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ABSTRACT

Aging is accelerated by metabolic and cardiovascular diseases, and the risk of these diseases increases 
with age. Obesity is an important risk factor for many age-related diseases and is linked to reduced telomere 
length in white blood cells. We investigated whether cardiac senescence might be enhanced in DahlS.Z-
Lepr fa/Lepr fa (DS/obese) rats, which we recently established as a new animal model of metabolic syndrome. 
The heart of DS/obese rats was compared with that of homozygous lean littermates (DahlS.Z-Lepr +/Lepr +, 
or DS/lean, rats). DS/obese rats manifested hypertension as well as left ventricular hypertrophy, fibrosis, 
and diastolic dysfunction at 18 weeks of age. Myocardial oxidative stress and inflammation were increased 
in DS/obese rats compared with DS/lean rats. Telomere length in myocardial cells did not differ between 
the two rat strains, whereas telomerase activity and expression of the telomerase reverse transcriptase gene 
were increased in DS/obese rats. Expression of the senescence-associated genes for checkpoint kinase 2 
(Chk2), p53, and p21 as well as that of genes related to the renin-angiotensin-aldosterone system were also 
up-regulated in the DS/obese rat heart. Our results indicate that DS/obese rats undergo premature cardiac 
senescence as well as cardiac remodeling in association with the development of diastolic dysfunction in 
these animals.

Key Words:  metabolic syndrome, cardiac remodeling, oxidative stress, renin-angiotensin-aldosterone 
system, cardiac senescence.

INTRODUCTION

Metabolic syndrome (MetS), a complex of highly debilitating disorders including hypertension, 
diabetes mellitus, and dyslipidemia, is associated with the development of visceral obesity. Aging 
is accelerated by metabolic and cardiovascular diseases, and the risk of these diseases increases 
with age.1) Many conditions that increase in prevalence during aging, such as obesity, insulin 
resistance, inflammation, and hypertension, also contribute to the increase in prevalence of MetS 

Received: August 6, 2013; accepted: October 21, 2013 

Corresponding author: Kohzo Nagata, MD, PhD 

Department of Pathophysiological Laboratory Sciences, Nagoya University Graduate School of Medicine, 

1-1-20 Daikominami, Higashi-ku, Nagoya 461-8673, Japan. 

Tel./Fax: +81-52-719-1546. E-mail: nagata@met.nagoya-u.ac.jp



36

Keiji Takahashi et al.

and cardiovascular disease. The multiple-organ involvement and increased all-cause mortality 
characteristic of MetS are reminiscent of a precocious aging process. The mechanisms that 
account for this phenomenon are incompletely understood, but longevity genes are implicated. 
Genes thought to determine lifespan include those for mammalian target of rapamycin (mTOR), 
AMP-activated protein kinase (AMPK), sirtuins, forkhead box O (FOXO) transcription factors, 
and mediators of insulin and insulin-like growth factor–1 (IGF-1) signaling.

Telomere shortening has been considered a driving force by which genetic and environmental 
factors jointly affect biological aging and, possibly, the risk for development of age-associated 
diseases. Telomeres (the extreme ends of chromosomes) shorten progressively during each cell 
cycle and serve as an indicator of biological age. Reduced telomere length is associated with 
insulin resistance and obesity, type 1 and type 2 diabetes, hypertension, activation of the renin-
angiotensin-aldosterone system (RAAS), and renal failure.2) Cardiac homeostasis is thought to be 
dependent on a balance between myocyte loss and proliferation, and aging has been suggested 
to impair this equilibrium.3) Consistent with this notion, the number of myocytes with short 
telomeres is increased in the aging rat heart.4) However, the relation between MetS and cardiac 
aging has remained unclear.

