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Abstract. Cellular senescence decreases cell proliferation over 
time and is characterized by typical markers, including larger 
cell volume, a flattened morphology, irreversible cell cycle 
arrest, augmentation of senescence‑associated β‑galactosidase 
(SA‑β‑gal) activity and senescence‑associated secretory 
phenotype. A variety of factors are implicated in the process 
of cellular aging, which mediates an organisms' lifespan. 
Insulin‑like growth factor‑1 (IGF‑1) serves an essential role in 
regulating cell growth, division, proliferation and senescence. 
In the present study, the role of IGF‑1 and the downstream 
Akt signaling pathway in rat articular chondrocyte senescence 
was assessed. The results of the current study demonstrated 
that IGF‑1 promoted cellular senescence in rat articular chon‑
drocytes via activation of SA‑β‑gal and the upregulation of 
p53 and p21 mRNA and protein levels. IGF‑1 enhanced Akt 
phosphorylation and treatment with Akt inhibitor, MK‑2206, 
significantly suppressed the induction of these markers. 
Overall, the results indicated the involvement of IGF‑1 and 
Akt in senescence exhibited by rat articular chondrocytes.

Introduction

Senescence is a complex process that has not yet been fully 
elucidated. Senescence is associated with the accumulation of 
toxic materials in cells. This accumulation leads to a decrease 
in cell physiological function and ultimately results in a variety 
of diseases (1). The number of cells exhibiting senescence 
increases with age and these cells exhibit an enlarged volume 
and flattened shape (2). Furthermore, specific markers including 
senescence‑associated β‑galactosidase (SA‑β‑gal)  (3), the 

senescence‑associated secretory phenotype  (4) and an 
increased level of cell cycle inhibitors, including tumor protein 
p53, p21 and retinoblastoma‑associated protein (5), have been 
identified as typical of senescent cells. The activation of 
these markers has been associated with a variety of different 
factors, including the presence of insulin‑like growth factor 1 
(IGF‑1) (6,7).

IGF‑1 was first discovered in 1957 (8) and has since been 
reported as being highly homologous with insulin (9). IGF‑1 
is also known as somatomedin C and is regulated by growth 
hormone and subsequently effects bodily functions (10) such 
as glucose metabolism and organ homeostasis  (11). IGF‑1 
serves an important role in the regulation of cell growth, divi‑
sion and proliferation, and its aberrant expression can cause 
growth defects (11,12). A number of studies have assessed 
the association between the insulin/IGF‑1 signaling pathway 
and cell longevity and senescence (13‑15). It has been previ‑
ously reported that reduced IGF signaling leads to increased 
longevity (16,17).

Cellular senescence contributes to aging and age‑asso‑
ciated diseases including osteoarthritis  (18). The presence 
of a variety of senescence markers has been observed in the 
chondrocytes of osteoarthritic lesions  (19) and senescent 
chondrocytes  (20). Furthermore, it has been reported that 
IGF‑1 serves a key role in different cellular senescence types. 
Handayaningsih et al (21) demonstrated that IGF‑1 enhanced 
the senescence of rat vascular smooth muscle cells, and mouse 
and human fibroblasts in vitro. However, the effect of IGF‑1 on 
the premature senescence of rat articular chondrocytes is yet 
to be elucidated.

IGF‑1 is a major regulator in a variety of tissue types and 
previous research has demonstrated that IGF‑1 regulated 
numerous cell types through a variety of signaling path‑
ways (15,22). IGF‑1 exerts a biological effect by activating the 
PI3K and ERK/mitogen‑activated protein kinase (MAPK) 
pathways (23,24). Furthermore, it has been revealed that IGF‑1 
stimulated proteoglycan synthesis via the PI3K pathway in 
chondrocytes (25). The activation of Akt has been indicated to 
be essential for IGF‑1‑induced survival signaling and has been 
previously suggested to be a target of IGF‑1 signaling (26). 
Although the role of IGF‑1 in the survival of some cell types 
has been clarified, the association between IGF‑1 and Akt in 
rat articular chondrocyte senescence has not yet, to the best of 
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our knowledge, been fully elucidated. The current study aimed 
to assess the effects of IGF‑1 on rat articular chondrocyte 
senescence and focused on determining the molecular mecha‑
nisms underlying the activation of the Akt signaling pathway.

