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Inhibition of TRADD ameliorates chondrocyte necroptosis and
osteoarthritis by blocking RIPK1-TAK1 pathway and restoring
autophagy
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Osteoarthritis (OA) is an age-related disease characterized by cartilage degeneration. TNFR1-associated death domain protein
(TRADD) is a key upstream molecule of TNF-α signals but its role in OA pathogenesis is unknown. This study aimed to verify that
whether inhibition of TRADD could protect against chondrocyte necroptosis and OA, and further elucidate the underlying
mechanism. We demonstrated that TNF-α-related OA-like phenotypes including inflammation response, extracellular matrix
degradation, apoptosis, and necroptosis in chondrocytes were inhibited by TRADD deficiency. Furthermore, TRADD interacted with
TRAF2 and knockdown of TRADD suppressed the activation of RIPK1-TAK1-NF-κB signals and restored impaired autophagy. ICCB-
19, the selective inhibitor of TRADD, also attenuated necroptosis in chondrocytes. Mechanismly, ICCB-19 blocked the
phosphorylation of TAK1-NF-κB signals and restored impaired autophagy, whereas inhibiting autophagic process with
3-Methyladenine compromised these effects of ICCB-19. The in vivo study showed that the intra-articular injection of ICCB-19
rescued the expression of collagen alpha-1(II) chain and LC3, and mitigated the cartilage degeneration of OA mice. This study
demonstrates that TRADD mediates TNF-α-induced necroptosis and OA-like phenotypes of chondrocytes and suggests that ICCB-19
suppresses chondrocyte damage and cartilage degeneration by inhibiting TNF-α-TRADD-mediated signals and dysregulation of
autophagy in chondrocytes. ICCB-19 may serve as an important option for OA therapy.
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INTRODUCTION
Osteoarthritis (OA) is a common disease that causes physical pain
and even disability in patients. This disease affects the majority of
older people in the world and brings huge economic burden to
society [1, 2]. A variety of risk factors have been identified for OA
[3], but the clear pathogenesis and effective treatment remain to
be further studied. The pathological changes of OA are
characterized by chondrocyte death and cartilage destruction,
synovitis, and osteophyte formation [4]. Chondrocytes and their
secreted extracellular matrix (ECM) are main components of
articular cartilage [5]. Chondrocytes maintain physiological struc-
ture of articular cartilage and improve joint function by well-
regulating the balance of anabolism and catabolism of ECM [4].
Tumor necrosis factor-α (TNF-α) is a key inflammatory mediator in
OA progression and one of the leading cytokines giving rise to the
imbalance of matrix synthesis and decomposition [6, 7]. Therefore,
it is important to maintain homeostasis of chondrocytes by
protecting chondrocytes against death and degradation of ECM
under the pathological conditions.
TNFR1-associated death domain protein (TRADD), is an adaptor

molecule for the signaling downstream of tumor necrosis factor
receptor 1 (TNFR1) [8, 9]. When TNFR1 is bound to TNF-α, TRADD
can be recruited to TNFR1, and undergoes a conformational

change, enable it to recruit two other intracellular adaptor
proteins receptor-interacting protein kinase 1 (RIPK1) and tumor
necrosis factor receptor-associated factor 2 (TRAF2), which form a
complex (complex I) near the cytomembrane [10]. Then complex I
can activate the nuclear factor kappa-B (NF-κB) pathway [11]. The
TRADD containing signalosome can be modified by recruitment of
another protein called Fas-associated death domain (FADD). FADD
converts the signalosome to a death-inducing signaling complex,
complex 2, that can activate pro-caspase 8, which in turn activates
caspase 3 to initiate apoptosis [12]. However, when caspase-8 or
FADD is deficient, cells are unable to undergo apoptosis but rather
are susceptible to another form of TNF-induced cell death called
necroptosis [13, 14]. Although the signaling role of TRADD has
been well elucidated, its role in OA progression remains unclear.
ICCB-19 is a novel compound that can specifically bind to the

N-terminal of TRADD, thereby inhibiting the function of TRADD
and formation of complex I [9]. Therefore, it is speculated in this
study that ICCB-19 may also play a role in chondrocyte damage
and cartilage degeneration via inhibiting TRADD. In present study,
we examined the expression of TRADD in chondrocytes and OA
cartilage. We sought to verify the effect of TRADD and ICCB-19 in
TNF-α-induced OA-like phenotypes and surgery-induced cartilage
degeneration and further elucidate the underlying mechanism.
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RESULTS
TNF-α could induce OA-like phenotypes in chondrocytes
TNF-α is a key inflammatory mediator implicated in cartilage
degeneration [6]. We investigated the detrimental effects of TNF-α
on primary chondrocytes. The results showed that TNF-α (5 ng/ml)
could induce the increased expression of inflammatory markers,
inducible nitric oxide synthase (iNOS) and cyclooxygenase-2
(COX2), and promoted the expression of matrix metallopeptidase
13 (MMP13), a catabolic marker of ECM (Fig. 1A, B). Whereas TNF-α
inhibited the expression of Collagen alpha-1(II) chain (COL2A1)
(Fig. 1A, B). Microtubule-associated protein 1 light chain 3 (LC3)
and P62 were important for autophagy process [15]. We found
that TNF-α decreased the ratio of LC3II/I while promoted the
expression of P62, indicating reduction of autophagy (Fig. 1C, D).
Additionally, when combined with z-VAD-FMK, a caspase inhibitor,

TNF-α also induced the increased phosphorylation of receptor
interacting serine/threonine kinase 3 (RIPK3) and mixed lineage
kinase domain like pseudokinase (MLKL) (Fig. 1E, F), suggesting
that TNF-α and z-VAD-FMK could also cause necroptosis of
chondrocytes. These results demonstrated that TNF-α was
involved in cartilage degeneration in terms of inflammatory
responses, imbalanced metabolism of ECM, impaired autophagy
level, and necroptosis in chondrocytes.

