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A B S T R A C T

Osteoarthritis (OA) is a multifactorial joint disease with pathological changes that affect whole joint tissue.
Obesity is acknowledged as the most influential risk factor for both the initiation and progression of OA in weight-
bearing and non-weight-bearing joints. Obesity-induced OA is a newly defined phenotypic group in which chronic
low-grade inflammation has a central role. Aside from persistent chronic inflammation, abnormal mechanical
loading due to increased body weight on weight-bearing joints is accountable for the initiation and progression of
obesity-induced OA. The current therapeutic approaches for OA are still evolving. Tissue-engineering-based
strategy for cartilage regeneration is one of the most promising treatment breakthroughs in recent years. How-
ever, patients with obesity-induced OA are often excluded from cartilage repair attempts due to the abnormal
mechanical demands, altered biomechanical and biochemical activities of cells, persistent chronic inflammation,
and other obesity-associated factors. With the alarming increase in the number of obese populations globally, the
need for an innovative therapeutic approach that could effectively repair and restore the damaged synovial joints
is of significant importance for this sub-population of patients. In this review, we discuss the involvement of the
systemic and localized inflammatory response in obesity-induced OA and the impact of altered mechanical
loading on pathological changes in the synovial joint. Moreover, we examine the current strategies in cartilage
tissue engineering and address the critical challenges of cell-based therapies for OA. Besides, we provide examples
of innovative ways and potential strategies to overcome the obstacles in the treatment of obesity-induced OA.
The translational potential of this article: Altogether, this review delivers insight into obesity-induced OA and offers
future research direction on the creation of tissue engineering-based therapies for obesity-induced OA.
Introduction

Osteoarthritis (OA) is one of the most common chronic joint diseases
affecting all joint structures, ultimately causing pain, prolonged morning
stiffness, and muscle weakness, which eventually leads to disability. OA
is no longer defined as a “wear and tear” degenerative disease but as an
“organ-level failure” of the entire joint with heterogeneous and multi-
factorial pathogenesis [1]. Increasing evidence suggests that there are
anjaneyulu@siat.ac.cn (A. Uddutt

r to this work.

25 June 2020; Accepted 21 July

ier (Singapore) Pte Ltd on behalf
multiple subtypes of OA that reflect a complex and multifactorial nature
(reviewed by Vina et al. [2]). Obesity is acknowledged as the most
influential risk factor for both the initiation and progression of OA in
weight-bearing and non-weight-bearing joints. Patients with obesity or
OA have a common characteristic—"chronic low-grade inflammation”
(also known as meta-inflammation) [3,4]. Obesity-induced OA has been
proposed as a new phenotype of OA that displays a unique characteristic.
Low-grade chronic inflammation mediated by the innate immune system
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is a metabolically triggered inflammatory state which is notably char-
acterized by increased macrophage infiltration in adipose tissue and
abnormal production of inflammatory cytokines throughout the body
[5]. It has been recognized as a critical step in the development of
obesity-associated comorbidities, including OA [6]. The local inflam-
matory events within the joint could reflect systemic changes in obese
patients with OA [7]. Swelling, pain, and stiffness are OA’s clinical fea-
tures attributed to the presence of macrophage-associated synovitis,
which has emerged as a novel player in OA pathogenesis. Although the
degree of synovitis in OA varies from no symptoms of inflammation to
severe inflammation, the high prevalence and increased severity of sy-
novial membrane inflammation are linked to the accelerated progression
of obesity-induced OA [8,9].

Aside from persistent inflammation, abnormal mechanical loading as
a result of increased body weight on weight-bearing joints is accountable
for the initiation and progression of obesity-induced OA. Altered loading
is associated with articular cartilage inflammatory state and metabolic
imbalances of biosynthesis and degradation that eventually results in
cartilage breakdown. The principal function of articular cartilage is to
provide a smooth surface with low coefficient friction for articulation and
to facilitate the transmission of loads during joint movement [1]. Studies
have shown that activation of hypertrophy-like chondrocytes is a
consequence of mechanical stress in the extracellular matrix molecules or
inflammatory cytokines [10]. Not only cartilage but also subchondral
bone is greatly affected by mechanical stress upon weight gain. Hori-
zontal fissuring at the osteochondral interface and cartilage erosion with
chronic inflammation and rupture of microcapillaries are now considered
one of the key pathological features of OA patients with obesity [11].
Although the underlying mechanism remains elucidated, repetitive me-
chanical loading and shear forces on the cartilage–bone interface cause
the changes of microstructure proposed by Chen et al. [11]. Undoubt-
edly, the types and frequencies of mechanical stimulation play an
essential role in the formation of appropriate tissue type and architecture.

Over the last decades, different strategies have been made worldwide
to ameliorate OA progression. However, due to the complicated and
unique etiology in each OA patients, OA’s current therapeutic ap-
proaches are still evolving. Total knee arthroplasty (TKA) with artificial
components is the last-resort effort to treat severe OA when symptoms
cannot be controlled by other therapeutic modalities [12]. It has been
proven to debilitate pain experience, improve the significant limitation of
physical functions and quality of life in patients with OA [13]. However,
substantial numbers of patients have suffered from postsurgical func-
tional impairment and complications [14]. Increasing evidence suggests
that excessive body weight is a significant risk factor for the success of
TKA [15]. Obese TKA patients have significantly higher rates of periop-
erative and postoperative complications, including failure of wound
healing, increased reoperation rate, implant revision, or removal [16].
Therefore, the development of the innovative therapeutic approach and
regenerative engineering strategies is a national and international
research priority.

Tissue-engineering-based strategy for cartilage regeneration is one of
the most promising treatment breakthroughs in recent years. Langer and
Vacanti defined tissue engineering in 1993 as “an interdisciplinary field
that applies the principles of engineering and the life sciences toward the
development of biological substitutes that restore, maintain, or improve
tissue function” [17]. Cartilage tissue engineering (CTE) has shown
encouraging results with improved signs and symptoms in OA patients
and animal models. However, the healing of cartilage defects in OA is
currently an intractable problem [18,19]. Many advances have been
made in CTE, particularly when considering the increasing number of
ongoing preclinical and clinical studies.

Nevertheless, there is a lack of studies that focus on the application of
CTE in obesity-induced OA. It is noteworthy that the regeneration of
damaged cartilage in obesity-induced OA is more complicated than in
traumatic-injured chondral defects due to the persistent inflammatory
environment of the disease and altered mechanical stress. Thus,
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understanding the interaction among mechanical loading, systemic and
local immune response, and cellular biochemical activities of articular
tissue under obesity-induced OA is an essential step toward developing
CTE approaches as therapeutic strategies for cartilage regeneration.

In this review, we discuss the involvement of the systemic and
localised inflammatory response in obesity-induced OA and the impact of
altered mechanical loading on pathological changes in the synovial joint.
Moreover, we examine the current strategies in cartilage tissue engi-
neering and address key challenges of cell-based therapies for OA. We
also provide examples of innovative ways and potential strategies to
overcome the challenges in the treatment of obesity-induced OA. Alto-
gether, this review delivers insight into obesity-induced OA and offers
future research direction on the creation of tissue engineering-based
therapies for obesity-induced OA (Abstract graphics).

