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Spermidine activates RIP1 deubiquitination to
inhibit TNF-a-induced NF-kB/p65 signaling
pathway in osteoarthritis
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Abstract

Spermidine has been known to inhibit the production of pro-inflammatory cytokines. However, there are no reports
about anti-inflammatory effects of spermidine on osteoarthritis (OA). Herein, we examined whether OA progression
could be delayed by intraperitoneal injection (i.p.) of spermidine in the anterior cruciate ligament transection (ACLT)
and TNF-a induced arthritis (TIA) mouse models. During the process, human FLS cells (H-FLS) were used to investigate
the potential ubiquitination mechanism of spermidine-mediated RIP1 in TNF-a-induced NF-kB/p65 signaling. We
found that spermidine attenuated synovitis, cartilage degeneration and osteophyte formation, resulting in
substantially lower OARSI scores and TNF-a scores in spermidine-treated ACLT and TIA mice. In terms of the
mechanism, 9 uM spermidine did not affect the viability, proliferation, cell cycle and apoptosis of H-FLS, and exerted
inhibitory effects by activating CYLD-mediated RIP1 deubiquitination on TNF-a-induced NF-kB/p65 signaling in H-FLS.
From these data, we can conclude that spermidine attenuates OA progression by the inhibition of TNF-a-induced
NF-kB pathway via the deubiquitination of RIPT in FLS. Therefore, intake of spermidine could be a potential therapy for

preventing OA.

Introduction

Osteoarthritis (OA) is one of the most common form of
arthritis and is the leading cause of joint pain and dis-
ability'. OA is a disease of complex pathological
mechanism that could be caused by various factors,
including age, obesity, joint trauma, and instability”.
However, due to the inherent complexity of biological
factors that consists of joint loading, aging, obesity with
metabolic syndrome and inflammation®, current
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treatments which cannot prevent the progression of OA,
leading to sustained structural damage of the knee, are
deemed ineffective.

During the onset of OA, the most common symptom is
synovial inflammation of the diseased joint* Inflamed
joints bring about increasing pro-inflammatory cytokines
such as TNF-a® produced by fibroblast-like synoviocytes
(FLS). Previous studies have shown that TNF-« is highly
expressed in synovial tissue of osteoarthritic joints®®, In
the pro-inflammatory cascade, TNF-a would ultimately
activate the most important NF-kB/p65 transcriptional
pathways, which in turn secretes IL-6 and IL-8 leading to
the aggravation of OA%'°. However, until now, the
greatest drawback for anti-TNF-a agents is its potent
systemic toxicity, which poses some potential safety
issues, including infection and autoimmune diseases'". In
light of this, nutraceuticals and naturally occurring

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction
in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if

changes were made. The images or other third party material in this article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the material. If
material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this license, visit http://creativecormmons.org/licenses/by/4.0/.

Official journal of the Cell Death Differentiation Association

SPRINGER NATURE
CDDpress


http://creativecommons.org/licenses/by/4.0/
mailto:liweip@mail.sysu.edu.cn
mailto:caipeie@mail.sysu.edu.cn
mailto:dingyue@mail.sysu.edu.cn

Chen et al. Cell Death and Disease (2020)11:503

compounds represents another safe opportunity for anti-
TNEF-a treatment of OA.

The natural polyamine spermidine was reported to have
cardioprotective effects, dietary spermidine can reduce
TNF-a in plasma'? and further increase the bioavailability
of NO through the reduction of oxidative stress in car-
diomyocytes'®. In another study, intraperitoneal injection
(i.p.) of spermidine analog, spermine, reduces TNF-a in
the plasma of septic mice via the inhibition of high
mobility group protein-1 (HMGBI1)-induced release of
inflammatory cytokines in macrophages'®. However, there
are no reports on whether spermidine could inhibit TNEF-
a-induced inflammation in OA. Herein, the focus of our
research is to explore the role of spermidine in TNF-a-
induced inflammation in OA, determine safe and effective
drug concentrations, and explain its specific location and
molecular targets, which could provide a safe and reliable
alternative treatment for OA.

Methods
Materials

TNF-a (Catalog #: ab6671), Collagen 10 (Catalog #:
ab49945), MMP3 (Catalog #: ab52915), MMP13 (Catalog
#: ab39012), iNOS (Catalog #: ab15323), UBA1 (Catalog #:
ab34711) Adamts4 (Catalog #: ab1855722) and Adamts5
(Catalog #: ab41037) were purchased from Abcam (MA,
USA), Adalimumab (Catalog #: A2010) and Glucosamine
(Catalog #: S6400) were purchased from Selleckchem (TX,
USA), UBE2N (Catalog #: 6999), phospho-RIP1 (Catalog
#: 65746), NF-kB phospho-p65 (Catalog #: 3033), NF-kB
p65 (Catalog #: 8242), RIP1 (Catalog #: 3943), Anti-rabbit
IgG (H + L) Alexa Fluor 555 (Catalog #: 4413) and Anti-
mouse IgG (H+ L) Alexa Fluor 488 (Catalog #: 4408)
were purchased from Cell Signaling Technology (MA,
USA), Vimentin (Catalog #: SC6260), HA-Tag (Catalog #:
SC7392), IkB (Catalog #: SC1643) and phospho-IkB
(Catalog #: SC8404) were purchased from Santa Cruz
Biotechnology (CA, USA), Spermidine (Catalog #: 05292)
and Aggrecan (Catalog #: AB1031) were purchased from
Sigma (MO, USA), CLYD (Catalog #: 1110-1-AP) and
TRIM21 (Catalog #: 12108-1-AP) were purchased from
PeproTech (NJ, USA).

Arthritis mouse model and spermidine treatment
PTOA mouse model and spermidine treatment

Male C57BL/6] mice aged 12 weeks were purchased
from the Experimental Animal Centre of SiBeiFu (SPF
Biotechnology Co. Ltd., Beijing, China) and housed in a
pathogen-free animal facility at the Sun Yat-Sen Uni-
versity. Then the mice were randomly divided into two
main groups (1= 150): (1) ACLT operation group (n=
100), where mice underwent anterior cruciate ligament
transection (ACLT) surgery to destabilize the joint and
induce post-traumatic OA (PTOA), (2) sham operation
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group (n =50), where a sham operation was performed
with a similar incision at the right joint capsule. On the
next day, ACLT and sham groups were further adminis-
tered with: (i) phosphate-buffered saline (PBS), (ii)
0.3 mM spermidine, (iii) 3 mM spermidine, (iv) 6 mM
spermidine, and (v) 100 mg/kg DMSO, i.p. injection
per day. Mice were euthanized for articular cartilage,
synovial tissue (infrapatellar area), and osteophyte analysis
after 4 weeks or 8 weeks of treatment.

