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�� Arthritis

PARP-1 inhibition attenuates the 
inflammatory response in the cartilage 
of a rat model of osteoarthritis

Aims
Poly (ADP-ribose) polymerase (PARP) inhibitor has been reported to attenuate inflammatory 
response in rat models of inflammation. This study was designed to investigate the effect of 
PARP signalling in osteoarthritis (OA) cartilage inflammatory response in an OA rat model.

Methods
The OA model was established by anterior cruciate ligament transection with medial menis-
cectomy in Wistar rats. The poly (ADP-ribose) polymerase 1 (PARP-1) shRNA (short hairpin 
(sh)-PARP-1) and negative control shRNA (sh-NC) were delivered using a lentiviral vector and 
were intra-articularly injected into rats after surgery. The weight-bearing distribution of the 
hind limbs and the knee joint width were measured every two weeks. The expression levels 
of PARP-1, inducible nitric oxide synthase (iNOS), and cyclooxygenase-2 (COX-2) in cartilage 
were determined using real-time quantitative reverse transcription polymerase chain reac-
tion (RT-qPCR) and Western blot. The serum concentrations of inflammatory cytokines were 
detected using enzyme-linked immunosorbent assay (ELISA).

Results
PARP-1 expression level significantly increased in the cartilage of the established OA rat 
model. sh-PARP-1 treatment suppressed PARP-1 levels, decreased the Δ Force (the difference 
between the weight on ipsilateral limb and contralateral limb) and the knee joint width, 
inhibited cartilage matrix catabolic enzymes, and ameliorated OA cartilage degradation and 
attenuated inflammatory response.

Conclusion
PARP-1 inhibition attenuates OA cartilage inflammatory response in the OA rat model.
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Article focus
�� This study was designed to investigate 

the effect of poly (ADP-ribose) poly-
merase (PARP) signalling in osteoarthritis 
(OA) cartilage inflammatory response in 
OA rat model.

Key messages
�� Poly (ADP-ribose) polymerase 1 (PARP-1) 

expression level significantly increased 
in the cartilage of the established OA rat 
model.
�� PARP-1 shRNA (short hairpin (sh)-PARP-1) 

treatment suppressed PARP-1 levels.

�� PARP-1 inhibition attenuates OA cartilage 
inflammatory response.

Strengths and limitations
�� PARP-1 inhibition attenuates OA carti-

lage inflammatory response in the OA rat 
model.
�� Another OA animal model should be 

investigated to verify the findings.
�� Histological analysis could be provided to 

support the changes in the cartilage.
�� No immunofluorescence to identify 

whether sh-PARP-1 is just limited to the 
superficial layer of the cartilage or if it 
penetrates deeper.
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�� The toxicity and tolerance of sh-PARP-1 on OA models 
would supply the evidence for the potential use of 
sh-PARP-1 for OA treatment in the clinic.
�� Gene expression within the synovium of rat knees was 

not examined.

Introduction
Osteoarthritis (OA) is a gradually degenerative disease 
and is a major source of disability and pain. OA is char-
acterized by cartilage degradation, synovial inflamma-
tion, and bone remodelling, and represents the most 
commonly diagnosed joint disorder.1-3 Among people 
who are over 60 years old, around 10% of men and 
18% of women suffer from OA.4,5 Generally, OA patients 
experience impaired mobility, joint pain, and inflamma-
tion. Joint pain is the most obvious symptom of OA, and 
almost all OA patients complain about pain even in some 
other parts of the body.6 Accordingly, OA-related pain 
results in disability and reduced life quality. Currently, the 
treatment for OA in the clinic includes steroids, acetamin-
ophen, and non-steroidal anti-inflammatory drugs.7,8 
However, these strategies for OA treatment are not satis-
factory because although they are all designed to relieve 
OA-associated pain and OA-related inflammation, they 
cannot reverse the OA pathological process.9 Joint/knee 
arthroplasty surgery is another choice, but the risks of 
this procedure include side effects from the anaesthesia, 
blood clots, infection, pain, allergy, and complications.10