The challenges of articular cartilage regeneration in obesity-
induced OA

Growing evidence indicates that obesity contributes to worse existing
OA or induces the development of pathological changes by causing
inflammation [20]. Although “inflammation is a beneficial process,
designed to contain and eradicate threats to the host organism”, the
persistent inflammation-induced alterations in joint homeostasis in
obesity-induced OA potentially suppress the resolution of inflammation
and lead to failure of tissue regeneration [21]. In addition to modification
in physiological conditions, obesity has been associated with abnormal
mechanical load distribution in the joint [22]. Abnormal joint loading
patterns in obese individuals cause alteration in the molecular compo-
sition, organization of the matrix, structural integrity, and mechanical
properties of joint tissues, particularly articular cartilage and sub-
chondral bone [11,23]. Moreover, hyper-physiologic magnitudes of
loading can lead to increased pro-inflammatory cytokines in articular
cartilage chondrocyte and synoviocytes, thus furthering the cycle of
pathologic changes in the synovial joint [24,25]. Although the
obesity-induced OA mechanism is unclear, the combination of excessive
mechanical loading and inflammatory state results in the initiation and
acceleration of this disease.

Over the last decades, attempts have been made to develop biological
substitutes that can notably restore the function of damaged cartilage. At
present, relatively few studies have focused on the investigation of CTE
for obesity-induced OA. Progress in tissue engineering and regenerative
medicine is hampered by the limited understanding of the etiology and
diversity of pathophysiological changes of obesity-induced OA. Because
obesity-induced OA pathogenesis is more complicated and destructive
compared to non-obese individuals, it is essential to understand how
obesity negatively impacts synovial joint and cartilage repair procedures.

Influence of obesity on the development of osteoarthritis

Systemic inflammation in OA
There is mounting evidence suggesting the influence of inflammatory

conditions in obesity and OA. Substantial evidence supports that weight
loss of 20% in patients with obesity and OA by gastric surgery led to an
improvement in pain and physical function and attenuation in systemic
inflammation resulting in a structural effect on cartilage [26].
Macrophage-induced white adipose tissue inflammation characterised by
the modest increase in circulating pro-inflammatory factors (including
tumor necrosis factor-alpha (TNF-α), interleukin-1 beta (IL)-1β and IL-6)
has been proposed as the underlying mechanism that links OA with
obesity [3]. It is well known that obesity leads to macrophages’ pheno-
typic switch toward the pro-inflammatory subtype resulting in
TNF-α-induced insulin resistance and lipolysis of adipocytes [27]. Mac-
rophages play pivotal roles in innate immunity and can potentially
change phenotypes according to different activating stimuli in the
microenvironment. The pro-inflammatory M1 macrophages activated by
interferon-γ (IFN-γ) and lipopolysaccharide (LPS) or TNF-α are highly
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phagocytic and particularly active in destroying microorganisms and
macromolecular foreign bodies [28]. The anti-inflammatory phenotype,
also known as wound-healing macrophages stimulated by several factors
such as IL-4, IL-13, and transforming growth factor-beta (TGF-β) exert an
immunomodulatory effect on the maintenance of tissue homeostasis and
repairing [29]. In contrast to the pro-inflammatory phenotype, the
anti-inflammatory M2 macrophages are involved in the resolution of
inflammation and anti-fibrotic activity through reduced production of
pro-inflammatory cytokines, upregulation of anti-inflammatory media-
tors, efferocytosis of apoptotic pro-inflammatory M1 macrophages and
neutrophils in tissue remodeling and wound healing [29]. Aside from
signal transducer and activator of transcription family, macrophage
polarisation also can be regulated by regulators of lipid metabolism,
transcription factor families, microRNAs and long non-coding RNAs
(extensively reviewed by Ref. [30]). Other phenotypes have also been
described; however, their function in obesity-induced OA remains un-
explored. Thus, this review will focus only on M1-and M2-polarised
macrophages and their role in obesity and OA.

Although the inflammatory phase is an essential step for tissue
healing, the failure of macrophages to transit from pro-inflammatory to
wound-healing phenotypes is detrimental. It may contribute to the
initiation and progression of obesity and OA. The previous study has
suggested that circulating monocytes/macrophages from obese in-
dividuals with OA are activated before they enter into the synovial joints
[27]. Obesity stimulates chemokine-mediated macrophage infiltration
and pro-inflammatory polarisation in OA. Chemokine (C–C motif) ligand
2 (CCL2) and chemokine (C–C motif) receptor 2 (CCR2) signalling axis
have been shown to modulate monocyte/macrophage recruitment
and activation in obese adipose tissues [31]. Importantly, multiple
studies have reported that elevated CCL2/CCR2 levels in synovial
fluid and synovium from patients suffering OA correlated positively
with pain, stiffness, and physical function [32,33]. Activated
macrophages-associated alarmin S100A8 and S100A9 are high in serum
synovial fluid and synovium in both OA patients and animal models, both
of which have also been implicated in the development of
macrophage-induced adipose tissue inflammation in obesity [34–36].
Schelbergen et al. show that S100A/S100A9 induce over-expression and
activation of matrix metalloproteinase, leading to cartilage matrix
remodeling and osteophyte formation in experimental OA with high
synovial activation [37]. Moreover, in vivo and in vitro studies indicate
that the balance between pro- and anti-inflammatory macrophage pro-
duction has a significant impact on the development of synovial joint
inflammation in obesity-induced OA [9,20]. This subject is covered in
more detail in the section on “localised joint inflammation."

Adipose tissue is a heterogeneous tissue containingmature adipocytes
and immune cells that secrete a wide variety of inflammatory cytokines
and adipose tissue-derived adipokines (including leptin, adiponectin,
resistin, and others) [38]. A vast number of studies have reported that the
abnormal production and secretion of adipokines are believed to play an
important role in the association of obesity and systemic inflammation
(extensively reviewed by Ref. [39]). For instance, leptin, one of the most
important adipokines, regulates the activation of proliferation and
phagocytosis of monocytes/macrophages in obese patients [38,40].
Griffin and colleagues have observed that obese mice with leptin
impairment showed unchanged systemic inflammatory cytokine levels
[41]. Moreover, leptin receptor-deficient (db/db) mice exhibit lower
body weight, decreased macrophage infiltration, and less
pro-inflammatory gene expression in adipose tissue [42]. Overexpressed
leptin level is a crucial regulator linking high-fat diet-induced obesity,
chronic inflammation, immune suppression, and tumour progression
[43]. These pro-inflammatory cytokines, such as IL-1β, also regulate the
expression of leptin [44]. Adiponectin is an anti-inflammatory adipokine
that is downregulated in morbidly obese patients and up-regulated with
weight loss [45]. It has shown to displays protective action on the
development of obesity-induced inflammation by modulating signaling
pathways in various types of cells [45]. Previous studies have shown that
5

adiponectin and its receptors, AdipoR1 and AdipoR2, suppress inflam-
matory activation of macrophages through several ways, including the
downregulation of pro-inflammatory cytokines and upregulation of the
anti-inflammatory markers in adipose tissue [46]. Thus, the activity of
adipose tissue-derived adipokines and its link with pro-inflammatory
cytokines to promote or sustain chronic low-grade inflammation that
could ultimately favour the development of the obesity-associated
disease.