TRADD is highly expressed in OA cartilage
To find out key fortress of TNF-α signaling, we searched STRING
database and TRADD is labeled as a core upstream molecule in
TNF-α-related pathway (Fig. 2A). However, the role of TNF-α-
TRADD in chondrocytes and cartilage degeneration and under-
lying mechanism remain unclear (Fig. 2B). Therefore, we firstly

Fig. 1 TNF-α-mediated cellular events in chondrocytes. Chondrocytes were treated with TNF-α (5 ng/ml) for 0, 1, 3, 6, 12, and 24 h, the
protein expression of iNOS, COX2, COL2A1, MMP13, P62, and LC3 was examined (A, C). Chondrocytes were pre-treated with z-VAD for 2 h and
then exposed to TNF-α for 0, 0.5, 1, 3, 6, and 12 h respectively, the phosphorylation of RIPK3 and MLKL was detected using western blot (E).
(B, D, F) Quantitative analysis of protein bands by image J and data in figures are expressed as means ± SD. *p < 0.05, **p < 0.01. C-caspase-3,
cleaved-caspase-3. z-VAD, Z-VAD-FMK.
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investigated its expression in cartilage and chondrocytes using
immunohistochemistry and immunofluorescence. TRADD expres-
sion was upregulated in cartilage of patients with OA compared to
the control group (Fig. 2C, D). In addition, a significant higher rate
of TRADD-positive cell was found in cartilage of DMM mice
compared to the sham group (Fig. 2E, F). At cellular level, the
immunofluorescence results showed that TRADD was expressed at
a low level in untreated chondrocytes and mainly distributed in
cytoplasm of chondrocyte (Fig. 2G). Moreover, the detection of
nucleoprotein and cytoplasmic protein also confirmed that TRADD
was mainly distributed in the cytoplasm, and TNF-α or TNF-α+ z-
VAD treatment did not change the distribution of TRADD (Fig. 2H).
These evidence indicates that TRADD is highly expressed in OA

cartilage and may play a role in chondrocyte and cartilage
degeneration.

TRADD mediates TNF-α-related damage in chondrocytes
Furthermore, the effect of TRADD in chondrocytes were
investigated. The expression of TRADD was successfully down-
regulated by small interfering RNA (Fig. 3A), and downregulating
TRADD in TNF-α stimulated chondrocyte significantly reduced
the expression of iNOS, COX2, MMP13, whereas enhanced the
expression of COL2A1 compared to TNF-α-treated group (Fig.
3B–D). Moreover, Knockdown of TRADD repressed the protein
level of TNF-α-induced cleaved-caspase-3, indicating the
reduced apoptosis of chondrocytes (Fig. 3E). Interestingly, TNF-
α downregulated the ratio of LC3II/I, which were also reversed
by the knockdown of TRADD (Fig. 3F). Furthermore, chondrocyte
necroptosis was induced by combined treatment of TNF-α and
z-VAD-FMK and the effect of TRADD in chondrocyte necroptosis
was investigated. The data revealed that deficiency of TRADD
also significantly inhibited activation of RIPK1, RIPK3, and MLKL,
evident by reduced phosphorylation of these proteins (Fig. 3G,
H). Contrarily, overexpression of TRADD further promoted the
expression of iNOS, COX2, and MMP3 in TNF-α-treated
chondrocytes and inhibited the protein level of COL2A1 (Fig.
3I–L). These data indicated that TRADD is involved in TNF-α-
related damage of chondrocytes and downregulating TRADD
can protect chondrocytes against TNF-α-mediated inflammation
response, ECM degradation, impaired autophagy, and necrop-
tosis (Fig. 3M).

TRADD mediates TNF-α-TRAF2-TAK1-NF-κB pathway in
chondrocytes
Our previous study indicated that RIPK1-TRAF2-NF-κB axis in
chondrocyte was involved in cartilage degeneration [16] and it
was reported that TRADD could interact with TRAF2 and RIPK1
[17]. Therefore, we further investigated whether this axis
mediates the effects of TRADD in chondrocytes. The Co-IP result
revealed that TRADD could bind with TRAF2 in chondrocytes,
indicating that TRAF2 may be involved in the function of TRADD
(Fig. 4A). We further knocked-down the TRADD expression and
found that the activation of RIPK1 induced by TNF-α was
attenuated (Fig. 4B, C). Furthermore, the canonical downstream
effector of TNF-α signal, transforming growth factor beta-
activated kinase 1(TAK1)-NF-κB were also examined and,
interestingly, the phosphorylation of TAK1, IκB kinaseα/β
(IKKα/β), inhibitor of NF-κB α (IκBα), and P65 provoked by TNF-
α were inhibited by knockdown of TRADD (Fig. 4D, E). These
data suggested that TRADD mediates TNF-α-TRAF2-TAK1-NF-κB
pathway in chondrocytes (Fig. 4F).