TIA mouse model and spermidine treatment

The C57BL/6] mice were treated with TNF-a (10 pg/pl/
week) by intra-articular injection to stimulate TNF-a-
induced arthritis (TIA). The specific operation was as
follows: TNF-a was injected into both knee cavities. Then
the mice were randomly divided into three groups (n =
15): (i) control group, (ii) DMSO treatment group, or (iii)
spermidine treatment group. For each treatment, the mice
were further divided into three subgroups: (i) 4 weeks
treatment (n = 5), (ii) 8 weeks treatment (7 = 5), and (iii)
16 weeks treatment (n =5). After respective treatments,
the mice were euthanized and their knees were harvested
for TNF-a immunohistochemistry analysis.

All animal experiments were approved by the Sun Yat-sen
University Animal Ethics Committee (L102012016080F)
and were performed in accordance with the Committee’s
guidelines.

Micro-CT

After the knee specimens were isolated, the surrounding
soft tissues were removed and fixed with 4% PFA for 48 h.
Micro-CT scan was performed for the knees at 100 kV,
98 pA, 12pum resolution on a Viva CT40 Micro CT
Scanner (ScancoMedi-cal AG, Bassersdorf, Switzerland).
The entire joint was chosen as the region of interest (ROI)
for three-dimensional (3D) reconstruction, osteophyte
score and the volume of ROI were analyzed.

Hematoxylin and eosin (H&E) and Safranin O-fast green
staining

The knee joints were subjected to formalin fixation and
was then decalcified with 0.5M EDTA at pH 8.0 for
4 weeks, and was subsequently dehydrated and embedded
in paraffin. The tissue sections were cut at 4—6 um
thickness in a sagittal orientation. H&E and Safranin O-
Fast Green staining was performed, and the OARSI OA
cartilage histopathology assessment system was chosen to
assess the cartilage degeneration severity as described'”.

Immunohistochemical staining

For immunostaining, the sections were deparaffinized,
briefly washed with 0.1 M PBS (pH 7.4), and incubated for
10 min in 3% H,O, to quench endogenous peroxidase
activity. Primary antibodies were applied overnight at 4 °C
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or incubated for 2h at 37 °C. After being washed three
times with PBS and incubated with goat-anti-rabbit HRP-
conjugated secondary antibody for 1h at 37°C, an
immunohistochemical staining signal was developed with
3, 3’-diamino-benzidine (DAB, BOSTER Biological
Technology, Wuhan, China). The numbers of positive
cells and relative intensity were counted using Image ]
software (National Institutes of Health, MD, USA).

Cell preparation
Mouse FLS

Synovial tissues were obtained from sham and PTOA
mice and incubated overnight in PBS with 1 mg/mL
Collagenase I (Roche Pharmaceuticals, Basel, Switzerland)
at 37°C for 5-6h to isolate normal synoviocytes and
OA-FLS (normal-FLS and OA-FLS), respectively.

Human FLS

Human FLS (H-FLS) were taken from patients with no
osteoarthritic characteristics who underwent arthroscopic
meniscus repair surgery. H-FLS were used between pas-
sages 4 and 9, as previously described'®. This study was
approved by the Medical Ethics Committee of Sun Yat-
sen Memorial Hospital (SYSEC-KY-KS-158).

Mouse OA-chondrocytes

Mouse OA-chondrocytes were obtained from carti-
lage, briefly, cartilage tissue was obtained from the knees
of PTOA mice. Dissected cartilage pieces were incu-
bated overnight in PBS with 1 mg/mL Collagenase D
(Roche Pharmaceuticals, Basel, Switzerland) at 37 °C for
5-6h. The solution was then centrifuged at 1000 rpm
for 5min to discard the supernatant, the remaining
precipitate that contains primary OA—chondrocytes was
mixed with 5 mL medium and was then inoculated in a
culture flask.

Chondrogenic cell line ATDC5

Since the procedure of obtaining normal cartilage from
patients were not approved by the Medical Ethics Com-
mittee of Sun Yat-sen Memorial Hospital, we opted to use
a chondrogenic cell line (ATDC5) purchased from Riken
BioResource Center (Tsukuba, Japan). The cells were
induced into normal chondrocytes by the addition of
insulin, transferrin, and selenous acid (ITS, Sigma-
Aldrich) according to previous studies'”.

Quantitative real-time PCR

Cells were collected by scraping with 1 mL of PBS and
centrifuged for 10 min at 3000 rpm to collect cell pellets,
and total RNA was isolated from cell pellets using TRIzol
reagent (Life Technologies, NY, USA). cDNA was tran-
scribed from RNA samples by using reverse transcription
reagents (Sangong Biotech Co. Ltd., Shanghai, China) and
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quantitative real-time polymerase chain reaction (qRT-
PCR) assays were carried out to quantify the levels of
mRNA expression of these genes. GAPDH was used as
the internal loading control using qRT-PCR Mix (Pro-
teintech, IL, USA) and the Light Cycler (Roche Switzer-
land). All primer sequences used in this manuscript are
listed in Supplementary Table 1.

Enzyme-linked immunosorbent assay (ELISA)

The TNF-a, IL-6, IL-8, and IL-4 level of inflammatory
cytokines in serum and culture medium were measured
using ELISA kits (R&D Systems, USA) according to the
manufacturer’s instructions.

In order to identify the effective concentration of
spermidine on TNF-a in OA-FLS, OA-FLS cells were
treated with 3, 6, 9, 12, and 15 uM of spermidine, or 7 nM
adalimumab or 5nM glucosamine for 24h. In our
experiments, adalimumab'® was used as the positive
control drug for TNF-a pathways. Glucosamine showed
no anti-TNF-a activity in OA, we used glucosamine as a
negative control.