At present, it is well known that leptin is an important contributor to
the increased risk of obese people to develop OA (reviewed in Ref. [47]).
The expression of leptin and its receptors in the synovial fluid have been
reported to be higher in obese OA patients than in lean patients [48].
There was a significant association between BMI and whole blood leptin
promoter methylation levels in OA patients [49]. Articular chondrocytes
isolated from obese OA patients exhibit an altered response pattern to
elevated leptin levels compared with lean or overweight patients [50].
Furthermore, a high-fat diet caused a robust increase in leptin that was
positively correlated with OA-related cartilage damage, osteophytes,
increased infrapatellar fat pad (IPFP) size, and elevated serum OA bio-
markers (i.e., tissue inhibitor of metalloproteinases-1, and insulin-like
growth factor-I) in obese mice [51]. A recent study by Sachdeva et al.
revealed that the leptin level in the synovial fluid of advanced patients
with OA was significantly correlated with both local and systemic
inflammation [52]. Overexpressed leptin level was also negatively
correlated with bone mineral density in patients with knee OA [53].
Accordingly, leptin-impaired (ob/ob and db/db) mice developed extreme
obesity phenotypes with alteration in bone thickness and trabecular bone
volume. Surprisingly, disruption of leptin signaling had no significant
effect on the circulating level of pro-inflammatory cytokines or histo-
logical structure of articular cartilage in the knee joint [41]. Increasing
evidence suggests the direct pro-inflammatory and catabolic role of
leptin in cartilage and other joint tissue. For instance, articular chon-
drocytes isolated from OA patients with obesity exhibit an altered
response pattern to leptin levels compared with lean or overweight pa-
tients, indicating the disruption of leptin sensitivity in these cells [50].
Chondrocytes from OA patients showed increased IL-1β, matrix metal-
loproteinases (MMP)-9, and MMP-13 levels after leptin [54].

Moreover, leptin can directly induce the expression of ADAMTS-4, -5,
and -9 in normal human articular chondrocytes via activation of mitogen-
activated protein kinases (MAPKs) and NF-ĸB signaling pathways [55].
Additionally, a combined intra-articular injection of MMP13 and
ADAMTS 5 small interfering RNA (siRNA) in a mouse OA model has
shown a potent protective effect on ECM loss and chondrocyte hyper-
trophy [56]. The inducing effect of leptin on IL-8 production in synovial
fibroblasts from patients with OA suggests that this adipokine is associ-
ated with critical pathways of synovial inflammation [57]. Therefore, it is
essential to consider leptin effects in obese subjects with OA when
developing regenerative approaches for cartilage repair.

Clinical observations have established adiponectin to be an essential
mediator for OA. However, its biologic roles in OA pathogenesis are still
controversial. The levels of adiponectin measured in plasma and synovial
fluid were increased in OA patients compared to controls without
radiographic knee OA [58]. Especially adiponectin levels were distinctly
higher in female OA patients with obesity, indicating a gender-specific
distribution of leptin [59]. Of late, Orellana et al. demonstrated that
synovial fluid adiponectin was positively correlated with the radio-
graphic severity and synovial fluid IL-6 in non-obese women with middle
and late OA, suggesting the local inflammatory effect of this adipokine
[60]. Serum and synovial adiponectin levels were lower in obese women
with knee OA than that in non-obese one. In contrast, the inflammatory
factor in serum and synovial fluid was up-regulated in response to the
increased BMI, which suggested a more complex relationship among
obesity, adiponectin, and OA [60]. Duan et al. observed that adiponectin
receptor agonist AdipoRon attenuates OA chondrocyte calcification
through the AMPK-mTOR signalling pathway. However, some in-
vestigators hold the opposite opinion. A recent study, which analysed a
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cohort of 6671 participants aged 45–65 years, showed that the circu-
lating adiponectin level was not associated with OA [61]. Koskinen et al.
have reported that adiponectin treatment enhanced the production of
pro-inflammatory mediators and MMPs in OA cartilage [62]. Moreover,
adiponectin activated the AMPK/JNK pathways to induce Nitric oxide
synthase (iNOS) and MMPs expression in human OA chondrocytes,
indicating the catabolic potential of adiponectin in OA progression [63].
The synergistic effect of adipose tissue-derived cytokines and related
pro-inflammatory factors on pathological changes of synovial joint has
been highlighted in previous studies; however, more studies will be
necessary to explore the role of these adipokines in the pathogenesis of
obesity-induced OA.

Localised joint inflammation
Inflammation of the synovial membrane was thought to be a sec-

ondary collateral phenomenon triggered by the release of degradation
products of cartilage. However, there is increasing evidence showing that
macrophage-mediated synovitis could play a significant role in the
initiation and progression of OA, particularly the obesity-induced OA.
Accordingly, a 30-month longitudinal study of patients (BMI, mean (SD)
29.1 � 4.5) without radiographic OA showed that baseline effusion-
synovitis assessed on non-enhanced MRI in the knee joint predicted
later cartilage progression [64]. Landsmeer and colleagues investigated
the effect of weight gain on the progress of knee OA structural features in
middle-aged overweight/obese women without clinical knee OA at
baseline using MRI [65]. They found a higher prevalence of synovial
inflammation in women with weight gain than those with stable weight.
In addition, weight gain in overweight/obese women led to an increased
progression of bone marrow lesions and cartilage defects. A similar
phenomenon was observed in a previous study showing that rats with
diet-induced obesity developed synovial inflammation before cartilage
degradation [9]. Kraus et al. provide the first direct in vivo evidence for
the involvement of activated synovial macrophage in patients with knee
OA using the new 99mTc-EC20 (Etarfolatide, a folate receptor-β–based
agent) imaging technique [66]. As observed in patients with knee OA
(BMI, mean (SD) 29.2� 4.8), etarfolatide labelled activated macrophage
in synovial fluid was associated with pain severity and radiographic knee
OA severity including joint space narrowing and osteophyte. De Visser
et al. demonstrated that a high-fat diet induces an obesity-associated
dysmetabolic state resulting in a macrophage-mediated synovitis and
osteophytes formation [67]. It has also been shown that obese mice fed
high-fat diets rich in pro-inflammatory saturated fatty acid (FAs), and ω-6
FAs showed cartilage degradation, alteration in bone structure, and sy-
novitis as well as increased infiltration of activated macrophages into
synovial tissue [68]. In addition, localised depletion of synovial macro-
phages using clodronate liposome resulted in a reduction of cartilage
damage and synovitis in the diet-induced obesity mouse model [20].
These findings suggest that macrophage-mediated synovitis as drivers of
OA symptoms and pathology in obesity.

