and trigger pyroptosis.

Additionally, TLRs cause the NF-κB to become ac-
tive, which promotes the transcription of transmem-
brane pro-TNFα, which the cell releases as TNFα. 
Further signals from IL-1β, IL-18, and TNFα enhance 
chondrocyte death and spread the process to the cells 
in the synovial membrane [21].

Subsequent activation of signals originating from 
IL-1β, IL-18, and TNFα further intensifies chondro-
cyte apoptosis. The initiation of the NF-κB signaling 
pathway commences when IκB kinase (IKK) is acti-
vated, leading to the phosphorylation and subsequent 
breakdown of IκBα mediated by the proteasome. Con-
sequently, the p65 protein is released, then undergoes 
phosphorylation and relocates from the cytoplasm to 
the nucleus. These occurrences trigger the activation 
of the transcription of various genes, including addi-
tional pro-inflammatory cytokines, e.g., IL-6, chemok-
ines, cathepsins, complement proteins, matrix metal-
loproteinases (MMPs) 1, 2, 3, 7, 8, 9, and 13, as well as 
aggrecanases, specifically a disintegrin and metallo-
proteinase with thrombospondin motifs (ADAMTS) 4 
and 5 [23–25]. As a result, an elevation in the phospho-
rylated p65 level has been observed in osteoarthritis, 
while the level of IκBα was found to be diminished [6].

NF-κB has the potential to heighten joint injury 
by triggering the production of prostaglandin E2, cy-
clooxygenase 2 (COX2), inducible nitric oxide synthase 
(iNOS), and nitric oxide, thus facilitating tissue inflam-
mation, the synthesis of catabolic factors, and the ap-
optosis of articular chondrocytes. In turn, this leads 
to the activation of additional transcription factors, 
such as hypoxia-inducible factor 2α (HIF-2α), E74-like 
factor 3 (ELF3), and runt-related transcription factor 2 
(RUNX2) [25]. These transcription factors subsequently 
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stimulate the expression of ADAMTS5 and MMP13 pro-
teases that contribute to the differentiation process of 
pre-hypertrophic articular chondrocytes into fully dif-
ferentiated chondrocytes.

All of this promotes cartilage degradation and an 
NF-κB-dependent systemic inflammatory response [26]. 
The ROS/RNS formation, which contributes to oxida-
tive/nitrosative stress, is also promoted by NF-κB activa-
tion. Specific NF-κB inhibitors [27, 28] and polyphenols 
[29–33] can be used to address this issue.

Moreover, ROS/RNS can function as secondary sig-
naling molecules, leading to heightened activation of 
redox-sensitive pathways linked to MAPKs, alongside 
STAT3 [34]. These pathways play a pivotal role in the 
development of oxidative/nitrosative stress, along with 
the generation of pro-inflammatory cytokines [35, 36], 
while also participating in cartilage degradation [24, 37].

Enhanced activity of MAPKs, including the p38 cas-
cade, extracellular signal-regulated kinase (ERK) ½, and 
c-Jun N-terminal kinases (JNK), regulates the down-
stream expression of pro-inflammatory cytokines and 
MMPs, as well as the perception of pain, in osteoarthri-
tis [38, 39]. The process initiates with the binding of 
pro-inflammatory cytokines and growth factors to their 
respective receptors on the cell membrane. This serves 
as the starting point, triggering intracellular MAPKs 
(MKKs) to phosphorylate specific MAPKs. While MKK1 
and 2 activate ERK1 and 2, MKK3 and 6 are responsible 
for p38 phosphorylation, and MKK4 and 7 phospho-
rylate JNK1 and 2. These activated MAP kinases sub-
sequently trigger the activation of additional protein 
kinases and transcriptional regulatory proteins. This, 
in turn, leads to the elevation of certain inflammato-
ry genes such as MMPs, IL-1, and TNF-α. Then, these 
cytokines can perpetuate JNK activation, resulting in 
increased cytokine and MMP production [39]. An in-
triguing discovery involves the potential suppression 
of chondrocyte inflammation and OA improvement 
through the inhibition of p38MAPK. This highlights 
the therapeutic potential of targeting p38MAPK in the 
OA treatment [40].