ICCB-19 is a key inhibitor of TRADD pathway in chondrocytes
Considering the vital effects of TRADD in chondrocytes, the
therapeutic intervention for targeting TRADD may protect against
cartilage degeneration. Of note, ICCB-19 has been reported to
specifically bind to TRADD and then modulate the downstream
pathway [9]. More importantly, ICCB-19 could be easily dissolved
in water. Therefore, we emphatically investigated the effects of
ICCB-19 on chondrocytes and cartilage degeneration. Firstly, the
cellular toxicity of ICCB-19 was examined and the data showed
that a low dose of ICCB-19 (2.5, 5, and 10 μM) has no effect on cell
viability (Fig. 5A). In addition, the treatment of ICCB-19 (concen-
trations of 5 and 10 μM) partially rescued the altered morphology
of chondrocytes caused by TNF-α, as revealed by toluidine blue
staining (Fig. 5B). Compared with the control group, the
chondrocytes treated with ICCB-19 (5 and 10 μM) showed little
loss of coloration and their morphology changed from cobble-like
to narrow or polygonal. To confirm whether ICCB-19 can be used
as a specific inhibitor of TRADD-mediated signals, the RIPK1-TAK1-
NF-κB pathway that could be modulated by TRADD was firstly

Fig. 2 TRADD is highly expressed in OA cartilage. A The relation-
ship and interaction between TRADD and other molecules shown in
STRING database. B The hypothesis diagram of this study.
C, D Representative images of Safranin O/Fast green staining and
immunohistochemistry staining of TRADD-positive chondrocytes in
human knee cartilage (scale bar: 200 μm) and statistical analysis of
the ratio of TRADD-positive cells in control group (n= 4) and OA
group (n= 10). E, F Representative images of immunohistochem-
istry staining of TRADD-positive chondrocytes (scale bar: 50 μm) and
statistical analysis of the ratio of TRADD-positive cells in Sham group
(n= 8) and DMM group (n= 6). G Representative images of
immunofluorescence staining of TRADD-positive chondrocytes,
scale bar: 10 μm. H Chondrocytes were stimulated by TNF-α for
24 h with or without z-VAD, TRADD in cytoplasm and nucleus were
detected by western blot respectively. The data represents the
means ± S.D. Significant difference between the DMM and sham
groups are indicated as *P < 0.05, **P < 0.01.
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investigated. The results showed that ICCB-19 (10 μM) treatment
effectively repressed TNF-α-provoked phosphorylation of RIPK1,
TAK1, IKKα/β, IκBα, and P65 (Fig. 5C, D), suggesting that ICCB-19
could effectively inhibit the function of TRADD, while did not
affect the expression of TRADD (the data was not shown).

Furthermore, the time course examination of NF-κB (time points of
15, 30, and 60min) confirmed inhibitory effect of ICCB-19 on NF-
κB signal (Fig. 5E). Collectively, these data demonstrated that ICCB-
19 could inhibit the RIPK1-TAK1-NF-κB signal, indicating mod-
ulatory role of ICCB-19 in TRADD pathway.
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ICCB-19 protect chondrocytes against TNF-α-induced
detrimental events
To comprehensively evaluate the protective effect of ICCB-19 in
chondrocytes, we investigate the effect of ICCB-19 on multiple
cellular events in aspect of inflammatory response, ECM catabo-
lism, apoptosis, and necroptosis. Our results showed that ICCB-19
(10 μM) treatment significantly reversed the upregulated expres-
sion of iNOS, COX2, and MMP13, and meanwhile restored
decreased expression of COL2A1 (Fig. 6A–C). Besides, TNF-α-
induced apoptosis of chondrocytes was notably attenuated by
ICCB-19 treatment, as shown by Annexin V-FITC /PI staining and
TUNEL staining (Fig. 6D–F). Next, the necroptosis was induced by
combined treatment of TNF-α and z-VAD, and the anti-necroptotic
effect of ICCB-19 was investigated. The data revealed that
combined treatment of TNF-α and z-VAD enhanced the phos-
phorylation of RIPK1, RIPK3, and MLKL, whereas these effects were
significantly inhibited by ICCB-19 treatment (Fig. 6G, H). Necrop-
totic cell is characterized by the disruption of the plasma
membrane and release of cell content [18]. Therefore, we
conducted an indirect co-culture experiment to verify the effect
of necroptosis and ICCB-19. After the induction of necroptosis, the
supernatant containing TNF-α and z-VAD was replaced by refresh
culture medium. 24 h later, the culture medium was transferred to
untreated primary chondrocytes. The results showed the culture
medium also induced upregulation of MMP13 expression and the
activation of MLKL, further confirming the occurrence of
necroptosis in chondrocytes. Interestingly, ICCB-19 still reversed
these effects (Fig. 6I, J). The above evidence demonstrated that
ICCB-19 could protect chondrocytes against TNF-α-induced
detrimental events including inflammatory response, ECM degra-
dation, apoptosis, and necroptosis.

Autophagy mediates protective role of ICCB-19 in TNF-α-
induced detrimental events
The above result indicated TRADD could modulate autophagic
level of chondrocyte. Given that the important role of autophagy
in maintaining cartilage homeostasis [19, 20]. We explored that
whether ICCB-19 played the role in chondrocytes via autophagic
mechanism. As expected, ICCB-19 treatment promoted autopha-
gic process by promoting the expression of LC3, revealed by
western blot and immunofluorescence (Fig. 7A–C). Besides, the
ICCB-19 treatment also significantly rescued the downregulated
expression of autophagy related 5 (ATG5) caused by TNF-α (Fig.
7A, B), restoring the level of autophagy in chondrocytes. To further
verify that how autophagy is involved in the role of ICCB-19, we
sought to regulate autophagic level of chondrocytes by using
classical compounds. Firstly, 3-Methyladenine (3-MA) was primely
added into culture medium to repress formation of autophago-
some in chondrocytes. The effect of ICCB-19 and TNF-α with or
without z-VAD were examined. The data showed that those effect
of ICCB-19 against TNF-α with or without z-VAD were reversed by
3-MA treatment (Fig. 7D–F). Furthermore, to directly clarify the role
of activated autophagy in those cellular events, a classical
activator of autophagy, rapamycin (Rapa), was used. Rapa
treatment inhibited protein expression of iNOS, COX2, MMP13,
and cleaved-caspase-3 in chondrocytes under the stimulation of

TNF-α (Fig. 7G). Moreover, Rapa also blocked the activation of
RIPK1, RIPK3, and MLKL (Fig. 7H). Collectively, these results
suggested that autophagy is indispensable to chondrocyte
homeostasis and mediates protective role of ICCB-19 in TNF-α-
caused detrimental events (Fig. 7I).