Several lines of evidence implicate an imbalance between M1/M2
macrophages in the pathogenesis of obesity-induced OA. We have
demonstrated that synovial macrophages in mice with obesity-induced
OA were predominantly polarised to the pro-inflammatory phenotype,
while M2 macrophages were observed in inflamed synovium [20]. This
skewing to the M1 phenotype in synovium was accompanied
by the worsening of OA [69]. The polarised macrophages induce carti-
lage degradation, synovitis, and osteophyte formation through
pro-inflammatory cytokines (e.g. TNF-α, MMPs, IL-1β, IL-6, and IL-12),
catabolic mediators and anabolic factors [70]. Chondrocytes in OA
articular cartilage display a phenotype of terminally differentiated cells
(hypertrophy-like) and actively produce excessive degradation proteases
due to inductive stimuli such as extracellular matrix molecules and in-
flammatory cytokines [10,71]. The phenotypic change of articular
chondrocytes results in inappropriate articular cartilage destruction
associated with increased gradual loss of proteoglycans followed by type
II collagen degradation [72]. In vitro study reported that M1macrophages
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significantly increased degradative genes in chondrocytes, while the
chondrogenic gene expression level was significantly increased by M2
macrophages [9]. Intra-articular treatment with ω-3 PUFA derivative
resolvin D1 reduced synovium thickening and cartilage degradation in
high-fat diet-induced obese mice by regulating macrophage polarisation
from pro-inflammatory to anti-inflammatory phenotype [20].

Moreover, type II collagen was shown to shift macrophages from the
resting phase to anti-inflammatory M2 phenotype and induce the for-
mation of pro-chondrogenic cytokines. Such interactions between
chondrocytes and macrophages constitute a vicious cycle, sustaining
chronic inflammation that contributes to pathological changes of syno-
vial joint in obese individuals. In addition to the synovium, the IPFP, as
an adipose tissue depot in the synovial joint, attracted considerable
research interest in obesity-induced OA during the last decade. The im-
mune cell profile of the synovium and IPFP is similar in obese patients
with OA [73]. Pro-inflammatory phenotypes of T cells and macrophages
were found to be the most predominant immune cells in the IPFP [73].
Mice with injury-induced OA on a high-fat diet showed increased IPFP
inflammation characterised by an increase in crown-like structure and
M1 macrophage infiltration and more fibrosis [74]. However, a previous
study reported that high-diet alone did not increase the number of im-
mune cells in the IFP or induce a pro-inflammatory phenotypic shift in
mice during the early stages of knee OA [75]. These findings suggest that
IPFP macrophages play a potential role in the progression of
obesity-induced OA, while the role and effect of obesity on the IFP re-
mains to be completely defined. Collectively, increased the propensity for
pro-inflammatory M1 macrophage activation as an essential role in the
pathogenesis of obesity and OA. The improper coordination of innate and
adaptive immune responses has been implicated in perpetuating
inflammation and tissue dysfunction (Fig. 1) [76].

Excessive and altered mechanical loading
Moderate mechanical loading is thought to be an important envi-

ronmental factor for joint homeostasis and integrity during routine daily
activity [77]. The impact of biomechanical stimulation on cartilage
development, cellular metabolism, and processes in adult tissues has
been well documented [78]. Previous studies showed that moderate
mechanical joint significantly reduced the expression of degradative
activities in articular cartilage, restored abnormal bone remodelling and
decreased synovitis by regulating endoplasmic reticulum stress and
autophagy [79]. Furthermore, in vitro experiments using bone marrow
mesenchymal stem cell-collagen scaffold constructs revealed increased
chondrogenic differentiation, cell adhesion, proliferation, and secretion
of ECM in response to mechanical loading [80]. In addition, mechanical
stimulation exerts potent anti-inflammatory signals by suppressing
pro-inflammatory cytokines and catabolic mediators [77]. However,
altered mechanical load distribution in the joint due to excess body
weight plays an essential role in the pathogenesis of obesity-induced OA.
Klets et al. demonstrated that obese patients with OA have significantly
larger (by~2 times) volume of elements exceeding cumulative stresses of
5 MPa in the tibial cartilage compared with normal-weight subjects [81].
Visser and colleagues exploring the contribution of mechanical stress and
systemic progress on the relationship between increased bodyweight and
OA demonstrated that excessive mechanical stress on synovial joints is
the main risk factor in OA progression [82]. These mechanical failures
and overload lead to changes in the configuration, structure, and me-
chanical properties of articular cartilage, which consecutively causes
subchondral bone modifications and narrowed joint space. Messier and
colleagues suggested that a higher BMI was associated with greater peak
knee compressive and shear forces. Simultaneously, alignment was more
closely related to the imbalance of loads across the medial and lateral
knee compartments due to characteristic changes in gait kinematics and
resultant net kinetics [83]. Another study also supports an association
between higher BMI and tibiofemoral compressive and shear contact
forces and muscle forces during gait, regardless of the presence and
absence of symptomatic knee OA [84]. Additionally, Rai and colleagues



Figure 1. Obesity and OA. Obesity induces systemic chronic low-grade inflammation that is able to increase risk of OA by inducing local inflammation within the
synovial joint (i.e. synovitis). The inflamed synovium induces increased infiltration of pro-inflammatory M1 macrophages that causes overexpression of pro-
inflammatory cytokines and matrix metalloproteinase. This inflammation contributes to progressive cartilage loss by increasing the production of degradative and
proteolytic enzymes. Cartilage degradation fragments induce further degradation of the cartilage by converting the phenotype of chondrocytes and further increases
secretion of macrophage-like synoviocytes. Altered mechanical loading gives rise to disturbed tissue homeostasis and cartilage/bone integrity in the articular joints.
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explored the impact of obesity-associated mechanical overload on the
transcript-level changes in the medial and lateral tibial plateau cartilage.
Molecular analyses revealed that numerous transcripts, biological pro-
cesses, and pathways were significantly different between the medial
compartment and lateral compartment from the same knee in obese OA
patients, reflecting site-related effects driven by altered mechanical
loading [85].

Several studies have found the impact of obesity on the deformation
of cartilage in vivo. For instance, Collins et al. showed that obese subjects
exhibited significantly increased tibiofemoral cartilage compressive
strain after treadmill walking compared with normal BMI subjects [86].
Further analysis found that high BMI was positively correlated with
T1rho relaxation time, indicating a decrease in cartilage proteoglycan
concentration and the potential of cartilage deformation. Consistently,
one previous study showed that weight loss was associated with an in-
crease in proteoglycan content articular cartilage and reduced medial
femoral cartilage thickness loss of medial articular cartilage, suggesting
the significance of the mechanical factor in changes of cartilage
composition [87]. Furthermore, abnormal mechanical compression
loaded on cartilage explants highly suppress collagen expression but
enhances the production of catalytic enzymes [88–90]. At the cellular
level, chondrocytes respond to biomechanical stress, oxidative stress,
cell–matrix interaction in the extracellular matrix to preserve the struc-
tural stabilisation, and intrinsic and extrinsic growth factors, cytokines
and other inflammatory mediators [91]. Biochemical change of chon-
drocytes in response to altered mechanical loading has been proposed as
a cause of OA changes [10,71]. The results of Argote et al. study
demonstrated that rapid impact (80%) loading resulted in immediate loss
of chondrocyte viability and chondrocyte death and reduced cartilage
matrix stiffness [92]. Also, Liu and colleagues have shown that chon-
drocytes undergo morphological changes in a coordinated manner with
load-induced deformation of the articular cartilage. This phenotypic
switch of chondrocytes rings about changes in gene expression and ma-
trix composition [89].