We recently established a new animal model of MetS, the DahlS.Z-Lepr fa/Lepr fa (DS/obese) 
rat, by crossing Dahl salt-sensitive (DS) rats and Zucker rats with a missense mutation in the 
leptin receptor gene (Lepr).5) DS/obese rats develop a phenotype similar to MetS in humans, 
including hypertension, when fed a normal diet. In addition, they develop cardiac hypertrophy 
as well as renal and liver damage, which may be responsible for their premature death.5) We 
have also shown that DS/obese rats develop salt-sensitive hypertension, as well as left ventricular 
(LV) diastolic dysfunction, hypertrophy, and fibrosis, and that these conditions are accompanied 
by increased cardiac oxidative stress and inflammation as well as activation of the cardiac 
RAAS.6) We have now investigated cardiac senescence and telomere biology in DS/obese rats 
in comparison with their lean littermates.

METHODS

Animals and experimental protocols
Animal experiments were approved by the Animal Experiment Committee of Nagoya Univer-

sity Graduate School of Medicine (Daiko district, approval nos. 020–028, 021–18, and 022–-012). 
Animals were handled in accordance with the Regulations for Animal Experiments at Nagoya 
University as well as with the Guide for the Care and Use of Laboratory Animals [U.S. National 
Institutes of Health (NIH) publication no. 85–23, revised 1996].

Ten-week-old male inbred DS/obese rats were obtained from Japan SLC Inc. (Hamamatsu, 
Japan). The animals were fed normal laboratory chow containing 0.36% NaCl, and both the diet 
and tap water were provided ad libitum throughout the experimental period. At 18 weeks of 
age, rats were anesthetized by intraperitoneal injection of ketamine (50 mg/kg) and xylazine (10 
mg/kg) and were subjected to echocardiographic analysis. The heart was subsequently removed 
and weighed, and LV tissue was separated for analysis. Age-matched male homozygous lean 
littermates of DS/obese rats (DahlS.Z-Lepr +/Lepr +, or DS/lean, rats) served as control animals.

Blood pressure measurement and echocardiography
Systolic blood pressure (SBP) and heart rate were measured weekly in conscious animals by 

tail-cuff plethysmography (BP-98A; Softron, Tokyo, Japan). SBP was measured five times at each 
time point for each rat and the average value was calculated. At 18 weeks of age, rats were 
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subjected to transthoracic echocardiography, as described previously.7) M-mode echocardiography 
was performed with a 12.5-MHz transducer (Xario SSA-660A; Toshiba Medical Systems, Tochigi, 
Japan). LV end-diastolic (LVDd) and end-systolic (LVDs) dimensions as well as the thickness 
of the interventricular septum (IVST) and LV posterior wall (LVPWT) were measured, and 
endocardial fractional shortening (eFS), midwall fractional shortening (mFS), end-systolic wall 
stress (ESS), relative wall thickness (RWT), and LV mass were calculated as follows: eFS (%) = 
100 × [(LVDd – LVDs)/LVDd]8); mFS (%) = 100 × [(LVDd + LVPWTd/2 + IVSTd/2) – (LVDs 
+ 2Hs)]/(LVDd + LVPWTd/2 + IVSTd/2)8); Hs = {[(LVDd + IVSTd/2 + LVPWTd/2)3– LVDd3 
+ LVDs3]1/3 – LVDs}/28); ESS (kdyne/cm2) = 0.034 × SBP × LVDs/[LVPWTs × (1 + LVPWTs/
LVDs)]9); RWT = (IVST + LVPWT)/LVDd; LV mass (mg) = {1.04 × [(IVST + LVDd + 
LVPWT)3 – LVDd3] × 0.8} + 0.14.10) LV ejection fraction (LVEF) was calculated with the formula 
of Teichholz. For assessment of Doppler-derived indices of LV function, both LV inflow and 
outflow velocity patterns were simultaneously recorded by pulsed-wave Doppler echocardiography. 
For assessment of LV diastolic function, we calculated the peak flow velocities at the mitral level 
during rapid filling (E) and during atrial contraction (A), the E/A ratio, the deceleration time 
(DcT), and the isovolumic relaxation time (IRT). Both the isovolumic contraction time (ICT) and 
ejection time (ET) were also determined, and the Tei index, which reflects both LV diastolic and 
systolic function, was calculated as follows: Tei index = (ICT + IRT)/ET.11)

