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The effect of telomerase activity on vascular smooth muscle cell
proliferation in type 2 diabetes in vivo and in vitro
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Abstract. Serious complications as a result of type 2 diabetes
mellitus (T2DM) are becoming a major health concern. In the
present study, it was hypothesized that telomerase activity is
upregulated in vascular smooth muscle cells (VSMCs) during
proliferation in T2DM and that the application of telomerase
inhibitors impedes the proliferation of VSMCs in vitro. Male
Wistar rats were randomly allocated into the normal control
(NC) or diabetic (DM) group. Diabetes was induced by high-fat
feeding and a low dose of streptozotocin (STZ; 30 mg/kg).
Primary VSMC cultures were exposed to normal (5.5 mM) or
high (25 mM) glucose and insulin (100 nM) in the presence
and absence of various concentrations of antisense oligoribo-
nucleotides (ASODNS5) for varying lengths of time. Telomerase
activity and the proliferation of VSMCs were measured.
Results showed that there was a significant increase in the
levels of fasting glucose, insulin, triglycerides (TG) and free
fatty acids (FFAs) in the diabetic group. Telomerase activity
and the proliferation of VSMCs were significantly higher in
the diabetic group in vivo and in the high glucose and insulin
(HGI)-treated group in vitro (P<0.01). ASODNS significantly
inhibited the proliferation of VSMCs in a concentration- and
time-dependent manner (P<0.01). In conclusion, hypergly-
cemia and hyperinsulinemia stimulate telomerase activity and
the proliferation of VSMCs, while the inhibition of telomerase
activity reduces the proliferation of VSMCs, indicating that
telomerase may be involved in the pathological process of
diabetic vascular disease.
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Introduction

Serious complications as a result of type 2 diabetes mellitus
(T2DM) are becoming a major health concern, among which
atherosclerosis, the leading cause of morbidity and mortality
in developed countries, is the most common disease. The
most common pathological change in atherosclerosis is the
proliferation of vascular smooth muscle cells (VSMCs), which
occurs in response to arterial injury and plays a crucial role
in the atherosclerotic process (1). Therefore, it is necessary
to elucidate the molecular mechanisms of abnormal VSMC
proliferation. It is known that insulin resistance, hyperinsu-
linemia and hyperglycemia stimulate and accelerate VSMC
proliferation, hypertrophy and abnormal vascular tone in
patients with T2DM (2-4). Although certain mechanisms of
hyperglycemia- and hyperinsulinemia-induced VSMC prolif-
eration have been proposed to contribute to atherosclerosis,
there is limited knowledge with regard to the role of telom-
erase activity in VSMC proliferation (5-7).

Telomeres are DNA-protein complexes located at the ends
of eukaryotic chromosomes, which maintain genome integrity
and stabilize the chromosome function (8). Telomeric DNA is
shortened with cell mitosis. When a critical length is reached,
the telomeric ends of chromosomes lose their protective func-
tion and induce cell apoptosis. Telomerase activation increases
telomere repeats on the chromosome ends, maintains genome
integrity and induces cellular immortalization (9).

Studies with regard to telomerase were initially introduced
in the field of oncology (10,11). Recently, telomerase has also
been studied in proliferative diseases, including hypertension,
cardiac hypertrophy and heart failure, and is considered to be
involved in the proliferation of abnormal cells and important
in the pathogenesis of these diseases (12-14). Animal studies
have demonstrated a relatively higher level of telomerase
activation in the VSMCs of spontaneously hypertensive
rats (15). Telomerase activation may induce a phenotypic
change in VSMCs and play a role in cell remodeling, indi-
cating that telomerase may be important in the regulation
of tissue regeneration and cell signaling pathways in VSMC
proliferation.

Since telomerase activity is associated with cell prolifera-
tion, aging and apoptosis and there is an imbalance between
VSMC proliferation and apoptosis in T2DM, it was hypoth-
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esized that telomerase may also be important in VSMC
proliferation in T2DM. Therefore, the aim of the present study
was to investigate whether telomerase activity is upregulated
in VSMC proliferation in T2DM and whether the application
of telomerase inhibitors impedes VSMC proliferation in vitro.
To test this hypothesis, we examined the telomerase activity of
VSMCs in a rat model of type 2 diabetes and in cell cultures
in vitro. We also explored the effect of telomerase inhibitors
on hyperinsulinemia- and hyperglycemia-induced VSMC
proliferation.

