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Abstract: As the major reason for limb dysfunction, osteoarthritis (OA) is closely correlated with the level of cellular 
autophagy. PI3K/Akt is a classical signaling pathway which regulates autophagy, but with unclear roles in OA related 
cartilage injury. Studying PI3K/Akt induced autophagy in rat knee joint cartilage injury and possible functional 
mechanism is of critical importance for clinical treatment. This study established a rat knee joint cartilage injury 
model, in which Akt agonist IGF-1 or autophagy inducer Rapamycin was administrated. Western blot was used to 
detect the expression level of AKT, phosphorylated AKT, Beclin-1 and LC3-II/I. Formation of autophagosome and 
lysosome was assessed by transmission electron microscopy. HE, safranin O and toluidine blue staining was used 
to evaluate cartilage injury. TUNEL staining was performed to measure cell apoptosis. Real-time quantitative PCR 
measured the expression of cartilage injury indexes such as Aggrecan, Collagen II and MMP13. Compared with nor-
mal group, iodacetic acid treatment group showed cartilage injury, whereas AKT activation and autophagy induction 
groups had significant improvement. mRNA analysis showed enhanced degradation of Aggrecan and Collagen II in 
AKT activation and autophagy groups with decreased MMP13 mRNA level (P<0.05). Western blot results showed 
that after AKT activation and autophagy induction, protein levels of Beclin-1 and LC3-II/I were remarkably elevated 
(P<0.05). TUNEL assay showed significant inhibition of cell apoptosis. In conclusion, activation of PI3K/Akt signal 
pathway can improve iodacetic acid induced rat knee joint cartilage injury through inducing cell autophagy. 
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Introduction

Osteoarthritis (OA) is the most common joint 
disease, and can cause irreversible cartilage 
damage [1]. OA is mainly manifested as joint 
pain or dysfunction, and is an important factor 
contributing to limb dysfunction, with 53% rate 
causing immobility. It is now estimated that 
about 1 million people are affected by OA world-
wide [2]. Various risk factors such as genetics, 
aging, obesity and joint deformation may be 
related with OA occurrence and progression [3, 
4]. Knee joint replacement surgery may relieve 
pains, and the improvement of joint motility is 
the most effective way for OA treatment [5]. 

Autophagy is a highly conserved cellular behav-
ior and mainly participates in the clearance of 

damaged organelles to re-cycle or re-use large 
biological molecules within cells to maintain 
their homeostasis as well as facilitate cell sur-
vival [6]. Recent study demonstrated the exis-
tence of autophagy in various body tissues, and 
its critical protective role in the progression of 
various diseases [7, 8]. Cartilage is a special-
ized mesenchymal tissue, and study showed 
the co-current occurrence of suppressed carti-
lage autophagy level in the course of neurode-
generative disease. Meanwhile, cell apoptosis 
also plays a crucial role in cartilage degenera-
tion, and elevated autophagy level can inhibit 
cell apoptosis [9, 10].

Apoptosis of chondrocytes is an initiating and 
driving factor for various diseases such as inter-
vertebral disc herniation or OA. Therefore, inhi-
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bition of cell apoptosis may facilitate cartilage 
repair and relive symptoms. The elevation of 
autophagy level is an important mechanism in 
inhibiting the initiation of cell apoptosis. Current 
study showed the high correlation between cel-
lular autophagy level and OA condition. Akt is a 
serine/threonine protein kinase and is recruit-
ed to plasma membrane after activation by 
PI3K, and plays important roles in regulating 
cell growth and apoptosis. Recent study has 
shown its important roles in mediating cell 
autophagy. PI3K/Akt signal pathway is a classi-
cal signaling pathway to mediate cell autopha-
gy [11], although its role in OA related cartilage 
injury is still inconclusive. Therefore, investiga-
tion of the role of PI3K/Akt signal pathway 
induced cell autophagy in rat knee joint carti-
lage injury along with related mechanisms are 
critical importance for clinical treatment.

Therefore, we generated an iodacetic acid indu- 
ced OA cartilage injury model, in which autoph-
agy inducer Rapamycin or Akt agonist IGF-1 
was administrated to up-regulate autophagy 
level or to activate PI3K/Akt singaling pathway, 
respectively. Cellular autophagy level and apop-
tosis, along with cartilage injury condition were 
examined, to investigate the protective role of 
PI3K/Akt induced cell autophagy against OA 
related cartilage injury.