Furthermore, Nakamura et al. subjected bovine cartilage
chondrocyte-seeded agarose constructs to cyclic compressive load. Re-
sults showed that compressive loading up-regulated the expression of
7

type X collagen and runt-related transcription factor 2, indicating the
increased population of hypertrophic differentiated chondrocytes in the
cartilage [93]. Activation of phosphorylation of c-Jun N-terminal kinase
(JNK), Src, and STAT1 was also observed in chondrocytes subjected to
altered functional load [93]. Abnormal mechanical loading alters cellular
biochemical activities through stimulation of mechanoreceptors on the
surface of chondrocytes that regulate cartilage remodelling and turnover,
eventually resulting in cartilage breakdown [94]. Mechanoreceptors,
including the stretch-activated channels, the α-5β1 integrin and hyalur-
onan receptor CD44, are known to be involved in the impaired response
of chondrocytes to the obesity-induced overload [95]. Sobue et al.
confirmed demonstrated that excessive mechanical stress loading in-
duces the de-differentiation of articular chondrocytes via CD44 cleavage
and subsequent CD44- intracytoplasmic domain production, suggesting
CD44 as a potential therapeutic target [96]. A more recent study revealed
that excessive mechanical stress led to increased activities of integrins
αVβ3 and αVβ5 in chondrocytes and up-regulated gene expression of IL-1β,
TNF-α, MMP-3, and MMP-13 through phosphorylation of FAK and
MAPKs [97]. In addition, Change and co-workers identified gremlin-1 as
a mechanical loading-inducible factor in articular cartilage, which
showed abundant expression by mechanical overload. The investigators
further revealed that upregulation of gremlin-1 by excessive mechanical
load activates NF-κB signalling, leading to subsequent induction of
catabolic enzymes on articular cartilage [98]. Although it has not been
well-studied, these findings highlight the distinct role of mechanical
loading on the onset of cartilage degradation under the obese condition.

Changes in the configuration, structure, and mechanical properties of
articular cartilage consecutively cause subchondral bone modifications
(reviewed by Chen et al. [23]). Conversely, the integrity of the articular
cartilage is dependent on the mechanical properties of the underlying
bone [99]. Subchondral bone can attenuate about 30% of the dissipated
loading stress through the joints, acting as a strong shock absorber [100].
Damage to the subchondral bone can lead to cartilage degeneration
through abnormal loading on the tissue [101]. On the other hand, the
deformation of cartilage can alter the load transfer mechanism to the
beneath stiff bone tissue under high compression. It is becoming apparent
that OA affects the entire osteochondral unit, rather than cartilage or
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bone separately. The cartilage–bone interface is a sophisticated func-
tional unit. It consists of a deeper layer of non-calcified cartilage, the
tidemark, calcified cartilage, the cement line (between the calcified
cartilage and the subchondral bone) and subchondral bone [102]. This
osteochondral junction is a biomechanical and biochemical cross-talk
region that plays a vital role in maintaining joint health and integrity
(extensively reviewed by Goldring et al. [103]). Increased attention is
being directed at investigating the relationship between abnormalities in
bone and articular degradation in OA [104].

Using modern 3D image analysis, Bowes et al. have demonstrated that
bone marrow lesions were strongly co-located with areas of cartilage
denudation in OA patients (BMI, mean (SD) 31.4� 4.6). Alteration in the
areas of bone underlying denuded cartilage was suggested to be a
consequence of abnormal mechanical loading, indicating an underlying
causative relationship between histological abnormalities of cartilage
and bone [105]. In a compelling preclinical study by Chen and
co-workers, the authors demonstrated that obesity-induced overload
caused horizontal fissures at the predominant compartment of the
osteochondral interface in patients with OA. This novel pathological
feature was characterised by cartilage erosion, fibro-granulation tissue
infiltration, cartilage/bone debris and rupture of microcapillaries at the
osteochondral interface [11]. Horizontal fissuring at the osteochondral
interface is one of the key pathological features of OA patients with
obesity.

Moreover, mechanical loading enhanced pro-inflammatory factor
expression and glycosaminoglycans synthesis and decreased section of
ECM components in synovial fibroblasts isolated from non-OA patients,
but not in synovial fibroblasts derived from OA [24]. In obese OA pa-
tients, synovial fibroblasts secrete more significant IL-6 compared to
those from normal-weight patients induced by chondrocyte-derived IL-6
via the raised level of obesity-related adipokine leptin [106], leading to
inhibition of type II collagen production [107]. The structural alteration
induces catabolic enzymes that react with an inflammatory reaction of
the synovial tissue and further accelerates joint deterioration in patients
with obesity-induced OA. There is currently limited information about
these pathological changes in the synovial joint and the underlying
mechanism in the initiation and progression of obesity-induced OA.

Obesity-induced OA and cartilage tissue engineering: challenges

As discussed in Influence of obesity on the development of osteoar-
thritis section above, the persistence of systemic and local inflammation
in obesity-induced OA is strongly associated with catabolic and anabolic
metabolism of tissues in synovial joints. The inflammatory cytokines and
proteinases present in the joints degrade cartilage and would also be able
to degrade scaffold biomaterials [108]. The early collapse of the bio-
materials results in the loss of structural integrity and mechanical prop-
erties before the presence of newly formed tissue. Moreover, these
materials’ degradation products can cause an inflammatory response,
thus furthering the cycle of pathologic changes in the synovial joint and
accelerating joint deterioration [109]. CTE approach is the potential
solution for the repair and regeneration of damaged cartilage. It provides
a physical environment to support cellular activities and exploits the
tissue regeneration ability of macrophages [110]. However, the dramatic
infiltration of inflammatory cells with a release of the high level of
pro-/anti-inflammatory cytokines was observed at the implant site [111].
The M1/M2 macrophage paradigm plays a dynamic role in the outcome
of biomaterial implantation and subsequent tissue homeostasis (exten-
sively reviewed elsewhere [112]). Foreign biomaterials inevitably elicit
an excess inflammatory response when implanted in vivo, and macro-
phages play a central role in this foreign body reaction (FBR) [113]. The
hallmark feature of the FBR is the presence of macrophage-derived
multinucleated foreign body giant cells (FBGCs) on the biomaterial sur-
face, which is formed by macrophage membrane fusion during frustrated
phagocytosis. These intermediate macrophages (i.e. FBGCs) secrete large
quantities of ROS and degradative enzymes and exhibit both M1 and M2
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markers, which contribute to biomaterial degradation and chronic
inflammation [114]. The prolonged presence of phagocytic macrophages
and FBGCs on the biomaterial surface induces fibroblast activation and
leads to the implant’s fibrous encapsulation instead of complete resorp-
tion of the scaffold and full replacement by native-like tissue [115]. The
obese condition further promotes inflammatory response in the system
and localised synovial joint, exacerbating the effects of
biomaterial-induced adverse immune reaction in the joints and ulti-
mately resulting in additional tissue damage and implant failure.