CCK-8 viability assay

Half-maximal inhibitory concentration (ICsq) is the
most widely used and informative measure of a drug’s
efficacy, where less than 5% cell activity inhibition rate is
the safe range of the drug'®. According to the protocol of
the drug ICsy experiment, the viability of cells were
measured by the cell counting kit-8 (CCK-8, Dojindo,
Japan), then, IC;, IC3, and IC5 were obtained.

EdU proliferation assay

The effects of spermidine, adalimumab or glucosamine
on the proliferation of H-FLS were measured by 5-
ethynyl-2ywdeoxyuridine (EdU) assay. EQU staining was
conducted using a Cell-Light EQU DNA Cell Proliferation
Kit (RiboBio, Guangzhou, China) according to the man-
ufacturer’s protocol and images were captured using an
Olympus laser scanning microscope system (Olympus
FV3000, Japan).

Cell-cycle analysis and apoptosis assay

Briefly, 1 x 10° cells per well were seeded into 6-well
culture plates and incubated with either spermidine,
adalimumab, or glucosamine for 24 h. Cell-cycle and
Apoptosis experiment was conducted according to the
manufacturer’s protocol (BD Biosciences, San Diego,
USA). Cell-cycle and apoptosis were quantified using the
FACS Caliber flow cytometer (BD, NJ, USA).

Immunofluorescence staining

H-FLS cells were treated with TNF-a (10 ng/mL) in the
presence or absence of spermidine (9 uM). After 1 h, cells
were immersed in 4% paraformaldehyde (PFA) for 15 min.
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The cells were treated with 0.1% Triton-100 for permea-
bilization and blocked in 1% bovine serum albumin in PBS
for 30 min, followed by incubation with primary anti-
bodies overnight at 4 °C. The cells were then followed by
incubation with appropriate secondary immuno-
fluorescent antibodies for 60 min. After washing three
times with PBS, cells were added with Anti-fade Fluor-
escence Mounting Medium with DAPI (Guangzhou
HelixGen Co., Ltd., China), and were imaged by confocal
microscopy (Zeiss LSM 710, Germany).

Lentivirus transfection in FLS for CYLD knockdown

The shRNA-CYLD and GFP that were packaged as
lentivirus were purchased from Gene Copoeia (MD,
USA). H-FLS was divided into two groups (i) shRNA-
CYLD group and (ii) shRNA-Scrambled Control (shRNA-
SC) group. Transfection efficiency of >80% was con-
sidered successful and the cells were then used for sub-
sequent experiments.

RIP1 ubiquitination assays

Plasmids were constructed for RIP1 ubiquitination
overexpression. Briefly, the coding regions of the genes
were amplified from the Homo lung ¢cDNA library via the
PCR technique. Then the resulting fragments were cut
with restriction enzymes, and inserted into pcDNA3.1-
Myc and pcDNA3.1-HA-Ubiquitin (Invitrogen) to form
pcDNA3.1-RIP1(WT)-myc and pcDNA3.1(+)-HA-Ub
(RIP1 plasmid and HA-Ub plasmid) for overexpressing
RIP1(WT) gene and ubiquitination, respectively. All
constructs were sequenced for confirmation.

To determine the role of spermidine effects on RIP1
ubiquitination, the RIP1 plasmid and HA-Ub plasmid
were co-transfected overexpression of RIP1 (WT) and
ubiquitinated plasmid (2 pg/pL) for 48 h. The transfection
efficiency was determined by using Western blot analysis.

To determine the role of spermidine effects on RIP1
deubiquitination by the activation of CLYD, H-FLS cells
were divided into two groups: (i) sShARNA-CYLD group
and (ii) sShRNA-SC group. Both groups were then co-
transfected with RIP1 (WT) and ubiquitinated plasmid.
After transfection of sShRNA-CYLD lentivirus and RIP1
(WT) and HA-Ub plasmid, the transfected H-FLS cells
were stimulated with 10 ng/mL of TNF-« for 2 min in
the presence or absence of 9 uM spermidine for 1h,
then, cells were resuspended in 1 mL of cold PBS, and
were subsequently directly lysed by RIPA lysis buffer
(50 mM Tris, pH 7.4, 150 mM NaCl, 1 mM EDTA, 20
mM N-ethylmaleimide and 1% Triton X-100). The
lysate was immediately incubated with anti-RIP1 and
A/G Plus Agarose beads. Ubiquitinated RIP1 proteins
were detected by immunoblotting with an HA antibody
and were subsequently probed with anti-RIP1 as a
loading control.
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Western Blotting analyses

In the experiment of inflammation signaling pathway of
H-FLS, H-FLS cells were treated with TNF-a with or
without spermidine for 24'h, cells lysates were then
separated by SDS-PAGE and transferred to PVDF mem-
branes. Membranes were blotted with primary antibodies
recognizing Adamts4, iNOS, MMP3, MMP13, NF-«B p65,
NF-kB phospho-p65, IkBa, phospho-IkBa, RIP, phospho-
RIP1, CYLD, Ikk-B, and GAPDH, respectively. All blots
were probed with horseradish peroxidase (HRP)-con-
jugated secondary antibodies (Cell Signaling Technology,
USA), and immunoreactive proteins were revealed using
the enhanced chemiluminescence (Millipore, USA) to
detect the targeted proteins.

The Western Blot membrane was scanned (G: BOX Gel
& Blot Imaging Series from Syngene, UK) and calculated
the numerical intensity by Image ] 4.5 analysis system
(National Institutes of Health, MD, USA). Intensity of
each protein was normalized with GAPDH and was
represented as a ratio to the control.

Statistical analyses

Data are presented as mean + standard deviation (mean
+ S.D). Differences between two groups were statistically
analyzed by unpaired, two-tailed Student’s ¢ test. Differ-
ences among three groups were analyzed by one-way
analysis of variance (ANOVA) and Dunnett’s multiple
comparison tests. The level of significance was set at *p <
0.05, *p <0.01, ***p <0.001. All statistical analyses were
performed with GraphPad Prism software version 7.0
(GraphPad Software, Inc., CA, USA).

