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Article focus
 � To determine the effects of miR-140 and 

interleukin-1 receptor antagonist protein 
(Il-1Ra) overexpression on full-thickness 
articular cartilage defects repairing in a 
rabbit model.

 � To establish whether pNNS-conjugated 
chitosan (pNNS-CS) can mediate gene 
transfection both in rabbit chondrocytes 
and a cartilage defect model.

 � To investigate the mechanism of Il-1Ra 
and miR-140’s effects on experimental 
articular cartilage defects.

Key messages
 � Il-1Ra and miR-140 gene combination 

produced synergistic effects not only for 
promoting cartilage proliferation, but 
also for inhibiting the inflammatory 
response and cartilage degradation.

Interleukin-1 receptor antagonist 
protein (IL-1Ra) and miR-140 
overexpression via pnns-conjugated 
chitosan-mediated gene transfer 
enhances the repair of full-thickness 
cartilage defects in a rabbit model
Objectives
previously, we reported the improved transfection efficiency of a plasmid DnA-chitosan 
(pDnA-cs) complex using a phosphorylatable nuclear localization signal-linked nucleic 
kinase substrate short peptide (pnns) conjugated to chitosan (pnns-cs). This study investi-
gated the effects of pnns-cs-mediated miR-140 and interleukin-1 receptor antagonist pro-
tein (IL-1Ra) gene transfection both in rabbit chondrocytes and a cartilage defect model.

Methods
The pBudce4.1-miR-140, pBudce4.1-IL-1Ra, and negative control pBudce4.1 plasmids were 
constructed and combined with pnns-cs to form pDnA/pnns-cs complexes. These com-
plexes were transfected into chondrocytes or injected into the knee joint cavity.

Results
High IL-1Ra and miR-140 expression levels were detected both in vitro and in vivo. In vitro, 
compared with the pBudce4.1 group, the transgenic group presented with significantly 
increased chondrocyte proliferation and glycosaminoglycan (GAG) synthesis, as well as 
increased collagen type II alpha 1 chain (coL2A1), aggrecan (AcAn), and TIMp metallo-
peptidase inhibitor 1 (TIMp-1) levels. nitric oxide (no) synthesis was reduced, as were a 
disintegrin and metalloproteinase with thrombospondin type 1 motif 5 (ADAMTs-5) and 
matrix metalloproteinase (MMp)-13 levels. In vivo, the exogenous genes reduced the syno-
vial fluid GAG and no concentrations and the ADAMTs-5 and MMp-13 levels in cartilage. In 
contrast, coL2A1, AcAn, and TIMp-1 levels were increased, and the cartilage Mankin score 
was decreased in the transgenic group compared with the pBudce4.1 group. Double gene 
combination produced greater efficacies than each single gene, both in vitro and in vivo.

Conclusion
This study suggests that pnns-cs is a good candidate for treating cartilage defects via gene 
therapy, and that IL-1Ra in combination with miR-140 produces promising biological effects 
on cartilage defects.
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 � pNNS-CS can improve transfection efficiency in 
chondrocytes.

 � Collagen type II alpha 1 chain (Col2A1), aggrecan 
(ACAN), and TIMP metallopeptidase inhibitor 1 
(TIMP-1) expression was increased in transgenic 
groups both in vitro and in vivo, whereas a disintegrin 
and metalloproteinase with thrombospondin type 1 
motif 5 (ADAMTS-5) and matrix metalloproteinase 
(MMP)-13 expression was reduced.

Strengths and limitations
 � Intra-articular injection of Il-1Ra and miR-140 gene 

enhances the repair of full-thickness cartilage defects 
in a rabbit model.

 � The beneficial effect of intra-articular Il-1Ra and miR-
140 gene may be due to the inhibition of the inflam-
matory response and cartilage degradation.

 � pNNS-CS could be a good candidate for treating car-
tilage defects via gene therapy.

introduction
Articular cartilage is avascular and has a poor healing 
capacity.1 A method that induces the proper repair of 
injured cartilage is needed. Currently, gene therapy has 
attracted more attention and has become a popular 
research topic.1-5 Choosing the gene delivery method is 
very important for gene therapy, and many studies have 
been undertaken to develop safe and efficient gene deliv-
ery methods.2-7 Chitosan (CS), a polycationic non-viral 
gene carrier, has been studied by many researchers. The 
effect of CS nanoparticles carrying small interfering RNA 
(siRNA), microRNA (miRNA), or therapeutic genes on 
gene delivery has been studied both in vitro and in vivo.6-11 
However, the transfection efficiency of CS is low under 
physiological conditions. Many researchers, including 
the authors of this study, have tried to improve CS trans-
fection efficiency through chemical structure modifica-
tions.6,7,9,11-13 In our previous study, we confirmed that 
pNNS conjugated to CS (pNNS-CS) improved the trans-
fection efficiency of plasmid DNA (pDNA) in C2C12 myo-
blast cells.13 Therefore, we proposed the use of pNNS-CS 
as a gene carrier in gene therapy for the treatment of car-
tilage defects. However, the structure of C2C12 cells is 
significantly different from that of chondrocytes, and pre-
viously, we studied the transfection efficiency of pNNS-
CS in vitro only. Many problems still need to be resolved, 
such as how to ensure the transfection efficiency of 
pNNS-CS in chondrocytes in vivo, whether intra-articular 
injections affect the pDNA/pNNS-CS complex stability, 
and whether pNNS-CS can become an efficient and reli-
able carrier for cartilage defect gene therapy. Therefore, 
this study attempts to use pNNS-CS as a carrier to trans-
port exogenous genes into chondrocytes both in vitro 
and in vivo, thereby improving exogenous gene transfec-
tion efficiency and expression.

