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Article focus
�� To determine the effects of Torin 1 on artic-

ular cartilage degeneration in a rabbit osteo- 
arthritis model by intra-articular injection.

�� Whether intra-articular injection of Torin 1 
is accompanied by side effects.

�� Investigate the mechanism of Torin 1’s 
effects on experimental OA.

Key messages
�� Torin 1 reduced degeneration of articular 

cartilage and chondrocytes after induc-
tion of OA with collagenase injection.

�� The autophagosomes, Beclin-1 and LC3 
expression were promoted in chondro-
cytes from Torin 1-treated rabbits.

�� A reduction in MMP-13 and VEGF expres-
sion was also observed in cartilage from 
Torin 1-treated rabbits after collagenase 
injection.

Strengths and limitations
�� Intra-articular injection of Torin 1reduces 

degeneration of articular cartilage in 
collagenase-induced OA by autophagy 
activation.

Intra-articular injection of Torin 1 
reduces degeneration of articular 
cartilage in a rabbit osteoarthritis model

Objectives
Recent studies have shown that systemic injection of rapamycin can prevent the develop-
ment of osteoarthritis (OA)-like changes in human chondrocytes and reduce the severity of 
experimental OA. However, the systemic injection of rapamycin leads to many side effects. 
The purpose of this study was to determine the effects of intra-articular injection of Torin 1, 
which as a specific inhibitor of mTOR which can cause induction of autophagy, is similar to 
rapamycin, on articular cartilage degeneration in a rabbit osteoarthritis model and to inves-
tigate the mechanism of Torin 1’s effects on experimental OA.

Methods
Collagenase (type II) was injected twice into both knees of three-month-old rabbits to 
induce OA, combined with two intra–articular injections of Torin 1 (400 nM). Degenera-
tion of articular cartilage was evaluated by histology using the Mankin scoring system at 
eight weeks after injection. Chondrocyte degeneration and autophagosomes were observed 
by transmission electron microscopy. Matrix metallopeptidase-13 (MMP-13) and vascular 
endothelial growth factor (VEGF) expression were analysed by quantitative RT-PCR (qPCR).
Beclin-1 and light chain 3 (LC3) expression were examined by Western blotting.

Results
Intra-articular injection of Torin 1 significantly reduced degeneration of the articular carti-
lage after induction of OA. Autophagosomes andBeclin-1 and LC3 expression were increased 
in the chondrocytes from Torin 1-treated rabbits. Torin 1 treatment also reduced MMP-13 
and VEGF expression at eight weeks after collagenase injection.

Conclusion
Our results demonstrate that intra-articular injection of Torin 1 reduces degeneration of articu-
lar cartilage in collagenase-induced OA, at least partially by autophagy activation, suggesting 
a novel therapeutic approach for preventing cartilage degeneration and treating OA.
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�� The beneficial effect of intra-articular Torin 1 treat-
ment may be due to the inhibition of chondrocyte 
hypertrophy and angiogenesis.

�� Side effects accompanied by systemic use are not 
observed.

�� Intra-articular injection of Torin 1 could be a novel 
therapeutic approach for preventing cartilage degen-
eration and treating OA.

Introduction
Osteoarthritis (OA) is a common degenerative joint dis-
ease causing joint pain, stiffness, deformity and dysfunc-
tion in patients. Many factors such as physical, chemical, 
genetic and ageing factors are thought to be involved in 
the pathogenesis of OA. Studies have shown that OA is 
characterised by degeneration of articular cartilage and 
damage of extracellular matrix (ECM).1 Chondrocytes are 
the main cells in cartilage and the central feature in carti-
lage degeneration. Meanwhile, the synthesis and secre-
tion of ECM are regulated by chondrocytes.2 For these 
reasons, the maintenance of chondrocyte health has been 
one of the key points for prevention and treatment of OA.