Cartilage degradation is widely believed to be crucial for OA 
development.11,12 The biochemical and structural alteration 
of articular cartilage such as insufficient synthesis of extracel-
lular matrix (ECM) and progressive chondrocyte degradation 
was demonstrated by various studies.13-16 The ECM is a self-
assembled macromolecule complex and supplies structural 
strength to tissues. ECM is a dynamic network among which 
cells secrete molecules, and these secreted molecules in turn 
mediate cell behaviour. Cartilage ECM produces inflamma-
tory mediators, local factors, and matrix-degrading enzymes 
to regulate cartilage degradation.17 It is commonly believed 
that in arthritis and cartilage degradation, interleukin-1 (IL-1) 
is a crucial cytokine at both the early and late stages. Tumour 
necrosis factor alpha (TNF-α) is mainly involved in the early 
stages of arthritis and cartilage degradation. Some other 
cytokines may be regulatory (IL-6, IL-8) or inhibitory (IL-4, 
IL-10, IL-13, and interferon gamma (IFN-γ)) in arthritis and 
cartilage degradation.18,19 Due to the limited repair capability, 
the progress of cartilage degradation is incurable and irre-
versible. The mechanism of cartilage degradation has been 
explored by several groups,20-22 but the information that is 
needed for OA treatment is still limited. Therefore, it is urgent 
to further understand the precise mechanism of cartilage 
degradation and inflammation in OA development.

Poly (ADP-ribose) polymerase (PARP) is one type of 
nuclear enzyme that is activated during the process of DNA 
strand breaks.23 PARP has been shown to be crucial in inflam-
mation pathogenesis.24 In acute and chronic inflammation 
animal models, PARP inhibitor GPI 6150 was characterized 

to attenuate inflammatory response, organ injury, and paw 
swelling, partially via suppressing neutrophil recruitment 
to inflammatory sites.25 In this study, we investigated the 
effect of poly (ADP-ribose) polymerase 1 (PARP-1) inhibi-
tion via shRNA on the OA cartilage inflammatory response 
in anterior cruciate ligament transection (ACLT) with medial 
meniscectomy-induced OA model in rat. PARP-1 shRNA 
(short hairpin (sh)-PARP-1) suppressed cartilage matrix cata-
bolic enzyme expression, attenuated cartilage degradation, 
and ameliorated the inflammatory response.

Methods
OA rat model and intra-articular injection of sh-PARP-1.  The 
adult male Wistar rats with 330 g to 350 g of body weight 
(four-month-old) were purchased from GemPharmatech 
(China) and housed in an animal facility with standard con-
ditions. Rats were randomly allocated to the experimental 
groups using. a random sequence table. A researcher who is 
not the authors was aware of the group allocation. OA was 
induced in the rats using ACLT with medial meniscectomy. 
Briefly, the rats were first anaesthetized by intraperitoneal in-
jection of 65 mg/kg pentobarbital, followed by clipping the 
hair of the right knee. After making an incision in the medial 
aspect of the joint capsule, ACLT was performed on the rats, 
followed by removing the medial meniscus. Then, the joint 
was irrigated using normal saline, the capsule was sutured 
using 4 to 0 vicryl, and the skin was closed using 4 to 0 nylon 
mattress sutures. The Sham rats were given the same inci-
sion but without ACLT or medial meniscus removal (MMx). 
OA rats were randomly allocated into treatment and non-
treatment groups. The allocation was blinded to all authors. 
The rats were supplied with supplemental heat and were 
monitored until recovery from anaesthesia. At day 84, the 
rats were euthanized using overdose of pentobarbital after 
all tests were completed. In Figure 1, five rats were needed at 
each timepoint in each group. In Figures 2 to 5, 12 rats were 
needed in each group. For each experiment, the rats were 
age- and sex-matched. To show that the ARRIVE guidelines 
were adhered to in this study, we have provided an ARRIVE 
checklist in the Supplementary Material.

For intra-articular injection of sh-PARP-1, the knees after 
surgery were immediately intra-articularly injected with 50 
μl of sh-PARP-1 (1 × 109 transducing units (TU)/ml) using a 
26 G needle. Then, the intra-articular injection of sh-PARP-1 
was performed once a week until the rats were euthanized 
for further examination.