ICCB-19 improves DMM-induced cartilage degeneration
in vivo
Based on the above finding, we further explore the therapeutic
effects of ICCB-19 against OA progression. DMM surgery was
performed to establish the post-traumatic OA model. To avoid
possible system effect caused by ICCB-19, we chose a local
administration of ICCB-19 by the intra-articular injection. A week
after the surgery, ICCB-19 or PBS was injected into articular cavity
twice a week in a 7-week period (Fig. 8A). DMM-surgery caused a
moderate cartilage degeneration, shown by erosion or loss of
cartilage matrix with an increased OARSI score compared to sham
group. The administration of ICCB-19 (1 mg/kg) led to the
significant attenuation of cartilage degeneration with a lower
OARSI score (Fig. 8B–C). Consistently, increased positive staining of
MMP13 and P-RIPK3 and reduced positive staining of COL2A1 and
LC3 were found in articular cartilage of DMM-surgery mice.
However, these changes of expression were significantly
repressed by ICCB-19 treatment (Fig. 8D–E). These data demon-
strated that the administration of ICCB-19 could attenuate
cartilage degeneration of DMM mice (Fig. 8F).

DISCUSSION
To date, the pathogenesis of OA is not completely clear, and
identifying therapeutic targets and agents for OA treatment is
warranted. The current study establishes TRADD as a key node of
TNF-α-related signals and associated cellular events in chondro-
cytes. We also demonstrate that the inhibitor of TRADD, ICCB-19,
protects chondrocytes against TNF-α-induced damage and
attenuates cartilage degeneration.
TNF-α, commonly found in synovial fluid from OA patients,

contributes to the pathogenic processes of cartilage degeneration
[6, 21]. This inflammatory mediator can cause inflammatory
responses, break the ECM homeostasis, and lead to death of
chondrocytes [7]. Therefore, TNF-α-related pathophysiology in OA
is widely studied [22, 23]. Necroptosis is a type of regulated cell
death and has been recently reported to be involved in OA
development [24, 25]. Although in other studies, necroptosis is
usually stimulated by TNF-α and a pan-caspase inhibitor, z-VAD-
FMK [26], the pattern of the induction in chondrocytes is rarely
reported. In this study, we sought to induce necroptosis of
chondrocytes by combined treatment of TNF-α and z-VAD-FMK
and successfully achieved it, evidenced by the activation of RIPK3
and MLKL. This finding will provide experimental condition of
inducing chondrocyte necroptosis for relevant research. TNF-α-
related cellular events are usually associated with its signal
transduction and further a series of cascade reactions [27].
Therefore, a key upstream fortress of TNF-α signals will greatly
affect the later cascades. TRADD has been considered as such a
“tap”. Trad −/− mice show no apparent developmental defect

Fig. 3 The role of TRADD in TNF-α-mediated cellular events. The cells were transfected with siRNA and lipofectamine 3000 for 48 h. After
48 h transfection, the medium was replaced by refresh medium and chondrocytes were treated with TNF-α (5 ng/ml) for 24 h, the protein
expression of TRADD, iNOS, COX2, COL2A1, MMP13, cleaved-caspase-3, and LC3 was examined (A–C, E, F). After 48 h transfection with siRNA
and lipofectamine 3000, the medium was replaced by refresh medium and chondrocytes were pre-treated with z-VAD for 2 h and then
exposed to TNF-α for 24 h, the phosphorylation of RIPK1, RIPK3, and MLKL as well as protein expression of these three markers were detected
using western blot (G). I, K The protein expression of iNOS, COX2, COL2A1, and MMP3 was examined in chondrocytes overexpressing TRADD
after TNF-α intervention. D, H, J, L Semi-quantitative analysis of protein bands by image J and data in figures were expressed as means ± SD.
*p < 0.05, **p < 0.01. NS not significant,. NC negative control. z-VAD, Z-VAD-FMK. C-caspase-3, cleaved-caspase-3. M The graphical scheme
summarized the findings of the role of TRADD in TNF-α-mediated chondrocytes events.
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[28], indicating that TRADD is dispensable during mouse devel-
opment. Besides, Trad −/− mice showed less system inflamma-
tion compared to wild type mice [28, 29]. At cellular level, TRADD
plays a dominating role in RIPK1 and NF-κB signaling pathway.
TRADD deficiency considerably inhibited RIPK1-dependent extrin-
sic apoptosis [9] and NF-κB-dependent inflammation [29]. Con-
sistent with that, we also found knocking down TRADD could
inhibit TNF-α-induced inflammation and apoptosis. Additionally,
TNF-α-caused ECM catabolism and decreased ECM anabolism is
partially attenuated when TRADD is silenced. It is well reported
that RIPK1 binds RIPK3 to initiate necroptosis in response to TNF

stimulation. However, the study of Wang et al found that
knockdown of RIPK1 failed to repress necroptosis, and double
knockdown of TRADD and RIPK1 successfully inhibited necroptosis
of L929 cells [30]. They further found that TRADD-RIPK3 is
alternative pathway for necroptosis, evident by knockdown of
RIPK1 facilitates the interaction between TRADD and RIPK3,
leading to RIPK3-MLKL activation [30]. In this study, knockdown
of TRADD not only inhibits the activation of RIPK1, and also
inhibited necroptosis of chondrocyte, indicating TRADD might
function on the upstream of RIPK1 and inhibition of TRADD might
block RIPK1-dependent events and alternative pathway for