Autophagy, i.e. “self-eating”, is an evolutionarily con-
served catabolic process which involves the degradation 
of damaged organelles and misfolded proteins character-
ised by the formation of autophagosomes.3 Under stress 
conditions, autophagy is activated to degrade unneces-
sary intracellular components for maintaining cell sur-
vival.4-6 Autophagy also plays an important role in 
maintaining metabolic homeostasis,7 and recent studies 
have revealed that many diseases are associated with 
dysfunctional autophagy, including ageing,8 neuro
degenerative diseases,9 diabetes10 and cardiomyopathy.11 
In addition, compromised autophagy isbelievedto be a 
novel mechanism in the development of OA.12 Based on 
these findings, autophagy has been suggested to play a 
protective role in the pathogenesis of OA as it can main-
tain the health of chondrocytes under conditions of stress.

Mammalian target of rapamycin (mTOR) protein 
kinase plays a key role in the regulation of cell prolifera-
tion, differentiation, motility, metabolism, survival, and 
autophagy.13 Inhibition of mTOR has been investigated 
as a potential molecular target for therapeutic interven-
tion of disease.14 Rapamycin is a known inhibitor of 
mTOR15 and can cause induction of autophagy.16-18 It is a 
major immunosuppressant used in organ transplanta-
tion to induce tolerance in the clinical setting of trans-
plantation.19 Recent studies have revealed that rapamycin 
can prevent the development of diseases by autophagy 
enhancement and may represent a novel therapeutic 
strategy in neurodegenerative diseases,20-22 inflammation 
and infection,23 spinal cord injury,24,25 renal injury26 and 
others. In addition, rapamycin has been shown to pre-
vent the expression of OA-like changes in human chon-
drocytes27 and systemic injection can reduce the severity 

of experimental OA.28 However, the systemic injection of 
rapamycin can lead to many side effects, including 
diarrhoea, weight loss, proteinuria, anaemia, allergy, and 
increases in serum cholesterol and triglycerides.29 
Therefore, intra-articular injection may be an appropriate 
approach for the clinical use of rapamycin to treat OA.

Similar to rapamycin, Torin 1 is a specific inhibitor of 
mTOR which can cause induction of autophagy,30 and the 
effects of Torin 1 on articular cartilage degeneration by 
intra-articular injection are unknown. The purpose of this 
study was to determine the effects of intra-articular injec-
tion of Torin 1 on articular cartilage degeneration in a 
rabbit OA model. The results demonstrate that intra-
articular injection of Torin 1 reduces degeneration of artic-
ular cartilage in collagenase-induced OA by autophagy 
activation, suggesting a novel therapeutic approach for 
preventing cartilage degeneration and treating OA.

Materials and Methods
Experimental animals.  All studies were performed with 
the approval of the University Ethics Committee. Male 
New Zealand, 43-month-old white rabbits were used 
in this study. The rabbits were anaesthetised with 10% 
chloral hydrate (2mL / kg body-weight) by intraperito-
neal injection and randomly assigned to four groups. In 
the first group, 0.5 ml saline was injected twice at day 
one and day four in both knees. In the second group, 
0.5 ml saline containing 400 nM Torin 1 was injected 
twice. In the third group, 0.5 ml saline containing 1.0 mg 
collagenase (type II) (Sigma-Aldrich, St Louis, Missouri) 
was injected twice to establish a rabbit OA model as 
reported.31 In the fourth group, 0.5 ml saline contain-
ing 1.0 mg collagenase and 400 nM Torin 1was injected 
twice. All animals were killed at eight weeks after the ini-
tiation of injection and joint tissue was subjected to his-
tological evaluation, transmission electron microscope 
observation and gene expression analyses.
Histological evaluation and Mankin scores.  In all, six 
knee joints from each group were separated and fixed 
in 10% neutral buffered formalin, decalcified with 10% 
EDTA, dehydrated through a series of ethanol washes, 
and embedded in paraffin. The samples were cut into 
5 μm microsections in the sagittal plane and stained with 
Safranin O. Articular cartilage degeneration was evalu-
ated by two blinded observers using the Mankin scoring 
system (Table I).32,33