Results
Spermidine attenuates progression of OA in PTOA mouse
models

Safranin O staining demonstrated retention of pro-
teoglycan and decreased thickness of calcified cartilage
zone in 3 or 6 mM spermidine-treated ACLT mice rela-
tive to 0.3 mM spermidine-, DMSO-, and PBS-treated
ACLT controls both at 4 and 8 weeks (Fig. 1a), OARSI
scores were significantly reduced in 3 or 6 mM spermi-
dine treated ACLT mice relative to 0.3 mM spermidine,
DMSO and PBS-treated ACLT mice both at 4 weeks (p <
0.01) and 8 weeks (p<0.01), OARSI scores were not
significantly different between 3 mM spermidine- and
6 mM spermidine-treated ACLT mice (4 weeks p=
0.6486; 8 weeks, p = 0.9576) (Fig. 1b). Besides, spermidine
significantly increased the expression of Aggrecan and
Collagen II, and reduced the expression of MMP13 as
assessed by immunostaining in spermidine-treated ACLT
mice relative to DMSO-treated ACLT mice at 8 weeks
(p<0.01) (Fig. 1c, d).

Compared to the sham group, at 8 weeks post opera-
tion, DMSO-treated ACLT mice developed larger
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Fig. 1 Spermidine treatment ameliorates articular cartilage degeneration and osteophyte in the ACLT mouse models. a Safranin-O-fast
green staining of the medial tibial plateau joint of wild-type mice at 4 and 8 weeks after surgery. b Quantitative analysis of OARSI score (whole joint).
¢ Immunohistochemistry showing Aggrecan, Collagen Il and MMP13 expression in articular cartilage and micro CT scan, 3D reconstruction of the
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periarticular osteophytes with significantly increased
volume and surface area of osteophytes (Fig. 1e). However,
with the treatment of spermidine, the volume and surface
area of osteophytes around the joint were significantly
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reduced in ACLT mice (p < 0.001) (Fig. 1f). These findings
suggested that spermidine treatment could help ameliorate
cartilage degeneration and osteophyte formation during
OA progression in PTOA mouse models.
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Spermidine inhibits synovial inflammation-mediated
cartilage degeneration in PTOA mouse models

To further investigate the effects of spermidine on
cartilage degeneration, primary OA-chondrocytes were
isolated in ACLT mice at 8 weeks post operation. Then
we treated cultured primary chondrocytes with IC; =
3uM, IC3 =6 pM, and IC5 =9 uM drug concentration of
spermidine (ICsy=102.557 uM) (Fig. S1A) at different
time points to examine whether spermidine has a biolo-
gical effect on the degeneration and hypertrophic differ-
entiation of primary OA—chondrocytes. The expression of
Aggrecan, Collagen10, Adamts4, Adamts5, MMP3, and
MMP13 were not significantly different in spermidine
treatment groups compared to the blank group, inde-
pendent of either the drug concentration or duration; as
determined by qRT-PCR (Fig. S1B) and Western blot
analysis (Fig. S1C, D). These results indicate that sper-
midine may not have a biological activity against chon-
drocyte degeneration and terminal differentiation.

However, through ELISA analysis, we found that sper-
midine treatment could significantly reduce the levels of
TNF-a, IL-6, and IL-8 in the supernatant of cultured
primary OA-FLS of ACLT mice (Fig. 2a), which have
been demonstrated to be increased in synovial tissue
during PTOA progression’>*!, Consistently, the levels of
serum TNF-a, IL-6, and IL-8 were also significantly
reduced in spermidine-treated ACLT mice compared to
DMSO-treated ACLT mice at 8 weeks (Fig. 2b). Con-
sistent with previous results®’, intra-articular synovial
hyperplasia and abundant cell infiltration were observed
in the DMSO-treated ACLT mice at 8 weeks (Fig. 2c),
which result in significantly higher synovitis scores than
that of the sham controls (p <0.001) (Fig. 2d). We dis-
covered that spermidine administration by ip. sig-
nificantly reduced TNF-a expression in synovial tissue in
spermidine-treated ACLT mice compared to DMSO-
treated ACLT mice at 8 weeks (p <0.001) (Fig. 2c, e).
These findings demonstrated that spermidine treatment
could inhibit synovial inflammation in PTOA mice
models.

To elucidate the effect of spermidine on synovial
inflammation-mediated cartilage degeneration, ADTC5
cells were induced by selenous acid and then co-cultured
with the supernatant of DMSO-treated primary OA-FLS
(conditioned medium, CM) or spermidine-treated pri-
mary OA—FLS (CM + spermidine) for 24 h. Western blot
and qRT-PCR analysis showed the expression of Aggre-
can, Collagen10, Adamts4, Adamts5, MMP3, and MMP13
were significantly reduced in the spermidine-treated pri-
mary OA-FLS compared to DMSO-treated primary
OA-FLS (Fig. 2f-h). Taken together, these findings
demonstrated that spermidine treatment may inhibit
synovial inflammation-mediated degeneration of articular
cartilage in OA.
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Spermidine inhibits TNF-a-induced synovial inflammation
in TIA mouse models

Since synovial arthritis in OA is mainly due to the
response to TNF-a production®®, the ICs, of Mouse-
OA-FLS and H-FLS were determined by CCK-8 assay
(Fig. S2A, B),we then tested whether the safety of IC, ICs,
and IC; (range from 3 to 12 uM) drug concentration of
spermidine inhibited the production of TNF-a. ELISA
analysis showed that spermidine treatment significantly
reduced the production of TNF-a, where 9 uM of sper-
midine had the same anti-TNF-a effect as adalimumab
(7nM) in mouse-OA-FLS (p=0.998) and TNF-a sti-
mulated H-FLS (p = 0.999) (Fig. S2A). In addition, applied
with a spermidine concentration of 12 and 15 pM, H-FLS
cell apoptosis rate also was significantly increased (Fig.
S3C, D). Here, we determined that 9 uM spermidine was
effective and displayed a safe drug concentration for
subsequent experiments of H-FLS. The expression of
TNF-« in the synovial tissue of the spermidine-treated
groups was significantly lower than that in the DMSO-
treated groups (Fig. 3a). The TNF-a score of the synovial
tissue of the treatment group was significant reduced
compared with the DMSO group at 4 weeks, 8 weeks, or
16 weeks after treatment (Fig. 3b). In addition, the
expression of pro-inflammatory factors IL-6, iINOS, metal
matrix degrading enzymes MMP3, MMP13, and Adamts4
in TNF-a and spermidine-co-treated FLS was significantly
lower than that of TNF-a-treated FLS (Fig. 3c—e). These
findings confirm that spermidine treatment could inhibit
TNEF-a-mediated synovial inflammation in vivo and in vitro.