Fig. 4 TRADD mediates TNF-α-TRAF2-TAK1-NF-κB pathway in chondrocytes. Chondrocytes were treated with TNF-α (5 ng/ml) for 15min.
A The binding between TRADD and TRAF2 was identified by Co-IP experiment, the group added with IgG was defined as negative control.
B, D After the transfection of siRNA and TNF-α treatment, the phosphorylation of RIPK1, TAK1, IKKα/β, IκBα, and P65 were detected by western
blot. C, E Semi-quantitative analysis of protein bands by image J and data in figures were expressed as means ± SD. *p < 0.05, **p < 0.01. NS
not significant. NC negative control. F The schematic diagram of TRADD-mediated pathway in chondrocytes.
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necroptosis. Therefore, TRADD is considered as a pivotal hinge for
TNF-α-related detrimental events and necroptosis of chondrocytes
in this study.
We further investigated TRADD’s role in TNF-α signaling

pathway, and demonstrated that TRADD could interaction with
TRAF2 and mediate RIPK1-TAK1-NF-κB signal.
It has been well demonstrated that NF-κB is important for

inflammation and ECM degradation in chondrocytes [31, 32], and
the activation of RIPK1 contributes to apoptosis and necroptosis of
chondrocytes [25, 33]. In addition, our group previously estab-
lished the essential role of RIPK1 in interleukin 1 beta-induced
activation of NF-κB and subsequent inflammatory response and

ECM catabolism [16]. These evidence indicates RIPK1-NF-κB axis is
closely related to chondrocyte damages and ECM degradation. In
this study, we further explore TNF-α signals and highlight the
important role of TRADD in RIPK1-TAK1-NF-κB signal and down-
stream cellular events in chondrocytes, suggesting that targeting
TRADD may show a great therapeutic potential for OA.
Excitedly, the recent study by Yuan et al, demonstrated that

ICCB-19 can specifically inhibit TRADD activity by binding to
N-terminal domain of TRADD (TRADD-N), which interacts with the
C-terminal domain and TRAF2 [9], partially inhibiting necroptosis
of mouse embryonic fibroblasts. This finding inspired us to explore
ICCB-19’ role in chondrocyte necroptosis and OA progression. In

Fig. 5 The inhibitory effect of ICCB-19 for TRADD-mediated signals. A Cell viability of chondrocytes exposed to ICCB-19 for 24 h was
determined by CCK-8 assay. B The morphology of chondrocytes was revealed by toluidine blue staining, scale bar:100 μm. C, D Chondrocytes
were pre-treated ICCB-19 for 2 h and then exposed to TNF-α for 15min, the phosphorylation of RIPK1, TAK1, IKKα/β, IκBα, and P65 were
detected by western blot. E After chondrocytes were treated by TNF-α with or without ICCB-19 at time points of 15, 30, and 60min, the
changes of phosphorylation of IKKα/β, IκBα, and P65 were detected by western blot. The semi-quantitative analysis of protein bands was
executed by image J and data in figures were expressed as means ± SD. *p < 0.05, **p < 0.01. NS not significant.
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agreement with results of Yuan et al, we found that ICCB-19
treatment not only successfully inhibited the downstream
signaling of TRADD, but also alleviated TNF-α-induced necroptosis
of chondrocytes. Notably, this compound also exerted its
chondroprotective effect by attenuating inflammatory responses,

ECM degradation, and apoptosis. It is clearly demonstrated that
the phosphorylated MLKL moves from the cytosol to the plasma
and intracellular membranes, where it directly disrupts membrane
integrity followed by the uncontrollable release of intracellular
material including inflammatory mediators, resulting in necrotic
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death [34, 35]. Based on these characteristics of necroptosis, we
performed indirect co-culture experiment and confirmed release
of intracellular substrates in TNF-α+ z-VAD-induced chondrocytes,
which further promoted necroptotic process. This phenomenon
was also attenuated by ICCB-19. These findings support the
hypothesis that modulation of TRADD by ICCB-19 could mitigate
necroptosis and OA-like phenotypes of chondrocytes.
Autophagy is an endogenous process necessary for the

turnover of organelles and maintaining chondrocyte home-
ostasis [36]. Autophagy is impaired during OA development and
involved in multiple pathologic processes. It has been reported
that inhibition of autophagy in normal cartilage could trigger
cartilage degeneration [37], and on the contrary, activation of
autophagy could inhibit cartilage degeneration and apoptosis
[38–40]. Consistently, our data showed that TNF-α also impaired
autophagy while the activation of autophagy by rapamycin
could counteract TNF-α-caused changes of phenotypes. The
previous study has demonstrated that autophagy protein
ATG16L1 prevents necroptosis in the intestinal epithelium [41].
Tetsuji Miura et al. have reported that mTORC1 inhibition
promotes autophagy and protects cardiomyocytes from necrop-
tosis by a TFEB-dependent mechanism [42]. However, the
regulatory role of autophagy in necroptosis is not clear in
chondrocyte. One important observation of this study is that the
anti-necroptotic function of ICCB-19 in chondrocytes is related
to its regulation of autophagy. Activation of autophagy by
rapamycin could protect against TNF-α+ z-VAD-caused necrop-
totic phenotypes while inhibition of autophagy by 3-MA heavily
reversed effects of ICCB-19 on necroptosis and ECM degrada-
tion, indicating that autophagy could also regulate necroptotic
process in chondrocytes. Taken together, these findings confirm
the essential role of autophagy mediating chondroprotective
function of ICCB-19.
Based on the protective effects of ICCB-19 on chondrocytes,