Articular cartilage regeneration involves many chon-
drogenic factors. Therefore, therapy with multiple recom-
binant genes may improve functional repair, and many 
studies have combined multiple genes to treat cartilage 
defects.5,10,14,15 Several cytokines play important roles in 
the metabolism of normal cartilage. Because of the chon-
droregenerative effects of cytokines, many genes coding 
for insulin-like growth factor I (IGF-I),1-3,10,11,14 transform-
ing growth factor-β (TGF-β),5,14,15 transcription factor 
SoX9,1,5 and interleukin-1 receptor antagonist protein 
(Il-1Ra)10,15 have been transferred into chondrocytes 
both in vitro and in vivo. The results have demonstrated 
that the effects of combined gene transfer are superior to 
therapy with a single gene.4,10,14,15 Il-1Ra can block the 
adverse effects of Il-1 in oA by binding the Il-1 receptor 
and inhibiting articular cartilage extracellular matrix 
(ECM) degradation.16 miRNAs are a class of non-coding 
small RNAs.17 Many analyses have revealed that miRNAs 
are significantly dysregulated.18-20 Many miRNAs play 
important roles in cartilage functional repair,21-23 espe-
cially cartilage-specific miR-140.22-25 A study has shown 
that Il-1Ra protein treatment administered by intra-
articular injections following a cartilage impact injury 
increased miR-140 expression in cartilage and prevented 
the degradation of cartilage ECM.26 Therefore, in this 
study, we chose Il-1Ra and miR-140 as the therapeutic 
genes for treating cartilage defects.

In this study, we sought to determine whether pNNS-
CS can carry Il-1Ra and miR-140 genes into chondrocytes 
and promote efficient expression. The effects of the exog-
enous genes were investigated both in cultured chondro-
cytes and in a cartilage defect animal model. The efficacy 
of the combinatorial Il-1Ra and miR-140 gene delivery 
was also explored.

Materials and Methods
Reagents and animals. CS was purchased from Sigma-
Aldrich (St. louis, Missouri). Dulbecco’s Modified 
Eagle Medium (DMEM)/F12 medium, human Il-1RA 
enzyme-linked immunosorbent assay (ElISA) kits, and 
Annexin v-FITC apoptosis detection kits were pur-
chased from Thermo Fisher (Shanghai, China). Il-1β 
was purchased from PeproTech (Rocky Hill, New Jersey). 
Radioimmunoprecipitation assay (RIPA), phenylmethyl-
sulfonyl fluoride (PMSF), and MTT were purchased from 
Solarbio life Sciences (Beijing, China). We also purchased 
the following kits: a rabbit glycosaminoglycan (GAG) 
ElISA kit (Nanjing Sen Beijia Biotechnology, Nanjing, 
China); a nitrate reductase kit for nitric oxide (No) 
detection (NanJing JianCheng Bioengineering Institute, 
Nanjing, China); a SYBR Premix Ex Taq II, RNAiso Plus, 
Mir-X miRNA First-Strand Synthesis kit (Takara, Dalian, 
China); and a PrimeScript RT reagent kit (Takara). The 
KoD-Plus-ver polymerase was purchased from ToYoBo 
(Tokyo, Japan), while the aggrecan (ACAN), collagen type 
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II alpha 1 chain (Col2A1), TIMP metallopeptidase inhibi-
tor 1 (TIMP-1), a disintegrin and metalloproteinase with 
thrombospondin type 1 motif 5 (ADAMTS-5), and matrix 
metalloproteinase (MMP)-13 antibodies were purchased 
from Bioss (Beijing, China). New Zealand white rabbits 
were purchased from Jinan Jinfeng Experimental Animal 
limited by Share ltd. (Shandong, China). The protocols 
in this study that involved animals were approved by the 
Institutional Animal Care and Use Committee of Weifang 
Medical University.
pBudCe4.1 vector construction. The pBudCE4.1-Il-
1Ra vector was previously constructed and reserved by 
our team.10 The human mature miR-140 sequence and its 
precursor pre-miR-140 were retrieved from the Ensembl 
(http://asia.ensembl.org/index) and NCBI (https://www.
ncbi.nlm.nih.gov/gene/) databases, and their genomic 
position was localized and then flanked at both ends to 
obtain a sequence of approximately 210 bp (pri-miR-140,  
miR-140). miR-140 was amplified from human genomic  
DNA using the KoD-Plus-ver polymerase. The forward  
primer 5’-CCCAAGCTTTTTCCGTGGTGACCTCCTCT-3’ 
contained the HindIII restriction endonuclease site, and 
the reverse primer 5’-CgCGGATCCTGCTGGGCTGTTT 
GTGGCTG-3’ contained a BamHI site. The HindIII-
BamHI PCR product fragments were subcloned into 
the pBudCE4.1 plasmid at the corresponding sites. The 
pBudCE4.1-miR-140 expression plasmids were confirmed 
via sequence analysis. A random unrelated sequence was 
subcloned into the pBudCE4.1 plasmid to serve as a nega-
tive control (pBudCE4.1).
Preparation of pDNA/pNNS-CS complexes. pNNS was 
conjugated to CS to form pNNS-CS complexes as previ-
ously described.13 The pBudCE4.1-Il-1Ra, pBudCE4.1-
miR-140, and pBudCE4.1 plasmids were mixed with 
pNNS-CS in weight ratios of 1:0.25, 1:0.5, 1:1, 1:1.5, 
1:2, or 1:2.5 to form the pDNA/pNNS-CS complexes 
(pBudCE4.1-miR-140/pNNS-CS, pBudCE4.1-Il-1Ra/
pNNS-CS, and pBudCE4.1/pNNS-CS), as previously 
described.10 Complex formation was detected by gel 
retardation assays. In the following experiments, the 
pDNA/pNNS-CS complexes were prepared at a pDNA: 
pNNS-CS weight ratio of 1:2. The enhanced green fluo-
rescent protein (EGFP) reporter gene plasmid pEGFP-C1 
was respectively mixed with pNNS-CS or CS at a weight 
ratio of 1:2 to form pEGFP/pNNS-CS and pEGFP/CS com-
plexes. The transfection efficiency was determined by 
observing green fluorescent protein (GFP)-positive cells 
under a fluorescence microscope.
In vitro: chondrocyte isolation and culture transfec-
tion. Articular chondrocytes were isolated from one-
week-old rabbits and cultured as described previously.10 
Second-generation chondrocytes were used for the fol-
lowing experiments. The chondrocytes were divided 
into five groups: 1) the non-transfected group (control 
group); 2) the group transfected with pBudCE4.1/pNNS-
CS, called the negative control group (pBudCE4.1); 