Spermidine prevents TNF-a-induced NF-kB/p65 activation
by suppressing RIP1 ubiquitination

The expression of NF-xB/p65 and IkBa were sig-
nificantly increased, while the phosphorylation of NF-kB/
p65 (NF-«B/p-p65) and IkBa (p-IkBa) were significantly
reduced in TNF-a and spermidine-treated H-FLS than
that of TNF-a-treated H-FLS alone, which indicated that
spermidine treatment inhibited TNF-a-induced NF-kB/
p65 activation (Fig. 4a, b). Immunofluorescence assay
identified that TNF-a stimulation increased NF-kB/p65
activation and translocation into the nucleus of FLS (Fig.
4c, white arrow) and the translocation of NF-kB/p65 was
significantly reduced after spermidine treatment (Fig. 4c).
These results suggested that spermidine treatment could
inhibit TNF-a-induced NF-kB/p65 activation in H-FLS.
As shown in Fig. 4d, e, RIP1 ubiquitination and phos-
phorylation were significantly increased in the TNF-a-
stimulated group compared with the DMSO-treated
group (Fig. 4d [lane 3 vs. lane 4]), and spermidine treat-
ment inhibited TNF-a-induced RIP1 ubiquitination and
phosphorylation (Fig. 4d [lane 4 vs. lane 5]), and, as we
expected, RIP1 ubiquitination was not detected by Wes-
tern blot in non-transfected H-FLS (control). (Fig. 4d
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Fig. 2 Spermidine treatment reduces the synovial inflammation-mediated cartilage degeneration. a, b Inflammatory cytokines TNF-g, IL-6, IL-
8, and IL-4 were measured in FLS supernatant or serum from ACLT mice using ELISA. ¢ Hematoxylin-eosin (HE) staining (above) and immunohistochemistry
(IHO) results (below) of the medial tibial plateau joint of Sham, ACLT + DMSO, ACLT + spermidine mice 8 weeks after ACLT, IHC using antibodies
against TNF-a. d Synovial inflammation score was calculated based on HE staining. @ TNF-a score was calculated based on IHC staining. f Western
blot and g quantification of protein expression and (h) gRT-PCR analysis of Adamts4, Adamts5, Aggrecan, MMP3, MMP13, and Collagen10 expression
of ADTC5 chondrocytes treated with the supernatant of DMSO-treated primary OA-FLS (CM) or spermidine-treated primary OA-FLS (CM +
spermidine) for 24 h. Data are shown as mean +SD, n =10, *p < 0.05, **p < 0.01, **p < 0.001, scale bar, 200 um.

Adamts4

Adamts5 Collagen10 Aggrecan  MMP3 MMP13

[lane 1]). These results indicated that spermidine treat-
ment was likely to inhibit the activation of TNF-a-
induced NF-kB/p65 pathway by inhibiting RIP1
ubiquitination.
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Spermidine upregulate CYLD to activate RIP1
deubiquitination

In order to determine which enzyme was activated by
spermidine treatment to suppress the RIP1 ubiquitination
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Fig. 3 Spermidine treatment inhibits TNF-a induced arthritis (TIA). a Immunohistochemistry was used to assess the expression of TNF-a in
synovial tissue of the knee joint after 4, 8, and 16 weeks of spermidine treatment to TNF-a induced arthritis mice. b TNF-a score was calculated based
on IHC staining. ¢, d Western blot analysis of the expression of iINOS, MMP-3, MMP-13, and Adamts4 in FLS. e gRT-PCR analysis of the expression of
IL-6, MMP-3, and MMP-13 in FLS. Data are shown as mean + SD, n =10, *p < 0.05, **p < 0.01, ***p < 0.001, scale bar, 200 um.

in H-ELS, (E1)-UBA1, (E2)-UBE2N, (E3)-TRIM21, and
CYLD enzyme were detected by Western blot after H-FLS
were treated by TNF-a for 2 min and spermidine treat-
ment for 1h. The result showed that spermidine treat-
ment significantly increased the expression of CYLD
enzyme compared to the absence of treatment or TNF-a
treatment (Fig. 5a, e). This result was further confirmed
by cell immunofluorescence experiments in which
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spermidine treatment increased CYLD expression in the
cytoplasm of H-FLS (Fig. 5b).

We generated two independently stable sh-CYLD-
expressing FLS cells for further analysis and after trans-
fection, the expression of CYLD protein was lower in sh-
CYLD1-transfected H-FLS cells (Fig. S4A, B), and RIP1
protein levels were significantly increased in CYLD-
depleted FLS cells (Fig. S4A, B). CYLD mRNA levels



Chen et al. Cell Death and Disease (2020)11:503

Page 9 of 12

pkBa | . 4 1kDa

NF-KBp65 | M . S 5D

NFKBp-p65| e Ml & |65kDa

GAPDH| W S . | 36kDa

B M Blank BETNF-a Bl TNF-a+Spermidine
15

o

expression

Relative protein
o
o

ot
o

IxBa

p-lxBa NF-kBp65 NFkBp-p65
D RPIWT) + + + + =«

HA-Ub - + + + +
DMSO - - + + 4+
TNF-a - - - + 4+

Spermidine - - - -+

[ kDa
150—

E[B:HA g0

o

Q 75—

RIPT [ o s s o |

WCL

mean +SD, n =3, *p <0.05, **p < 0.01, ***p < 0.001, scale bar, 200 um.