Materials and methods

Materials. Recombinant murine IGF‑1 was obtained from 
PeproTech, Inc. The Akt inhibitor MK‑2206 (MK) was 
purchased from Selleck Chemicals. A SA‑β‑gal staining kit 
was purchased from Beyotime Institute of Biotechnology. 
Anti‑Akt rabbit pAb was purchased from Wanleibio Co., 
Ltd. (cat.  no.  WL0003b). p53 (cat.  no.  E1A6073), p21 
(cat.  no.  E1A6290) and phosphorylated p‑Akt (Ser473) 
(cat. no. E1A0016) antibodies were obtained from EnoGene 
Biotech Co., Ltd. A rabbit monoclonal antibody against 
GAPDH was purchased from Abcam (cat.  no.  ab181602). 
Peroxidase‑conjugated goat anti‑rabbit IgG was purchased 
from Origene Technologies, Inc.

Isolation and culture of rat articular chondrocytes. All animal 
experiments were approved and conducted in accordance 
with the guidelines of the Ethical Committee for Animal 
Experiments (Northeast Agricultural University, Harbin, 
China). All rats had access to water and food ad libitum. 
Animals were purchased from the Animal Experimental 
Center of the Second Affiliated Hospital of the Harbin 
Medical University (Harbin, China) and housed in a controlled 
environment (light/dark, 12/12 h; temperature 23±1˚C; relative 
humidity, 50‑60%. All rats were healthy upon purchase. The 
rats were observed for bite and skin damage daily; rats with 
skin damage were not used. All efforts were made to minimize 
suffering.

A total of 40 Sprague‑Dawley rat pups (age, 17‑21 days; 
weight, 30‑40  g) were used for chondrocyte preparation. 
Articular cartilage was aseptically isolated from the femoral 
condyle, tibial plateau and femoral heads of 17‑21 day old 
Sprague‑Dawley rat pups. Digestion was performed for 
30 min at 37˚C in a 50 ml centrifuge tube containing 0.25% 
(w/v) trypsin (Gibco; Thermo Fisher Scientific, Inc.) by 
shaking at 85 rpm/min. Trypsin was then removed and carti‑
lage pieces were transferred into a new centrifuge tube and 
digested for 4 h at 37˚C with 0.2% (w/v) collagenase II (Gibco; 
Thermo Fisher Scientific, Inc.) by shaking at 85 rpm/min. The 
digested cartilage pieces were washed with equal quantities 
of DMEM/F‑12 (Corning Inc.) supplemented with 10% FBS 
(Biological Industries) and centrifuged at 400 x g for 7 min 
at 4˚C. Obtained cells were then seeded in 25 cm2 sterile 
plastic culture flasks and incubated at 37˚C in a 5% CO2 incu‑
bator. The culture medium was changed every 2 days. Cells 
at the third and fifth passages were used for the subsequent 
experiments.

Treatment of rat articular chondrocytes. IGF‑1 stock solution 
was prepared at 100 µg/ml in PBS according to manufac‑
turer's protocol. MK was prepared as a 20 µM stock solution 
in DMSO. DMSO was prepared as a 20 µM stock solution in 
PBS. Cells sub‑cultured from primary chondrocytes at 80% 
confluence were trypsinized and chondrocytes from the third 
and fifth passages were used in the subsequent experiments. 