3) the pBudCE4.1-Il-1Ra/pNNS-CS-transfected group 
(pBudCE4.1-Il-1Ra); 4) the pBudCE4.1-miR-140/pNNS-
CS-transfected group (pBudCE4.1-miR-140); and 5) 
the pBudCE4.1-Il-1Ra+pBudCE4.1-miR-140/pNNS-CS- 
transfected group (pBudCE4.1-Il-1Ra+miR-140).

Chondrocytes were seeded at a density of 1 × 106 
cells/ml and 5 × 104 cells/ml on six-well and 96-well 
microplates in complete DMEM/F12 supplemented with 
10% foetal bovine serum (FBS) in a humidified incubator 
containing 5% Co2 at 37°C. When the cells had grown to 
50% confluence, the pDNA/pNNS-CS complexes were 
added to the six-well and 96-well microplates to achieve 
DNA concentrations of 4 µg/well and 0.25 µg/well. At 24 
hours after transfection, the cells were treated with 10 
ng/ml Il-1β to motivate delivery of Il-1Ra.27

In vitro: detection of transgene expression. The above 
chondrocytes, seeded in six-well plates, were subjected 
to the following experiments after 72 hours of transfec-
tion. Cell supernatants were collected and analyzed by 
ElISA kits according to the manufacturer’s instructions 
to determine the Il-1Ra concentration. Each sample 
was examined in triplicate. Total RNA from the chondro-
cytes was extracted using RNAiso Plus. Total RNA (2 μg) 
was reverse transcribed into total complementary DNA 
(cDNA) in a 10 μl reaction mixture using a Mir-X miRNA 
First-Strand Synthesis kit according to the manufacturer’s 
protocol. The miR-140 expression levels were detected 
via real-time fluorescent quantitative polymerase chain 
reaction (RT-qPCR) in an iQ5 instrument (Bio-Rad; 
Hercules, California); the forward primer sequence was 
5′-CGCGCCAGTGGTTTTACCCT-′3, and the reverse 
primer and U6 primer were from the reverse transcription 
kit. Each RT-qPCR assay was run with triplicate technical 
samples. The raw miR-140 CT values were calibrated to 
that of the U6 reference gene, and the miR-140 expres-
sion of each sample was normalized. The ∆∆CT method 
was used to calculate miR-140 expression.
In vitro: chondrocyte proliferation. Cell proliferation was 
detected using a standard MTT method. Chondrocytes 
were seeded into 96-well plates and transfected as 
described above. At 72 hours after the transfection, MTT 
solution (15 μl; 5 mg/ml) was added to each well, and the 
plate was maintained at 37°C for four hours. The forma-
zan crystals were dissolved in dimethylsulfoxide (150 µl/
well), the absorption at 570 nm was measured using a 
microplate reader (Bio-Rad), and the background absor-
bance at 630 nm was subtracted. Each group experiment 
was repeated six times.
In vitro: gAg and NO concentrations in cell superna-
tants. At 72 hours after transfection, cell supernatants 
were collected and analyzed by ElISA and nitrate reduc-
tase kits according to the manufacturer’s instructions to 
determine the GAG and No concentrations, respectively.
In vitro: Rt-qPCR analysis of COl2A1, ACAN, tiMP-1, 
ADAMtS-5, and MMP-13 levels. At 72 hours after trans-
fection, the total RNA of chondrocytes seeded in six-well 
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plates was extracted using RNAiso Plus. The mRNA (2 μg) 
was reverse transcribed into total cDNA using a 
PrimeScript RT reagent kit. Col2A1, ACAN, TIMP-1, 
ADAMTS-5, and MMP-13 expression levels were evalu-
ated by RT-qPCR, using the β-2-microglobulin (B2M) 
gene as a reference gene.28 The primers for each gene 
are shown in Table I. Each qPCR assay was run with trip-
licate technical samples. The CT values of all genes from 
the different samples were calibrated to B2M expression, 
the mRNA of each sample was normalized, and the 2-∆∆CT 
values were used to calculate gene expression.
In vitro: Western blot analysis. Whole transfected chon-
drocyte lysates were prepared using lysis buffer (RIPA 
and 10 mM PMSF). These lysates were quantified by the 
bicinchoninic acid protein assay and separated by 8% 
SDS-polyacrylamide gel electrophoresis. Proteins were 
transferred from the gels to polyvinylidene difluoride 
(PvDF) membranes and immunoblotted with Col2A1 
(1:200), ACAN (1:200), TIMP-1 (1:200), ADAMTS-5 (1:200), 
and MMP-13 (1:200) primary antibodies according to 
standard immunoblotting protocols. The anti-glyceral-
dehyde 3-phosphate dehydrogenase (GAPDH) antibody 
was used for the loading control. Proteins were visual-
ized using enhanced chemiluminescence Western blot 
detection reagents, and pictures were captured using the 
ChemiDoc XRS+ System (Bio-Rad).
In vivo: animals and experimental cartilage defects. A 
total of 30 male rabbits (2.0 kg to 2.5 kg) were randomly 
divided into five groups with six rabbits each. After gen-
eral anaesthesia, the first group had the knee joint cav-
ity opened and sutured only (sham group). Groups 2 to 
5 underwent gene delivery and 4 mm diameter, 3 mm 
deep artificial knee cartilage full-thickness defects were 
induced in the patellar groove of the femur, as previously 
described.28 Intramuscular penicillin (400 000 U) injec-
tions and skin wound disinfection were performed for 
five days after surgery.