Mesenchymal stem cells (MSCs)-based tissue engineering therapeutic
strategies have provided novel prospects for destroyed cartilage healing
in OA. MSCs chondrogenic differentiation is a critical step in MSC ther-
apy for OA. However, chondrogenesis is required to occur in the presence
of inflammatory cytokines and activated macrophages within osteoar-
thritic joint after transplantation. Han et al. stated that CD14(þ) synovial
macrophages inhibited the expression of chondrogenic-related genes in
osteoarthritic synovium-derived stem cells [116]. The biochemical
stimuli play an important role in cell differentiation and phenotype
maintenance. Given previous indications that the presence of inflam-
matory cytokines such as IL-1β induces cartilage degradation by
obesity-induced OA, several studies have confirmed the inhibition of the
chondrogenic capacity of MSC in response to inflammatory mediators.
Wehling et al. subjected aggregate cultures of MSCs recovered from the
femoral intramedullary canal to the chondrogenic differentiation me-
dium. The addition of IL-1β/TNF- α reduced the chondrogenic differen-
tiation of human MSCs by activating NF-ĸB pathway [117]. Liu and
co-workers isolated synovial fluid-derived MSCs obtained from patients
with temporomandibular joint disorder and placed themwith a variety of
inflammatory cytokines. SRY-box 9 (SOX9) was downregulated, and
MMP-13 was up-regulated upon chondrogenic differentiation induced in
the cells exposed to IL-1β [118]. Under inflammatory signals, cartilagi-
nous pellets of differentiated bone marrow-derived MSCs demonstrated
significant upregulation of gene expression of ADAMTS1, 4, and 5 and
rapid proteoglycan depletion [119]. Adipose tissue-derived adipokines,
such as leptin, have been found to affect the chondrogenic differentiation
fate of MSCs. With a high dose of leptin treatment, rat chondrogenic
progenitor cells showed the decreased ability of migration, inhibited
chondrogenic potential and increased osteogenic potential, indicating
that leptin changes differentiation fates in chondrogenic progenitor cells.
The investigators revealed that leptin-induced chondrogenic progenitor
cells senescence by activating the p53/p21 pathway and inhibiting the
Sirt1 pathway [120]. These mediators could prevent cells from differ-
entiating into chondrocytes following OA-induced erosion in obese
subjects.

Functional suitability and phenotypic stability of the differentiated
MSCs are crucial traits for cartilage tissue engineering. Following im-
plantation, maintaining phenotypic stability in vivo remains the key
challenge. Chondrogenesis of MSCs in vitro is deeply affected by a variety
of factors. To date, chondrogenic differentiation strategies have focused
almost on the stimulation of anabolism using chondro-inductive growth
factors, including TGF-β family and bone morphogenetic proteins
(BMPs). There was a strong association between osteophytes-defined
radiographic knee OA and BMI [121]. The effect on pathologic bone
formation (i.e., osteophytes) in OA was attributed to M2
anti-inflammatory macrophages derived growth factors. Depleting sy-
novial lining macrophages in the mouse model by clodronate liposome
treatment results in a significant reduction of osteophyte formation by
inhibiting the expression and secretion of TGF-β, BMP-2 and BMP-4
[122]. Moreover, TGF-β-dependent chondrogenic differentiation of
MSCs in cartilage tissue engineering fields often accompanied by hy-
pertrophic differentiation with increased expression of type X collagen
after implantation [90]. In addition to MSC differentiation state, cell
source is a key consideration in tissue engineering. Many studies indi-
cated the adverse effects of pathological conditions on function and
senescence of MSCs, which may be compromised by low-grade systemic
inflammation [123,124]. Adipose tissue-derived MSCs from abdominal
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subcutaneous fat of morbidly obese patients exhibited impaired cellular
proliferative capacities, greater senescence and altered functional char-
acteristics [123]. In addition to abnormal functionalities, adipose
tissue-derived MSCs from obese patients displayed reduced efficient
chondrogenic differentiation. Further analysis found that impaired dif-
ferentiation capacity in these MSCs was associated with up-regulation of
miR-23b and miR-27b, which are transcriptional repressors of the Smad
signalling pathway [125]. Furthermore, there was a significant reduction
in proliferative capacity and in vitro chondrogenic activities in cultures of
bone-marrow-derived MSCs from OA patients. Given the complex
micro-environment of obesity-induced OA, utilization of the MSC-based
tissue engineering approach for cartilage regeneration remains a
challenge.

In addition, mechanical overload is a significant concern in cartilage
tissue engineering due to its harmful effects on cellular activities. It is
generally accepted that mechanical loading at “normal” physiological
levels has a beneficial impact on the development of cartilage and
maintenance of chondrocyte phenotype [78]. For instance, Huang et al.
showed that cyclic compressive loading alone promoted the chondro-
genesis of rabbit bone-marrow MSCs in agarose cultures by inducing the
synthesis of TGF-β1 [126]. The application of 10 MPa of intermittent
hydrostatic pressure (IHP) at a frequency of 1 Hz for 4 h/day for 14 days
has been reported to stimulate Sox9, collagen type II, and aggrecan gene
expression levels and collagen levels in human bone marrow-derived
MSCs in the presence of TGF-β3 [127]. Additionally, Leong and col-
leagues observed that moderate (2.5 MPa, 1 Hz) levels of IHP suppresses
basal MMP-1 expression and up-regulates ED-rich tail 2 (a mechano-
sensitive transcriptional coregulator), whereases high IHP (10 MPa)
caused a profound increase in CITED2 and a decrease in MMP-1 mRNA
expression in rat articular cartilage explants [128]. In obese individuals,
mechanical overloading significantly decreased the mRNA expression of
SOX9, aggrecan, and COL2A but increased COL1 mRNA expression in
bovine articular chondrocyte by enhancing CD44 cleavage, thus inhib-
iting chondrogenic differentiation [96]. Together, these findings illus-
trate that understanding how stem cells respond to the hostile disease
microenvironment will be central to realising the potential of stem
cell-based therapies for articular cartilage repair.

Tissue engineering: biomaterials based articular cartilage repair

Tissue engineering is a promising field with a combination of bio-
logical science and engineering to create the potential biological-based
substitutes for restore, remodel the impaired tissue functions. The asso-
ciation of cells, biological factors and biomaterials have been involved in
this great discipline [129]. Cartilage tissue engineering is an emerging
field and highly promoted from material engineering advances, stems
cell and growth factors in tissue regeneration [130].

Biomaterials in terms of their physical and chemical properties, such
as architecture, composition, and interface with growth factors and cells,
have been monitored and developed for the better repair of cartilage
[131]. However, the main requirements of biomaterials scaffolds to use
them in tissue engineering applications are (i) biocompatible response
with the host (ii) biodegradation ability (iii) porosity/permeability to
nutrients, oxygen, and exchange, diffusion of waste and (iv) adequate
mechanical property [132]. In cartilage tissue engineering, the perfect
biomaterial scaffolds should possess a regeneration of cartilage with
similar connective tissue composition of solid and liquid phases; it can
also mimic the region and zonal organization. It should be an engineer
with anisotropic mechanical property and assist easily with new tissue
integration with side tissue [133]. The various types of scaffolds have
been widely used in cartilage tissue engineering due to their superior
advantages such as extracellular matrix mimicking, minimal obstacles at
donor sites, easier control of shape and size to implant in injured sites,
less complication during surgery and fast rate recovery. Also, its
three-dimensional structure highly supports the production of chon-
drocytes to hyaline-like cartilage [134]. However, it is imperative to find
9

suitable biomaterials that can highly encourage and advance the regen-
eration of the cartilage defect. Different types of natural and synthetic
polymer-based scaffolds have been created by various methods and
employed in cartilage tissue engineering [135]. Therefore, based on ideal
applications of scaffolds towards cartilage tissue engineering, we have
discussed in brief as follows.