Transmission electron microscopy.  We performed trans-
mission electron microscopy to observe chondrocyte 
degeneration and autophagosomes. Knee joints from 
each group were fixed with 2.5% glutaraldehyde, decal-
cified with 10% EDTA, further fixed with 1% OsO4 and 
dehydrated by a series of ethanol washes. The samples 
were incubated in isoamyl acetate and embedded in 
gold palladium. Ultra-thin sections were obtained and 
observed under a transmission electron microscope 
(TEM, Hitachi, Japan).
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RNA extraction and quantitative RT-PCR (qPCR).  In total, 
three knee joints from each group were used for qPCR. 
Total RNA was extracted from cartilage using the TRI zol-
reagent (Invitrogen,Carlsbad, California)accordingto the 
manufacturer’s protocol. Quantitative RT-PCRreactions 
were performed in triplicate using a 7500 Real Time PCR 
System (ABI, Foster City, California) with SYBR Green qPCR 
Master Mix (ABI, US). The primers for matrix metallopep-
tidase-13 (MMP-13), vascular endothelial growth factor 
(VEGF) and β-actin were designed as follows: MMP-
13: forward, 5′-CGACTTCTACCCATTTGA-3′, reverse,  
5′-TAGCCTTTGGAACTACTTGTC-3′; VEGF: forward, 5′- 
CCCACGTCAGAGAGCAACA-3′, reverse, 5′-TCACATCT 
GCTGTGCTGTAGG-3′; β-actin:forward, 5′-TCGACAA 
C G G C T C C G G C A T - 3 ′ , r e v e r s e , 5 ′ - A A G G T G T G 
GTGCCAGATTTTC-3′. The amount of target genes, 
relative to β-actin, was calculated using the 2-ΔΔCT method.
Western blotting.  In each group, three knee joints were 
randomly chosen from the total of nine and then cartilage 
from these was separated and then pooled as one sam-
ple (n = 3). Total protein was extracted and concentra-
tions were determined using a bicinchoninic acid reagent 
assay (Thermo Fisher Scientific, Waltham, Massachusetts). 
Total protein was fractionated by Tris-Glycine gels and 
transferred onto a nitrocellulose membrane. The mem-
brane was blocked with 5% dry milk and incubated 
with primary antibodies to Beclin-1 (1:1000 dilution), 
light chain 3 (LC3, Cell Signaling Technology, Danvers, 
Massachusetts) (1:1000 dilution) and β-actin (Santa 
Cruz, California) (1:3000 dilution). The blots were then 
developed using a horseradish peroxidase-conjugated 
secondary antibody (Beijing Zhongshan Golden Bridge 
Biotechnology, Beijing, China) and enhanced chemilumi-
nescence substrate (Thermo). The WB data were quanti-
fied by GEL – DOC 2000 UV GEL imaging system (Bio-Rad, 
Hercules, California).
Statistical analysis.  The data were expressed as the mean 
and standard deviation (sd). Statistical analysis was per-
formed using SPSS statistical software 19.0 (SPSS Inc., 
Chicago, Illinois). The Student’s t-test was used for direct 
comparisons between the two groups. One-way analysis 
of variance was used for multiple comparisons between 
independent groups. A p-value less than 0.05 was con-
sidered statistically significant.