Seven days after the surgery, isotonic saline and the 
pDNA/pNNS-CS complexes were injected into the knee 
joint cavities of groups 1 to 5. These injections were 
administered twice a week for seven weeks. The amount 

of pDNA in each intervention group was 15 μg (each 
time), and the pDNA/ pNNS-CS complexes were dis-
solved in saline to adjust the volume to 0.2 ml. Eight 
weeks after surgery, the rabbits were sacrificed under 
general anaesthesia. The knee joint cavity was washed 
using isotonic saline through the patellar tendon. After 
centrifugation, the synovial fluid washes were used to 
analyze the Il-1Ra, GAG, and No concentrations. Total 
RNA was extracted from one half of the cartilage defective 
area of each group and used for RT-qPCR (n = 6). The 
remaining half of the cartilage defective area from each 
group was subjected to histological evaluation (n = 6).
In vivo: il-1Ra, gAg, and NO concentrations in the synovial 
fluid. The exogenous Il-1Ra, GAG, and No concentra-
tions in the synovial fluid were detected as described in 
the above in vitro study.
In vivo: Rt-qPCR analysis of miR-140, COl2A1, ACAN, tiMP-
1, ADAMtS-5, and MMP-13 expression. Total RNA was 
extracted from fresh cartilage tissue with RNAiso Plus. 
Total RNA was reverse transcribed into cDNA using a 
Mir-X miRNA First-Strand Synthesis kit and PrimeScript 
RT reagent kit. The miR-140, Col2A1, ACAN, TIMP-1, 
ADAMTS-5, and MMP-13 expression levels were detected 
via RT-qPCR as described in the above in vitro study.
In vivo: histological assay of articular cartilage injury and 
repair. Following the dissection, one half of the carti-
lage defective area from each group, including some 
hard bone tissue and surrounding cartilage, were quickly 
removed and fixed in 10% buffered formalin for 24 
hours. The specimens were then decalcified in 10% ethyl-
enediaminetetraacetic acid (EDTA) solution and embed-
ded in paraffin. Next, 4 μm sagittal sections of the defect 
area were cut and stained with haematoxylin and eosin 
(H&E), and safranin o/fast green staining and immuno-
histochemistry were conducted according to a standard 
protocol. The articular cartilage tissue structure was 
observed with an optical microscope (olympus, Tokyo, 
Japan), and cartilage damage severity was scored accord-
ing to the Mankin scale.29

Statistical analysis. All data measurements are expressed 
as means and standard deviations, and were analyzed 

table i. Primers for each gene

gene name gene symbol Accession number Amplicon length (bp) Primer sequence

β-2-microglobulin dehydrogenase B2M XM_002717921.1 157 Forward: AACGTGGAACAGTCAGACC
 Reverse: AGTAATCTCGATCCCATTTC
Collagen type II alpha 1 chain Col2A1 NM_001195671.1 172 Forward: ATGGCGGCTTCCACTTCAG
 Reverse: CGGTGGCTTCATCCAGGTAG
Aggrecan ACAN XM_008251722.2 171 Forward: AGAACAGCGCCATCATTGC
 Reverse: CTCACGCCAGGGAACTCATC
A disintegrin and metalloproteinase with 
thrombospondin motifs 5

ADAMTS-5 AY382879.1 151 Forward: TGTCCAATTTCGTGAGCC
Reverse: TGTTCACCAGAGAGGATTTATG

Matrix metallopeptidase 13 MMP-13 NM_001082037.1 167 Forward: TGATGATGATGAAACTTGG
 Reverse: CATCAGGAAGCATAAAGTG
TIMP metallopeptidase inhibitor 1 TIMP-1 XM_008272340.2 151 Forward: ATGGAAAGTGTCTGCGGGTAC
 Reverse: AGCCGGAACGTTGAGAGAAG
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with SPSS 17.0 software (IBM Corp., Armonk, New York). 
Single-factor analysis of variance was used for multi-
group comparisons. Each result was compared using the 
Student–Newman–Keuls test. Statistical significance was 
defined by a value of p < 0.05.