we further evaluated anti-osteoarthritic effects of this agent
in vivo. It is noted that ICCB-19 is easily dissolved in saline, which
makes it available for in vivo experiment and future clinical
application. To avoid systemic inhibition of TRADD and possible
side effects, we performed the intra-articular injection of ICCB-
19 and found this agent was able to halt cartilage degeneration
in a DMM-induced model of OA. Meanwhile, ICCB-19 supple-
mentation inhibited activation of RIPK3 and promoted LC3
expression in articular cartilage. This study firstly uncovers anti-
osteoarthritic effects of ICCB-19 on pre-clinical experiment and
indicates that ICCB-19 might be potential agent for clinical
treatment of OA.
The current study has several limitations. The regulatory

mechanism of TRADD expression or activity in chondrocyte is still
unknown. How TRAF2 interacts TRADD and mediates the function
of TRADD in chondrocytes remains unclear. In addition, to confirm
TRADD’ role in vivo, an inducible cartilage-specific genetic model
is needed and the effect of TRADD overexpression on OA
development should be investigated. We will continue to study
these contents deeply in the future. Apart from mediating
inflammation pathway, TRADD is also involved in the regulation
of autophagy [9]. Inhibition of TRADD can activate autophagy to

maintain cellular homeostasis [9]. In our results, ICCB-19 treatment
could promote autophagic level of chondrocyte even without
TNF-α exposure (Fig. 7). It has been reported that increased
autophagic level could attenuate age-related diseases including
OA [37, 43, 44]. Therefore, it is significant to further explore the
therapeutic role of ICCB-19 in the model of age-related OA. These
issues were expected to be addressed in the future.

CONCLUSION
In summary, our study provides novel information on essential
role of TRADD in TNF-α-related signals and OA-like phenotypes in
chondrocytes, and identifies ICCB-19 as a key regulator of TNF-α-
TRADD axis for cartilage degeneration. Besides, autophagy is
indispensable for protective role of ICCB-19. Translationally, local
administration of ICCB-19 alleviates cartilage degeneration in the
DMM-induced OA model, suggesting that targeting TRADD by
ICCB-19 is a promising therapeutic strategy for OA.

MATERIALS AND METHODS
Human samples
OA cartilage was obtained from patients with OA after total knee
replacement surgery at the Tongji Hospital (n= 10). Control cartilage
was collected from four amputees without a history of OA. The collection
of human cartilage samples was approved by the Ethics Committee of
Tongji Hospital (TJ-IRB20210905). Informed consent was obtained from all
participants.

Reagent
ICCB-19 Hydrochloride (S6078, 99.25% purity) and apoptosis inhibitor z-
VAD-FMK (S7023, 99.25% purity) were purchased from Selleck Chemicals.
ICCB-19 was dissolved in PBS and z-VAD-FMK was dissolved in dimethyl
sulfoxide. Recombinant mouse TNF-α (410-MT) was purchased from the
R&D system (Minneapolis, Minnesota, USA) and dissolved in PBS contain-
ing 0.5% bovine serum albumin. Fetal bovine serum (FBS) and Dulbecco
modified Eagle’s Culture Medium F12 (DMEM/F12) were provided by Gibco
(New York, USA). Antibodies to iNOS (#sc-7271), COX2 (#12882), P-RIPK1
(Ser166, #44590), P-RIPK3 (Thr231/Ser232, #91702), TAK1 (#5206), P-TAK1
(Ser412, #9339), IκBα (#4812), P-IκBα (Ser32, #2859), P-P65 (Ser536, #3033),
P-IKK α/β (Ser176/180, # 2697), IKK β (#8943), and LC3B (#2775) were
purchased from Cell Signaling Technology Inc (Beverly, USA). Antibodies to
MLKL (ab243142), P-MLKL (Ser345, ab196436), TRADD (ab110644), RIPK1
(ab300617), and MMP13 (#ab39012) were purchased from Abcam (Cam-
bridge, UK). Antibodies to COL2A1 (15943-1-AP), P65 (#10745-1-AP), RIPK3
(#17563-1-AP), cleaved-caspase-3 (#19677-1-AP), and ATG5 (#10181-2-AP)
were purchased from Proteintech Group (Wuhan, China). Cleaved-caspase-
9 (#A0281), P-RIPK3 (used for immunohistochemistry) were provided by
ABclonal (Wuhan, China), Antibodies to β-ACTIN (#BM0627), GAPDH
(#BM3876), MMP3 (#BM4074), FITC-conjugate goat anti-rabbit secondary
antibody (#BA1105), trypsin, and type II collagenase were purchased from
Boster (Wuhan, China).