Materials and methods

Major materials and reagents

Iodacetic acid, Rapamycin and IGF-1 were pur-
chased from Sigma (US). Real-time quantitative 
PCR kit was purchased from Quanshijin Biotech 
(China). Antibody against Akt/phospho-Akt, Be- 
clin-1 and LC3-II/I were purchased from Bio- 
vision (US). HRP conjugated goat anti-rabbit 
secondary antibody was purchased from Zhong- 
shan Jinqiao (China). Eosin, hematoxylin, safra-
nin O and toluidine blue staining dyes were pur-
chased from Qiwu Biotech (China). PCR specific 
primers were provided by Toyobo (China).

Experimental animals

Male SD rats (2 month age) were provided by 
Laboratory Animal Center, Guangzhou Medical 
University (Guangdong China). All experimental 
procedures involving animals were approved by 
the ethic committee of the Guangzhou Medical 
University.

Animal grouping and generation of knee joint 
OA

All experimental animals were divided into four 
groups: normal control group, iodacetic acid 
treatment group, iodacetic acid + IGF-1 group, 
and iodacetic acid + Rapamycin group. All rats 
were fasted 12 h before surgery. After weight-
ing, rats were anesthetized with 3% pentobarbi-
tal sodium (at 30 mg/kg) and fixed in supine 
position. Knee OA model was prepared as pre-
viously described [12]. In brief, 100 μL (amg) 
iodacetic acid solution was injected into knee 
joint cavity of right hind-limb, and normal con-
trol group received equal volume of saline. After 
recovery, rats were housed in the home cage. 
IGF-1 (10 mg/kg) or Rapamycin (10 mg/kg) was 
administrated via tail venous injection since 
second day post-surgery. Equal volume of sal- 
ine was applied in the model group.

Sample collection

2 weeks after drug delivery, all rats were sacri-
ficed and knee joint cartilage was immediately 
removed for imaging under stereoscope. After 
frozen in liquid nitrogen, tissues were kept in 
-80°C for further analysis.

Western blot

100 mg cartilage tissues were homogenized in 
liquid nitrogen, and mixed with 1 mL RIPA lysis 
buffer (Beyotime, China) for 15 min incubation. 
The lysate was centrifuged at 12000 g for 10 
min at 4°C, and the supernatant was collected 
followed by quantification of the protein con-
centration by BCA method. Protein samples 
across groups were adjusted to equal concen-
trations by adding saline, and then mixed with 
2X loading buffer for 5 min boiling to denature 
the protein. 20 μL samples was loaded and 
separated by SDS-PAGE, and transferred to 
PVDF membrane, which was then blocked with 
5% defatted milk powder for 2 h at room tem-
perature. The membrane was incubated with 
rabbit anti-Akt or phosphorylated Akt (1:1000), 
or Beclin-1 and LC3-II/I (1:1000) for 4°C over-
night incubation. On the second day, the mem-
brane was rinsed for three times in TTBS (10 
min each), HRP-conjugated goat anti-rabbit 
secondary antibody (1:1000) was added for 2 h 
room temperature incubation. After 3 times of 
TTBS rinsing (10 min each), ECL approach was 
employed for development. Statistical analysis 
was performed for fluorescent intensity.
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Real-time quantitative PCR 

Cartilage tissues from all groups were homog-
enized in liquid nitrogen, and 100 mg cartilage 
tissues were mixed with 1 mL lysis buffer for 
iced incubation for 5 min. All lysates were trans-
ferred into new tubes followed by addition of 
200 μL chloroform, 15 s vigorous shaking and 
3 min room temperature incubation. The mix-
ture was then centrifuged at 4°C for 15 min at 
12000 g. The upper aqueous phase was care-

tions. Reaction protocols were: 50°C pre-heat-
ing for 30 min and 95°C pre-denature for 5min, 
followed by 40 cycles each containing 95°C 30 
s, 55°C 30 s and 72°C 50 s, and ended with 
72°C for 5 min. After reaction, real-time PCR 
was used to confirm the amplification curve 
and resolving curve to compare relative expres-
sion level of target genes by comparing their Ct 
values with internal reference gene using 2-ΔΔCt 
method, with normal group defined as 1. 

TUNEL staining

Rat cartilage tissues were fixed in paraformal-
dehyde and prepared in paraffin sections. 3% 
H2O2-methanol solution was used for 10 min 
rinsing. The slices were then incubated with 
0.2% Triton for 5 min, followed by two times of 
PBS rinsing. Following the manual instructions, 
50 μL TUNEL reaction mixture was added into 
each tissue slice, followed by 37°C dark incu-
bation. After three times of PBS rinsing, images 
were taken under a fluorescent microscope.