All animal studies were approved by Hefei Affiliated 
Hospital of Anhui Medical University.
Construction of sh-PARP-1 lentiviral vector.  The sh-PARP-1 
sequences were designed using the Ambion shRNA design 
online tool (NM-013063) (Thermo Fisher Scientific, USA). The 
sequences are: sh-PARP-1: 5’-CCA AAG GAA TTC CGA GAA 
A-3’; and negative control shRNA (sh-NC): 5’-TTC TCC GAA 
CGT GTC ACG T-3’. The lentivirus vector construction and 
production were completed by GenScript (China). In brief, 
the lentivirus-sh-PARP-1 (5 μg) and viral packaging vectors (1 
μl) were co-transfected into the 293 T cells. At 48 hours after 
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Fig. 1

Poly (ADP-ribose) polymerase 1 (PARP-1) activity in the cartilage of osteoarthritis (OA) rats and effects of intra-articular injection of PARP-1 shRNA (short 
hairpin (sh)-PARP-1). a) Real-time quantitative reverse transcription polymerase chain reaction (RT-qPCR) was used to analyze the messenger RNA (mRNA) 
expression levels of PARP-1 in the cartilage of OA rats at different timepoints after anterior cruciate ligament transection (ACLT) plus medial meniscus removal 
(MMx) surgery. N = 5 in each group at each timepoint. b) RT-qPCR was used to analyze the mRNA expression levels of PARP-1 in the cartilage of OA rats at 
different timepoints after intra-articular injection of sh-PARP-1. NC, negative control. N = 5 in each group at each timepoint. Data are presented as mean 
(standard deviation (SD)). **p < 0.01, ***p < 0.001 compared to sham or control. One-way analysis of variance (ANOVA) followed by Dunn's multiple 
comparisons test for b), and two-way ANOVA followed Tukey's multiple comparisons test for a).

Fig. 2

Effects of intra-articular injection of poly (ADP-ribose) polymerase 1 (PARP-1) shRNA (short hairpin (sh)-PARP-1) on the expression of PARP-1 in the cartilage of 
osteoarthritis (OA) rats 12 weeks after surgery. a) Real-time quantitative reverse transcription polymerase chain reaction was used to analyze the messenger 
RNA (mRNA) expression levels of PARP-1 in the cartilage of OA rats 12 weeks after surgery. b) Western blotting was used to assay the protein expression of 
PARP-1 in the cartilage of OA rats 12 weeks after surgery. c) The relative expressions were shown, which were normalized to sham; N = 12 in each group. Data 
are presented as mean (standard deviation (SD)). ***p < 0.001 between the indicated groups. One-way analysis of variance (ANOVA) followed by Dunn's 
multiple comparisons test.

transfection, the viral supernatant was obtained and filtered 
using a 0.45 μm pore size filter. Then, after centrifuging the 
supernatant (3,500 g, 25 minutes), the precipitate was resus-
pended in 500 μl phosphate-buffered saline. Finally, the ob-
tained recombinant lentivirus-sh-PARP-1 was stored at -80°C. 
The control plasmid was treated using the same procedures.
Incapacitance test and knee joint width.  The incapacitance 
apparatus (Linton Instrumentation, UK) was used to deter-
mine weight-bearing ability. Rats stood on a 65° angle from 
the horizontal inclined plane, which was on the incapaci-
tance apparatus. The weight on each hind limb was inde-
pendently detected using the apparatus. The mean weight 
from five detections was calculated. The difference between 
the weight from the ipsilateral limb and the weight from the 

injured limb contralateral (Δ Force) was presented. Δ Force in 
different groups was detected at 2, 4, 6, 8, 10, and 12 weeks 
post-surgery.

The knee joint width was detected using calipers at 
2, 4, 6, 8, 10, and 12 weeks post-surgery. Then, the rats 
were euthanized using overdose of pentobarbital for 
further detection.
Cartilage isolation of the joint.  Cartilage isolation of the joint 
was performed as previously described.26 Briefly, the rats 
were euthanized using overdose of pentobarbital at week 12. 
Then, cartilage was carefully harvested from the femoral con-
dyle and tibial plateau of rats, and a quick microscopic exam-
ination was performed to confirm the absence of contami-
nating non-cartilaginous tissue. The freshly isolated cartilage 
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Fig. 3

Effects of intra-articular injection of poly (ADP-ribose) polymerase 1 (PARP-1) shRNA (short hairpin (sh)-PARP-1) on the weight-bearing distribution of a) Δ 
force and b) knee joint width in rats that underwent anterior cruciate ligament transection (ACLT) plus medial meniscus removal (MMx). An incapacitance 
test was used to measure the weight-bearing of the hind limb preoperatively and every two weeks after surgery for 12 weeks. The widths of the bilateral joints 
were measured every two weeks after surgery for 12 weeks. The data are the difference between the weights and the widths of the contralateral and ipsilateral 
limbs. N = 12 in each group. Data are presented as mean (standard deviation (SD)).**p < 0.01, ***p < 0.001 compared to the osteoarthritis (OA) group. Two-
way analysis of variance (ANOVA) followed by Tukey's multiple comparisons test.