The existing body of evidence indicates that the 
Janus kinase 2 (JAK2)/STAT3 signaling pathway holds a 
significant function in cytogenesis and participates in 
the OA progression [41]. Based on current research, di-
recting interventions toward the JAK2/STAT3 pathway 
emerges as a viable approach for OA therapy [41, 42].

The activation of phosphatidylinositol 3-kinase 
(PI3K)-AKT signaling occurs through cytokines such 
as IL-1β when it binds to its cell surface receptor. Fol-
lowing stimulation, the membrane protein PI3K trig-

gers the AKT phosphorylation, a process that has been 
shown to have a synergistic effect on NF-κB signaling. 
The activation of the PI3K/AKT pathway leads to an 
elevated production of MMPs within cells, including 
chondrocytes [43].

All the previously mentioned factors initiate a 
self-sustaining (vicious) cycle between the cartilage 
and synovial membrane, playing an important role in 
the OA progression. This sequence could be counter-
acted by activating a redox-sensitive transcription fac-
tor, which functions as an antagonist to NF-κB – Nrf2 
[44, 45]. The activation of Nrf2 holds the capability to 
impede M1 polarisation while encouraging M2 polari-
sation via various signaling pathways, encompassing 
TLR/NF-κB, MAPK, and JAK/STAT [46]. It has been 
demonstrated that the ability of Nrf2 to suppress 
NLRP3 inflammasome in chondrocytes [47], as well as 
to limit apoptosis, extracellular matrix degradation, 
inflammation, and the activation of NF-κB signaling 
in chondrocytes and in OA mice, is associated with 
the suppression of high-mobility group protein B1 
(HMGB1) expression [48].

The canonical and non-canonical Wnt signaling 
pathways are another route that becomes more active 
in response to OA [25]. Maintaining the metabolic equi-
librium of chondrocytes relies on the baseline Wnt 
activity, but heightened Wnt activity, observed in OA, 
can lead to the deterioration of the cartilage matrix 
through associated proteases that degrade the extracel-
lular matrix [49]. The levels of MMP-13, ADAMTS 4 and 
5 were significantly increased in animals exhibiting 
an amplified expression of β-catenin, which is essen-
tial for the functioning of the canonical Wnt signaling 
pathway [50]. In mice, inhibiting the canonical Wnt 
pathway demonstrated a reduction in OA severity by 
stimulating anticatabolic effects on chondrocytes and 
anti-fibrotic effects on synovial fibroblasts [51].

T2DM is also known as a condition linked to CLGI. 
Contributors to persistent inflammation in T2DM in-
clude continuous activation signals originating from 
various sources. These sources encompass dysfunc-
tional adipose tissue, the abnormal metabolic activa-
tion of leukocytes, DAMPs released from injured tissue 
and endothelium, and excessive cytokines discharged 
by senescent cells [52]. The principal instigator of 
meta-inflammation in individuals with T2DM is per-
ceived to be the enlargement of adipose tissue, followed 
by the onset of hyperglycemia prompted by insulin re-
sistance. The well-documented association between 
malfunction in visceral adipose tissue and the develop-
ment of insulin resistance is firmly established [53].
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Persistent hyperglycemia leads to the formation of 
covalent linkages between glucose and diverse plasma 
proteins (albumin, globulins, fibrinogen, collagen), li-
pids, and nucleic acids. These connections result in the 
formation of distinct advanced glycation end products 
(AGEs), which hold a leading position in the pathophys-
iology of both diabetic complications [54, 55] and OA 
[56]. The interaction between AGEs and their primary 
cellular receptor (advanced glycation end product re-
ceptor, RAGE) triggers a multitude of signaling path-
ways, including NF-κB, STAT3, Wnt/β-Catenin, MAPK/
ERK, JNK etc. [55–58]. These cascades increase oxida-
tive/nitrosative stress and inflammation. The con-
vergence of these effects underscores the importance 
of AGEs in mediating the crosstalk between diabetes 
and OA. The subsequent effects of the AGEs/RAGE in-
teraction encompass compromised insulin signaling, 
disturbances in metabolic balance, RAGE-induced tox-
icity in pancreatic β cells, and alterations in epigenetic 
patterns [56, 59].

