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Article

Introduction

Increased age is the greatest risk factor for the development 
of osteoarthritis (OA).1,2 Cellular senescence occurs with 
age and is typified by decreased telomere length.3,4 
Telomeres are nucleic acid repeats (TTAGGG) found on the 
ends of all chromosomes in eukaryotic cells and are part of 
the necessary cellular signals needed to maintain genomic 
stability.5-7 Without telomeric caps on every chromosome, 
end-to-end fusion can occur, leading to chromosomal insta-
bility.8,9 To avoid chromosomal instability, cells become 
senescent and cellular division arrests when telomeres 
become critically shortened.10,11 In chondrocytes, telomere 
length shortens about 40 base pairs per year.3

To maintain genetic stability, telomeres must be synthe-
sized by the enzyme telomerase. Telomerase is composed 
of 2 subunits: an RNA template and a telomerase reverse 
transcriptase (TERT). The RNA template is “read” by 
TERT, which then extends the telomere sequence on the end 
of chromosomes, allowing for increased cell replication 
without degradation of DNA.8,12,13 Enzymatic activity 

decreases in cells with time, and the lack of telomerase 
activity signals a reduction in cell proliferation and life 
span, eventually leading to replicative senescence.8,14 Some 
cells such as fetal cells or embryonic stem cells have high 
levels of telomerase.15 Although stem cells collected from 
peripheral blood11 or bone marrow16 can express the telom-
erase enzyme, multiple studies have shown that culture-
expanded bone marrow–derived mesenchymal stem cells 
(MSCs) and adipose-derived stem cells have low or no 
telomerase expression.15,17-20 Telomerase activity has not 
been found in adult articular cartilage samples, suggesting 
that adult chondrocytes are senescent,3,17 which is reflected 
in a 10-fold loss of mitotic activity of chondrocytes over 80 
years.3
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Abstract
Objective: Telomere length and telomerase activity are important indicators of cellular senescence and replicative ability. 
Loss of telomerase is associated with ageing and the development of osteoarthritis. Implantation of telomerase-positive 
cells, chondrocytes, or stem cells expressing a normal chondrocyte phenotype is desired for cartilage repair procedures. 
The objective of this study was to identify at what age chondrocytes and at what passage bone marrow–derived 
mesenchymal stem cells (MSCs) become senescent based on telomerase activity. The effect of osteogenic protein–1 (OP-1) 
or interleukin-1α (IL-1α) treatment on telomerase activity in chondrocytes was also measured to determine the response 
to anabolic or catabolic stimuli. Methods: Articular cartilage was collected from horses (n = 12) aged 1 month to 18 years. 
Chondrocytes from prepubescent horses (<15 months) were treated with OP-1 or IL-1α. Bone marrow aspirate from 
adult horses was collected and cultured for up to 10 days to isolate MSCs. Telomerase activity was measured using the 
TeloTAGGG Telomerase PCR ELISA kit. Results: Chondrocytes from prepubescent horses were positive for telomerase 
activity. Treatment with IL-1α resulted in a decrease in chondrocyte telomerase activity; however, treatment with OP-1 
did not change telomerase activity. One MSC culture sample was positive for telomerase activity on day 2; all samples 
were negative for telomerase activity on day 10. Conclusions: These results suggest that chondrocytes from prepubescent 
donors are potentially more suitable for cartilage repair procedures and that telomerase activity is diminished by anabolic 
and catabolic cytokine stimulation. If MSCs are utilized in cartilage repair, minimal passaging should be performed prior to 
implantation.
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Cellular senescence is commonly viewed as a challenge 
to overcome during tissue-engineering approaches in artic-
ular cartilage repair. The associations between senescence, 
loss of the phenotype, ageing, and arthritis may prevent 
large-scale expansion of cells being used for therapeutic 
applications.21 The cellular environment can also alter 
telomerase activity. For example, oxidative stress and phys-
iological stress can decrease telomerase activity,22,23 and in 
chondrocytes, oxidative stress causes premature chondro-
cyte senescence.24 The secretory phenotype of senescent 
chondrocytes includes catabolic cytokines such as 
interleukin-1α (IL-1α), IL-6, and matrix metalloprotein-
ases.2 This suggests that senescence may contribute to the 
degeneration of articular cartilage with age,3 resulting in the 
development and progression of OA.2 In addition, anabolic 
mediators such as insulin-like growth factor–1 (IGF-1) are 
synthesized in lower concentrations by aged chondrocytes, 
and aged chondrocytes become hyporesponsive to the sig-
naling factors present in their surrounding environment, 
resulting in a further loss of matrix homeostasis.3,25-27 
Osteogenic protein–1 (OP-1) is an anabolic protein known 
to support cartilage health through stimulation of extracel-
lular matrix production and multiple anticatabolic 
effects.27-29 The ability of these anabolic or catabolic pro-
teins to modulate telomerase activity in chondrocytes is 
unknown.