Chondrocytes at the third and fifth passages and at  80% 
confluence were serum‑starved in DMEM containing 0.05% 
FBS for 12 h. Cells were divided at random into five groups, 
which were as follows: Control group (DMEM alone), IGF‑1 
group, MK + IGF‑1 group, MK group, DMSO group. In the 
IGF‑1 group, 10 µl IGF‑1 stock solution was added to DMEM 
at a final concentration of 100 ng/ml. In the MK + IGF‑1 group, 
cells were pretreated with MK (5 µl) for 90 min. Following 
IGF‑1 (100 ng/ml) stimulation, cells were further cultured 
for 24 h at 37˚C. In the MK group, 5 µl MK stock solution 
was added to DMEM at a final concentration of 10 nM. In the 
DMSO group, an equal volume of DMSO stock solution was 
added to DMEM to serve as a vehicle control. A previous study 
determined that there was no toxicity at the final concentration 
0.02% of DMSO (27). Cells were incubated for 24 h at 37˚C 
in a 95% O2 humidified atmosphere with 5% CO2 in DMEM 
containing 0.05% FBS.

Toluidine blue staining. Isolated chondrocytes were cultured 
in six‑well plates at a density of 5.0x104  cell/well and 
subsequently stained at 80% confluence using the following 
procedure. Medium was removed and cells were washed 
with PBS. Cells were then fixed in 4% paraformaldehyde for 
60 min at 4˚C and stained with a solution of 1% toluidine blue 
(Beijing Solarbio Science & Technology Co., Ltd.) for 90 min 
at room temperature. Cells were rinsed for 3 min, three times 
with PBS to remove the excess dye. The staining results were 
observed using an inverted light microscope (magnification, 
x100; Nikon Corporation).

Type  II collagen immunofluorescence staining. Isolated 
chondrocytes were cultured in culture dishes at a density of 
5.0x104 cell/well and stained at 80% confluence using the 
following procedure. For type II collagen immunofluorescence 
staining, 4% paraformaldehyde was added and cells were fixed 
at 37˚C for 30 min. Permeabilization was performed using 0.1% 
Triton X‑100/PBS for 20 min. Cells were then blocked with 
10% goat serum (Boster Biological Technology) for 30 min at 
room temperature and incubated overnight at 4˚C with rabbit 
polyclonal antibody against collagen type II (cat. no. ab34712; 
Abcam, 1:200). Samples were washed with PBS and incubated 
at 37˚C for 60 min with fluorescein‑conjugated goat anti‑rabbit 
IgG (cat. no. ZF‑0311; OriGene Technologies, Inc.; 1:100). 
Samples were finally rinsed with PBS prior to nuclear staining 
with DAPI (Beyotime Institute of Biotechnology) for 5 min at 
room temperature. Images were analyzed using a fluorescence 
microscope (magnification, x200; Nikon Corporation). Clear 
fluorescence was observed under green light wavelength 
543 nm, blue light wavelength 458 nm.

SA‑β‑gal activity assay for adherent cultured cells. After 
passages two and four chondrocytes were digested and 
cells were cultured at 37˚C in six‑well plates at a density of 
5x104 cell/well for 20 days following the 24 h of aforemen‑
tioned treatments at 37˚C in a 95% humidified atmosphere with 
5% CO2 in DMEM containing 0.05% FBS. SA‑β‑gal activity 
assay was performed on all five experimental groups using a 
SA‑β‑gal staining kit according to manufacturer's protocol. 
Cells were fixed in fixative solution for 15 min at room temper‑
ature. Following washing with PBS, samples were incubated 



EXPERIMENTAL AND THERAPEUTIC MEDICINE  20:  49,  2020 3

with freshly prepared SA‑β‑gal staining solution (1 ml/well 
containing 10 µl of β‑galactosidase staining solution A and B, 
930 µl staining solution C and 50 µl X‑gal solution) overnight 
at 37˚C in the dark without CO2. Cells were rinsed with PBS 
for 10 min and subsequently images were captured under an 
inverted light microscope. A total of 300 cells were counted 
in 3 random fields of view at x100 magnification to determine 
the percentage of positive blue staining cells, and quantitative 
analysis of SA‑β‑gal positive cells was performed for each 
group using Microsoft Excel 97‑2003.