Results
Agarose gel electrophoresis and transfection efficiency of 
pDNA/pNNS-CS complexes. When the pDNA:pNNS-CS 
ratio was at or above 1:2, the pDNA/pNNS-CS complexes 
lost their mobility in the gel (Fig. 1a). Fluorescence micros-
copy analysis revealed that chondrocytes were transfected 
with pEGFP-C1, since more than 50% of the cells were 
GFP-positive at 72 hours post-transfection, and pNNS con-
jugation increased EGFP gene expression (Fig. 1b).
In vitro: effects of miR-140 and il-1Ra on chondrocyte pro-
liferation. The miR-140 expression levels in chondro-
cytes were similarly increased in the pBudCE4.1-miR-140 
and pBudCE4.1-Il-1Ra+miR-140 groups compared 
with the other groups (p < 0.01). No significant differ-
ence was observed among the pBudCE4.1-Il-1Ra versus 
pBudCE4.1 group (p = 0.861), pBudCE4.1-Il-1Ra versus 
control group (p = 0.531), or pBudCE4.1 versus control 
group (p = 0.691) (Fig. 2a). The Il-1Ra expression lev-
els in the cell supernatants were similarly increased in 

the pBudCE4.1-Il-1Ra and pBudCE4.1-Il-1Ra+miR-140 
groups compared with the other groups (p  < 0.01). 
No significant differences were observed among the 
pBudCE4.1-miR-140 versus pBudCE4.1 group (p = 0.648), 
pBudCE4.1-miR-140 versus control group (p = 0.688), or 
pBudCE4.1 versus control group (p = 0.955) (Fig. 2b). 
Chondrocyte proliferation significantly increased in the 
pBudCE4.1-Il-1Ra+miR-140 group, followed by the 
pBudCE4.1-miR-140 group and the pBudCE4.1-Il-1Ra 
group, compared with the control group (p < 0.01). 
There was a significant difference in chondrocyte prolif-
eration between the pBudCE4.1-miR-140 group and the 
pBudCE4.1-Il-1Ra group (p = 0.048), and there was no 
significant difference between the pBudCE4.1 group and 
control groups (p = 0.759) (Fig. 2c).
In vitro: gAg and NO concentrations in cell superna-
tants. The GAG levels were gradually increased in the 
pBudCE4.1, pBudCE4.1-miR-140, pBudCE4.1-Il-1Ra, 
and pBudCE4.1-Il-1Ra+ miR-140 groups compared with 
the control group (p = 0.027, p < 0.001, p < 0.001, and 
p < 0.001, respectively) (Fig. 3a). The No levels were 
lowest in the pBudCE4.1-Il-1Ra+miR-140 group, fol-
lowed by the pBudCE4.1-Il-1Ra and pBudCE4.1-miR-140 
groups, compared with the control group (p < 0.001, 
p < 0.001, and p = 0.001, respectively). No levels were 

1 2 3 4 5 6 7

Fig. 1a Fig. 1b

Rabbit chondrocytes

Bright

No transfection cells

pEGFP/CS

pEGFP/pNNS-CS

GFP

Electrophoresis and transfection efficiency of the plasmid DNA (pDNA)/pNNS conjugated to chitosan (pNNS-CS) complex. a) Agarose gel electrophoresis of 
the pDNA/pNNS-CS complexes. lane 1: free pDNA; lanes 2 to 7: pDNA/pNNS-CS (w/w) = 1:0.25; 1:0.5; 1:1; 1:1.5; 1:2; 1:2.5. When pDNA/pNNS-CS reached 
a weight ratio of 1:2, these complexes lost their mobility in the gel. b) The transfection efficiency of pDNA/pNNS-CS and pDNA/CS complexes in rabbit 
chondrocytes. Chondrocytes were transfected with pEGFP/pNNS-CS and pEGFP/CS for 72 hours; then green fluorescent protein (GFP) was observed under a 
fluorescence microscope (100×).
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not significantly different between the pBudCE4.1 and 
control groups (p = 0.518) (Fig. 3b).
In vitro: Rt-qPCR and western blot quantification of 
COl2A1, ACAN, tiMP-1, ADAMtS-5, and MMP-13 ex pression 
in chondrocytes. Col2A1, ACAN, and TIMP-1 ex pression 
levels were significantly increased, and ADAMTS-5 and 
MMP-13 expression levels were decreased significantly 
in the pBudCE4.1-Il-1Ra+miR-140 group, followed 
by the pBudCE4.1-miR-140 and pBudCE4.1-Il-1Ra 
groups, compared with the control group (all p < 0.05).  

Moreover, compared with the pBudCE4.1-Il-1Ra 
group, the pBudCE4.1-miR-140 group presented with 
significantly higher Col2A1, ACAN, and MMP-13 
expression levels and lower ADAMTS-5 and TIMP-1 lev-
els (p < 0.05). However, no significant difference in the 
expression of these genes was detected between the 
control and pBudCE4.1 groups (all p > 0.05) (Figs 4a 
to 4e). Western blotting results also showed that the 
expression of these genes (Fig. 4f) was consistent with 
the mRNAs findings.

Fig. 2a Fig. 2b
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Graphs showing the effect on rabbit chondrocyte proliferation of a) interleukin-1 receptor antagonist protein (Il-1Ra) and b) miR-140 expression. The relative 
miR-140 expression level in different groups was determined by real-time fluorescent quantitative polymerase chain reaction (RT-qPCR). miR-140 gene expres-
sion in each group was normalized to the U6 expression level. The Il-1Ra concentration in the cell supernatant was analyzed by enzyme-linked immunosorbent 
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*p < 0.05; †p < 0.01; NS, not significant.
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In vivo: synovial fluid il-1Ra, gAg, and NO concentra-
tions. Compared with the sham group, the pBudCE4.1-
Il-1Ra and pBudCE4.1-Il-1Ra+miR-140 groups presented 
with similar, significantly increased Il-1Ra levels (all 
p  < 0.01). In the pBudCE4.1 and pBudCE4.1-miR-140 
groups, Il-1Ra expression levels were not different from 
those of the sham group (p > 0.05) (Fig. 5a).