Results
Intra-articular injection of Torin 1 reduced degeneration 
of articular cartilage in collagenase-induced OA.  After 
intra-articular injection, side effects such as diarrhoea 
and allergy (monitored by observation) weight loss, pro-
teinuria (checked by urine test), anaemia and increases 
in serum cholesterol and triglycerides (checked by blood 
test) and wound infection were not observed in any of 
the experimental groups. There were no degenerative 
changes in the cartilage in the knees from control rab-
bits that were treated with saline or Torin 1;the surface of 
the cartilage was smooth and regular. Histological evalu-
ation showed that the saline-treated rabbits had loss of 
cartilage surface and Safranin O staining, and the pres-
ence of lesions extending into the radial zone at eight 
weeks after collagenase injection. In contrast, in Torin 
1-treated rabbits, the loss of Safranin O staining and the 
loss of chondrocytes was significantly less in the con-
trols in the transitional zone at eight weeks after collage-
nase injection, and the cartilage surface was preserved. 
In collagenase-induced rabbits, histological evaluation 
demonstrated that there was significantly less degenera-
tion of articular cartilage in the rabbits treated with intra-
articular injection of Torin 1 by at eight weeks compared 
with the rabbits treated with saline (Fig. 1a). The extent of 
OA was evaluated by the Mankin scoring system and pre-
sented as the average of summed scores (the higher the 
score, the greater the extent of OA) (Table II, Fig. 1b). The 
scores obtained showed that saline-treated rabbits had a 
significantly higher Makin score than Torin 1-treated rab-
bits at eight weeks after induction of OA with collagenase 
injection (p < 0.001). These results demonstrated that 
intra-articular injection of Torin 1 reduced degeneration 
of articular cartilage in collagenase-induced OA.
Intra-articular injection of Torin 1 increased autopha-
gosomes and reduced degeneration of chondrocytes in 
collagenase-induced OA.  The autophagosomes and 
degeneration of chondrocytes were observed by TEM 
(Fig. 2). Many more autophagic vacuoles were observed 
in chondrocytes from Torin 1-treated rabbits than from 
saline-treated rabbits; the autophagy was promoted 
by treatment of Torin 1. In control rabbits treated with 
saline or Torin 1, chondrocytes located in the lacunae 
contained autophagic vesicles and were not degener-
ated. In addition, Golgi apparatus and abundant rough 
endoplasmic reticulum (RER) were also observed. TEM 
observation showed that chondrocytes from saline-
treated rabbits were condensed with absent nuclei and 
several autophagosomes in the cytoplasm at eight weeks 
after collagenase injection, and some cell debris were 
seen in the lacunae. In contrast, chondrocytes from Torin 
1-treated rabbits had nuclei and condensed chromatin at 
eight weeks after collagenase injection. TEM observation 

Table I.  Histological evaluation methods of articular cartilage (Mankin scor-
ing system)33

Articular cartilage

(1) Structure (7 grades)
(2) Cell (4 grades)
(3) Safranin-O staining (5 grades)
(4) Tidemark (2 grades)



221 Intra-articular injection of Torin 1 reduces degeneration of articular cartilage in a rabbit osteoarthritis model

BONE & JOINT RESEARCH

demonstrated less degeneration of chondrocytes in rab-
bits treated with Torin 1 compared with rabbits treated 
with saline at eight weeks after induction of OA with col-
lagenase injection. These results demonstrated that intra-
articular injection of Torin 1 increased autophagosomes 
and reduced degeneration of chondrocytes in collage-
nase-induced OA.
Intra-articular injection of Torin 1 decreased MMP-13 
and VEGF expression in collagenase-induced OA.  Reports 
have shown that the expression of MMP-13 and VEGF is 
involved in the pathological process of OA.34,35 To study 
the mechanism whereby Torin 1 can prevent experimen-
tal OA, the expression of MMP-13 and VEGF was evaluated 
by qPCR (Fig. 3). The expression of MMP-13 and VEGF 
showed a significant increase in the saline-treated rabbits 
at eight weeks after collagenase injection compared with 
control knees (p < 0.001). Torin1 treatment decreased 
the expression of MMP-13 and VEGF when compared 
with the saline-treated rabbits at eight-weeks post colla-
genase injection (p < 0.001) (Figs 3a and 3b), suggesting 
that intra-articular injection of Torin 1 may reduce degen-
eration of articular cartilage and chondrocytes through a 
decrease in MMP-13 and VEGF expression.