Telomerase activity is increased in some cells during 
injury, indicating a role for up-regulation of telomerase in 
tissue repair and remodeling. Clonal chondroprogenitor 
cells maintain telomerase activity during culture expansion, 
suggesting that they might facilitate the meager response of 
cartilage to injury.30 While telomerase activity might seem 
like a desirable trait for chondrocytes or stem cells in tissue 
regeneration, the ability to control telomerase expression to 
avoid oncogenic transformation is important. Telomerase 
activity can be gained through increased telomerase enzyme 
processivity, leading to the increased life span of many 
types of cancer cells.31 Therefore, finding a method to pro-
vide a limited or short-term increase of telomerase activity 
may be desirable for cartilage repair, such as implantation 
or cytokine stimulation of chondrocytes or MSCs. The pur-
pose of this study was to determine how age and anabolic 
(OP-1) or catabolic (IL-1α) stimulation affects telomerase 
activity in bone marrow–derived MSCs and articular 
chondrocytes.

Materials and Methods

Chondrocyte Isolation and Treatment

To determine the effect of age on telomerase activity, chon-
drocytes were isolated32 from horses (n = 12), aged 1 month 
to 18 years, and divided into prepubescent (0-15 months; n = 
6) and postpubescent (≥16 months; n = 6) groups based on 
serum IGF-1 and IGF-1 binding protein–3 concentrations.33 

Chondrocytes were seeded at 5 × 104 cells/cm2 with F-12 
media containing 25 mM HEPES, 2 mM L-glutamine, 50 
µg/mL ascorbic acid, 30 µg/mL α-ketoglutaric acid, and 
10% FBS. Either OP-1 (100 ng/mL) or IL-1α (10 ng/mL) 
was added for 72 hours, with media being exchanged at 24 
hours. The concentration of OP-1 used for the treatment was 
based on previous published studies in which the effects of 
OP-1 on cultured chondrocytes were measured.26,34,35 
Chondrocytes were removed from the cell culture plate 
using trypsin and subsequently rinsed, counted, and pelleted. 
Chondrocyte pellets were frozen per the manufacturer’s pro-
tocol (TeloTAGGG Telomerase PCR ELISA kit, Roche, 
Penzberg, Germany) to determine the presence of telomer-
ase activity.

Fetal Fibroblast Isolation

Cells for positive controls in the telomerase assay were 
obtained from a 34-day equine conceptus that was collected 
by uterine lavage. A portion of the body wall was gently 
homogenized in high-glucose DMEM containing 10% FBS, 
100 IU/mL penicillin, and 100 µg/mL streptomycin. The 
resultant mixture was transferred to a 100-mm tissue cul-
ture plate and incubated at 5% CO

2
, 90% humidity, and 37 

°C for 2 days. Media were exchanged after 24 hours. Cells 
were removed from the cell culture plate using trypsin and 
subsequently rinsed, counted, and pelleted. Cell pellets 
were frozen for subsequent telomerase activity analysis.

Bone Marrow Aspirate

Bone marrow–derived MSCs were isolated from bone mar-
row aspirate obtained from the sternum of 4 mature horses 
aged 3 to 5 years. Aspirates were diluted 2:1 with phosphate 
buffered saline and layered on Ficoll-Paque PREMIUM 
(GE, Uppsala, Sweden) at a 1:2 ratio. Samples were centri-
fuged for 20 minutes at 500g with no brake during decelera-
tion. The cellular layer was carefully removed and further 
centrifuged at 500g for 5 minutes. Cell pellets were resus-
pended in low-glucose DMEM supplemented with 200 mM 
L-glutamine, 0.0125 µg/mL basic fibroblast growth factor, 
10% FBS, 100 IU/mL penicillin, and 100 µg/mL streptomy-
cin. Cells were plated at 200,000 cells/cm2 and incubated at 
37 °C with media exchanged on days 1, 3, and 5. Cells were 
collected and frozen as described for chondrocytes on days 
2 and 10.

