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Abstract: The main pathological change in post-traumatic osteoarthritis (PTOA) is cartilage degeneration, which is closely related to inflammation
and oxidative stress. Inflammation can cause degeneration of articular cartilage. Cartilage degeneration can also stimulate the
progression of inflammation. It has been found that inflammatory cytokines can participate in the pathological process of cartilage
degeneration through multiple signaling pathways, mainly mitogen-activated protein kinase, nuclear transcription factor kappa B, and
Wnt—B-catenin signal transduction pathways. This review aimed at exploring the relationship between PTOA and inflammation-related
cytokines by introducing the role of proinflammatory cytokines in chondrocyte destruction and extracellular matrix degradation.
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1. Introduction

Post-traumatic osteoarthritis (PTOA) is a common dis-
ease involving various tissues such as articular carti-
lage, subchondral bone, and synovium. It is a result
of biodegradation and an imbalance in the synthesis
of chondrocytes, extracellular matrix (ECM), and sub-
chondral bone under the combined action of mechani-
cal and biological factors. The typical pathological
changes in PTOA are articular cartilage destruction
and secondary bone hyperplasia, which are the conse-
quences of the comprehensive effect of various factors.
Studies have confirmed that nuclear transcription factor
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kappa B (NF-«xB), mitogen-activated protein kinase
(MAPK), and Wnt-B-catenin signaling pathways and
related proinflammatory cytokines [such as interleu-
kins (ILs) and tumor necrosis factor (TNF-a)] as well
as matrix metalloproteinases (MMPs) play crucial roles
in the pathogenesis of PTOA. This review focuses on
the signal transduction cascades and inflammatory
cytokines relevant to the course of PTOA.

2. PTOA-associated inflammation-
related cytokines

According to different cellular sources and biological
characteristics, inflammation-related cytokines can be
subdivided into proinflammatory cytokines and anti-
inflammatory cytokines.!? These two types of inflam-
mation-related cytokines interact under pathological
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conditions, resulting in the imbalance of degeneration
and synthesis during PTOA.

2.1. Proinflammatory cytokines including
IL-1, IL-6, IL-17, IL-18, and TNF-o

IL-1 is mainly synthesized by monocytes, although it
can also be produced by fibroblasts, chondrocytes,
macrophages, synoviocytes, and endothelial cells. Nor-
mal synovial fluid contains a trace amount of IL-1. This
cytokine has two subtypes, IL-1a and IL-1j, and the lat-
ter is deeply involved in the pathogenesis of PTOA.>S
Recent studies have indicated that IL-1 levels in synovio-
cytes and in the medium supernatant of chondrocytes
from patients with PTOA and in mouse models are sig-
nificantly increased in in vitro experiments, and IL-18 is
mainly responsible.8” Attur et al. have shown that IL-1f is
related to the severity of joint pain and radiological find-
ings in patients with PTOA.® Oligino et al. have induced
typical PTOA-associated changes by transferring IL-13
into the synovial tissue of rabbit.° Swellam et al. have
demonstrated that expression of the gene encoding IL-1
correlates with the degree of cartilage degeneration in
patients with PTOA." Some experimental studies have
revealed that intra-articular injection of IL-1p receptor
antagonists can significantly inhibit PTOA-associated
synovial inflammation and hyperplasia, reduce the results
of high-sensitivity C-reactive protein (CRP) assays, and
enhance the synthesis of proteoglycans.' > Therefore,
IL-1 can not only activate mononuclear macrophages
and promote the expression of MMPs in cartilage and
synovial tissues but also promote the growth of B lympho-
cytes and induce the expression of adhesion molecules
on endothelial cells. Besides, it can inhibit the mRNA
expression of pre-type Il collagen in chondrocytes and
consequently the synthesis of type Il collagen and pro-
teoglycan to ensure the functioning of bone resorption;
IL-1 can also promote the synthesis and release of pros-
taglandin E2 (PGE2) and collagenase by synovial cells
and chondrocytes.” The formed PGE2 then enhances
the inflammatory effect of IL-1, thus causing synovial
inflammation and cartilage decomposition and absorp-
tion, resulting in the destruction of articular cartilage.
IL-6 is produced by lymphocytes, monocytes, osteo-
phytes, and fat cells in the infrapatellar fat pad. It can
stimulate synovial cells to proliferate and osteoclasts to
activate and then causes the formation of synovial pan-
nus and MMPs, eventually leading to the destruction of
articular cartilage. Franco et al.™ have found that the lev-
els of IL-6 in female blood can be used to predict the
development of PTOA in the knee via the Kellgren-Law-
rence Imaging score (KL) scoring system. Hiraoka et al.
have discovered that the levels of IL-6 in osteoblasts of

subchondral bone in patients with PTOA are significantly
higher than those in patients without PTOA, and the level
of IL-6 correlates with the formation of osteophytes and
severity of this problem in patients with PTOA."S Addi-
tionally, Livshits et al. have reported that the severity of
unfavorable radiological findings in patients with PTOA
is associated with the levels of IL-6 and CRP."® Using an
anti-IL-6R monoclonal antibody to inhibit IL-6R’s down-
stream signal (Stat3) and serum IL-6 levels in a mouse
Destabilization of the medial meniscus (DMM) model,
Latourte et al. have found that synovial inflammation and
cartilage damage are alleviated and osteophyte forma-
tion is reduced in a mouse model of PTOA."