Intra-articular injection of Torin 1 increased Beclin-1 and 
LC3 expression in collagenase-induced OA.  To determine 
whether intra-articular injection of Torin 1 modulates 

Table II.  The mean Mankin scores

Mankin scores Mean (sd) (n = 6)

Saline 1.00 (0.63)
Saline + Torin 1 0.67 (0.82)
Collagenase 10.83 (1.17)
Collagenase + Torin 1 6.67 (1.03)

Fig. 2

TEM observation. Many more autophagic vacuoles were observed in chon-
drocytes from Torin 1-treated rabbits than from saline-treated rabbits. In con-
trol rabbits treated with saline or Torin 1, chondrocytes located in the lacunae 
contained autophagic vesicles and were not degenerated. In addition, Golgi 
apparatus and abundant rough endoplasmic reticulum (RER) were also 
observed. Chondrocytes from saline-treated rabbits were condensed with 
absent nuclei and several autophagosomes in the cytoplasm at eight weeks 
after collagenase injection, and some cell debris were seen in the lacunae. In 
contrast, chondrocytes from Torin 1-treated rabbits had nuclei and condensed 
chromatin at eight weeks after collagenase injection (Bar, 1μm).
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	 Fig. 1a	 Fig. 1b

Histological evaluation of osteoarthritis: (a) there were no degenerative changes of the cartilage in the knees from control rabbits that were treated with saline 
or Torin 1. The saline-treated rabbits had loss of cartilage surface, Safranin O staining, and had lesions extending into the radial zone at eight weeks after col-
lagenase injection. In contrast, Torin 1-treated rabbits had abrogated loss of Safranin O staining and chondrocyte disappearance in the transitional zone at eight 
weeks after collagenase injection, and the cartilage surface was preserved. b) The Mankin scores showed that saline-treated rabbits had a significantly higher 
score than Torin 1-treated rabbits at eight weeks after induction of OA with collagenase injection. In saline-treated rabbits, the score of the collagenase-induced 
group was significantly higher than the control group. ***p < 0.001 (Magnification, ×100).
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autophagy, the effects of Torin 1 on Beclin-1 and LC3 
expression were evaluated by Western blotting (Fig. 4a). 
The expression ofBeclin-1 and LC3 was significantly 
decreased in saline-treated rabbits at eight weeks post-
collagenase injection compared with saline-treated rab-
bits of the control group (p < 0.001). Torin 1 treatment 
increased Beclin-1 and LC3 expression in control rabbits 
compared with those treated with saline at eight weeks 
(p = 0.002 and p = 0.001). Similarly, the expression of 
Beclin-1 and LC3 was increased in Torin 1-treated rabbits 
compared with those treated with saline at eight weeks 
after collagenase injection (p < 0.001) (Figs 4b and 4c). 
These results further demonstrated that intra-articular 
injection of Torin 1 promoted chondrocyte autophagy.

Discussion
Effective therapies to prevent the pathological progression 
of OA continue to be critical topics in clinical medicine. 
Recently, rapamycin has been used to treat OA by systemic 
injection and the results show that it can reduce the sever-
ity of experimental OA in a mouse model.28 However, sys-
temic injection of rapamycin is accompanied by many side 
effects including diarrhoea, weight loss, proteinuria, anae-
mia, allergy, and increases in serum cholesterol and tri-
glycerides.29 None of these side effects were observed in 
this study by intra-articular injection of Torin 1, suggesting 
that intra-articular injection may be an appropriate 
approach for the clinical use of Torin 1 to treat OA.

Previously, a rabbit model of OA was established by 
intra-articular injection of collagenase.31 The results demon-
strated degeneration of articular cartilage after collagenase 
injection. The current study has shown that the intra-articu-
lar injection of Torin 1 significantly reduces the degenera-
tion of articular cartilage in this collagenase model.