was processed for real-time quantitative reverse transcription 
polymerase chain reaction (RT-qPCR) and western blot as de-
scribed below.
RT-qPCR.  Cartilage tissues were collected from pre-surgery 
and 1, 3, 7, 14, 21, 42, and 84 days post-surgery. RNA from car-
tilage was isolated using TRIzol reagent (Cat No. 15596018; 
Thermo Fisher Scientific), followed by RNA concentration de-
tection. Then, cDNA Synthesis Kit (Qiagen, USA) was used 
for complementary DNA synthesis. RT-qPCR was performed 
using the SYBR Taq kit (Cat. No. 1708882; Bio-Rad, USA). The 
primers used in this study are listed in Table I. Glyceraldehyde 
3-phosphate dehydrogenase (GAPDH) expression was used 
as a control. The 2−△△Ct method was used to determine the 
relative expression levels of indicated genes.
Western blot.  The proteins from the cartilage of rats from 
different groups were lysed by radioimmunoprecipitation 
assay (RIPA) buffer (Beyotime, China) containing protease 
inhibitors. Then, proteins were separated using 10% so-
dium dodecyl sulfate gel and transferred onto the poly-
vinylidene fluoride membrane. Subsequently, the mem-
branes were blocked using 5% non-fat milk, followed by 
incubation with primary antibodies at 4°C overnight. The 
antibodies used in this study were: anti-PARP-1 (Cleaved 
PARP (Asp214) Antibody (Rat Specific) #9545, 1:1,000; 

Cell Signaling Technology (CST), USA); anti-iNOS 
(#32027, 1:1,000; CST); anti-COX-2 (#12282, 1:1,000; 
CST); anti-MMP-13 (#AB39012, 1:1,000; Abcam, UK); 
aggrecan (ab36861, 1:1,000; Abcam); type II collagen 
(ab188570, 1:1,000; Abcam); and anti-β-actin (#3700, 
1:1,000; CST). Finally, the membranes were further incu-
bated using horseradish peroxidase-secondary antibod-
ies. The enhanced luminol-based chemiluminescence 
was used to detect protein bands. The expression level 
was quantified using ImageJ software (National Institutes 
of Health, USA). The β-actin expression level was used as 
a control.
Enzyme-linked immunosorbent assay (ELISA).  The con-
centrations of matrix metalloproteinase (MMP)-1 (Rat 
MMP-1 ELISA Kit, E-EL-R0617c), MMP-3 (Rat MMP-3 ELISA 
Kit, E-EL-R0619c), IL-6 (Rat IL-6 ELISA Kit, E-EL-R0015c), 
IL-1β (Rat IL-1β ELISA Kit, E-EL-R0012c), and TNF-α (Rat 
TNF-α ELISA Kit, E-EL-R2856c) in serum were detected us-
ing commercial ELISA kits from Elabscience Biotechnology 
Co. (China), following the manufacturer’s instructions.
Statistical analysis.  GraphPad Prism v7.0 software 
(GraphPad Software, USA) was used to analyze raw data. 
Data are presented as mean (standard deviation (SD)). 
The differences in means among multiple groups were 
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Fig. 4

Effects of intra-articular injection of poly (ADP-ribose) polymerase 1 (PARP-1) shRNA (short hairpin (sh)-PARP-1) on the expression of cartilage matrix catabolic 
enzymes in the cartilage and ameliorated osteoarthritis (OA) cartilage degradation in rats 12 weeks after anterior cruciate ligament transection (ACLT) 
plus medial meniscus removal (MMx). a) and b) Serum matrix metalloproteinase (MMP)-1 and MMP-3 were measured by enzyme-linked immunosorbent 
assay (ELISA). c) and d) Real-time quantitative reverse transcription polymerase chain reaction (RT-qPCR) was used to analyze the messenger RNA (mRNA) 
expression levels of MMP-1 and MMP-3 in cartilage. Relative expression was normalized to sham group. e) and f) RT-qPCR was used to analyze the mRNA 
expression levels of aggrecan and collagen type II alpha 1 chain (Col2A1) in cartilage. Relative expression was normalized to sham group. g) to i) Western 
blotting was used to assay the protein expression of g) MMP-13, h) aggrecan, and i) type II collagen in cartilage. Relative expression was normalized to sham 
group. N = 12 in each group. Data are presented as mean (standard deviation (SD)). *p < 0.05, **p < 0.01, ***p < 0.001 between the indicated groups. One-
way analysis of variance (ANOVA) followed by Dunn's multiple comparisons test.

analyzed using one-way analysis of variance (ANOVA) 
followed by Dunn’s multiple comparisons test. If differ-
ent experimental groups with different timepoints were 
analyzed, two-way ANOVA followed by Tukey’s multiple 
comparisons test was used. Statistical significance was set 
at p < 0.05.