HE, safranin O and toluidine blue staining

Freshly prepared cartilage tissues were fixed in 
4% paraformaldehyde for 24 h, and embedded 
in paraffin for sectioning. Before staining, slices 
were de-waxed and treated with HE, safranin O 
or toluidine blue. After PBS rinsing, dehydration 
in gradient ethanol and xylene treatment was 
performed. After that, slices were mounted for 
observation.

Transmission electron microscopy

Freshly prepared cartilage tissues were fixed in 
1.6% glutaraldehyde for 2 h, and rinsed in PBS 
for three times. Tissues were then re-fixed in 
2% OsO4, and were embedded into Epon resin. 

Table 1. Primer sequence for Aggrecan, Collagen II, 
MMP13 and β-actin
Gene name Primer sequence
Aggrecan Forward: 5’-CTAGAGATCAGTGGACTGCCT-3’

Reverse: 5’-TCTGGAGCTGTGCAGTCTAGTGG-3’
Collagen II Forward: 5’-CAACATCACCTATTGGATCC-3’

Reverse: 5’-TGGGTGTAGAGTCTCTCGCT-3’
MMP13 Forward: 5’-CAACATCACCTATTGGATCC-3’

Reverse: 5’-TGGGTGTAGAGTCTCTCGCT-3’
β-actin Forward: 5’-CGCGAGAAGATGACCCAGAT-3’

Reverse: 5’-GCACTGTGTTGGCGTACAGG-3’

fully collected and mixed with 500 μL isopro-
panol for 10 min room temperature incuba-
tion. The mixture was again centrifuged at 
12000 g for 10 min at 4°C. The supernatant 
was discarded and the precipitation was 
rinsed with 1 mL ethanol. The supernatant 
was carefully removed and 20 μL DEPC water 
was added to dissolve the RNA. 

Primers for Aggrecan, Collagen II and MMP-
13 and β-actin were synthesized as previ-
ously described [13-15] by Toyobo Bio (China) 
as shown in Table 1. PCR was performed in a 
50 μL system following the manual instruc-

Figure 1. Akt expression level in cartilage tissues. 
Total protein was extracted from cartilage tissues fol-
lowed by measuring Akt expression level by western 
blot. The phosphorylation level of Akt was quantified 
as a ratio of its phosphorylation relative to total level. 
Compared with normal group, MIA rats showed sig-
nificantly decreased phosphorylated Akt level, which 
was significantly elevated after IGF-1 or Rapamycin 
treatment. *, P<0.05 compared to normal group; #, 
P<0.05 compared to model group.
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Under transmission electron microscope, ultra-
thin slices (80 nm thickness) stained with 0.1% 
citrate lead and 10% uranium acetate.

Statistical methods

SPSS19.0 was used for statistical analysis. Ea- 
ch data was obtained from at least three inde-

Western blot was used to test tissue expres-
sion of Beclin-1 and LC3-II/I. As shown in Figure 
2, compared with normal group, Beclin-1 and 
LC3-II/I expression levels were significantly 
lower in iodiacetic model. After IGF-1 or 
Rapamycin treatment, expression of these pro-
teins was significantly increased with statistical 
difference (P<0.05). These results indicated 

Figure 2. Beclin-1 and LC3-II/I expression level in cartilage tissues. Total protein 
was extracted from cartilage tissues for western blot analysis of the expression 
of Beclin-1 and LC3-II/I. The expression level was quantified as a ratio relative 
to β-actin. Compared with normal group, MIA group displayed significantly lower 
Beclin-1 and LC3-II/I expression, which were significantly increased after IGF-
1 or Rapamycin treatment. *, P<0.05 compared to normal group; #, P<0.05 
compared to model group.

pendent replicates. Mea- 
surement data were pre-
sented as mean ± standard 
deviation (SD), and betwe- 
en-group comparison was 
performed by student t- 
test. Multi-group compari-
son was performed by one-
way analysis of variance 
(ANOVA), and paired com-
parison was carried out in 
Dunneet test. A statistical 
significance was defined 
when P<0.05.