Mimura et al. studied the concentration based collagen scaffolds and
designed well to engage the mesenchymal stem cells in the central region
of cartilage full-thickness defects through haptotaxis [136]. YoungWon
et al. developed the rabbit articular chondrocytes seeded collagen scaf-
folds by 3D bioprinting and in vivo studies confirmed the formation of
hyaline cartilage, which integrated well with surrounding cartilage tissue
[137]. Almeida et al. investigated the ECM microparticles decorated
injectable fibrin hydrogel with the inclusion of stromal cells and in vivo
results proved that these injectable hydrogels could induce the repair and
regeneration of cartilage [138]. Moshaverinia et al. developed an algi-
nate hydrogel with coupled of RGD and TGF- β1 and seeded with dental
MSCs. In vivo studies, they reported that the regeneration of ectopic
cartilage was observed and periodontal ligament stem cells showed sig-
nificant chondrogenesis than others [139]. Agheb et al. fabricated the
gelatin nanofibers by electrospinning technique. They examined in vitro
studies with chondrocytes, which shown excellent adhesion, spreading
and proliferation for potential applications in cartilage tissue engineering
[140]. Man et al. fabricated the hybrid scaffolds of chitosan hydrogel and
demineralized bone matrix and encapsulated with allogenic chon-
drocytes for treating the injury of rabbit cartilage tissue through one-step
surgery [141]. Yin et al. worked on the bioactive hydrogel scaffolds with
a combination of agarose and platelet-rich plasma and found that which
has excellent ability in the proliferation of chondrocytes and accumula-
tion of matrix for cartilage repair [142]. Chen et al. employed selective
laser sintering to fabricate the polycaprolactone scaffolds. Its surface was
modified with a coating of gelatin or collagen to improve the hydrophilic
andmechanical properties. They suggested that collagen-coated scaffolds
were encouraged the formation of cartilage tissue in craniofacial recon-
struction [143]. Hung et al. used water-based 3D printing technology to
develop the scaffold with a combination of hyaluronan, biodegradable
polyurethane, and bioactive ingredients such as TGF-β3 or Y27632 drug
and were seeded with MSCs. They reported that the implantation of
scaffolds in rabbit chondral defects could improve cartilage regeneration
[144]. Cui et al. investigated the articular cartilage repair in non-weight
comportment areas using the moulding process produced polyglycolic
acid scaffold with the stabilizing agent of polylactic acid. These scaffolds
were seeded with adipose-derived stem cells and proved that scaffolds
with cells were achieved good chondrogenesis and found to have an
excellent repair of articular cartilage defects [145].

Chang et al. developed a cell-free porous poly(lactide-co-glycolide)
scaffold using solvent casting and particulate leaching. They proved
that these scaffolds could regenerate hyaline cartilage and promote the
regeneration of osteochondral full-thickness defects by early loading
exercise in knee joints of rabbits [146]. In past years, few commercially
available products were discovered and used in the repair and regener-
ation of articular cartilage tissues. The protein-based products are
MACI®, Maix®, Atelocollagen®, MaioRegen®, and Tissucol kit®. The
polysaccharides and synthetic polymer-based products are HYAFF-11®,
BST-CarGel®, and Bio-Seed®-C, respectively [147]. However, as per our
literature knowledge, there are no specific research findings on bio-
materials for the obesity-induced articular cartilage defects treatments.
Therefore, the creation of new biomaterials must use them in the repair
of cartilage tissue for obesity patients (Fig. 2).

Prospects in obesity-induced OA treatment

Unlike other tissue, articular cartilage has a very limited capacity for
healing and repairing results because of the unique characteristics of
chondrocytes and the absence of vascularisation [148]. Tissue engi-
neering strategies provide new prospects in overcoming the self-repair



Figure 2. Potential approach of tissue engineering-based treatment for obesity-induced cartilage degradation.
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limitation of articular cartilage and preventing their progression to
late-stage OA. Attempts have been made to develop biological substitutes
that can notably restore the function of damaged cartilage. Current
cartilage regeneration treatments have shown satisfactory results in OA
patients with near-ideal surgical condition. However, patients with
obesity-induced OA are often excluded from cartilage repair attempts due
to the abnormal mechanical demands, altered biomechanical and
biochemical activities of cells, persistent chronic inflammation, and other
obesity-associated factors [149]. Yet, there is a lack of publications report
on the development of engineered cartilage tissue for obesity-induced
OA. With the alarming increase in the number of obese populations in
the world, the need for an innovative therapeutic approach that could
effectively repair and restore the damaged synovial joints is of significant
importance for this sub-population of patients.

In the previous sections, chronic inflammation was highlighted as the
main contributor to the development of OA in obese patients. In this
respect, the potential impact of the persistent inflammatory environment
on the cell-based CTE was also discussed above. Inflammation is the first
stage of tissue repair that aims to harness the potential of inflammatory
cells actively and re-establish tissue homeostasis. Proper host immune
response to engineered tissue following implantation is also necessary for
successful outcomes in CTE [111]. Efforts focused on modulating in-
flammatory response and promoting tissue repair are required to treat
obesity-induced OA from a tissue-engineering perspective effectively.
Among the potential strategies to achieve this aim, MSC lineage cells
appear to be a promising option owing to their various bioactive factors
that have potent immunomodulatory, antiapoptotic, antifibrotic, and
anti-inflammatory effects [150]. MSCs play a central role in maintaining
immune homeostasis by secreting and producing several mediators
which interact with cells of both the adaptive and innate immune system
[151]. MSCs and their derivatives suppress macrophage polarisation to
pro-inflammatory phenotype and promote immunosuppressive M2 sub-
set via various mechanisms. MSCs-derived Prostaglandin E2 (PGE2) was
able to reduce the expression of pro-inflammatory cytokines in activated
M1 macrophages [152]. Human MSCs-derived tumour necrosis factor-α
stimulated protein 6 significantly inhibited activation of M1
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macrophages through the modulation of nuclear factor (NF)-κB signal-
ling, resulting in aborting early inflammatory responses [153]. The
immunomodulatory effects of MSCs have been observed in obesity. As
described by Zhang et al., adipose-derived stem cells (ADSCs) suppress
pro-inflammatory cytokines TNF-α, IL-6, and IL-1β in the obese mice
through inhibition of the ITGAM/NF-κB pathway and polarisation of M2
macrophages [154]. Another recent study found that lean mouse-derived
ADSCs treatment successfully reduced obesity-associated white adipose
tissue inflammation and substantially improved insulin action in obese
mice by re-modulating the phenotypes of adipose-resident macrophages
from pro-inflammatory M1 toward anti-inflammatory M2 subtypes
[155].