AGE accumulation, a hallmark of diabetes, has 
been implicated in both OA and diabetes-related joint 
complications [60]. AGEs contribute to matrix altera-
tions in cartilage and promote oxidative/nitrosative 
stress, leading to accelerated joint degeneration in OA. 
Furthermore, an insulin-resistant state and obesity are 
also associated with elevated levels of free fatty acids, 
which can potentially induce CLGI by activating the 
TLR4/NF-κB signaling pathway [61], thereby poten-
tially impacting the progression of OA [62]. Leptin, a 
significant adipokine predominantly released by adi-
pose tissue, is able to stimulate chondrocyte apoptosis 
while also intensifying the production of cytokines and 
MMPs by chondrocytes [63].

Recent studies have identified that the induction of 
the transcription factor Nrf2 serves as a key mechanism 
for antioxidant defense in the OA cartilage of T2DM pa-
tients [64, 65]. Experiments conducted ex vivo have in-
dicated a reduction in Nrf2 expression in OA cartilage 
from T2DM patients compared to non-T2DM cases [65].

Emerging research has revealed shared molecular 
mechanisms linked to the involvement of specific tran-
scription factors and signaling pathways that contrib-
ute to the development and progression of both T2DM 
and OA. This makes them promising targets for the 
prevention and treatment of these conditions.

Thus, the progression of both OA and T2DM involves 
the emergence of CLGI and oxidative/nitrosative stress, 
especially driven by the interaction between AGEs and 
their receptor (RAGE). This interaction triggers cas-
cades of pro-inflammatory, pro-oxidant, pro-histolytic, 

and pro-diabetic signaling pathways linked to NF-κB, 
STAT3, Wnt, MAPK/ERK, and JNK. These pathways, 
operating within positive feedback loops, further in-
tensify the systemic inflammatory response and disrup-
tions in metabolic processes.

Potential of chondroitin sulphate in 
pathogenetic therapy for chronic low-grade 
inflammation in osteoarthritis and diabetes

A class of long linear polysaccharides known as 
sulfated glycosaminoglycan (GAG) chains are cova-
lently joined to many core proteins to create proteo-
glycans (PGs). Nearly all mammalian cell surfaces are 
surrounded by PGs, which are important pericellu-
lar and extracellular matrix components. PGs help to 
produce favorable microenvironments for a variety of 
crucial cellular processes, including cell adhesion, pro-
liferation, differentiation, and cell fate decisions [66, 
67]. The several GAG moieties present in PGs, such as 
chondroitin sulfate (CS), heparan sulfate, and keratan 
sulfate chains, primarily mediate the multifunctional 
capabilities of PGs.

The most common GAG in the human body is CS, 
and in particular, chondroitin-4-sulfate and chondroi-
tin-6-sulfate, which are essential components of aggre-
can, the main representative of the PGs in the cartilage 
matrix. These compounds play a role in controlling cell 
adhesion, proliferation, and differentiation, as well as 
in the transport of water, amino acids, and lipids with-
in hyaline cartilage. They also contribute to determin-
ing the viscosity of synovial fluid, along with the crucial 
biomechanical characteristics of cartilage tissue, such 
as its elasticity [68]. Several clinical investigations and 
meta-analytic assessments have presented evidence 
supporting the suggestion to employ CS-containing 
agents as symptomatic slow-acting drugs for osteoar-
thritis (SYSADOA). These medications exert significant 
beneficial effects on bone and cartilage tissue structure, 
as well as on joint function in cases of OA, resulting in a 
noticeable reduction of chronic pain [69, 70].

According to reports, CS possesses anti-inflam-
matory properties that prevent the formation of ath-
erosclerotic plaques [71], has effects on lowering blood 
lipids [72], modulates the immune system [73], demon-
strates anti-psoriasis capabilities [74], and shows an-
ti-tumor effects [75]. Additionally, it serves as a preven-
tive measure against complications of diabetes mellitus 
such as diabetic nephropathy [76], diabetic osteoporo-
sis [77, 78], and diabetic wounds [79, 80].
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The application of CS in the OA treatment appears 
to be more favorable when compared to glucosamine 
sulfate, which is known as the most prevalent form of 
glucosamine. The use of the latter entails certain risks 
for individuals with diabetes mellitus [1].