Results

AKT and ATK phosphoryla-
tion level

Western blot was employed 
to test tissue Akt and phos-
phorylated Akt levels. As 
shown in Figure 1, com-
pared with normal group, 
iodacetic acid group rats 
showed significantly dec- 
reased phosphorylated Akt 
level in cartilage. After 
IGF-1 or Rapamycin treat-
ment, phosphor-Akt expres-
sion level was significantly 
elevated (P<0.05 compar- 
ed with model group). The- 
se results showed the inhi-
bition of PI3K/Akt signal 
pathway in iodacetic acid 
model group, which can be 
activated by IGF-1 or Rapa- 
mycin.

Expression of autophagy 
related proteins Beclin-1 
and LC3-II/I

Beclin-1 and LC3-II/I are 
representative proteins for 
mediating cell autophagy. 

Figure 3. General observation of rat cartilage tissues from all groups. A. Lower 
section of femur; B. Upper section of tibia. MIA group showed granule on knee 
joint cartilage with severe damage. IGF-1 or Rapamycin treatment improved 
cartilage injury to certain extents.
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that IGF-1 or Rapamycin treatment significant- 
ly up-regulated autophagy level in cartilage 
tissues.

General observation of cartilage tissues

Cartilage samples were extracted and observed 
for surface features of joint tissues under ste-
reoscope. As shown in Figure 3, iodacetic acid 
group showed granule on knee joint cartilage 
with severe damage. IGF-1 or Rapamycin treat-
ment improved cartilage injury to certain ex- 

tents. These data showed that initiation of cell 
autophagy or activation of Akt signal pathway 
has protective effects on cartilage injury.

HE, safranin O and toluidine blue staining for 
cartilage injury

Severity of chondrocyte lesion was observed by 
staining approach. As shown in Figure 4, con-
trol group had smooth and intact cartilage tis-
sues, with good status in extracellular matrix 
(ECM). Chondrocytes were well-distributed in 

Figure 4. HE, safranin O and toluidine blue staining. Freshly prepared cartilage tissues were fixed and embedded in 
paraffin for sectioning followed by being de-waxed and treated with HE, safranin O or toluidine blue. Control group 
had smooth and intact cartilage tissues, with good status in ECM. In MIA group, cartilage showed granules and 
irregularity on surface, with decreased chondrocyte number and chromosome loss. Administration of IGF-1 or Ra-
pamycin alleviated such abnormalities in cartilage and improved these pathological conditions.

Figure 5. TUNEL assay for cartilage tissues. Cartilage tissues were fixed and prepared in paraffin sections followed 
by incubation with 0.2% Triton for 5 min. After that, 50 μL TUNEL reaction mixture was added and incubated at 
37°C under dark followed by taking images under a fluorescent microscope. Blue, TUNEL-positive signal; Blue, DAPI. 
Compared with normal group, MIA rats had significantly elevated number of TUNEL-positive (green fluorescent) cells. 
However, adminstration of IGF-1 or Rapamycin decreased TUNEL-positive cell number.
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ECM. In iodacetic acid induced OA group, carti-
lage showed granules and irregularity on sur-
face, with decreased chondrocyte number and 
chromosome loss. Administration of IGF-1 or 
Rapamycin alleviated such abnormalities in 
cartilage and improved these pathological con-
ditions. These results indicated that cell auto- 
phagy and Akt signal pathway are involved in 
the pathological changes of cartilage morpho- 
logy.

Apoptosis of cartilage tissues

TUNEL staining was performed to observe apo- 
ptosis of chondrocytes. As shown in Figure 5, 
compared with normal group, iodacetic acid 
treated rats had significantly elevated number 
of TUNEL-positive (green fluorescent) cells. 
However, adminstration of IGF-1 or Rapamycin 

decreased TUNEL-positive cell number, sug-
gesting that IGF-1 or Rapamycin could decrease 
iodacetic acid induced chondrocyte apoptosis.

Expression of cartilage injury indexes 
Aggrecan, Collagen II and MMP13

Real-time quantitative PCR was used to mea-
sure mRNA expression level of MMP13, Ag- 
grecan and collagen II in cartilage tissues. As 
shown in Figure 6, compared with normal con-
trol group, iodacetic acid treated rats had sig-
nificantly higher MMP-13, and lower Aggrecan 
or collagen II levels. However, opposite changes 
of these markers were observed after IGF-1 or 
Rapamycin treatment, indicating that facilita-
tion of cell autophagy or activation of Akt signal 
pathway could protect cartilage injury.