Materials and methods

Materials. Streptozotocin (STZ) and 3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) were
purchased from Sigma (St. Louis, MO, USA). Insulin radio-
immunoassay and telomerase assay kits were purchased
from Linco Research, Inc. (St Louis, MO, USA) and
Roche Molecular Biochemicals (Mannheim, Germany),
respectively. Antisense oligoribonucleotides (ASODNS;
5'-GAGCGCGGGTCATTGTGCT-3') and sense oligoribonu-
cleotides (SODNs; 5'-AGCACAATGACCCGCGCTC-3') were
designed as telomerase inhibitors according to the rat telom-
erase reverse transcriptase mRNA sequence of GenBank from
Beijing General Chemical Reagent Factory (Beijing, China).
Additional reagents were purchased from Beijing General
Chemical Reagent Factory.

Experimental animals. Six-week-old male Wistar rats
(specific pathogen-free quality) were purchased from the
Experimental Animal Center of Shandong University
(Shandong, China) and the use of animals was approved by
the Institutional Animal Care and Use Committee (IACUC;
approval no. SCXK20100301). The rats were randomly allo-
cated into the normal control (NC) or diabetes mellitus (DM)
group. Rats of the NC group were fed a regular diet (8% fat;
68% carbohydrate; 24% protein; 320 kcal/100 g), whereas
rats of the DM group were fed a high-fat diet (50.10% fat,
mainly saturated; 33.60% carbohydrate; 16.30% protein;
493 kcal/100 g). After 8 weeks, rats of the DM group were
administered a low dose of STZ (30 mg/kg) by intraperitoneal
injection, while those of the NC group were administered the
same volume of vehicle citrate buffer. Blood glucose levels
were measured 72 h after the STZ injection. Only the rats
with glucose levels >16.7 mmol/l were considered to be a
successful diabetic model (16). The diabetic model achieved
was similar to type 2 diabetes in humans. Thus, the combina-
tion of a high-fat intake and low-dose STZ effectively induced
type 2 diabetes by altering the expression of associated genes
in major metabolic tissues (17). The rats were housed under
standard laboratory conditions and had free access to water
and standard rat chow. The rats were sacrificed four weeks
after the successful establishment of the diabetic model.

Plasma measurements. The rats were anesthetized using
pentobarbital sodium. Blood samples were then immedi-
ately collected and separated for plasma measurements.
Plasma glucose was measured using the glucose oxidase
method. Plasma insulin was measured using a radioimmu-
noassay according to the manufacturer's instructions. Plasma
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triglyceride (TG), cholesterol (TC) and free fatty acid (FFA)
levels were measured using colorimetric assays.

Collection of VSMCs. The thoracic aorta was immediately
dissected and enzymatically digested at 37°C for ~3.5 h using a
0.25% trypsin solution. Following digestion, tissue fragments
were explanted in a 35-mm culture dish. Contaminated fibro-
blasts were separated from the VSMCs due to their differing
adhesion abilities (18).

Determination of telomerase activity. Telomerase activity
in VSMCs was examined using the telomeric repeat ampli-
fication protocol enzyme-linked immunosorbent assay
(TRAP-ELISA), according to the manufacturer's instruc-
tions (19). Briefly, the same amount of protein from each
sample was incubated with a biotin-labeled telomerase
substrate primer at 25°C for 15 min and primer extension was
carried out using polymerase chain reaction (PCR; 30 cycles
of 94°C for 30 sec, 60°C for 30 sec and 72°C for 90 sec). The
PCR-amplified products were hybridized for 120 min and
incubated with a peroxidase-labeled anti-digoxigenin antibody
for 30 min. Following the addition of peroxidase substrate, the
optical density (OD) of each sample was measured at 450 nm
with a reference wavelength of 690 nm using an enzyme
immunoassay microplate reader. The OD values were reported
as A450-A690 nm. Samples were considered positive when the
OD values were =0.2.

VSMC proliferation assay. VSMC proliferation was measured
using the MTT assay (20). Briefly, VSMCs were harvested
by trypsinization and plated in a 96-well plate at a density of
1x10° cells/ml. VSMCs were then grown in 100 ul of medium
at 37°C for 24 h, followed by incubation with 20 ul MTT
for 4 h. Then, 150 y1 dimethyl sulfoxide (DMSO) was added to
each well and the absorbance was measured at a wavelength of
490 nm using a microplate reader.

In vitro experiment. VSMCs from six-week-old normal
Wistar rats were cultured using the tissue explants technique
and were identified using an immunofluorescence staining
method (21). The 3-5 generations of cells used in all experi-
ments were allocated into four groups: the normal control,
high glucose and insulin (HGI), HGI + low concentration of
ASODN or SODN and HGI + high concentration of ASODN
or SODN groups. After the cells were serum starved for
24 h, they were exposed to normal glucose (5.5 mM) or high
glucose (25 mM) and insulin (100 nM) in the presence and
absence of ASODN or SODN for 24 h and then subjected
to an assessment of telomerase activity and cell proliferation
using the methods mentioned previously. In certain experi-
ments, 19.5 mM of mannitol was used to control variations in
osmotic pressure.