Results
PARP-1 expression significantly increases in the cartilage 
of OA rats.  The expression level of PARP-1 was first deter-
mined by RT-qPCR in the cartilage of ACLT plus surgery-
induced OA rats and controlled Sham rats. As shown in 
Figure  1a, PARP-1 messenger RNA (mRNA) expression 
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Fig. 5

Effects of intra-articular injection of poly (ADP-ribose) polymerase 1 (PARP-1) shRNA (short hairpin (sh)-PARP-1) on the inflammatory responses in rats 12 
weeks after anterior cruciate ligament transection (ACLT) plus medial meniscus removal (MMx). a) to c) Serum concentrations of interleukin (IL)-6, IL-1β, and 
tumour necrosis factor alpha (TNF-α) were measured by enzyme-linked immunosorbent assay (ELISA). d) to f) Real-time quantitative reverse transcription 
polymerase chain reaction was used to analyze the messenger RNA (mRNA) expression levels of IL-6, IL-1β, and TNF-α in cartilage. N = 12 in each group. Data 
are presented as mean (standard deviation (SD)). *p < 0.05, **p < 0.01, ***p < 0.001 between the indicated groups. One-way analysis of variance (ANOVA) 
followed by Dunn's multiple comparisons test.

level greatly increased in the cartilage of OA rats at dif-
ferent time points after surgery (1, 3, 7, 14, 21, 42, and 
84 days post-surgery) compared with Sham rats. PARP-
1 expression sharply increased on day 1 post-surgery, 
and gradually decreased to the stable level 14 days post-
surgery, suggesting the important role of PARP-1 in OA.

We next downregulated PARP-1 expression using 
shRNA (sh-PARP-1), which was delivered by lentiviral 
vector and detected PARP-1 mRNA expression level in 
the cartilage of different group rats after intra-articular 
injection of sh-PARP-1. As shown in Figure  1b, PARP-1 
mRNA expression significantly decreased three days post-
injection, as well as five days and eight days post-injection. 
These results demonstrated that PARP-1 expression in the 
cartilage significantly increased in OA rats and decreased 
after sh-PARP-1 injection. sh-PARP-1 suppressed PARP-1 
expression levels 12 weeks after surgery.

The results from Figure  1b indicate that sh-PARP-1 
suppressed PARP-1 mRNA expression to a stable level 
seven days post-injection. So, we performed intra-
articular injection of sh-PARP-1 once a week and deter-
mined PARP-1 expression 12 weeks after surgery. As 
expected, PARP-1 mRNA expression level in the cartilage 

of OA rats was much higher than in Sham rats, and 
sh-PARP-1 treatment significantly suppressed PARP-1 
mRNA level in OA rats (Figure 2a).

The increased PARP-1 protein level in the cartilage of 
OA rats was dramatically suppressed after sh-PARP-1 treat-
ment (Figures 2b and 2c). These results demonstrate that 
sh-PARP-1 suppressed PARP-1 mRNA expression 12 weeks 
after surgery. sh-PARP-1 attenuated weight-bearing distri-
bution of the hind limbs and the knee joint width.

The effect of sh-PARP-1 treatment on the weight-
bearing distribution of the hind limbs and the knee joint 
width was further explored. The Δ Force (g) was defined 
as the difference between the weight on ipsilateral limb 
and contralateral limb. As shown in Figure 3a, the Δ Force 
of OA rats is much higher than Sham rats at different time 
points after surgery (2, 4, 6, 8, 10, and 12 weeks), and 
sh-PARP-1 treatment significantly attenuated the Δ Force 
of OA rats at 12 weeks after surgery. The individual data 
of the Δ Force of OA rats are given in Supplementary 
Figure aa.