It has been observed that patients with diabetes 
demonstrate a significant increase in PGs depolymeri-
zation. When compared to healthy control individuals, 
the urine of the patients with diabetes contained less 
CS and more low-sulfated chondroitin sulphate-protein 
complex [81]. In addition, chondroitin sulfate has a high-
er 6-sulfated disaccharide content and a lower 4-sulfated 
disaccharide content in patients with diabetes.

H. Pang et al. conducted a comparison of the struc-
tural characteristics of CS sourced from various ori-
gins, examining its impact on both α-amylase activity 
and blood glucose levels [82]. Oral administration of CS 
derived from sharks and pigs effectively lowers post-
prandial blood glucose levels in both healthy and dia-
betic mice. The research discovered that CS obtained 
from various sources exhibited distinct biological ef-
fects despite their closely similar molecular weights 
and disaccharide subunit compositions. This study 
highlighted the potential of shark and pig CS as novel 
functional food components for T2DM management, 
functioning as α-amylase inhibitors.

Notably, obese mice that received PGs from salmon 
cartilage per os displayed beneficial effects on hyperg-
lycemia and insulin sensitivity. These improvements 
were linked to a decrease in the expression of criti-
cal inflammatory regulators such as TNF-α, IL-6, and 
C-X-C motif chemokine ligand 2 in adipose tissue [83].

H.X. Zheng et al. demonstrated that administering 
CS for eight weeks led to an amelioration in diabetes 
symptoms among rats with streptozotocin-induced di-
abetes. The group that received CS treatment exhibited 
increased body weight, reduced water and food intake, 
lowered blood glucose levels, increased bone mineral 
density, improved bone structure, and decreased fem-
oral osteoclasts and tibia adipocyte counts [77]. Follow-
ing the CS administration, bone histomorphometric 
parameters returned to their normal state. There was 
a notable reduction in the levels of serum pro-inflam-
matory cytokines (IL-1β, IL-6, and TNF-α) and a sig-
nificant increase in the activities of serum superoxide 
dismutase, glutathione peroxidase, and catalase [77, 
78]. In the CS-treated group, the levels of serum alka-
line phosphatase, cross-linked C-telopeptide of type I 
collagen, tartrate-resistant acid phosphatase 5b, osteo-
calcin and receptor activator of NF-κB ligand (RANKL) 
decreased, while the serum RUNX 2 and osteoprote-

gerin levels increased. Bone immunohistochemistry 
results showed that CS can effectively enhance the 
expression of osteoprotegerin and RUNX2 and reduce 
the expression of RANKL in rats with diabetes. All of 
these indicate that CS could prevent diabetic osteopo-
rosis – mainly through decreasing blood glucose, anti-
oxidative and anti-inflammatory properties, as well as 
regulation of osteoprotegerin/RANKL expression. CS 
can, therefore, effectively prevent bone loss caused by 
diabetes.

Some publications elucidate the molecular mecha-
nisms of such CS action, which substantiate the feasi-
bility of using CS as a means of pathogenetic therapy 
for OA and T2DM. It has been demonstrated that CS is 
able to mitigate CLGI by impacting the nuclear NF-κB 
translocation, a process intricately linked to CLGI 
markers such as serum levels of IL-1, IL-6, and C-reac-
tive protein [84, 85]. 

Among the mechanisms contributing to the de-
velopment of CLGI and oxidative/nitrosative stress, 
the CS capability to mitigate the AGEs generation and 
RAGE activation assumes a noteworthy role [86, 87]. 
The AGEs/RAGE mechanism is recognized for trig-
gering a series of signaling pathways, encompassing 
NF-κB, STAT3, Wnt/β-Catenin, MAPK/ERK, and JNK 
cascades (Figure 1) [56–58]. In contrast to heparin and 
hyaluronic acid, CS has been shown to inhibit AGE3-in-
duced upregulation of class A receptor 1 [87].

Moreover, CS has demonstrated its ability to not 
only inhibit NF-κB activation but also to impact distinct 
pathways that lead to the generation of pro-inflamma-
tory and pro-oxidant proteins [88–90]. According to re-
cent literature, CS is able to activate the ERK½ and p38 
MAPK signaling pathways [91–93] and interfere with 
the transcriptional activity of STAT3 through a mecha-
nism separate from STAT3 phosphorylation [90]. 