Isolation and culture of mouse chondrocytes
Chondrocytes were isolated from 5-day-old C57BL/6 mice (provided by
The Experimental Animal Center of Tongji Hospital). Breifly, cartilage was
removed from the knee joint and chopped, then treated with 0.25%
trypsin at 37 °C for 30min. After trypsin removal, cartilage tissue was
treated with 0.25% type II collagenase solution at 37 °C for 6 h. Cells were

Fig. 6 The protective effects of ICCB-19 on chondrocytes. After a pre-treatment of ICCB-19 for 2 h, chondrocytes were stimulated by TNF-α
for 24 h. A, B the protein expression of iNOS, COX2, COL2A1, and MMP13 were examined. C The semi-quantitative analysis of protein
expression. D The apoptotic chondrocytes were stained by Annexin V-FITC /PI and analyzed by flow cytometry. The average apoptotic rates
were shown in (E). F The apoptotic chondrocytes were labeled by TUNEL staining, scale bar: 50 μm. G After the indicated treatment, the
phosphorylation of RIPK1, RIPK3, and MLKL as well as protein expression of these three markers were detected by western blot. H The semi-
quantitative analysis of protein expression. I After the induction of necroptosis, the supernatant containing TNF-α and z-VAD was replaced by
refresh culture medium. 24 h later, the culture medium was transferred to untreated primary chondrocytes and culture for 24 h. The protein
expression of MMP13 and phosphorylation of MLKL were examined. J The semi-quantitative analysis of protein expression. Data are expressed
as means ± SD. *p < 0.05, **p < 0.01. NS not significant. z-VAD, Z-VAD-FMK. P-, Phosphorylated-.
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then collected and cultured in DMEM/F12 medium containing 10% FBS,
and passed at 80% confluence. The 1st and 2nd passage chondrocytes in
culture plates are used for our experiments.

Measurement of cell viability
According to the instruction, the effect of ICCB-19 on chondrocyte viability
was determined by cell counting kit 8 assay (CCK-8, Boster, China). In brief,
chondrocytes (5000–10000 cells/well) were seeded on 96-well plate,
allowed to adhere for 24 h, and then treated with different concentrations
of ICCB-19 for 24 h. Subsequently, 10 μl CCK-8 solution was added to each
well and the cells were cultured in darkness for 1 h. Finally, the absorbance
of the wells was measured at 450 nm using a microplate reader (molecular
facility in Sunnyvale, California).

Toluidine blue staining
Toluidine blue staining was used to observe the morphology of
chondrocytes according to the manufacturer’s instruction. The chondro-
cytes were washed with PBS and fixed with 4% paraformaldehyde for
20min at room temperature. The cells were stained with toluidine blue
solution for 15min and then excessive dye was removed. Afterwards, the
cells were washed with PBS three times and observed using a fluorescence
microscope (Evosfl auto, Life Technologies, United States).

Co-immunoprecipitation (Co-IP)
The extracted proteins were incubated with 2 μg of TRADD antibody or
Rabbit IgG (B900610, Proteintech) overnight at 4 °C. Next, 50 μl of Protein A/G
Magnetic Beads (HY-K0202, MCE) was added to each incubation sample for

Fig. 7 ICCB-19 protects against TNF-α-induced detrimental events via autophagy mechanism. After a pre-treatment of ICCB-19 for 2 h,
chondrocytes were stimulated by TNF-α for 24 h. A the protein expression of ATG5 and LC3 was examined. B The semi-quantitative analysis of
protein bands by image J. C Representative images of immunofluorescence staining of LC3 in chondrocytes, scale bar: 50 μm. D–F After a pre-
treatment of ICCB-19 and 3-MA for 2 h, chondrocytes were stimulated by TNF-α for 24 h with or without z-VAD, the protein expression of iNOS,
COX2, COL2A1, MMP13, MMP3, C-caspase-9, and C-caspase-3 were examined, and the phosphorylation of RIPK1, RIPK3, and MLKL as well as
protein expression of these three markers were detected by western blot. G–H After a pre-treatment of Rapa for 2 h, chondrocytes were
stimulated by TNF-α for 24 h with or without z-VAD, the protein expression of iNOS, COX2, MMP13, C-caspase-3 and the phosphorylation of
RIPK1, RIPK3, and MLKL as well as protein expression of these three markers were detected by western blot. I The graphical scheme
summarized the findings of protective role of ICCB-19 in TNF-α-caused detrimental events. Data are expressed as means ± SD. *p < 0.05,
**p < 0.01. z-VAD, Z-VAD-FMK. C-caspase-9, cleaved-caspase-9. C-caspase-3, cleaved-caspase-3. P-, Phosphorylated-.
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2 h at 4 °C. The beads were washed five times with 1 × PBS and the
coimmunoprecipitated proteins were lysed by 80 μl of lysis solution. The lysis
was eluted by 20 μl of 5 × SDS buffer and heated at 95 °C for 10min. The
interaction between proteins was examined using western blot.

Western blot
The cells were washed twice with cold PBS and treated on ice with RIPA
lysis buffer and 1% protease inhibitor mixture for 30min, followed by
centrifugation at 12800 g for 30min. Protein concentrations were
measured using the bicinchoninic acid assay kit kit (Boster, China). The
protein sample (25 μg) was then separated on 12% SDS-Page gel and
transferred to PVDF membrane (Millipore, Billerica, MA). The membrane
was sealed with 5% bovine serum albumin dissolved in Tris buffered saline
Tween 20 (TBST) for 1 h and then incubated overnight with primary
antibodies (1:1000-1:300) at 4 °C. Then the membrane was cleaned 3 times

in TBST and incubated with horseradish peroxidase-conjugated secondary
antibody (1:5000) for 1 h. The protein bands were visualized using an
electrochemiluminescent substrate Kit (Boster, China) and analyzed using a
Bio-RAD scanner (Bio-RAD, Hercules, CA).