Telomerase Activity

Cells were processed according to the manufacturer’s pro-
tocol for the TeloTAGGG Telomerase PCR ELISA kit. 
Briefly, cell pellets were thawed in lysis reagent, incubated 
on ice for 30 minutes, and centrifuged at 16,000g for 20 
minutes at 4 °C. Telomerase activity was immediately mea-
sured in the resultant supernatant using the telomeric repeat 
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amplification protocol in which telomerase, if present in the 
cell lysate, adds telomeric repeats to the 3′ end of a biotin-
labeled synthetic P1-TS primer. Samples were amplified by 
polymerase chain reaction (PCR), with P1-TS and P2 prim-
ers creating an elongated telomere. The PCR product was 
denatured and hybridized to a digoxigenin-labeled probe 
that detects telomeric repeats in a subsequent enzyme-
linked immunosorbent assay (ELISA). Samples were con-
sidered positive for telomerase activity if the ELISA 
resulted in a background-corrected absorbance of ≥0.2 
units, resulting in binary positive/negative data. Telomerase 
assays were performed in duplicate, and the duplicate mean 
was used for statistical analysis.

Statistical Analysis

A χ2 test was used to compare categorical responses (telom-
erase activity as positive/negative) between the 2 indepen-
dent chondrocyte age groups (prepubescent or 
postpubescent). The response of telomerase activity in pre-
pubescent chondrocytes to cytokine treatment (OP-1 or 
IL-1α) was also analyzed using a χ2 test. A paired t test was 
used to compare the positive/negative presence of telomer-
ase activity in day-2 and day-10 MSC cultures because the 
MSCs were from the same original population measured 
along a time continuum. A P value of <0.05 was considered 
statistically significant. Both statistical tests were chosen 
for their ideal use with low sample sizes.

Results

Fetal fibroblasts were strongly positive for telomerase 
activity with a background-corrected absorbance of 3.47, 
indicating that the TeloTAGGG Telomerase PCR ELISA kit 
cross-reacted with equine telomerase.

Telomerase Activity in Chondrocytes during 
Ageing

Telomerase activity was significantly greater in chondro-
cytes from prepubescent horses (0-15 months of age), with 
5 of 6 samples being positive for telomerase activity, than in 
samples from postpubescent horses (≥16 months of age), of 
which none of the 6 samples was positive for telomerase 
activity (P = 0.003) (Fig. 1). Although not tested for in the 
statistical model, it was observed that telomerase activity 
declined in horses after 10 months of age (Fig. 2).

Telomerase Activity in Cytokine-Treated 
Chondrocytes

Telomerase-positive chondrocytes from prepubescent 
horses were used for cytokine stimulation experiments so 
that either an increase or decrease in activity could be 

detected. Treatment with IL-1α resulted in significantly 
decreased telomerase activity (P = 0.014) (Fig. 3). Initially, 
3 of 3 samples tested positive for telomerase activity; after 
treatment, none of the samples were positive. Again, 3 of 3 
control chondrocyte samples were positive for telomerase 
activity, but after treatment with OP-1, only 1 sample 
remained positive. However, the differences with OP-1 
treatment were not significant (P = 0.083).

Telomerase Activity in MSCs

Telomerase activity in MSCs was heterogeneous. Only 1 
sample from day 2 in culture was positive for telomerase 
activity, and activity was absent in all 3 samples by day 10 
(P = 0.84) (Fig. 4).

Discussion

Telomerase activity was identified for the first time in post-
neonatal articular chondrocytes. It was present in chondro-
cytes from prepubescent but not postpubescent horses. The 
age at which telomerase activity decreases corresponds with 
decreasing serum IGF-1 concentrations in horses.33 Time of 
the peak serum concentration of IGF-1 can be used as a sur-
rogate measure of peak growth hormone concentration and 