Combining these effects results in a decrease in the 
expression of a number of pro-inflammatory enzymes, 
including phospholipase A2, COX2, and iNOS, as well as 
cytokines, in particular IL-1 and TNF-α. Furthermore, it 
has been shown that Wnt3a signaling in fibroblasts can 
be inhibited by exogenous CS-E [94]. The CS capability to 
reduce the susceptibility of rabbit chondrocytes to apop-
tosis is also associated with its ability to suppress NF-κB 
translocation and the MAPK signaling cascade via p38 
and Erk1/2 [95].

CS also possesses anti-inflammatory and antioxidant 
characteristics, as it can up-regulate Nrf2. These anti-in-
flammatory, antioxidant, and anticatabolic properties 
enhance the structural and functional conditions of car-
tilage, synovial membrane, and subchondral bone [96]. 
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Moreover, CS can impact the development of diabetes 
by shifting the balance between Th1 and Th2 pathways 
during the progression of diabetes [97].

Some meta-analyses reveal inconsistencies in the 
outcomes of clinical trials, which are linked to poten-
tial biases, brand influences, and variations in sample 
sizes [69, 70]. In some instances, the CS application 
failed to enhance pain relief or the functional condition 
of joints affected by OA [98]. The uncertain outcomes of 
these clinical trials might be attributed to the diverse 
forms of CS given to patients (e.g., oral or parenteral), 
varied raw materials used to produce CS, and the pres-

ence or absence of specific physiologically active com-
pounds (PGs compounds, amino acids, minerals etc.).

It has been found that the molecular mass charac-
teristics are relatively comparable among land-derived 
CS samples (from cows, pigs, and chickens) but notably 
distinct from aquatic CS samples (derived from sharks, 
rays, and squids), which exhibit higher molecular 
mass measurements than the former group [99]. Addi-
tionally, the aquatic CS samples demonstrate distinct 
charge density values exceeding 1.0, attributed to the 
presence of disulfated disaccharides, in contrast to ter-
restrial samples with charge density values below 1.0 

Figure 1: The molecular mechanisms of the anti-inflammatory, antioxidant, and anticatabolic effects of chondroi-
tin sulfates, which are beneficial for the treatment of osteoarthritis in diabetic patients. CSs significantly reduce 
the nuclear translocation of NF-κB, decrease the phosphorylation of ERK½, abrogate p38 MAPK phosphoryla-
tion, and hinder the movement of STAT3 into the nucleus, resulting in a great decrease in their ability to regulate 
pro-oxidant, pro-inflammatory, MMPs, and ADAMTS gene expression. Additionally, chondroitin sulfates impair 
Wnt/β-catenin signaling in fibroblasts and demonstrate anti-inflammatory and antioxidant effects by up-reg-
ulating Nrf2. Note: ADAMTS – A Disintegrin and Metalloproteinase with Thrombospondin Motifs; AGE –Ad-
vanced Glycosylation End Product; CSs – chondroitin sulfates; DAMPs – Damage-Associated Molecular Patterns; 
ERK½ – Extracellular Signal-Regulated Kinase ½; FZD – Frizzled, receptor in the Wnt signaling pathway; IL – In-
terleukin; JNK – c-Jun N-terminal Kinase; LRP – Low-Density Lipoprotein Receptor-related Protein; MAPK – Mi-
togen-Activated Protein Kinase; MMPs – Matrix Metalloproteinases; NF-κB – Nuclear Factor κB; Nrf2 – Nuclear 
Factor Erythroid 2-Related Factor 2; p38 – p38 Mitogen-Activated Protein Kinase; RAGE – Receptor for Advanced 
Glycosylation End Products; ROS – Reactive Oxygen Species; RNS – Reactive Nitrogen Species; STAT3 – Signal 
Transducer and Activator of Transcription 3; TLR – Toll-Like Receptor; TNF –Tumor Necrosis Factor.
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due to the absence of such disulphated disaccharides. 
Furthermore, the fact that CS is derived from animals 
gives rise to potential safety concerns for consumers 
due to the potential existence of transmissible infec-
tious agents like prions. These proteins can lead to the 
development of spongiform encephalopathies in cattle 
and are also implicated as causal factors in Creutzfeldt-
Jakob disease in humans. Alternatively, there could be 
limitations on its use due to religious reasons.