Statistical analysis. Data were subjected to statistical
analysis using the SPSS 13.0 statistical package. The data
were expressed as the mean + standard deviation (SD). The
statistical tests used were Student's t-test or one way ANOVA.
The number of inter-group differences were detected using
the Student-Newman-Keuls (SNK) method. The asso-
ciation between two variables was analyzed using Pearson's
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Table I. Serum levels of fasting glucose, insulin, FFAs and TG
in the studied groups (n=10).

FFAs TGs
(umol/l) (mmol/1)

Insulin
(uIU/ml)

Glucose

Group (mmol/l)

NC 5.88+0.73 11.24+0.68 301.63£78.29 0.80+0.32
DM  15.82+£3.21* 18.99+3.68" 934.35+93.39* 1.89+0.33*

“P<0.01 compared with the control group. Data are shown as the
mean + SD. FFAs, free fatty acids; TGs, triglycerides; NC, normal
control; DM, diabetes mellitus; SD, standard deviation.

Table II. Telomerase activity of VSMCs in the in vitro groups.

Group 24 h 72 h

NC 0.105+0.055 0.125+0.033
HGI 0.599+0.079* 0.756+0.053*
SODN (5 pm) 0.572+0.023* 0.731+0.083*
ASODN (5 ym) 0.425+0.086*° 0.535+0.053*°
SODN (10 um) 0.562+0.026" 0.709+0.094*
ASODN (10 ym) 0.365+0.060*° 0.406+0.069*°
SODN (20 um) 0.559+0.035* 0.692+0.066
ASODN (20 ym) 0.174+0.039*° 0.18520.046*°
Negative control 0.105+0.023

Positive control 2.256+0.858°

"P<0.01 compared with the NC group; *P<0.01 compared with the
HGI group. Data are shown as the mean + SD. VSMCs, vascular
smooth muscle cells; NC, normal control; HGI, high glucose and
insulin; SODN, sense oligoribonucleotides; ASODN, antisense oli-
goribonucleotides; SD, standard deviation.

correlation. P<0.05 was considered to indicate a statistically
significant difference.

Results

Blood parameters of rats in the studied groups. In the DM
group, a significant increase was observed in the levels of
fasting glucose (15.82+3.21 vs. 5.88+0.73 mmol/l, P<0.01),
insulin (18.99+3.68 vs. 11.24+0.68 uIU/ml, P<0.01),
FFAs (934.35+£93.39 vs. 301.63+£78.29 ymol/l, P<0.01) and
TGs (1.89+0.33 vs. 0.80+0.32 mmol/l, P<0.01; Table I).

Telomerase activity and proliferation of VSMCs. The
expression of telomerase activity and the degree of VSMC
proliferation were significantly higher in the DM compared
with the normal control group (P<0.01; Fig. 1). To determine
whether the changes in telomerase activity and proliferation
of VSMCs were induced by HGI, we investigated the effect
of HGI treatment on VSMCs in vitro. The results showed that
telomerase activation and the proliferation of VSMCs were
higher when induced by HGI. Since the addition of 19.5 mM
of mannitol caused no significant changes, we were able to
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Figure 1. (A) Telomerase activity and (B) the proliferation of VSMCs in the
normal control (NC) and diabetes mellitus (DM) groups. “P<0.01 vs. the NC
group. VSMCs, vascular smooth muscle cells.
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Figure 2. Proliferation of VSMCs induced by various concentrations of
oligoribonucleotides. "P<0.01 vs. the HGI group. OD, optical density;
NC, normal control; HGI, high glucose and insulin; SODN, sense
oligonucleotides; ASODN, antisense oligoribonucleotides; VSMCs, vascular
smooth muscle cells.
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Figure 3. Proliferation of VSMCs induced by 20 xM antisense oligoribonu-
cleotides (ASODN) at 24,48 and 72 h. "P<0.01 vs. the HGI group. OD, optical
density; HGI high glucose and insulin; SODN; sense oligonucleotides;
VSMCs, vascular smooth muscle cells.

determine that the glucose effect was not a result of hyper-
osmolarity. After the intervention of ASODN, telomerase
activity decreased in a concentration-dependent manner
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(P<0.05). However, the same concentration of SODN did not
significantly inhibit telomerase activity (Table II).