The findings suggest a potential stem cell-based approach for the
treatment of obesity-related diseases. In experimental mouse OA, intra-
articular injection of ADSCs has shown to inhibit synovial thickening by
directly interacting with activated macrophages within the intimal layer,
leading to a significant reduction of joint destruction [156]. Co-culture
studies released that human MSC-derived exosomes and microparticles
prevented OA-like chondrocytes apoptosis and inhibited macrophage
differentiation [157]. Orozco et al. have shown in a pilot study that the
treatment of knee OA in patients with autologous expanded BMSCs led to
the significant progressive improvement of algofunctional indices [158].
Another study performed by Vega et al. also indicated that intra-articular
injection of 40 � 106 BMSCs in 30 patients led to significant decreases in
pain level and cartilage degradative area [19]. These facts highlighted
the therapeutic potential of MSCs in OA patients with obesity. However,
despite extensive research in this field, it should be clearly stated that
long-term efficacy and safety for MSC-based tissue engineering will
require further investigation due to several major limitations, including
uncontrollable massive cell death and cells leaking out of the synovial
joint space after injection.

Modification of the inflammatory response is possible in obesity-
induced OA through the use of biomaterials incorporated with
anti-inflammatory therapeutics [159]. The incorporation of
anti-inflammatory molecules IL-10 into liposomes containing phospha-
tidylserine as a tool to manipulate macrophage function, dramatically
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improved the obesity-associated metabolic alterations, systemic inflam-
matory condition, and organ injure [160]. Intra-articular injection of
kartogenin significantly decreased pain severity and joint destruction in
the OA model through Induction of IL-10 [161]. Overexpression of IL-10
may be considered as the potential avenue for anti-inflammatory thera-
peutics. A porous poly (lactide-co-glycolide) scaffold was loaded with
anti-inflammatory drug resveratrol to decrease activated monocyte and
lymphocyte numbers and increase anti-inflammatory expression cyto-
kines in dysfunctional adipose tissue. It was shown that
poly(lactide-co-glycolide) scaffold designed to integrate with adipose
tissue could reduce the inflammatory tissue response at the implant site,
adjunctive resveratrol administration augmented this anti-inflammatory
environment, suggesting an important role of biomaterial in immuno-
modulation [162]. The anti-inflammatory drug resveratrol also exerts a
protective effect on obesity-induced OA by inhibiting TLR4 via the
activation of PI3K/Akt signalling pathways in animal models [163]. In
addition, new emerging agent, interleukin-1 receptor antagonist (IL-1ra)
has been suggested as a potential therapy to treat OA via local delivery.
However, neither of these approaches showed long-term effect due to
rapid clearance [149]. Given the complex microenvironment of the in-
dividuals with obesity-induced OA, the choice of biomaterials and de-
livery mechanism is an important design consideration to prolong the
retention time of drugs in the synovial cavity. Several strategies have
been explored to improve the efficacy of drugs. For instance, dexa-
methasone conjugation to the hyaluronic acid hydrogel had better
chondroprotective and anti-inflammatory effects in OA models than
hyaluronic acid alone. However, the injection of hyaluronic acid in OA
joints positively impacted cartilage regeneration [164]. The IL-1ra teth-
ered poly(2-hydroxyethyl methacrylate)-pyridine nanoparticles were
stable and cytocompatible in serum-containing solutions for several days.
As a result, these engineered nanoparticles effectively blocked IL-1β
signalling in an NF-κB inducible reporter cell line [165]. In addition,
Goodman and co-workers developed two novel approaches to immuno-
modulation by altering MSCs to improve tissue healing in inflammatory
clinical scenarios: (1) preconditioning the MSCs in the inflammatory
microenvironment, and (2) genetically modifying MSCs to over-express
the immune-modulating pro-regenerative cytokine IL-4 [166]. An
emerging approach is to design biomaterials/scaffolds incorporated with
anti-inflammatory therapeutics and to test tissue-engineered constructs
in an inflammatory environment.

As discussed above, the capacity for differentiation and phenotypic
stability of differentiated cells decreases with altered microenvironment
in obesity-induced OA. Facilitating chondrogenesis of MSC lineage cells
should be addressed in regenerative strategies. Post-transcriptional
mechanisms play an important role in cell differentiation, proliferation,
apoptosis and tissue development and homeostasis. MicroRNA (miRNA)
is a short non-coding RNA that acts in a complex functional network in
which each miRNA regulates multiple genes through interaction with
target messenger RNA within the ‘30untranslated region of the mRNA
[167]. Circulating miRNAs have been proposed as a biomarker for
obesity and its associated comorbidities, including OA. Xie et al.
demonstrated that the expression of miR-26a was negatively correlated
to chronic inflammation in the chondrocytes and circulation in the obese
mouse model. Further analysis revealed that saturated free fatty
acid-induced activation of NF-κB (p65) and the production of
pro-inflammatory cytokines directly suppressed miR-26a production in
obesity-related chondrocytes [168]. Moreover, there is growing evidence
for the involvement of miRNA in the regulation of chondrogenic differ-
entiation. For example, pro-chondrogenic miR-140 plays an important
role in cartilage development and homeostasis by targeting histone
deacetylase 4 [169]. During chondrogenic differentiation, miR-140
expression in human MSCs increased in parallel with the expression of
SOX9 and COL2A, while the human OA articular cartilage chondrocytes
showed significantly lower expression of miR-140 [170]. Moreover, the
expression of miR-140 is mainly controlled by SOX9, a major transcrip-
tion factor in maintaining cellular phenotype and preventing
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hypertrophy [171]. Overexpression of miR-483 in human BMSCs resul-
ted in the downregulation of chondrogenic gene expression and sup-
pressing chondrogenic differentiation by inhibiting the TGF-β pathway
member SMAD4 [172]. Hwang et al. demonstrated that overexpression
of miR-365 significantly suppressed L-1β-induced up-regulation of cata-
bolic factors and prevented extracellular matrix loss in pellet culture of
primary chondrocytes [173]. Dysregulated expression of miR-140,
miR-483 and miR-365 were also found in obesity [174–176]. Overall,
these studies highlight the importance of miRNA in controlling the fate of
chondrogenesis and maintaining the chondrocyte phenotype. Thus,
miRNA modified MSCs pose the basis for future use in tissue engineering
for OA treatment. Understanding the chondrogenic potential of MSCs
and optimising chondrogenic differentiation is important for achieving
the clinical translation of engineered cartilage into in obesity-induced
OA.

Conclusion

Cartilage tissue engineering holds great promise for regenerative
medicine. Yet, there is a lack of publications report on the development
of engineered cartilage tissue for obesity-induced OA. The persistent
inflammatory response in circulation and localised synovial joints con-
tributes to the development of obesity-induced OA. Altered mechanical
loading gives rise to disturbing tissue homeostasis and cartilage/bone
integrity in the articular joints. In relation to our topic, cartilage tissue
engineering strategies for obesity-induced OA must aim to create neo-
tissue that withstands a complex plethora of inflammatory stimuli in
the arthritic joint, maintains the chondrocyte phenotype, readily in-
tegrates into surrounding native tissue and provide mechanical support
during the remodelling stage of cartilage recovery. Interdisciplinary
research utilising tissue engineering could be a potential approach to
develop innovative therapeutics that could effectively repair and restore
the damaged synovial joints for patients with obesity-induced OA.
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