Similarly, the knee joint width of OA rats at 12 weeks was 
much higher than that of Sham rats and was greatly atten-
uated by sh-PARP-1 treatment (Figure 3b). These data indi-
cate that sh-PARP-1 treatment attenuated the weight-bearing 
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Table I. Oligonucleotide primer sequences for real-time quantitative reverse 
transcription polymerase chain reaction.

Gene Primer direction Sequence (5′--3′)

PARP-1 Forward TCCCAGAACAAGGACGAAGC

Reverse CCTCACACACGACTCGAACA

Aggrecan Forward ATGATGGCGCTGTTCTGAAGG

Reverse GAAGTGATGCATGGCATTGAGG

Col2A1 Forward GGCAATAGCAGGTTCACGTACA

Reverse GATAACAGTCTTGCCCCACTTACC

MMP-1 Forward ACAGTTTCCCCGTGTTTCAG

Reverse CCCACACCTAGGTTTCCTCA

MMP-3 Forward TCTTTCACTCAGCCAATGCT

Reverse GGGAGGTCCATAGAGGGATT

IL-6 Forward GGATACCACCCACAACAGAC

Reverse TTGCCGAGTAGACCTCATAG

IL-1β Forward TCATTGTGGCTGTGGAGAAG

Reverse CTATGTCCCGACCATTGCTG

TNF-α Forward CCCCTTTATCGTCTACTCCTC

Reverse GCTGGTAGTTTAGCTCCGTTT

iNOS Forward GCATCCCAAGTACGAGTGGT

Reverse GAAGGCGTAGCTGAACAAGG

COX-2 Forward GTGGGATGACGAGCGACTGT

Reverse TTTCAGGGAGAAGCGTTTGC

GAPDH Forward GAAGGTGAAGGTCGGAGTC

Reverse GAAGATGGTGATGGGATTTC

Col2A1, collagen type II alpha 1 chain; COX-2, cyclooxygenase-2; 
GAPDH, glyceraldehyde 3-phosphate dehydrogenase; ICAM-1, 
intercellular cell adhesion molecule-1; IL, interleukin; iNOS, inducible 
nitric oxide synthase; MMP, matrix metalloproteinase; PARP-1, 
poly(ADP-ribose) polymerase-1; TNF-α, tumour necrosis factor alpha.

distribution of the hind limbs and the knee joint width of OA 
rats. The individual data of knee joint width of OA rats are 
given in Supplementary Figure ab.
sh-PARP-1 ameliorates OA cartilage inflammation.  We 
next determined the effects of sh-PARP-1 treatment on 
OA cartilage inflammation. The serum MMP-1 and MMP-
3 concentrations of OA rats were much higher than those 
of Sham rats, and sh-PARP-1 treatment clearly suppressed 
MMP-1 and MMP-3 concentrations in serum (Figures 4a 
and 4b). Similarly, the increased mRNA levels of MMP-1 
and MMP-3 in the cartilage of OA rats were significantly 
attenuated after sh-PARP-1 treatment (Figures 4c and 4d).

Moreover, the expression levels of aggrecan and 
collagen type II alpha 1 chain (Col2A1) were determined 
in the cartilage. As shown in Figures 4e and 4f, the mRNA 
levels of aggrecan and Col2A1 significantly decreased in 
OA rats compared with Sham rats, while sh-PARP-1 treat-
ment enhanced aggrecan and Col2A1 expression levels 
in OA rats. MMP-13 is considered the major collagenase 
in OA.27 Therefore, we detected MMP-13 expression in the 
cartilage. MMP-13 protein levels significantly increased in 
OA rats, while sh-PARP-1 treatment suppressed MMP-13 
expression in OA rats (Figure 4g). Consistently, the protein 

levels of aggrecan and type II collagen in OA rats were 
significantly decreased compared with in Sham rats, while 
sh-PARP-1 treatment increased their expression in OA rats 
(Figures 4h and 4i). These results suggest that sh-PARP-1 
treatment ameliorates OA cartilage inflammation.
sh-PARP-1 attenuates inflammatory response of OA 
rats.  Inflammation was generally believed to be crucial 
for OA.28 Therefore, we detected whether sh-PARP-1 treat-
ment would attenuate the inflammatory response of OA 
rats. IL-6, IL-1β, and TNF-α were the proinflammatory 
cytokines and their expression levels were detected. As 
shown in Figures 5a to 5c, the serum concentrations of 
IL-6, IL-1β, and TNF-α significantly increased in OA rats 
compared with in Sham rats, and sh-PARP-1 treatment 
dramatically decreased their serum concentrations.