Figure 1.  Telomerase activity in prepubescent and 
postpubescent chondrocytes. Telomerase activity was 
significantly greater in chondrocytes isolated from prepubescent 
horses compared to postpubescent chondrocytes (P = 0.003). 
Data points each represent median telomerase activity (n = 
6), and standard error bars are provided. Any point above the 
x-axis, with an absorbance value greater than 0.2, indicates 
positive telomerase activity.
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therefore onset of puberty. Serum IGF-1 decreases and 
remains low after 18 months of age and signifies postpubes-
cence and the beginning of ageing. It is therefore consistent 
that telomerase activity would be present in chondrocytes 

from prepubescent, but not postpubescent, ageing horses. 
Previous studies have shown that telomere length in chon-
drocytes from adult human articular cartilage decreases 
with age,25 and no telomerase activity has been found in 
adult-derived chondrocytes.3,17,36 Combined, these findings 
suggest that telomere erosion in chondrocytes, senescence, 
ageing, and increased susceptibility to OA begin as puberty 
ends. This would imply that chondrocytes and the surround-
ing cartilage from an early time point, about 11 years in 
human beings37 and 18 months in horses,33 begin exhibiting 
age-related changes with a gradual loss of function.25

Bone marrow–derived MSCs from adult horses were 
essentially devoid of telomerase activity. Only 1 sample in 
early culture (day 2) was positive for enzyme activity, and 
no samples were positive by day 10. Telomerase activity is 
present in hematopoietic stem cells collected from periph-
eral blood11 and bone marrow.16 This suggests that bone 
marrow–derived MSCs have less replicative capacity than 
hematopoietic stem cells, and culture expansion results in a 
loss of telomerase activity in MSCs, even if it was present 
in early culture. Additionally, telomeres in adult human 
MSCs are shorter than in chondrocytes from age-matched 
donors,17 indicating that MSCs may have less replicative 
capacity than chondrocytes from mature joints.

In the context of cartilage repair procedures, the findings 
of this study suggest that chondrocytes from young donors 
would be superior to MSCs or adult chondrocytes for carti-
lage repair procedures because of their capacity to replicate 
and assist in the repair of a cartilage defect. Multiple studies 
have documented that ectopic expression of telomerase 
extends a cell’s proliferative life span and function.38,39 

Figure 3.  Decreased telomerase activity in cytokine-treated 
prepubescent chondrocytes (n = 3). There was a decrease 
in telomerase activity after osteogenic protein–1 (OP-1) 
treatment, with 2 of the 3 samples becoming negative for 
telomerase activity; however, the results were not significant  
(P = 0.083). Interleukin-1α (IL-1α) resulted in a significant 
decrease in telomerase activity (P = 0.014), with all samples 
becoming negative for telomerase activity. Any point above the 
x-axis, with an absorbance value greater than 0.2, indicates that 
a sample is positive for telomerase activity.

Figure 4.  Telomerase activity in bone marrow–derived 
mesenchymal stem cells (MSCs). Only 1 sample was positive for 
telomerase at day 2; no samples had telomerase activity at day 
10 (n = 3), with 2 samples overlapping due to having the same 
value of 0.14. There was no statistical difference between day 2 
and day 10 (P = 0.82).

Figure 2.  Mean telomerase activity of chondrocytes from 
individual horses (n = 1) in all age groups, measured in duplicate. 
Telomerase activity in chondrocytes is no longer positive in 
horses greater than 10 months of age.
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However, telomerase gene transfection has limitations and 
inherent risks to clinical implications.38,40 Use of chondro-
cytes from prepubescent donors would provide telomerase-
positive chondrocytes in which telomerase activity would 
naturally diminish, thereby avoiding the concern for an 
oncogenesis-associated sustained or increased cellular rep-
licative life span.

Both OP-1 and IL-1α decreased telomerase activity, but 
the effect was only significant after IL-1α treatment. OP-1 
is a member of the transforming growth factor–β (TGF-β) 
superfamily, and TGF-β

1
 has been shown to down-regulate 

telomerase in injured lungs through the inhibition of rat 
TERT gene expression.41 The decreased telomerase activity 
found in articular chondrocytes may be a dose-dependent 
response towards OP-1. Further studies examining serially 
diluted OP-1 treatment on articular chondrocytes may yield 
additional information about the effects on telomerase 
activity. The association of decreased telomerase with IL-1α 
treatment supports the concept that cartilage injury, which 
can be found with increased IL-1α, corresponds with accel-
erated telomere shortening and contributes to age-related 
changes in articular cartilage and OA.25 Loss of telomerase 
activity also implies that methods to decrease IL-1α–
associated inflammation should be aggressively pursued, 
even in young patients, to preserve telomerase activity and 
chondrocyte function.
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