As shown in Figures 5b and 5c, compared with the 
sham group, all surgical groups presented with increased 
GAG and No levels. The GAG and No contents signifi-
cantly decreased in the pBudCE4.1-Il-1Ra+miR-140 
group, followed by the pBudCE4.1-Il-1Ra and pBudCE4.1-
miR-140 groups, compared with the pBudCE4.1 group 
(p < 0.05).
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was measured by enzyme-linked immunosorbent assay (ElISA). The No levels in the cell supernatant were measured by a nitrate reductase assay. The data 
are shown as mean values and standard deviations. *p < 0.05 versus control group; †p < 0.05 versus pBudCE4.1; ‡p < 0.05 versus pBudCE4.1-Il-1Ra; §p < 0.05 
versus pBudCE4.1-miR-140.
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In vivo: quantitative miR-140, COl2A1, ACAN, tiMP-1, 
ADAMtS-5, and MMP-13 expression in cartilage. The 
miR-140 expression levels in cartilage were similarly 
increased in the pBudCE4.1-miR-140 and pBudCE4.1-Il-
1Ra+miR-140 groups compared with the other groups 
(p  < 0.001). No significant differences were observed 
between the pBudCE4.1-Il-1Ra and sham groups (p = 
0.608) or between the pBudCE4.1 and sham groups (p = 
0.829) (Fig. 6a). Compared with the sham group, the 
pBudCE4.1-Il-1Ra+miR-140, pBudCE4.1-miR-140, and 

pBudCE4.1-Il-1Ra groups presented with significantly 
upregulated expression levels of Col2A1, ACAN, and 
TIMP-1 (p < 0.05). No significant difference in the expres-
sion of these genes was detected between the control 
and pBudCE4.1 groups (p > 0.05) (Figs 6b to 6d).

Compared with the sham group, the surgical group 
presented with significantly upregulated expression lev-
els of ADAMTS-5 and MMP-13. Compared with the 
pBudCE4.1 group, the pBudCE4.1-Il-1Ra+miR-140, 
pBudCE4.1-miR-140, and pBudCE4.1-Il-1Ra groups 
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The effect of gene delivery on collagen type II alpha 1 chain (Col2A1), aggrecan (ACAN), TIMP metallopeptidase inhibitor 1 (TIMP-1), a disintegrin and metal-
loproteinase with thrombospondin motifs 5 (ADAMTS-5), and metalloproteinase (MMP)-13 expression in chondrocytes. Graphs showing real-time fluorescent 
quantitative polymerase chain reaction (RT-qPCR) assays for the mRNA expression of: a) Col2A1; b) ACAN; c) TIMP-1; d) ADAMTS-5; and e) MMP-13. The data 
are shown as mean values and standard deviations. The raw mRNA gene expression data for each group were calibrated to the reference gene β-2-microglobulin 
(B2M), and the relative expression level of each gene is represented as 2-∆∆CT. *p < 0.05; †p < 0.01; NS, not significant. f) Western blot assays for the protein 
expression of collagen II, aggrecan, TIMP-1, ADAMTS-5, and MMP-13. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as the internal control.
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presented with significantly downregulated expression 
levels of ADAMTS-5 and MMP-13 (all p < 0.05) (Figs 6e 
and 6f). Moreover, the Col2A1, ACAN, and MMP-13 
mRNA expression levels were higher in the pBudCE4.1-
miR-140 group than in the pBudCE4.1-Il-1Ra group (all 
p < 0.05) (Figs 6b, 6c, and 6f). The TIMP-1 and ADAMTS-5 
mRNA expression levels were lower in the pBudCE4.1-
miR-140 group than in the pBudCE4.1-Il-1Ra group (all 
p < 0.05) (Figs 6d and 6e).
Histological examination of articular cartilage: H&e stain-
ing. The articular cartilage surface was generally smooth 
and continuous, the ECM was uniformly stained, and 
the laminar structure was clear in the sham group. In 

the pBudCE4.1 group, the defect was partially filled with 
inflammatory cells and fibrous tissue, and different lev-
els of cartilage repair appeared in the pBudCE4.1-Il-1Ra, 
pBudCE4.1-miR-140, and pBudCE4.1-Il-1Ra+miR-140 
groups. The most complete repair appeared in the 
pBudCE4.1-Il-1Ra+miR-140 group, which was almost 
completely filled with nascent cartilage (Fig. 7a).
Histological examination of articular cartilage: safranin O/
fast green staining. In the sham group, normal uniform 
safranin o/fast green staining and structural organiza-
tion was observed, but safranin o staining was nega-
tive in the defect area of the pBudCE4.1 group. Different 
safranin o staining intensities appeared in the defect 
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Graphs showing synovial fluid concentrations of: a) interleukin-1 receptor antagonist protein (Il-1Ra); b) glycosaminoglycan (GAG); and c) nitric oxide (No). 
The concentration of Il-1Ra and GAG was determined by enzyme-linked immunosorbent assay (ElISA). The No concentration was measured by a nitrate 
reductase assay. The data are shown as mean values and standard deviations. *p < 0.05 versus control group; †p < 0.05 versus pBudCE4.1; ‡p < 0.05 versus 
pBudCE4.1-Il-1Ra; §p < 0.05 versus pBudCE4.1-miR-140; NS, not significant.
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area of the pBudCE4.1-Il-1Ra, pBudCE4.1-miR-140, and 
pBudCE4.1-Il-1Ra+miR-140 groups (Fig. 7b). Mankin 
scores are shown in Table II.
Histological examination of articular cartilage: immuno-
histochemistry. Chondrocytes were observed in the mid-
dle of the main layer of the sham group and were found 
to contain a large amount of Col2A1 and ACAN protein, 
staining dark brown in the ECM. In the defect area of the 
pBudCE4.1 group, inflammatory cells and fibrous tissue 
produced a slight, non-specific colouration. In the defect 
area of the pBudCE4.1-Il-1Ra, pBudCE4.1-miR-140, and 
pBudCE4.1-Il-1Ra+miR-140 groups, a large amount of 
Col2A1 and ACAN protein was detected in the ECM 
of the new cartilage. Chondrocyte morphology and 