IL-17 is secreted by CD4* memory T lymphocytes and
monocytes.' It can induce synovial fibroblasts, endothe-
lial cells, and epithelial cells to secrete IL-6 and IL-8 and
can enhance the proliferation of T lymphocytes. IL-17
can also stimulate the secretion of IL-1 and TNF-o by
macrophages in synovial fluid and increase the synthe-
sis of PGE2, thereby promoting the expression of cyclo-
oxygenase 2 (COX-2). Annunziato and Romagnani have
concluded that the injection of IL-17 into the knee joint of
mice can induce the onset of PTOA and increase synovial
inflammation and destruction of articular cartilage.' The
abovementioned data indicate that IL-17 and IL-17R play
a major part in the PTOA-associated imbalance of inflam-
matory factors and remodeling of connective tissue. Bush
et al. have found that specific blocking of the action of
endogenous IL-17 by means of soluble IL-17R-specific
inhibitors can reduce the degree of an autoimmune reac-
tion and joint damage and decrease the release of IL-6
and C-telopeptide (a type | collagen degradation marker)
into synovium and bone tissue.?’ Nitric oxide (NO) is a
free radical that inhibits the adhesion of integrin 1 to the
ECM, reduces the synthesis of collagen and glycopro-
teins, and induces apoptosis in chondrocytes. Noone et
al. have reported that IL-17 not only induces the produc-
tion and release of NO but also synergizes with TNF-o
and IL-10 in the induction of the MMP-13 release from
osteoblasts and eventually causes ECM degradation.?!

IL-18, a member of the IL-1 family, induces the pro-
duction of interferon and granulocyte colony-stimulating
factor by T lymphocytes, promotes the proliferation of T
cells and Natural killer (NK) cells, and induces the pro-
duction of MMPs, which are a group of endopeptidases
that degrade the ECM and perform an important func-
tion in the destruction of cartilage tissue in patients with
PTOA. At present, it is known that there are more than 10
MMPs involved in PTOA, and they can be classified into
collagenases (MMP-1, -8, and -13), gelatinases (MMP-2
and -9), stromelysins (MMP-3, -7, -10, and -11), and other
classes: a total of six categories.?? Some studies have
confirmed that the amounts of MMP-1, -2, -3, -7, -9, and
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-13 increase in the joints of patients with PTOA.232* Over-
expression of MMPs undermines the normal environment
in which chondrocytes survive, leading to a decrease in
the chondrocyte number. Damaged joints manifest thin-
ning of cartilage, crevices, and biomechanical changes.
Because MMP-1 is a fibroblast-type collagen hydrolase,
it can directly degrade the most characteristic and abun-
dant collagen in the ECM (type Il collagen) and therefore
crucially participates in the pathogenesis of PTOA.

TNF-a is mainly derived from monocyte macro-
phages. Its function and distribution in the body are
similar to those of IL-1. TNF-a plays a key role in stro-
mal degradation and cartilage destruction in PTOA.
It can induce the production of other proinflammatory
cytokines (such as IL-6), MMPs, and PGs and can
downregulate proteoglycan and type Il collagen. A high
expression of TNF-a is detectable in the cartilage and
synovium of patients with PTOA. Huang et al. have
analyzed the expression of inflammatory factors and
ECM degradation products in the plasma and cartilage
of patients with PTOA and found that the expression of
TNF-a, MMP-3, and MMP-9 in these patients is signifi-
cantly higher than that in the healthy people; the con-
centration of TNF-co. in the synovial fluid is significantly
higher t00.2°> Zwerina et al. have reported that progres-
sive loss of proteoglycan and damage to cartilage tissue
appear in the knees of TNF-overexpressing transgenic
mice.?® Botha-Scheepers et al. have concluded that
patients with higher levels of TNF-a in serum are at a
sixfold higher risk of developing joint space narrowing
(JSN) than those with lower levels of TNF-0.?” Stannus
et al. have shown that the level of serum TNF-a corre-
lates with the JSN of the knee joint.2 Gerstenfeld et al.
have treated mice manifesting damaged cartilage with
TNF-a, and after 24 hours, the researchers found that
the proportion of chondrocyte apoptosis and death was
as high as 50%, whereas after elimination of TNF-o
receptor, the phenomenon disappeared.? Brennan et
al. have demonstrated that TNF-o receptor protein 55 is
located intracellularly in the cartilage- and/or proteogly-
can-deficient region of patients with PTOA.*°

In addition, IL-7, IL-8, IL-16, and other proinflamma-
tory cytokines may be related to the initiation of PTOA.

2.2. Anti-inflammatory cytokines including
IL-4, IL-9, and IL-10

IL-4 is an important protective cytokine in cartilage
metabolism. Silvestri et al. have found that soluble
Interleukin-4 receptor (IL-4R) concentration is signifi-
cantly higher in the serum of patients with PTOA relative
to healthy controls, and there is a correlation between
the concentration of sIL-4R and severity of PTOA 3! IL-4

can inhibit IL-1 and thus perform a protective function for
cartilage in vitro.