Annexin V-FITC/PI staining
Annexin V-FITC/PI kit (Yeasen, China) was used to detect apoptotic cells. After
treatment, the chondrocytes were collected and washed twice with cold PBS,
followed by staining with Annexin V-FITC/PI in the dark. After 15min, cells
were analyzed using FACS Calibur flow cytometry (BD Biosciences, USA).

Immunofluorescence
Chondrocytes were seeded on 24-well plates for LC3 staining. After the
treatment, the cells were fixed with 4% paraformaldehyde at room

Fig. 8 The role of ICCB-19 in DMM-induced cartilage degeneration. A Diagram of animal experiment design. B Representative images of
Safranin O/Fast green staining of joint (scale bar: 200 or 100 μm). C OARSI scores for cartilage degeneration in four groups. D The protein
expression of COL2A1, MMP13, P-RIPK3, and LC3 in cartilage were assayed by immunohistochemistry (scale bar: 50 μm), and quantitative
analysis of positive cell number in field was performed (E). F Schematic representation of this study. The data in the figures represent the
mean ± S.D. **P < 0.01 vs. the Sham group, #P < 0.05 vs. the DMM group, ##P < 0.01 vs. the DMM group. NC negative control.
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temperature for 10min. After fixed and washed with PBS for 3 times, the
cells were permeabilized with PBS containing 0.1% Triton X-100 for 10min
and blocked with 5% BSA for 1 h. Then, chondrocytes were incubated with
anti-LC3 primary antibody overnight at 4 °C. After washing with PBS for 3
times, cells were incubated with FITC-conjugated goat anti-rabbit
secondary antibody in darkness for 1 h. Finally, the cells were washed
with PBS for 3 times and stained with DAPI for 10min. Images were
obtained using a fluorescence microscope (Evosfl auto, Life Technologies,
United States).

TUNEL staining
TUNEL staining was used to detect the degree of DNA damage that
represents apoptosis level. After the treatment, the chondrocytes were
fixed and stained with a TUNEL Apoptosis Detection Kit (Alexa Fluor 488,
Yeasen, China) according to the manufacturer’s protocol, and the nuclei
were stained with DAPI. Slices were captured under a fluorescence
microscope (Evosfl auto, Life Technologies, United States).

Small interfering RNA (siRNA), plasmids, and transfection
Chondrocytes were transfected with specific TRADD siRNA synthesized by
RiboBio, Guangzhou, China. The sequence of TRADD siRNA is as follows:
sense strand 5 ‘-CGACAGACCCTCCATCTA-3’. The cells were cultured in six-
well plates. When cell density reached 60–70%, negative control (100 nM)
or TRADD siRNA (100 nM) was transfected with lipofectamine 3000
transfection reagent (Thermo Fisher, UT, USA) for 48 h according to the
manufacture’s instruction. Subsequently, the cells were cultured in fresh
DMEM/F12 medium for further treatment. The pcDNA3.1 plasmid of Tradd
and negative control plasmid were synthesized by Wuhan AuGCT DNA-
SYN Biotechnology. The construct was confirmed by DNA sequencing.
When reaching 60–70% of confluence, the cells were transfected with 1 μg
purified plasmid using Lipofectamine 3000.

Animal experiments procedure
Thirty-two 8-week-old male C57BL/6 mice with body weight of (25 g ± 3 g)
were provided by Experimental Animal Center of Tongji Medical College.
The mice were placed in a clean, ventilated room and given a standard diet
and normal light and dark cycles. All animal experiments have been
approved by the Animal Care and Use Committee of Tongji Medical
College (IACUC Number:2757). Thirty-two mice were randomly divided into
sham operation group, DMM group, DMM+ ICCB-19 (0.1 mg/kg) and
DMM+ ICCB-19 (1 mg/kg) groups, with 8 mice in each group. DMM is a
standard surgical approach for establishing the model of experimental OA.
Mice were anesthetized by intraperitoneal injection of 2% pentobarbital
(40mg/kg) and the surgery was performed on the right knee of mice
according to published protocol [45]. A week after the surgery, mice in
DMM+ ICCB-19 group were intra-articularly injected with ICCB-19 twice a
week for consecutive seven weeks. ICCB-19 was dissolved in 10 µl solution
of normal saline. The sham and DMM groups received only 10 µl normal
saline. Eight weeks after the surgery, joint tissue from each right knee was
collected for further analysis.

Histological examination
After euthanasia, all specimens were fixed in 4% paraformaldehyde for 48 h,
decalcified with 10% EDTA solution for 25 days, and then, embedded in
paraffin. The knee joint was cut from the medial joint space to a 5 µm thick
sagittal plane using a microscopic cutter (Leica Biossystems, USA).
Subsequently, sections were stained with safranin O/fast green. The
Osteoarthritis Research Society International (OARSI) histopathological
scoring system was used to assess the severity of cartilage degeneration
[46]. The scoring was done by two independent investigators, who were
blind to grouping. Immunohistochemistry was performed as described
previously [47]. The sections were incubated with anti-LC3, MMP13, P-RIPK3,
and COL2A1 antibodies to observe expression changes of these markers.

Statistical analysis
Graph Pad Prism 8.0 software was used for statistical analysis. Results were
revealed as mean ± standard deviation (SD). Student T test (unpaired, two-
tailed) was used for statistical analysis between the two groups.
Comparisons between more than two groups were performed by ANOVA
and Tukey test. P values <0.05 was statistically significant. N= 3 means the
in vitro experiments were performed at least three biological replicates.

DATA AVAILABILITY
Full images of western blotting had been included in Supplementary Materials. Other
data are available from the corresponding authors for reasonable grounds.
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