Reverse transcription‑quantitative (RT‑q)PCR analysis. 
After treatment for 24 h, total RNA was extracted from 80% 
confluent rat articular chondrocytes using TRIzol® reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.) according to the 
manufacturer's protocol. RNA concentration was evaluated 
at 260/280 nm using a spectrophotometer. Total RNA was 
reverse transcribed using PrimeScript™ RT Master Mix. 
According to the manufacturer's protocol (Takara Bio, Inc.), 
the protocol for reverse transcription was as follows: 37˚C for 
15 min, 85˚C for 5 sec and 4˚C for 1 min. The qPCR reaction 
system consisted of 2 µl cDNA, 7 µl RNase‑free water, 0.5 µl 
each of upstream and downstream primers at a concentration 
of 10 µM with 10 µl SYBR qPCR Master Mix (Toyobo Life 
Science). The relative expression of mRNA was quantified 
using RT‑qPCR according to following protocols: 30 sec of 
denaturation (95˚C), amplification consisted of 5 sec of dena‑
turation (95˚C) for 30 cycles, followed by 50 sec of annealing 
(34˚C) and 72 sec of extension (72˚C) steps in a LightCycler® 

2.0 (Roche Diagnostics). GAPDH was used as a housekeeping 
gene. Primers were designed by Sangon Biotech Co., Ltd. and 
the primer sequences are as follows: p53 forward, 5'‑TCC​
TCT​GGG​CCT​TCT​AAC​AAC‑3' and reverse, 3'‑CAC​AGT​
CGG​ATA​TGA​GCA​TCG‑5'; p21 forward, 5'‑CTC​CTG​AGC​
CTG​TTT​CGT​GTC‑3' and reverse, 3'‑CTC​TGA​AGA​TGT​
GCC​TAT​GGT‑5'; GAPDH forward, 5'‑GAT​GCC​CCC​ATG​
TTT​GTG​AT‑3' and reverse, 3'‑GGC​ATG​GAC​TGT​GGT​CAT​
GAG‑5'. The 2‑ΔΔCq method was used to calculate differences 
in relative mRNA levels against GAPDH (28).

Western blot analysis. After treatment for 24 h, western blot 
analysis was performed using standard procedures. Cells 
were lysed in RIPA buffer supplemented with 1 mM PMSF. 
Protein concentration was measured by the bicinchoninic acid 
kit (Beyotime Institute of Biotechnology). A total of 30 µg 
protein was loaded into an 5‑13% SDS‑PAGE gel, separated 
and transferred to nitrocellulose filter membranes. Membranes 
were blocked with 5% nonfat dry milk for 2 h at room temper‑
ature and subsequently incubated in 5% nonfat dry milk with 
corresponding primary antibodies (29), including GAPDH 
(1:5,000), Akt (1:500), p‑Akt (Ser473; 1:500), p53 (1:500), 
p21 (1:500) overnight at 4˚C. Membranes were washed with 
TBST containing Tris‑buffered saline and 0.1% Tween‑20. 
Following washing, membranes were incubated with peroxi‑
dase‑conjugated goat anti‑rabbit IgG (1:1,000) for 1 h at 37˚C 
and rinsed with TBST containing Tris‑buffered saline and 
0.1% Tween‑20. The blots were developed using Luminata 
Crescendo Western HRP substrate (EMD Millipore) and 
were subsequently exposed to an Amersham Imager 600 
(GE Healthcare Life Sciences). Subsequently, bands were 

quantified using Image J 1.50i software (National Institutes 
of Health).