Figure 6. mRNA expression of cartilage injury index proteins Aggrecan, Collagen II and MMP13. Total RNA was 
extracted from cartilage tissues for measuring the mRNA expression of Aggrecan, Collagen II and MMP13 by real-
time quantitative PCR. *, P<0.05 compared to normal group; #, P<0.05 compared to model group. Compared with 
normal control group, MIA rats had significantly higher MMP-13, and lower Aggrecan or collagen II levels. However, 
opposite changes of these markers were observed after IGF-1 or Rapamycin treatment.

Figure 7. Autophagy level of cartilage tissues. Freshly prepared cartilage tissues were fixed and rinsed in PBS for 
three times. Tissues were then re-fixed in 2% OsO4, and embedded into Epon resin. Under transmission electron 
microscope, ultrathin slices (80 nm thickness) stained with 0.1% citrate lead and 10% uranium acetate. Asterisk 
indicated nucleus and black arrowhead presented autophagosome or autophago-lysosome.
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Autophagy level of cartilage

Transmission electron microscopy observed 
autophagy levels in chondrocytes. As shown in 
Figure 7, asterisk indicated nucleus and black 
arrowhead presented autophagosome or au- 
tophago-lysosome. We observed relatively fe- 
wer autophagosome in normal control group, 
whereas, barely any autophagosome could be 
observed in normal iodacetic acid group. IGF-1 
or Rapamycin treatment increased the number 
of autophagosome and autophagy, indicating 
possible correlation between IGF-1 or Rapa- 
mycin-induced cartilage injury suppression and 
up-regulated autophagy levels.

Discussion

OA is the most common joint disorder and lacks 
effective treatment approaches except joint 
replacement, which, however, cannot resolve 
the issue of joint motility but does not improve 
cartilage destruction or related inflammation. 
Therefore during the inhibition of OA progres-
sion, the protection of cartilage injury is critical 
[16]. Various studies showed that cartilage 
destruction was mainly caused by chondrocyte 
apoptosis and ECM degradation [17].

Autophagy is a highly conserved cellular activi-
ty, and plays important roles in OA induced car-
tilage injury [18]. Early study showed inhibited 
autophagy level in OA injury cartilage, which 
was consistent with our results [19]. More evi-
dences were consistent with our study, indicat-
ing that autophagy induction in rat chondro-
cytes with late stage glycosylation end-prod-
ucts could suppress MMP-3 and MMP-13 
expression and eventually inhibit chondrocyte 
apoptosis [20]. Currently it is believed that 
acceleration of cellular autophagy had protec-
tive roles against OA with unknown mecha-
nisms. PI3K/Akt signal pathway is a classical 
pathway for mediating cell autophagy [21]. 
Therefore in this study, we aimed to investigate 
the protective role of PI3K/Akt signal pathway 
in OA-related cartilage injury.

In this study, we used intra-joint cavity injection 
of iodacetic to generate OA cartilage injury mo- 
del. Autophagy inducer Rapamycin or Akt ago-
nist were administrated [22, 23] to observe the 
protective effects of PI3K/Akt signal pathway 
induced cell autophagy on OA cartilage injury. 
Our study also showed suppressed Akt signal 
pathway in cartilage injury model. After treated 

with autophagy inducor Rapamycin or Akt ago-
nist, chondrocyte autophagy level was elevat-
ed, accompanied with lower expression of 
inflammation and collagen. General observa-
tion and pathological staining showed decrea- 
sed cartilage injury level. All these results 
showed that activation of PI3K/Akt signal path-
way could protect against OA induced cartilage 
injury via up-regulating autophagy level of 
chondrocytes.

This study provided the first piece of evidence 
showing protective function of PI3K/Akt signal 
pathway against cartilage injury. However, as 
only recombinant protein agonist was used, 
effectiveness or specific function cannot be 
completely guaranteed. Therefore cell culture 
was introduced for further study using siRNA or 
shRNA targeting autophagy targets. In addition, 
this study only investigated the protective role 
after PI3K/Akt signal pathway activation. More- 
over, whether other autophagy inhibitory signal 
pathways such as mTOR participate in the regu-
lation of autophagy is unclear.

In a word, autophagy may form one self-protec-
tion mechanism of chondrocytes. In iodacetic 
induced rat knee joint cartilage injury model, 
autophagy was negatively correlated with the 
degree of cartilage injury. In cartilage with inju-
ry, elevation of autophagy level may work as a 
novel approach for cartilage protection.

Conclusion

Activation of Akt can promote cell autophagy, 
improve cartilage injury and related index. The 
activation of PI3K/Akt signal pathway can 
induce autophagy to improve knee joint carti-
lage injury which is caused by iodiacetic acid.
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