IL-9 can promote proliferation of chondrocytes and
the synthesis of collagen and proteoglycan. Further-
more, IL-9 plays an important part in stimulating the
body’s self-repair in early PTOA.

IL-10 can inhibit the synthesis and secretion of IL-6
and other proinflammatory cytokines and has an immu-
nomodulatory effect.? Helmark et al. have discovered
that PTOA patients’ condition improves after exercise
therapy, and this effect is associated with increased
expression of IL-10.%

3. PTOA-related signal transduction
pathways

In the joints of patients with PTOA, inflammatory cyto-
kines deliver signals to downstream transcription fac-
tors through cell signaling pathways, thereby mediating
the differentiation of chondrocytes into fibroblasts and
reducing chondrocyte numbers in joints and alleviating
fibrosis of the surrounding tissues. These signal trans-
duction pathways include the NF-xB signaling cascade,
the MAPK pathway, and the Wnt—B-catenin pathway.®%"

3.1. The NF-xB signaling pathway

The NF-xB family includes RelA (P65), RelB, c-Rel,
NF-xB1 (P50), and NF-kB2. The most common of these
is a heterodimer composed of P65 and P50, which are
found in almost all types of cells in the human body.
Both animal experiments and cell experiments indicate
that the NF-xB signaling pathway is strongly activated
in PTOA-affected joints.?®% Activation of this pathway is
mainly mediated by an upstream factor called the kB
kinase (IKK). When chondrocytes are stimulated by
proinflammatory cytokines, oxidative stress, or other
adverse stimuli, IKK is activated and the IxB protein
(an antagonist of NF-xB) is phosphorylated and
degraded, thereby promoting the expression of proin-
flammatory cytokines (IL-1, IL-6, IL-8, and TNF-o) and
MMPs.#® TNF-o. and IL-1 then activate the NF-xB path-
way and upregulate the expression of MMP-1, MMP-3,
and MMP-13 at mRNA and protein levels, thus acceler-
ating degradation of the ECM and destruction of carti-
lage. In addition, studies have revealed that NF-xB can
promote the production of NO and then induce apopto-
sis of chondrocytes.*!

3.2. MAPK signaling

MAPKSs are serine/threonine protein kinases that are
widespread in eukaryotic cells. The MAPK signal-
ing pathway is a three-stage kinase phosphorylation
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cascade, which is present in a wide range of mamma-
lian cells and participates in cellular pathophysiology.*?
This pathway can be triggered by extracellular signal-
regulated protein kinase, c-Jun N-terminal kinase (JNK),
stress-activated protein kinase, or P38. Among them,
PTOA is mainly associated with p38 and JNK.

P38-activated MAPK signaling is crucial for the
destruction of articular cartilage and can promote chon-
drocyte apoptosis, affect the synthesis of ECM of the
cartilage, accelerate the processes of chondrocyte hyper-
trophy and calcification, and enhance the synthesis of
MMPs.* Various extracellular stimuli (such as extracellu-
lar environmental changes and inflammation-related cyto-
kines) can cause phosphorylation of p38 MAPKs, which
are activated and translocated into the nucleus and then
stimulate the activation of transcription factor 2 (ATF-2)
and muscle myocyte enhancer factor 2c (MEF2C). After
activation, ATF-2 can bind NF-kB in the activation protein
1 site and drive the expression of proinflammatory cyto-
kines (e.g., IL-1, TNF-ot) and MMPs. The phosphoryla-
tion of MEF2C can increase the expression of c-Jun, a
transcription factor, which can bind to the docking site of
activating protein 1, thereby further enhancing the expres-
sion of inflammation-related genes. Moreover, upregula-
tion of IL-1 and TNF-o can stimulate the phosphorylation
of p38 MAPK, and therefore, a cascade effect (rapid
enhancement) takes place to promote the production of
COXs, PGE2, and MMPs, which inhibit the synthesis of
ECM, thus aggravating the damage to chondrocytes.*
Moreover, Zhou et al. have shown that JNK can be acti-
vated when TNF-a continues to affect chondrocytes. In
this process of chondrocyte apoptosis, the expression of
apoptosis-inhibiting proteins (such as B-cell lymphoma-2
(Bcl-2) and myeloid cell leukemia-1 (Mcl-Bcl-2 and Mcl-1)
appears to be significantly downregulated.*

3.3. The Wnt—B-catenin signal transduction
pathway

This pathway involves a ligand (Wnt family of mole-
cules), the Frizzled family, and low-density lipoprotein
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4. Conclusions

In summary, inflammatory cytokines and their associ-
ated signal transduction pathways are closely linked to
the pathogenesis of PTOA. Nonetheless, not all inflam-
matory cytokines are harmful, and we should correctly
understand their pros and cons. It is believed that when
the signal transduction mechanisms in PTOA are under-
stood in more detail, researchers will come up with more
ideas and ways for diagnosis and treatment of early
PTOA (Figure 1).
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