Various concentrations of oligoribonucleotides induce
VSMC proliferation. With regard to the in vitro experiments,
HGI significantly promoted VSMC proliferation. In order to
examine the role of telomerase activity in VSMC proliferation,
a telomerase inhibitor (ASODN) was used to inhibit the prolif-
eration of VSMC:s in vitro. The results showed that ASODN
significantly inhibited the proliferation of VSMCs in a concen-
tration-dependent manner (P<0.05; Fig. 2). Additionally, the
treatment of VSMCs induced by HGI with 20 xM ASODN
significantly inhibited the proliferation of VSMCs. At 24, 48
and 72 h after treatment, the inhibition rates were 19.8, 31.8 and
43.9%, respectively, indicating a time-dependent inhibition of
VSMC proliferation. SODN also inhibited the proliferation
of VSMCs. However, SODN caused no significant effect on
VSMC proliferation compared with ASODN (Fig. 3).

Discussion

In the present study, evidence that telomerase activity and
the proliferation of VSMCs are increased in the rat model
of T2DM and that HGI causes increased telomerase activa-
tion and proliferation of VSMCs in vitro is provided. It was
further demonstrated that VSMC proliferation was signifi-
cantly reduced by the intervention of telomerase inhibitors
(ASODN¥) in vitro.

T2DM s characterized by target-tissue resistance to insulin,
which often causes hyperglycemia and hyperinsulinemia. In
the present study, STZ-induced T2DM rats showed a signifi-
cant increase in fasting plasma glucose and insulin levels
compared with normal rats, indicating a successful model of
T2DM. This diabetic model was similar to T2DM in humans,
as the high-fat diet initiated a state of insulin resistance and
then the treatment with a low dose of STZ established a rela-
tive insulin deficiency (22). It is known that hyperglycemia
and hyperinsulinemia are associated with atherosclerosis in
T2DM and this is mainly caused by the abnormal proliferation
of VSMC:s. Under physiological conditions, there is a balance
between the proliferation and apoptosis of VSMCs. When this
balance is disturbed by hyperglycemia and hyperinsulinemia,
VSMC proliferation is increased and promotes the develop-
ment of atherosclerosis (23).

Telomerase activity is known to be closely associated with
the cell proliferation and apoptosis of VSMCs. Telomerase is
wrapped in the cell nucleus and is released to repair chromo-
somal DNA when cell division or DNA damage has occurred.
Thus, telomerase activity is inhibited in normal cells and is
activated in tumor or proliferating cells in normal tissues.
Telomerase is a marker of cell proliferation at the molecular
level and telomerase activity is expressed at various levels in
tissues with hyperplasia (24). Additionally, previous studies
have demonstrated that telomerase activation may induce
phenotypic changes in VSMCs by being involved in cell
remodeling processes and that it is important in the signaling
pathway of VSMC proliferation (15,25). There are different
levels of telomerase upregulation in the abnormal prolifera-
tion of VSMC:s. In the present study, telomerase activity and
the degree of VSMC proliferation were significantly higher
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in diabetic compared with control rats. This finding indicates
that factors, including lipids, viral infection and hypoxia, lead
to VSMC proliferation, which initiates the development of
atherosclerotic plaques. To determine whether hyperglycemia
and hyperinsulinemia induce upregulated telomerase activity,
the telomerase activity in HGI-induced VSMC proliferation
was determined. The results showed that the expression
of telomerase activity was higher in HGI-induced VSMCs
compared with the normal control group, suggesting that
telomerase activity is upregulated in hyperglycemia- and
hyperinsulinemia-induced VSMC proliferation in T2DM.

Telomerase is a regulating enzyme. The telomerase reverse
transcriptase (TERT) catalytic subunit is the key component
that regulates telomerase activity. The TERT expression level
is closely associated with telomerase activity. Thus, ASODNs,
the synthetic short-chain nucleic acids which bind to and
degrade TERT mRNA, have been considered ideal for the inhi-
bition of telomerase activity (26). In the present study, ASODN
significantly inhibited VSMC proliferation in a dose- and
time-dependent manner. Although SODN demonstrated an
inhibitory effect, no significant difference was identified when
compared with the HGI group, indicating that this inhibitory
effect is caused by a specific base sequence.

In conclusion, the in vivo and in vitro experiments in this
study have shown that hyperglycemia and hyperinsulinemia
stimulated the telomerase activity and proliferation of VSMCs,
while the inhibition of telomerase activity reduced the prolif-
eration of VSMCs, indicating that telomerase may be involved
in the pathological process of diabetic vascular disease. The
specific molecular mechanisms require further investigation to
be fully elucidated. Telomerase inhibition may provide a unique
approach for the treatment of vascular complications in T2DM.
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