colouration in the pBudCE4.1-Il-1Ra+miR-140 group was 
close to that of the sham group (Figs 7c and 7d).

Discussion
CS can crosslink with collagen macromolecules.30,31 
When cartilage is damaged, chondrocytes and collagen 
are exposed, which facilitates CS nanoparticle localiza-
tion and the expression of exogenous genes in the defect, 
resulting in a therapeutic effect. our previous studies 
used pNNS-CS as a gene carrier (with the pNNS contain-
ing an Sv40 nuclear localization signal and a potentially 
phosphorylatable serine residue), and in vitro experi-
ments have confirmed that pNNS-CS can transport pDNA 
into the nucleus and intensively augment exogenous 
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Fig. 7

Histological analysis of changes in rabbit articular cartilage. Eight weeks after surgery, the rabbits were sacrificed, and the sagittal medial femoral condyles of 
knee were stained with haematoxylin and eosin (H&E), safranin o/fast green, collagen II, and aggrecan. The data shown are representative microscopic images 
of rabbit knees from each group (original magnification 40×).

0

Sh
am

pB
ud
CE
4.
1

pB
ud
CE
4.
1-
lL-
1R
a

pB
ud
CE
4.
1-
m
iR-
14
0

pB
ud
CE
4.
1-
IL-
1R
a+
m
iR-
14
0

0.4

0.8

1.2
*

*

*

*

†

R
el

at
iv

e 
A
D
A
M
TS
-5

 e
xp

re
ss

io
n

 (
2–∆

∆C
T )

Fig. 6e

0

Sh
am

pB
ud
CE
4.
1

pB
ud
CE
4.
1-
lL-
1R
a

pB
ud
CE
4.
1-
m
iR-
14
0

pB
ud
CE
4.
1-
IL-
1R
a+
m
iR-
14
0

0.4

0.8

1.6

1.2

R
el

at
iv

e 
M
M
P-
13

 e
xp

re
ss

io
n

 (
2–∆

∆C
T )

Fig. 6f

†

*

*

†

Graphs showing relative gene expression in cartilage assessed by real-time fluorescent quantitative polymerase chain reaction (RT-qPCR) for: a) miR-140; b) 
collagen type II alpha 1 chain (Col2A1); c) aggrecan (ACAN); d) TIMP metallopeptidase inhibitor 1 (TIMP-1); e) a disintegrin and metalloproteinase with throm-
bospondin motifs 5 (ADAMTS-5); and f) metalloproteinase (MMP)-13. The raw expression data for miR-140, Col2A1, ACAN, TIMP-1, ADAMTS-5, and MMP-13 
for each group were calibrated to the U6 or β-2-microglobulin (B2M) reference gene, and the relative expression level of each gene is represented as 2-∆∆CT. The 
miR-140, Col2A1, ACAN, TIMP-1, ADAMTS-5, and MMP-13 expression levels were normalized to the expression of the control group, in which the gene expres-
sion levels were arbitrarily set to 1.0. The data are shown as mean values and standard deviations. *p < 0.05; †p < 0.01; NS, not significant.
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gene expression, which is mainly related to the fact that 
pNNS can assist the nuclear localization and intra-nuclear 
disassociation of exogenes.13 The results encourage us to 
use pNNS-CS to mediate gene transfection in chondro-
cytes. Here, we investigated the use of pNNS-CS-medi-
ated gene transfection in chondrocytes to promote 
efficient expression both in vitro and in vivo, as well as its 
effects on cartilage defect repair. In this study, we first 
verified that pNNS-CS can improve transfection effi-
ciency in chondrocytes. Second, the results demon-
strated that pNNS-CS-mediated pBudCE4.1-Il-1Ra, 
pBudCE4.1-miR-140, or pBudCE4.1-Il-1Ra+miR-140 gene 
transfection in chondrocytes can induce Il-1Ra and miR-
140 overexpression both in vitro and in vivo.

Many miRNAs play critical roles in cartilage-specific pro-
cesses.32-35 miR-140 inhibits cartilage ECM degradation by 
inhibiting MMP-13 and ADAMTS-5 expression.17,36,37 
miR-140 expression in cartilage is reduced during osteo-
arthritis, and the inflammatory signalling associated with 
cartilage degradation inhibits miR-140 expression.37,38 
miR-140-/- mice present with age-related osteoarthritis-
like changes.39 Many studies have tried to use miR-140 to 
interfere with cartilage-related diseases.22,24,36,38 Il-1Ra 
can block Il-1 binding the Il-1 receptor, which is associ-
ated with cartilage damage and prevents damaged carti-
lage repair.40 In human patients, cartilage injuries are 
often accompanied by a significant decrease in Il-1Ra lev-
els.41 Il-1Ra gene transfer promoted cartilage defect 
repair in a rabbit model.10,15 Il-1Ra protein treatment pre-
vented injury-induced cartilage matrix degradation and 
increased miR-140 expression in cartilage.26 Il-1β 
repressed miR-140 expression in cartilage.24,42 Considering 
the roles of Il-1Ra and miR-140 in chondrocytes and the 
relationship between these two molecules, we proposed 
that Il-1Ra and miR-140 might be synergistic in promot-
ing cartilage defect repair. our experimental results 
reveal that Il-1Ra and miR-140 introduction by pNNS-CS 
transfection have a positive effect both in vitro and in vivo, 
and the effects of this two-gene combination are better 
than those of a single gene.