A Blank TNF-a TNF-a+Spermidine C pap
IKBa| M——— 5.4 1kDa

RIP1 |--- --|76kDa
P-RIPI[ A L o M e |78-62KDa
GAPDH |.--.|36kDa

Fig. 4 Spermidine inhibits TNF-a induced NF-kB/p65 inflammatory signaling by inhibiting RIP1 ubiquitination in FLS. a Immunoblot analysis
and b quantification of protein expression of phosphorylated (p-) or total protein IkBa and p65 of H-FLSs treated with TNF-a (10 ng/mL) and

spermidine (9 uM) for 24 h. ¢ Immunofluorescence analysis of p65 (white arrow) activation and translocation into the nucleus of FLS; scale bar, 50 pum.
d RIP1 ubiquitination, RIP1 and phosphorylation(p-) of RIPT was assessed by immunoprecipitation and immunoblotting and e the relative protein
expression in H-FLS co-transfected with RIPT(WT) and HA-Ub plasmid, and treated with TNF-a (10 ng/mL) and spermidine (9 uM). Data are shown as

Merge

Blank

50pum

p65

RIP1

TNF-a+ Spermidine  TNF-a

m

- -
o o

Relative protein
expression
o
(%]

RIP1(WT) + + + + + + + + + 4+

HA-Ub - + + + + -+ o+ o+ o+
DMSO - - + + + - -+ o+ o+
TNF-a - - - + + - - -+ o+
Spermidine - - - - + W o m s o

were lower in sh-CYLD1-transfected FLS cells than sh-
CYLD2 and sh-SC (p <0.0001), whereas RIP1 mRNA
levels were unaffected (p >0.05) (Fig. S4C). We found
that spermidine treatment downregulated the ubiquiti-
nation of RIP1 and its downstream phosphorylation of
IKKB and p65 compared to TNF-« stimulation in FLS
without silencing CYLD (Fig. 5c [lane 5 vs. lane 4], f).
We also found that with silencing of CYLD in FLS, the
ubiquitination of RIP1 was upregulated after TNF-a
stimulation compared to control and DMSO treatment
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(Fig. 5d [lane 4 vs. lane 2 and 3], g). Importantly, sper-
midine treatment failed to downregulated ubiquitina-
tion of RIP1 (Fig. 5d [lane 5 vs. lane 4], g). Together,
these results suggest that spermidine prompted the
deubiquitination of RIP1 by upregulating CYLD in TNE-
a-induced NF-«B activation.

Discussion
In this study, we found that i.p. administration of
spermidine could effectively reduce the expression of
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Fig. 5 Spermidine actives CYLD to prompt RIP1 deubiquitination. a Immunoblot analysis of the expression of UBA1 (E1), UBE2N (E2), TRIM21 (E3),
CYLD in H-FLS treated by TNF-a for 2 min and spermidine for 1 h. b Immunofluorescence analysis of CYLD expression on the cytoplasm in H-FLS;
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spermidine (9 uM). d RIPT Ubiquitination, RIP1, CYLD, IKKB, phosphorylated IKK (p-IKKB), phosphorylated p65 (p-p65) was assessed by immunoprecipitation
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TNF-a in FLS and serum in OA mice model and inhibit
the deubiquitination of RIP1 in TNF-a-mediated NF-kB/
p65 activation, by activating CYLD in FLS. Taken toge-
ther, all these resulted in significant inhibition of synovial
inflammation, while cartilage degeneration and osteo-
phyte formation were significantly ameliorated (Fig. 1),
indicating the extension of previous findings for the ability
of spermidine to reduce TNF-a mediated NF-«B/
p65 signaling pathway in FLS.

As contrasted with RA, there are clear drug guidelines
for anti-rheumatic drugs for anti-RA treatment>*, How-
ever, spermidine analog putrescine was highly expressed
in RA-FLS compared with OA—FLS*, and polyamine
metabolism were positively contributes to RA-FLS
intrinsic activation®®. These results indicated that the
polyamine metabolism process is the target of RA inhi-
bition”’, and spermidine supplementation may not work
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for RA. So far, it has been reported that oral intake of
spermidine could reduce the expression of TNF-a in
plasma'®'*?%, which indicated a potential association
between spermidine and anti-TNF-«a inflammation. The
theory of TNF-a-induced RIP1 ubiquitination signal of
NE-kB/p65 pathway leading to inflammatory response in
OA-FLS has been widely confirmed®. RIP1 ubiquitina-
tion displayed important recruitment and activation of the
IKK complex that improved NF-kB activation'®. Loss of
RIP1 ubiquitination allows RIP1 to bind caspase-8, and
thereby activates apoptosis’. Based on the above results,
we speculate that the ubiquitination of RIP1 may deter-
mine whether its downstream product could activate NF-
kB or apoptosis signaling. Interestingly, spermidine could
prevent or reduce the apoptotic response triggered by
TNF-a stimuli in non-tumoral cells>®* 3!, Therefore, we
estimate that RIP1 ubiquitination independent of
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Fig. 6 Spermidine inhibit the ubiquitination of RIP1 in TNF-a
driven NF-kB/p65 inflammation pathway in Fibroblast
synoviocytes (FLS) of osteoarthritis (OA). The RIP1 ubiquitination
that inhibited by spermidine resulting in the decreased
phosphorylation of the IKK complex including the most important p65
transcription pathways. Afterward, the inflammatory cytokines such as
IL-6, IL-8 and TNF-a, were decreasingly secreted by FLS. The decreased
infiltration of inflammatory cytokines on cartilage, which ameliorate
the degenerative expression of chondrocytes including Aggrecan,
Collagen10, ADAMTS4, ADAMTSS5, MMP3 and MMP13, and finally
alleviate the progression of OA.

apoptosis may be an important target for spermidine
against TNF-a-mediated inflammation, and our results
also confirmed the role of spermidine in RIP1 deubiqui-
tination in TNF-a-driven NF-«B activation (Fig. 4d). This
seems contradictory, considering spermidine induces the
reduction of RIP1 ubiquitination but does not lead to cell
apoptosis. Actually, ubiquitinated RIP1 has undergone
protein modification, which reduces the action in the
apoptotic pathway, conversely, the absence of RIP1 ubi-
quitylation will mediate the apoptotic pathway because
cell membrane surface receptors such as T cell Receptor
(TcR)and Toll-Like Receptor 4 (TLR-4) and DNA damage
are activated and integrated through RIP1 activation of
downstream apoptosis and necrosis signalsa’z. However,
spermidine is also a double-edged sword, which could
also activate apoptosis®>. In our results, increased apop-
tosis of H-FLS cells was found when spermidine con-
centration was greater than 12 pM (Fig. S2). Therefore,
when using spermidine to activate RIP1 deubiquitination,
it is necessary to precisely adjust the concentration of
spermidine to avoid activation of the apoptotic pathway of
RIP1 in H-FLS cells.