Data analysis. All data were statistically analyzed using 
GraphPad Prism software (version 7.0; GraphPad Software, 
Inc.). Results are presented as the mean ± standard deviation. 
Significant differences were analyzed by one‑way ANOVA 
followed by Bonferroni's post hoc test. All data are representa‑
tive of three independent experiments. P<0.05 was considered 
to indicate a statistically significant difference.

Results

Identification of chondrocytes. Toluidine blue staining and 
type II collagen immunofluorescence staining were used for 
the identification of chondrocytes. In the present study, the 
strong toluidine blue staining of cytoplasm and membranes 
confirmed that cultured chondrocytes synthesized and secreted 
proteoglycan (Fig. 1A).

An evaluation of collagen type II expression in rat articular 
chondrocytes was performed in vitro. The results suggest that 
type II collagen was secreted by chondrocytes. Chondrocyte 
nuclei were stained blue with DAPI. The cultured chondro‑
cytes maintained the characteristic of a phenotype expressing 
type II collagen (Fig. 1B).

Effects of IGF‑1 on SA‑β‑gal activity. Cellular senescence was 
confirmed using SA‑β‑gal staining, a biomarker of cellular 
senescence (3). The staining results revealed a blue‑stained 
cytoplasm (Fig. 2A and C). The SA‑β‑gal‑positive cells in 
the IGF‑1 group which was significantly higher compared 
with the control group (6.94±0.25% vs. 6.54±0.26%; P<0.05; 
Fig. 2B). When cells were pretreated with MK for 90 min 
prior to IGF‑1 treatment, cells were SA‑β‑gal‑positive and 
this was a significant reduction compared with the IGF‑1 
group (6.17±0.29% vs. 6.94±0.25%; P<0.05). No significant 
differences were observed in the DMSO group compared 
with the control group (6.51±0.45% vs. 6.54±0.26%; 
P>0.05). Similar trends were also observed in the fifth 
passage chondrocytes (Fig. 2D).

IGF‑1 effects on the Akt signaling pathway. In order to eluci‑
date the role of IGF‑1 in the regulation of cellular senescence 
in rat articular chondrocytes, the effect of IGF‑1 on cellular 
senescence in the third and fifth passages was assessed. The 
involvement of the Akt signaling pathway in the induction of 
cellular senescence by IGF‑1 was also assessed. As presented 
in Fig. 3, in passages three and five, Akt was phosphory‑
lated in chondrocytes with senescence induced upon IGF‑1 
stimulation compared with the control and DMSO groups. 
Treatment with MK, an Akt inhibitor, significantly decreased 
the IGF‑1‑induced activation of Akt and led to a decrease in 
phosphorylated Akt levels.

Effects of IGF‑1 on p53 and p21 expression. The expression 
aging markers p53 and p21 were detected to further confirm 
the IGF‑1‑induced cellular senescence via the Akt signaling 
pathway  (30). Relative levels of p53 and p21 mRNA were 
determined using RT‑qPCR. Treatment with 100 ng/ml IGF‑1 
induced an increase in p53 mRNA in rat articular chondrocytes 
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when compared with the control  (15), and this effect was 
significantly decreased by pretreatment with MK (Fig. 4A). 
Subsequently, mRNA expression of p21 was assessed, a 
target gene of p53 (31). The mRNA expression of p21 was 

significantly higher in the IGF‑1 group compared with the 
control group and was significantly decreased by pretreatment 
with MK (Fig. 4B). Chondrocytes at passages third and fifth 
exhibited similar trends.

Figure 2. Effects of IGF‑1 on SA‑β‑gal activity. Senescent chondrocytes were stained for SA‑β‑gal activity and observed at x100 magnification. (A) Micrographs 
and (B) quantitative analysis of third passage chondrocytes and SA‑β‑gal‑positive cell percentages in each group. Scale bar, 50 µm. (C) Micrographs and 
(D) quantitative analysis of fifth passage chondrocytes and SA‑β‑gal positive cell percentages in each group. Data are expressed as the mean ± standard 
deviation of three random fields. *P<0.05 vs. control; #P<0.05 and ##P<0.01 vs. IGF‑1. IGF‑1, insulin‑like growth factor‑1; SA‑β‑gal, senescence‑associated 
β‑galactosidase; MK, MK‑2206; P3, third passage; P5, fifth passage.