In a randomized, double-blind, placebo-controlled 
pilot study, 60 overweight adults with symptomatic OA 
were assigned to a daily intake of 600 mg of non-ani-
mal-derived CS over a period of 12 consecutive weeks 
[100]. The assessment of knee pain, quality of life, and 
relevant inflammation markers (levels of C-reactive 
protein and erythrocyte sedimentation rate) evidenc-
es the efficacy of supplementing with non-animal-de-
rived CS in overweight individuals with knee OA. This 
supplementation demonstrated improvements in knee 
function, pain mitigation, and inflammation markers. 

Artificially produced CS is distinguished by the ex-
istence of three- and four-sulfate groups that are absent 
in CS occurring naturally. This distinction is linked to 
the reduced biocompatibility of these medications. 
Conversely, CS sourced from marine organisms has 
a diminished amount of sulfate groups in the fourth 
position but shows a notable abundance of negatively 
charged particles. This characteristic aids in the bind-
ing of CS to hyaluronic acid [99, 101, 102].

However, employing CS for the treatment of un-
derlying causes of CLGI also presents inherent risks. 
These include the possibility of undesirable reactions, 
such as gastrointestinal disturbances, as well as the po-
tential for interactions with concurrent medications. 
Furthermore, the consistency and purity of commer-
cially accessible CS preparations can vary, influenc-
ing their effectiveness and safety. Some CS forms can 
exhibit unfavorable effects associated with the risk of 
thrombosis, as observed in sodium salts of CS A and 
C, which makes them unsuitable in the treatment for 
thrombophlebitis [12].

Hence, considering the intricacies of the pathogen-
esis of systemic inflammatory response and its compli-
cations within the context of SYSADOA, a preference 
should be given to parenteral drugs that do not intensi-
fy the blood’s tendency to clot.

To sum up, the anti-inflammatory, antioxidant, 
anti-osteoarthritic and hypoglycaemic characteristics 
of CS offer a dual advantage by tackling both cartilage 
damage associated with OA and inflammation linked to 
diabetes. Although CS seems to be promising as a poten-

tial therapeutic means for managing CLGI, additional 
research is needed to provide a clear understanding of 
its mode of operation and to evaluate its safety and effi-
cacy in clinical contexts.

So, the experimental investigations have demon-
strated that CS possesses the capability to attenuate 
the generation of AGEs and subsequent activation of 
RAGE, thereby inhibiting signaling pathways like NF-
κB, STAT3, Wnt/β-Catenin, MAPK/ERK, and JNK. As 
a result, there is a restriction of CLGI and oxidative/
nitrosative stress, leading to enhancements in the 
structural and functional status of cartilage, synovi-
al membrane, and subchondral bone. CS-dependent 
up-regulation of Nrf2 is accompanied by anti-inflam-
matory, antioxidant, antidiabetic, and anticatabolic 
actions, which collectively improve the conditions of 
cartilage, synovial membrane, and subchondral bone. 
Moreover, it alters the balance between Th1 and Th2 
pathways during the progression of diabetes. The effi-
cacy of CS application in OA is substantiated by numer-
ous clinical studies. However, at present, the antidia-
betic effect of CS is mainly supported by experimental 
research, emphasizing the need to elucidate this effect 
in clinical settings.

Purified bioactive extract of small marine fish 
as a promising approach in the management 
of osteoarthritis and diabetes mellitus

The efficacy of the CS obtained from marine or-
ganisms such as salmon, shark, thornback skate, small 
sea fish, and others has been documented in various 
studies [103–107]. Standardized small marine fish ex-
tract (SSMFE) has demonstrated anti-inflammatory 
and antioxidant properties and the ability to stimulate 
the synthesis of new cartilage. These effects are attrib-
uted to the composition and manufacturing process 
of the medications. For instance, the medication Al-
flutop (manufactured by Biotehnos S.A., Romania) is 
composed of 0.01 g of a standardized and purified bio-
active extract sourced from four species of small ma-
rine fish: Black Sea merlin (Merlangius euxinus), Black 
Sea pufferfish (Alosa tanaica nordmanni), Black Sea 
sprats (Sprattus phalericus), and Black Sea anchovy 
(Engraulis encrassicholus ponticus). The medication 
incorporates chondroitin-4-sulfate and chondroit-
in-6-sulfate, as well as other glycosaminoglycans such 
as hyaluronic acid, dermatan sulfate, and keratan sul-
fate. Furthermore, it contains low molecular weight 
polypeptides (with molecular weights up to 50 kDa), 
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a variety of amino acids (including alanine, arginine, 
proline, hydroxyproline, methionine, glutamate, va-
line, leucine, isoleucine, serine, threonine, lysine, as-
paragine, phenylalanine, and tyrosine), and minerals 
(sodium, potassium, calcium, zinc, magnesium, iron, 
copper, and manganese) that play exceptional roles in 
connective tissue metabolism [12]. Alflutop is intend-
ed for parenteral administration (both intramuscular 
and intra-articular) to patients dealing with primary 
and secondary OA in various areas and with degener-
ative-dystrophic conditions of the spine and soft tissue 
pathologies as well.