Accumulating evidence highlights the vital role of
deubiquitinating enzymes in the pathogenesis and pro-
gression of arthritis®*>®, CYLD is a NEMO interacting
protein that removes the polyubiquitin chain linked to the
K63 position of RIP1, thereby inhibiting IKK and NF-«xB
activity’”*®. However, previous studies have not applied a
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safe stimulant to activate the endogenous CYLD deubi-
quitination system that effects the target protein of RIP1,
which is not suitable for clinical application. Importantly,
in this study, CYLD could be enhanced by spermidine and
promoted the deubiquitination of RIP1 in TNF-a-induced
NF-«kB activation (Fig. 5¢, d). Notably, CYLD mediates
RIP1 deubiquitination though removal of the Iys63 poly-
ubiquitin chain, allowing RIP1 to bind to Caspase 8 and
Caspase 10 to promote cell apoptosis®**. It seems that the
ubiquitination of RIP1 protein by CYLD still via apoptosis
signaling. We did not detect apoptosis after over-
expression of the CYLD gene in H-FLS, because the non-
apoptotic dosage of spermidine in cytotoxicity experi-
ments have been determined. In summary, spermidine
deubiquitinates RIP1 in TNF-a-induced NF-«kB activation
by upregulating CYLD, thereby reducing synovial
inflammation and cartilage degeneration (Fig. 6).

Conclusion

In summary, our study provides compelling evidence
supporting the role of ubiquitination-regulated inflam-
mation of spermidine in the treatment of OA. The ther-
apeutic effect of spermidine on OA is dependent on FLS
rather than direct regulation of chondrocytes. This work
suggests that spermidine could be a promising drug
candidate for OA intervention.

Acknowledgements

This work was supported by grants from the National Natural Science
Foundation of China (Nos. 81802127 and 81902268), Guangdong Province
Natural Science Fund key project (No. 2017B030311016) and China
Postdoctoral Science Foundation (Nos. 2019TQ0385 and 2019M663264).

Author details

'Department of Orthopedics, Sun Yat-sen Memorial Hospital, Sun Yat-Sen
University, Guangzhou 510120, P. R. China. “Guangdong Provincial Key
Laboratory of Malignant Tumor Epigenetics and Gene Regulation, Biomedical
Research Center, Sun Yat-sen Memorial Hospital, Sun Yat-Sen University,
Guangzhou 510120, P. R. China. *Department of Orthopedic Surgery, Shantou
Central Hospital, Affiliated Shantou Hospital of Sun Yat-Sen University, Shantou
515000, P. R. China

Conflict of interest
The authors declare that they have no conflict of interest.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary Information accompanies this paper at (https://doi.org/
10.1038/541419-020-2710-y).

Received: 10 January 2020 Accepted: 12 June 2020
Published online: 06 July 2020

References

1. Thomas, E, Peat, G. & Croft, P. Defining and mapping the person with
osteoarthritis for population studies and public health. Rheumatology 53,
338-345 (2014).


https://doi.org/10.1038/s41419-020-2710-y
https://doi.org/10.1038/s41419-020-2710-y

Chen et al. Cell Death and Disease (2020)11:503

20.

Varela-Eirin, M. et al. Cartilage regeneration and ageing: targeting cellular
plasticity in osteoarthritis. Ageing Res. Rev. 42, 56-71 (2018).

Appleton, C. T. Osteoarthritis year in review 2017: biology. Osteoarthr. Cartil. 26,
296-303 (2018).

Mathiessen, A. & Conaghan, P. G. Synovitis in osteoarthritis: current under-
standing with therapeutic implications. Arthritis Res. Ther. 19, 18 (2017).
Vangsness, C. T. Jr, Burke, W. S, Narvy, S. J, MacPhee, R. D. & Fedenko, A. N.
Human knee synovial fluid cytokines correlated with grade of knee osteoar-
thritis—a pilot study. Bull. NYU Hosp. Jt. Dis. 69, 122-127 (2011).

Dias, C. N, Vasilceac, F. A, Durigan, J. L, de Medeiros, A. I. & Mattiello, S. M.
Analysis of local and systemic TNF-alpha and IL1-alpha expression in the acute
phase of knee osteoarthritis of rats. Cytokine 66, 164-165 (2014).

Benito, M. J, Veale, D. J, FitzGerald, O, van den Berg, W. B. & Bresnihan, B.
Synovial tissue inflammation in early and late osteoarthritis. Ann. Rheum. Dis.
64, 1263-1267 (2005).

Calich, A. L, Domiciano, D. S. & Fuller, R. Osteoarthritis: can anti-cytokine
therapy play a role in treatment? Clin. Rheumatol. 29, 451-455 (2010).
O'Donnell, M. A, Legarda-Addison, D, Skountzos, P, Yeh, W. C. & Ting, A. T.
Ubiquitination of RIP1 regulates an NF-kappaB-independent cell-death switch
in TNF signaling. Curr. Biol. 17, 418-424 (2007).

Ea, C. K, Deng, L, Xia, Z. P, Pineda, G. & Chen, Z J. Activation of IKK by
TNFalpha requires site-specific ubiquitination of RIPT and polyubiquitin
binding by NEMO. Mol. Cell 22, 245-257 (2006).

Tobin, A. M. & Kirby, B. TNF alpha inhibitors in the treatment of psoriasis and
psoriatic arthritis. BioDrugs 19, 47-57 (2005).

Eisenberg, T. et al. Cardioprotection and lifespan extension by the natural
polyamine spermidine. Nat. Med. 22, 1428-1438 (2016).

Paulus, W. J. & Tschope, C. A novel paradigm for heart failure with preserved
ejection fraction: comorbidities drive myocardial dysfunction and remodeling
through coronary microvascular endothelial inflammation. J. Am. Coll. Cardiol.
62, 263-271 (2013).

Zhu, S. et al. Spermine protects mice against lethal sepsis partly by attenuating
surrogate inflammatory markers. Mol. Med. 15, 275-282 (2009).

Glasson, S. S, Chambers, M. G, Van Den Berg, W. B. & Little, C. B. The OARSI
histopathology initiative - recommendations for histological assessments of
osteoarthritis in the mouse. Osteoarthr. Cartil. 18(Suppl 3), S17-523 (2010).
Lacey, D. et al. Control of fibroblast-like synoviocyte proliferation by macro-
phage migration inhibitory factor. Arthritis Rheumn. 48, 103-109 (2003).

Hou, C. et al. The role of microRNA-381 in chondrogenesis and interleukin-1-
beta induced chondrocyte responses. Cell Physiol. Biochem. 36, 1753-1766
(2015).