To study the mechanism of Torin 1’s effect on experi-
mental OA, we focused on the expression of MMP-13 
and VEGF. MMP-13 is involved in the progression of OA 
and is a widely used hypertrophic chondrocyte marker.36 
Studies have revealed that hypertrophic chondrocytes 
promote the development of OA, and inhibition chon-
drocyte hypertrophy may be a potential therapeutic tar-
get for OA.37 Meanwhile, mTOR is related to chondrocyte 
hypertrophy38 and rapamycin can reduce hypertrophic 
changes of chondrocytes through mTOR inhibition.39 In 
addition, angiogenesis has been suggested to play an 
important role in the degeneration of articular cartilage 
after OA, and the level of VEGF in OA cartilage is 
increased.34 Inhibition of VEGF has been shown to 
decrease angiogenesis and prevent OA-like changes in 
experimental OA.40 mTOR is also related to angiogenesis 
and the use of rapamycin leads to a decrease in VEGF 
expression.41 In this study, we found that Torin 1 treat-
ment decreased the expression of MMP-13 and VEGF 
when compared with rabbits treated with saline after 
collagenase injection, suggesting that intra-articular 
injection of Torin 1 reduced degeneration of articular car-
tilage and chondrocytes through the inhibition of chon-
drocyte hypertrophy and angiogenesis.

mTOR interfaces with many aspects of cellular pro-
cesses, such as transcription, translation, protein turn
over and cytoskeletal organisation.42 Phosphatidylinositol 
3 kinase (PI3K) and protein kinase B (PKB or Akt) have 
been implicated in the activation of mTOR. The PI3K/Akt/
mTOR signaling pathway regulates cell growth and sur-
vival in response to nutrients and stresses.43 Studies have 
revealed that the PI3K/Akt/mTOR signaling pathway also 
regulates the modulation of autophagy,44,45 a degrada-
tion process that delivers damaged organelles and 
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	 Fig. 3a	 Fig. 3b

MMP-13 and VEGF expression (a) and (b): the mRNA expression of MMP-13 and VEGF revealed a significant increase in the saline-treated rabbits at eight weeks 
after collagenase injection compared with control knees. Torin 1 treatment decreased the expression of MMP-13 and VEGF when compared with saline-treated 
rabbits at eight-week time points post collagenase injection ***p < 0.001.
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misfolded proteins to lysosomes, and then the contents 
are degraded by lysosome enzymes for recycling. A 
recent study has demonstrated that the downstream 

modulation of autophagy by mTOR in articular cartilage 
homeostasis protects mice from OA.46 Autophagy modu-
lates OA-related gene expression in human chondro-
cytes, and increased autophagy is an adaptive response 
to protect cells from stresses,27 while autophagy is signifi-
cantly reduced in late-stage OA.12 In the current study, 
we found that autophagosomes and the expression of 
Beclin-1 and of LC3 (autophagy marker) were signifi-
cantly decreased in degenerating cartilage at eight weeks 
after collagenase injection compared with normal carti-
lage, which further demonstrates that autophagy loss 
partially results in the degeneration of articular cartilage 
after induction of OA with collagenase injection. 
Moreover, our results also determined that intra-articular 
injection of Torin 1 reduced degeneration of articular car-
tilage, while autophagosomes and the expression of 
Beclin-1 and of LC3 were increased.

In conclusion, our results demonstrated that Torin 1 
reduced degeneration of articular cartilage after induc-
tion of OA with collagenase injection. Autophagosomes 
and Beclin-1 and LC3 expression were upregulated in 
chondrocytes from Torin 1-treated rabbits. A reduction in 
MMP-13 and VEGF expression was also observed in carti-
lage from Torin 1-treated rabbits after collagenase injec-
tion. These observations indicate that intra-articular 
injection of Torin 1reduces degeneration of articular 
cartilage in collagenase-induced OA by autophagy acti-
vation, while side effects accompanied by systemic use 
are not observed, which suggests that intra-articular 
injection of Torin 1 could be a novel therapeutic approach 
for preventing cartilage degeneration and treating OA.
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