Figure 1. Identification of chondrocyte phenotypes. (A) Toluidine blue staining of chondrocytes. (B) Detection of type II collagen in in vitro‑cultured rat 
articular chondrocytes using immunofluorescent staining.
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p53 and p21 protein expression was subsequently 
detected using western blot analysis (Fig. 5A and B). In 
passages three and five, when compared with the control 

group, p53 and p21 protein expression was significantly 
increased in the presence of IGF‑1 (P<0.01). Following 
incubation with MK+IGF‑1, p53 and p21 protein expression 

Figure 3. IGF‑1 affects Akt activation at the third and fifth chondrocyte passages. Protein expression of p-Akt and Akt, was evaluated using western blot 
analysis in the third (A) and fifth (B) cell passages. Data are expressed as the mean ± standard deviation of three random fields. Each value was normalized 
to GAPDH. *P<0.05 and **P<0.01 vs. control; #P<0.05 and ##P<0.01 vs. IGF‑1. IGF‑1, insulin‑like growth factor‑1; MK, MK‑2206; p, phosphorylated; P3, third 
passage; P5, fifth passage.

Figure 4. Analysis of the IGF‑1‑induced cellular senescence‑associated gene expression. Relative mRNA expression of (A) p53 and (B) p21 was assessed using 
reverse‑transcription‑quantitative PCR for the third and fifth passages. Data are expressed as the mean ± standard deviation of three random fields. *P<0.05 and 
**P<0.01 vs. control; #P<0.05 and ##P<0.01 vs. IGF‑1. IGF‑1, insulin‑like growth factor‑1; MK, MK‑2206; P3, third passage; P5, fifth passage.
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levels were significantly reduced compared with the IGF‑1 
group (P<0.05).

Discussion

Several studies assessing cellular senescence have previously 
demonstrated that IGF‑1 induced cellular senescence in 
multiple cell types (21,22). The results of the present study 
demonstrated a similar process occurring in rat articular 
chondrocytes. The results revealed that IGF‑1 promoted 
cellular senescence, increased SA‑β‑gal staining and increased 
senescence‑associated p53 and p21 expression. SA‑β‑gal 
activity is a typical biomarker of cellular senescence. SA‑β‑gal 
has been revealed to be expressed in senescent cells, but not in 
pre‑senescent or quiescent fibroblasts and not in early passage 
terminally differentiated keratinocytes (3). A variety of other 
cell types have also been reported to express SA‑β‑gal. For 
example, in a previous study, human prostatic epithelial cells 
exhibited extensive expression of SA‑β‑gal during prolonged 
culture (32). The activity of SA‑β‑gal has also been revealed to 
increase in senescent human endothelial cells (33).

A previous study demonstrated that chondrocyte senes‑
cence serves an essential role in the cartilage degeneration that 
occurs with aging and also increases with subculture‑induced 
dedifferentiation of chondrocytes  (34). A previous study 

reported that chondrocyte viability was high in early passages 
and reduced in later passages. Chondrocytes appeared 
fibroblast‑like after the seventh passage (35). As the passage 
number increased, cell growth rate and viability decreased. 
The percentage of SA‑β‑gal positive cells was 26 and 52% 
in third and fifth passage chondrocytes, respectively  (35). 
Although the proliferative activity of chondrocytes within early 
passages is high, cells in late passages no longer exhibit high 
proliferative activity (36). Therefore, third and fifth passage 
cells were used in the present study. To synchronize cells and 
avoid serum interference with drugs, cells were serum‑starved 
for 12 h in DMEM containing 0.05% FBS. IGF‑1 was used 
to induce cells in serum‑free or low‑concentration serum 
DMEM, a method which has been previously revealed to 
exhibit no effect on cell growth (15,21,22,37). In the current 
study, the results of SA‑β‑gal staining revealed an upregula‑
tion of positive cells upon IGF‑1 treatment in the third and 
fifth passage chondrocytes. The number of positive cells in the 
fifth generation chondrocytes was higher compared with the 
third generation. These results indicated that senescent cells 
increased over time. The results are in agreement with those 
reported by Handayaningsih et al (21) who demonstrated that 
IGF‑1 significantly enhanced cell senescence.