During clinical trials, SSMFE exhibited various 
beneficial effects, including chondroprotective qual-
ities (slowing OA progression and osteophyte growth, 
minimizing articular cartilage matrix degradation), 
anti-inflammatory and antioxidant properties, as well 
as analgesic effects. It is noteworthy that significant im-
provements were observed in joint and spinal function, 
leading to an improved quality of life [12]. The medica-
tion also contributed to reducing the time required for 
the healing of ulcerative and erosive lesions triggered by 
non-steroidal anti-inflammatory drugs (NSAID) intake. 
As a result, researchers recommended its use for patients 
with OA who are susceptible to NSAID-related gastro-
intestinal issues [108]. When integrated into the initial 
treatment for musculoskeletal conditions alongside 
NSAIDs, SSMFE (Alflutop) accelerated the onset of an-
algesic effects and reduced the reliance on NSAIDs [109].

Furthermore, SSMFE has been found to be an ef-
fective means of comprehensive pharmacotherapy of 
back pain. This can be attributed to its capability to 
alleviate afferent nociceptive activity by mitigating in-
flammation in spinal structures and diminishing cen-
tral sensitization [110, 111]. Moreover, the positive im-
pact of this preparation includes a prolonged analgesic 
effect lasting up to a month following the completion 
of the treatment course.

The mechanisms underlying SSMFE’s impact on 
inflammation and regeneration have been extensively 
investigated in various experimental studies, which 
have unveiled its ability to suppress the expression and 
release of pro-inflammatory cytokines (such as IL-1β, 
IL-6, and IL-8). Furthermore, it can hinder the activi-
ty of aggressive proteolytic enzymes, including MMPs 
and ADAMTS4. This inhibition results in a decreased 
occurrence of alterations and apoptosis in chondro-
cytes and osteocytes [112–115]. A pivotal facet of SSMFE 
transcriptional repression of pro-inflammatory cy-
tokines involves the diminishment of NF-κB expres-
sion, particularly its p50 subunit (NF-κB1) [115].

In the presence of IL-1β and TNF-α stimulation, 
SSMFE effectively countered the decline in chondrocyte 
numbers through a dual approach: by impeding apopto-
sis and enhancing their proliferation rate [116].

In our opinion, the SSMFE’s ability to suppress 
NF-κB represents a valuable discovery that not only elu-
cidates the efficacy of SSMFE in treating not only OA 
but also offers promise for its potential antidiabetic 
properties, given that NF-κB plays an important role in 
the pathogenesis of T2DM. 

Previously, it has been reported that the consump-
tion of lean sea fish at a daily rate of 75–100 g had a favora-
ble impact on T2DM [117]. Recently, it has been revealed 
that enzymatically derived fish protein hydrolysates 
serve as a rich reservoir of biologically active peptides 
endowed with anti-inflammatory, antioxidant, antidia-
betic, anti-cancer, antimicrobial, anti-hypertensive, and 
wound healing activities [118, 119]. The hydrolysates were 
subjected to characterization and evaluation of their ca-
pacity to hinder enzymes relevant to conditions related 
to metabolic syndrome. The hydrolysates produced were 
tested for their capability to inhibit enzymes such as an-
giotensin-1-converting enzyme (associated with blood 
pressure regulation), acetylcholinesterase (linked to 
nervous system maintenance), and dipeptidyl peptidase 
4 (related to T2DM development) [120]. Among the ob-
served amino acids in the fish protein hydrolysate sam-
ples, glutamate and aspartate were the most prevalent.