Consistently, the increased mRNA expression levels 
of IL-6, IL-1β, and TNF-α in OA rats were decreased 
after sh-PARP-1 treatment (Figures 5d to 5f). These data 
suggest that sh-PARP-1 attenuated the inflammatory 
response of OA rats. sh-PARP-1 suppressed iNOS and 
COX-2 expression in OA rats; iNOS and COX-2 are crucial 
for the inflammatory response,29 and we finally detected 
iNOS and COX-2 expression in cartilage at both mRNA 
and protein levels. The mRNA levels of iNOS and COX-2 
in cartilage of OA rats were much higher than in Sham 
rats, and sh-PARP-1 significantly suppressed their mRNA 
levels (Figures 6a and 6d). At the protein levels, we also 
found that iNOS and COX-2 levels in the cartilage of OA 
rats significantly increased compared with in Sham rats, 
and sh-PARP-1 treatment significantly decreased iNOS 
and COX-2 expression levels (Figures  6b to 6f). These 
results demonstrate that sh-PARP-1 suppresses iNOS and 
COX-2 expression in OA rats.

Discussion
OA incidence has been reported to be increased in older 
people, and even in young people with joint injury.30 
However, the treatment for OA is still unsatisfactory. In this 
study, we focused on the effect of PARP inhibition using 
lentiviral vector-delivered shRNA on cartilage inflammatory 
response in the OA rat model, based on the fact that PARP 
was demonstrated to be important for the inflammatory 
response and PARP inhibition suppressed inflammation in 
OA animal models.31

We first successfully established OA rat model by ACLT 
with medial meniscectomy surgery, which is evidenced by 
increased Δ Force (the difference between the weight on ipsi-
lateral limb and contralateral limb), enhanced knee width, 
elevated serum concentrations of inflammatory collagenase 
(MMP-1 and MMP-3), protein expression levels of MMP-13, 
inflammatory cytokines (IL-6, IL-1β, and TNF-α), and 
decreased protein expression levels of aggrecan and type II 
collagen. In the OA rat model, we performed intra-articular 
injection of sh-PARP-1 once a week to stably suppress both 
mRNA and protein expressions of PARP-1 in the cartilage, 
which is the basis of the present study, to investigate the role 
of sh-PARP-1 in cartilage inflammatory response of OA rats.
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Fig. 6

Effects of intra-articular injection of poly (ADP-ribose) polymerase 1 (PARP-1) shRNA (short hairpin (sh)-PARP-1) on the expression of inducible nitric oxide 
synthase (iNOS) and cyclooxygenase-2 (COX-2) in cartilage of rats 12 weeks after anterior cruciate ligament transection (ACLT) plus medial meniscus 
removal (MMx). a) and d) Real-time quantitative reverse transcription polymerase chain reaction (RT-qPCR) was used to analyze the messenger RNA (mRNA) 
expression levels of iNOS and COX-2 in cartilage. b) and e) Western blotting was used to assay the protein expression of iNOS and COX-2 in the cartilage. c) 
and f) Relative expression levels of iNOS and COX-2 are shown, which were normalized to the corresponding sham. N = 12 in each group. Data are presented 
as mean (standard deviation (SD)). **p < 0.01, ***p < 0.001 between the indicated groups. One-way analysis of variance (ANOVA) followed by Dunn's 
multiple comparisons test. OA, osteoarthritis.

Cartilage inflammation is important for the devel-
opment of OA.28 The strategies for preventing cartilage 
inflammation have been reported to attenuate OA.32 In 
the postmenopausal OA rat model, Labisia pumila, a 
tropical herb, suppressed concentrations of serum colla-
genases and type II collagen degradation, accompanying 
reduced cartilage erosions and osteophytes,33 indicating 
that Labisia pumila attenuates OA at least partly by 
suppressing cartilage inflammation. Calcitonin adminis-
tration could suppress cartilage inflammation, improve 
the nociceptive test results in the OA rat model, and 
attenuate OA development possibly through enhancing 
TGF-β1 expression level in chondrocytes.34 In ACLT with 
medial meniscectomy-induced rat OA model, shea nut oil 
triterpene concentrates suppress cartilage inflammation 
and knee joint matrix loss.35 Consistently, in our study we 
found that sh-PARP-1 treatment decreased the expression 
of cartilage matrix catabolic enzymes and ameliorated 
OA cartilage inflammation in OA rat model, indicating 
the protecting effect of sh-PARP-1 on OA.