Il-1β stimulates chondrocytes to release the catabolic 
factor No. No can induce MMP synthesis and inhibit col-
lagen and proteoglycan synthesis in chondrocytes, and 
high No concentrations significantly inhibit chondrocyte 
proliferation and induce chondrocyte apoptosis.43,44 No 

is considered to be closely related to cartilage damage. In 
this study, the results revealed that Il-1Ra and miR-140 
overexpression inhibits No production and protects 
chondrocytes against the anti-proliferation effect of Il-1β, 
and this two-gene combination significantly enhanced 
these effects both in vitro and in vivo.

The cartilage ECM components mainly include 
Col2A1, ACAN, and GAGs. In vitro, chondrocyte redif-
ferentiation was supported by Col2A1, ACAN, and GAG 
biosynthesis.45 Changes in the Col2A1, ACAN, and GAG 
levels therefore reflect the anabolic level of the cartilage 
ECM.46 In this study, compared with the control group, 
the groups with Il-1Ra and miR-140 overexpression each 
individually presented with increased GAG accumulation 
in the cell supernatants and Col2A1 and ACAN expres-
sion in the chondrocyte, and the joint Il-1Ra and miR-140 
treatment significantly enhanced these effects. When car-
tilage is damaged in vivo, the damage causes GAG release 
into the synovial fluid. Therefore, changes in the synovial 
fluid GAG concentration reflect the degree of catabolic 
activity in the cartilage ECM.46 In this study, compared 
with cartilage damage in the sham group, cartilage dam-
age in the negative control group (pBudCE4.1 transfec-
tion group) increased the synovial fluid GAG content and 
decreased Col2A1 and ACAN expression in cartilage. 
Compared with the negative control group, the Il-1Ra- 
and miR-140-overexpressing groups each individually 
reduced the synovial fluid GAG content and increased 
Col2A1 and ACAN expression, and a lower synovial fluid 
GAG content and higher Col2A1 and ACAN expression 
were detected in the joint Il-1Ra and miR-140 group. 
These effects are particularly important during articular 
cartilage repair because these changes imply that the 
repair tissue filling the cartilage lesion possesses similar 
characteristics to hyaline cartilage. The increased GAG, 
Col2A1, and ACAN expression suggests that Il-1Ra and 
miR-140 have cartilage repair functions.

TIMP-1 inhibits the role of MMPs, promotes cell prolif-
eration, and reduces cell apoptosis.22 Thus, in this study, 
the Il-1Ra and miR-140-induced TIMP-1 upregulation 
may explain the ECM production and chondrocyte prolif-
eration. ADAMTS-5 and MMP-13 were involved in the 
progressive erosion of articular cartilage. Il-1Ra26,47 and 
miR-14017,22,37 significantly reduce ADAMTS-5 and MMP-
13 expression, and increase the TIMP-1 level, thus inhibit-
ing ECM proteoglycan and collagen degradation. In this 
study, Il-1Ra and miR-140 each individually induced ben-
eficial effects on ADAMTS-5, MMP-13, and TIMP-1 levels. 
These findings are consistent with the results of previous 
studies.17,22,26,37,47 The most beneficial effects were 
detected in the joint Il-1Ra and miR-140 group. 
Histological analysis also showed that Il-1Ra and miR-
140 significantly lowered the Mankin score of the carti-
lage defect and promoted Col2A1 and ACAN synthesis 
in the ECM. Based on the in vitro GAG findings, the 

table ii. Mankin scores of articular cartilage specimens in each group

group Rabbits, n Mean (sd)*

Sham 6 0.50 (0.55)
pBudCE4.1 6 10.83 (1.72)
pBudCE4.1-Il-1Ra 6 7.67 (0.82)
pBudCE4.1-miR-140 6 6.17 (1.33)
pBudCE4.1-Il-1Ra+miR-140 6 3.67 (1.03)

*Mankin scores of articular cartilage specimens from each group compared 
with p < 0.05.
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safranin o/fast green staining results indicated that Il-1Ra 
and miR-140 increased proteoglycan synthesis. All the 
results strongly suggest that the synergistic effects of 
Il-1Ra and miR-140 were clearly superior to the effects of 
Il-1Ra or miR-140 alone, not only for promoting cartilage 
proliferation, but also for inhibiting the inflammatory 
response and cartilage degradation.

In conclusion, our findings show that pNNS-CS com-
plexes can efficiently carry exogenous genes into rabbit 
chondrocytes and promote expression both in vitro and in 
vivo. our study also provided direct experimental evi-
dence for the synergistic effect of Il-1Ra and miR-140 on 
repairing cartilage defects by enhancing chondrocyte pro-
liferation, proteoglycan synthesis, and Col2A1 and ACAN 
expression. Meanwhile, the combination of these two 
exogenous genes has better biological effects than either 
Il-1Ra or miR-140 alone. Further work is necessary to 
study pNNS-CS transfection efficiency in cells from other 
species, including human chondrocytes, and the syner-
gistic mechanisms of selected genes in cartilage defects.
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