An intriguing aspect that underscores the superiori-
ty of SSMFE when compared to other constituents of the 
SYSADOA for patients with both OA and T2DM at risk 
of developing CLGI is its diminished immunogenicity. 
Conversely, formulations containing GAG-peptide com-
plexes sourced from cattle’s bone marrow and intercos-
tal cartilage carry the potential to trigger the production 
of autoantibodies. Prior to initiating treatment with 
such medications, patients are advised to consult a phy-
sician to rule out the presence of systemic autoimmune 
disorders. It is noteworthy that these conditions are rec-
ognized to coincide with the CLGI progression [12].

In our view, the advantages outlined in relation to 
SSMFE-derived formulations can likely be attributed 
not solely to their manufacturing process involving 
degreasing and deproteinisation but also to the incor-
poration of various other biologically active compo-
nents (such as amino acids and minerals) present in 
this intricate formulation, alongside CS. 

Cartilage damage is known to result in impaired 
amino acid metabolism involving processes such as ar-
ginine biosynthesis as well as metabolism of amino ac-
ids such as serine, threonine and proline [121], which are 



Rom J Diabetes Nutr Metab Dis. 2023; volume 30, issue 4

© 2023 The Authors Romanian Journal of Diabetes, Nutrition and Metabolic Diseases  ::  www.rjdnmd.org 489

indeed present in SSMFE. Moreover, Alflutop contains 
7 amino acids (phenylalanine, tyrosine, alanine, isoleu-
cine, leucine, valine, and glutamate), the deficiency of 
which is significantly correlated with decreased insulin 
secretion and elevated fasting or 2-hour glucose levels 
[122]. Deficiency of tyrosine, alanine, isoleucine, and 
glutamate is also significantly associated with an in-
creased risk of developing T2DM after accounting for 
potential comorbidities.

An additional significant aspect that distinguishes 
SSMFE from other SYSADOAs is its incorporation of 
essential minerals crucial for tissue restoration. As an 
illustration, magnesium demonstrates anti-inflamma-
tory and antioxidative properties, contributing to the 
enhancement of cartilage matrix formation and the pro-
motion of chondrocyte proliferation, both of which effec-
tively counter osteoarthritis. Conversely, zinc plays a key 
role in antioxidant defense and the suppression of pros-
taglandin synthesis. It also stimulates the growth and 
development of cartilage while assisting in the differenti-
ation of mesenchymal stem cells into chondrocytes with-
in osteochondral defects [123]. Additionally, potassium, 
magnesium, and zinc are essential for restoring mineral 
deficits in individuals with uncontrolled hyperglycemia, 
particularly those undergoing chronic diuretic therapy. 
Deficiencies in these minerals, as is known, can poten-
tially lead to carbohydrate intolerance [124, 125].

To summarise, the effects of SSMFE observed under 
experimental conditions are corroborated by clinical 
studies, validating its capacity to curtail joint inflamma-
tion, deter cartilage degradation, enhance joint function-
ality, and alleviate pain and disability among patients 
with OA. The presence of certain amino acids and min-
erals (such as potassium, magnesium, and zinc) in the 
formulation of SSMFE-based preparations (like Alflu-
top) might not only amplify the effectiveness of OA treat-
ment but also limit carbohydrate metabolic disorders.

Conclusions

OA and T2DM share a common pathogenetic mech-
anism, manifested through the involvement of CLGI and 
oxidative/nitrosative stress pathways. These mechanisms 
are closely linked to the functional state of pro-inflamma-
tory, pro-oxidant, pro-histolytic, and pro-diabetic signal-
ing pathways.

SSMFE can be regarded as a promising means in 
the therapy of OA and T2DM. It serves as an illustration 
of medications with the ability to alleviate NF-κB-me-
diated inflammatory and metabolic disorders. SSMFE 

demonstrated anti-inflammatory, antioxidant, antidi-
abetic, anti-cancer, antimicrobial, anti-hypertensive, 
and wound healing properties. The biologically active 
substances found in SSMFE (CS, amino acids and min-
erals) are characterized by a high safety profile, thus 
promoting a more effective correction of carbohydrate 
metabolism.
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