Maksymowych, W. P. et al. Targeting tumour necrosis factor alleviates signs
and symptoms of inflammatory osteoarthritis of the knee. Arthritis Res. Ther.
14, R206 (2012).

Tang, Z et al. Cellular metabolomics reveals glutamate and pyrimidine
metabolism pathway alterations induced by BDE-47 in human neuroblastoma
SK-N-SH cells. Ecotoxicol. Environ. Saf. 182, 109427 (2019).

Min, S. et al. Serum levels of the bone turnover markers dickkopf-1, osteo-
protegerin, and TNF-alpha in knee osteoarthritis patients. Clin. Rheumatol. 36,
2351-2358 (2017).

Official journal of the Cell Death Differentiation Association

21.

22.

23.

24.

25.

26.

27.

28,

29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Page 12 of 12

Lin, C. et al. Blocking PI3K/AKT signaling inhibits bone sclerosis in subchondral
bone and attenuates post-traumatic osteoarthritis. J Cell Physiol. 233,
6135-6147 (2018).

Krenn, V. et al. Synovitis score: discrimination between chronic low-grade and
high-grade synouvitis. Histopathology 49, 358-364 (2006).

Wojdasiewicz, P, Poniatowski, L. A. & Szukiewicz, D. The role of inflammatory
and anti-inflammatory cytokines in the pathogenesis of osteoarthritis. Mediat.
Inflamm. 2014, 561459 (2014).

Sellam, J. & Berenbaum, F. The role of synovitis in pathophysiology and clinical
symptoms of osteoarthritis. Nat. Rev. Rheumatol. 6, 625-635 (2010).

Yukioka, K. et al. Polyamine levels in synovial tissues and synovial fluids of
patients with rheumatoid arthritis. J. Rheumatol. 19, 689-692 (1992).
Karouzakis, E, Gay, R. E, Gay, S. & Neidhart, M. Increased recycling of poly-
amines is associated with global DNA hypomethylation in rheumatoid arthritis
synovial fibroblasts. Arthritis Rheum. 64, 1809-1817 (2012).

Neidhart, M, Karouzakis, E, Jungel, A, Gay, R. E. & Gay, S. Inhibition of sper-
midine/spermine N1-acetyltransferase activity: a new therapeutic concept in
rheumatoid arthritis. Arthritis Rheumatol. 66, 1723-1733 (2014).

Eisenberg, T. et al. Dietary spermidine for lowering high blood pressure.
Autophagy 13, 767-769 (2017).

Stanic, I. et al. Polyamine depletion inhibits apoptosis following blocking of
survival pathways in human chondrocytes stimulated by tumor necrosis
factor-alpha. J. Cell Physiol. 206, 138-146 (2006).

Flamigni, F. et al. Polyamine biosynthesis as a target to inhibit apoptosis of
non-tumoral cells. Amino Acids 33, 197-202 (2007).

Igarashi, K. & Kashiwagj, K. Modulation of cellular function by polyamines. Int J.
Biochem. Cell Biol. 42, 39-51 (2010).

Festjens, N, Vanden Berghe, T, Cornelis, S. & Vandenabeele, P. RIP1, a kinase on
the crossroads of a cell's decision to live or die. Cell Death Differ. 14, 400-410
(2007).

Dash, P. R, Cartwright, J. E. & Whitley, G. S. Nitric oxide inhibits polyamine-
induced apoptosis in the human extravillous trophoblast cell line SGHPL-4.
Hum. Reprod. 18, 959-968 (2003).

Polykratis, A. et al. A20 prevents inflammasome-dependent arthritis by inhi-
biting macrophage necroptosis through its ZnF7 ubiquitin-binding domain.
Nat. Cell Biol. 21, 731-742 (2019).

Quan, R. et al. Effects of a proteasome inhibitor on the NF-kappaB signalling
pathway in experimental osteoarthritis. Scand. J. Rheumatol. 42, 400-407
(2013).

Radwan, M. et al. Protection against murine osteoarthritis by inhibition of the
26S proteasome and lysine-48 linked ubiquitination. Ann. Rheum. Dis. 74,
1580-1587 (2015).

Wertz, I. E. et al. De-ubiquitination and ubiquitin ligase domains of A20
downregulate NF-kappaB signalling. Nature 430, 694-699 (2004).

Kanayama, A. et al. TAB2 and TAB3 activate the NF-kappaB pathway through
binding to polyubiquitin chains. Mol. Cell 15, 535-548 (2004).

Fujikura, D. et al. CLIPR-59 regulates TNF-alpha-induced apoptosis by con-
trolling ubiquitination of RIP1. Cell Death Dis. 3, €264 (2012).

Micheau, O. & Tschopp, J. Induction of TNF receptor l-mediated apoptosis via
two sequential signaling complexes. Cell 114, 181-190 (2003).



	Spermidine activates RIP1 deubiquitination to inhibit TNF-&#x003B1;-induced NF-&#x003BA;B/p65�signaling pathway in osteoarthritis
	Introduction
	Methods
	Materials
	Arthritis mouse model and spermidine treatment
	PTOA mouse model and spermidine treatment
	TIA mouse model and spermidine treatment

	Micro-CT
	Hematoxylin and eosin (H&#x00026;E) and Safranin O-fast green staining
	Immunohistochemical staining
	Cell preparation
	Mouse FLS
	Human FLS
	Mouse OA&#x02013;nobreakchondrocytes
	Chondrogenic cell line ATDC5

	Quantitative real-time PCR
	Enzyme-linked immunosorbent assay (ELISA)
	CCK-8 viability assay
	EdU proliferation assay
	Cell-cycle analysis and apoptosis assay
	Immunofluorescence staining
	Lentivirus transfection in FLS for CYLD knockdown
	RIP1 ubiquitination assays
	Western Blotting analyses
	Statistical analyses

	Results
	Spermidine attenuates progression of OA in PTOA mouse models
	Spermidine inhibits synovial inflammation-mediated cartilage degeneration in PTOA mouse models
	Spermidine inhibits TNF-&#x003B1;-induced synovial inflammation in TIA mouse models
	Spermidine prevents TNF-&#x003B1;-induced NF-&#x003BA;B/p65 activation by suppressing RIP1 ubiquitination
	Spermidine upregulate CYLD to activate RIP1 deubiquitination

	Discussion
	Conclusion
	Acknowledgements