In the present study, other aging markers were additionally 
assessed, including p53 and p21 expression. Tumor suppressor 

Figure 5. Analysis of IGF‑1‑induced cellular senescence‑associated protein expression. Protein expression of (A) p53 and (B) p21, was evaluated using western 
blot analysis in the third and fifth cell passages. Data are expressed as the mean ± standard deviation of three random fields. **P<0.01 vs. control; #P<0.05 and 
##P<0.01 vs. IGF‑1. IGF‑1, insulin‑like growth factor‑1; MK, MK‑2206; P3, third passage; P5, fifth passage.



EXPERIMENTAL AND THERAPEUTIC MEDICINE  20:  49,  2020 7

protein p53 is one of the major biochemical mediators of senes‑
cence in human cells which induces p21 expression (30,31). 
P53 and p21 are directly associated with cellular senescence 
and have been used to identify senescent cells (38). p53 is 
associated with lifespan regulation and is a critical meditor of 
the senescence response to a variety of stimuli (39,40). It has 
been previously reported that p53 is activated and accumulates 
in senescent fibroblasts (39). A recent study has demonstrated 
that senescence‑associated p53 level increased in aged 
mouse cardiomyocytes (40). p21 is a downstream target of 
p53 and is directly regulated by p53 (38,41). p21 expression 
has been revealed to increase in human fibroblasts upon 
replicative senescence (42,43). In the present study, p53 and 
p21 mRNA expression was significantly higher in the IGF‑1 
group compared with control cells. Furthermore, it has been 
described that IGF‑1 treatment performed on IMR90 or MEF 
cells led to the appearance of cells with premature cellular 
senescence characteristics, including the upregulation of p53 
and p21 proteins (22). These data are consistent with the results 
obtained in the present study demonstrating that p53 and p21 
protein expression was enhanced upon IGF‑1 treatment. It 
may be concluded that IGF‑1 induced cellular senescence in 
rat articular chondrocytes.

The associated signaling pathways were assessed to 
determine the mechanisms underlying cellular senescence 
induced by IGF‑1. Two main pathways have been previously 
revealed to be associated with IGF‑1 activity, including the 
PI3K/Akt and MAPK/ERK pathways (23,24). Various studies 
have suggested that senescence was mediated by activating 
the Akt signaling pathway (44), and IGF‑1 stimulation lead 
to the activation of the PI3K/Akt pathway (45). Therefore, the 
current study assessed the ability of IGF‑1 to activate Akt 
and aimed to determine whether the Akt pathway was asso‑
ciated with rat articular chondrocyte senescence. The Akt 
phosphorylation in the IGF‑1 group which was significantly 
higher compared with the control group, which demonstrated 
that Akt was activated by IGF‑1. Additionally, the chemical 
inhibition of Akt by MK led to the significant inhibition of 
Akt phosphorylation induced by IGF‑1 activation. Overall, 
the results of the present study indicated that the inhibition of 
the Akt signaling pathway reversed IGF‑1 induction. Further 
experiments should aim to clarify the involvement of other 
signaling pathways in rat articular chondrocyte senescence.

In conclusion, the results of the present study demonstrated 
that IGF‑1 induced senescence in rat articular chondrocytes 
and activated the PI3K/Akt pathway.
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