PARP is one type of nuclear enzyme that was reported 
to be crucial in the inflammatory response.31 In the 
zymosan-induced multiple organ failure animal model and 

adjuvant-induced arthritis animal model, PARP inhibitor 
suppressed the inflammatory response, indicating that PARP 
inhibitor exerts anti-inflammatory effects, which is partly 
due to the decreased neutrophil infiltration.25 In lipopoly-
saccharide (LPS)-induced pulmonary inflammation animal 
models, pharmacological inhibition of PARP (PARP inhibitor 
PJ-34) or genetic deletion of PARP (PARP-/- animal) attenuate 
alveolar neutrophil accumulation, cytokine induction, nitric 
oxide production, lung hyperpermeability, and lipid perox-
idation. Histologically, the lung injury was also attenuated 
in animal models with PARP dysfunction,36 indicating that 
pharmacological PARP inhibition may be a potential choice 
for patients with lung inflammation. In trinitrobenzene 
sulfonic acid-induced rat colitis model, the PARP inhibitors 
1,5-dihydroxyisoquinoline and nicotinamide reduced colon 
injury, and decreased myeloperoxidase activity and prosta-
glandin E2 level in the colon,37 demonstrating that PARP inhi-
bition is effective in an experimental colitis model and may be 
useful for ulcerative colitis treatment. In an ischaemia/reper-
fusion injury rat model, PARP inhibitor 3-aminobenzamide 
administration suppressed the expression levels of 
inflammation-associated genes (CD11b, intercellular cell 
adhesion molecule-1 (ICAM-1), and COX-2), accompanied 
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by decreased water content and decreased infarct volume,38 
suggesting the neuroprotective effect of PARP inhibition in 
ischaemic stroke. In human osteoarthritic chondrocytes, 
PARP inhibition inhibited IL-1β-induced inflammation.39 
Summarily, in different inflammation-related animal models 
and in human osteoarthritic chondrocytes, PARP inhibition 
was clearly demonstrated to attenuate inflammation, indi-
cating the common effect of PARP inhibition on suppressing 
the inflammatory response.

In this study, we inhibited PARP-1 expression by shRNA. 
Functional assay indicated that sh-PARP-1 treatment inhib-
ited serum concentrations of inflammatory cytokines (IL-6, 
IL-1β, and TNF-α) and their mRNA expression levels. More-
over, the expression levels of iNOS and COX-2 dramatically 
decreased after sh-PARP-1 treatment. Besides the effect of 
sh-PARP-1 treatment on inflammation, we also found that 
this significantly suppressed the Δ Force and enhanced knee 
width, indicating its protecting role in OA animal model. 
However, we did not detect the effect of sh-PARP-1 treatment 
on CD11b and ICAM-1 expression level, which were indi-
cated to be altered after PARP inhibition treatment.38 To the 
best of our knowledge, this is the first study to investigate the 
effect of sh-PARP-1 on inflammatory cytokines on the OA rat 
model. Based on the results in animal models, sh-PARP-1 may 
be potentially used in a clinical setting only after more clear 
evidence has been gathered of the toxicity and tolerance of 
sh-PARP-1 on OA models and cell lines.

There were several limitations in this study. First, the 
effect of sh-PARP-1 was not studied in other OA animal 
models. Second, we did not perform a histological anal-
ysis; the histological sections of the cartilages and the 
histological score may help to intuitively show the effect 
of sh-PARP-1 on OA development. Third, no immunoflu-
orescence was performed to identify whether sh-PARP-1 
is just limited to the superficial layer of the cartilage or if 
it penetrates deeper. Fourth, the toxicity and tolerance of 
sh-PARP-1 on OA models would supply evidence for the 
potential use of sh-PARP-1 for OA treatment in the clinic. 
Finally, gene expression within the synovium of rat knees 
was not examined, while this examination would answer 
an important question: whether the reported protective 
actions on cartilage could be at least partly attributed to 
sh-PARP-1 effects on synovial cells.

In conclusion, using the ACLT with medial 
meniscectomy-induced rat OA model, we have shown 
for the first time that sh-PARP-1 treatment attenuates OA 
cartilage inflammatory response.

Supplementary material
‍ ‍Individual values for Figure 3 and original western 

blot films for Figures 2, 4, and 6. ARRIVE checklist 
also provided to show that the ARRIVE guidelines 

were adhered to in the study.
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