Histology and immunohistochemistry
LV tissue was fixed in ice-cold 4% paraformaldehyde for 48 h, embedded in paraffin, and 

processed for histology, as described.7) To evaluate macrophage infiltration into the LV myocar-
dium, we performed immunostaining for the monocyte-macrophage marker CD68 with frozen 
sections (thickness, 5 µm) that had been fixed with acetone. Endogenous peroxidase activity was 
blocked by exposure of the sections to methanol containing 0.3% hydrogen peroxide. Sections 
were incubated at 4°C first overnight with mouse monoclonal antibodies to CD68 (1:100 dilution 
of clone ED1; Chemicon, Temecula, CA, USA) and then for 30 min with Histofine Simple Stain 
Rat MAX PO (Nichirei Biosciences, Tokyo, Japan). Immune complexes were visualized with 
diaminobenzidine and hydrogen peroxide, and the sections were counterstained with hematoxylin. 
All image analysis was performed with NIH Scion Image software (Scion, Frederick, MD, USA).

Superoxide production
Nicotinamide adenine dinucleotide phosphate (NADPH)-dependent superoxide production 

by homogenates of freshly frozen LV tissue was measured with an assay based on lucigenin-
enhanced chemiluminescence as described previously.12) The chemiluminescence signal was 
sampled every minute for 10 min with a microplate reader (Wallac 1420 ARVO MX/Light; 
Perkin-Elmer, Waltham, MA, USA), and the respective background counts were subtracted 
from experimental values. Superoxide production in tissue sections was examined by staining 
with dihydroethidium (Sigma, St. Louis, MO, USA) as described.13) Dihydroethidium is rapidly 
oxidized by superoxide to yield fluorescent ethidium, and the sections were examined with a 
fluorescence microscope equipped with a 585-nm long-pass filter. As a negative control, sections 
were incubated with superoxide dismutase (300 U/mL) before staining with dihydroethidium; 
such treatment prevented the generation of fluorescence signals (data not shown). The average 
of dihydroethidium fluorescence intensity values was calculated with the use of NIH Image 
software (ImageJ). 

Quantitative RT-PCR analysis
Total RNA was extracted from LV tissue and treated with DNase with the use of a spin-
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vacuum total RNA isolation kit (Promega, Madison, WI, USA). Portions of the RNA (2 μg) 
were subjected to reverse transcription (RT) with the use of a PrimerScript RT Reagent Kit 
(Takara, Shiga, Japan). The resulting cDNA was subjected to real-time polymerase chain reaction 
(PCR) analysis with the use of a Prism 7000 Sequence Detector (Perkin-Elmer), as previously 
described,14) and with primers and TaqMan probes specific for cDNAs encoding atrial natriuretic 
peptide (ANP),7) brain natriuretic peptide (BNP),7) b-myosin heavy chain (b-MHC),7) collagen 
type I or type III,15) transforming growth factor (TGF)–b1,7) connective tissue growth factor 
(CTGF),12) angiotensin-converting enzyme (ACE),7) the type 1A receptor for angiotensin II (AT1A),7) 
the mineralocorticoid receptor (MR),12) serum/glucocorticoid-regulated kinase 1 (Sgk1),6) monocyte 
chemoattractant protein (MCP)–1,12) osteopontin,12) cyclooxygenase (COX)–2,16) or the p22phox,17) 
gp91phox,17) p47phox,6) p67phox,6) and Rac16) subunits of NADPH oxidase. Alternatively, quantitative 
RT-PCR analysis was performed with the use of SBYR Mix Ex Taq II (Takara), a Thermal 
Cycler Dice Real Time System II (Takara), and the specific primers listed in Table 1. Reagents 
for detection of human glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA (Applied 
Biosystems, Foster City, CA, USA) were used to quantify rat GAPDH mRNA as an internal 
standard. All data were normalized by the amount of GAPDH mRNA and expressed relative to 
the normalized value for DS/lean rats.

Telomere length
Telomere length was measured with the use of a Telo TAGGG Telomere Length Assay Kit 

(Roche, Penzberg, Germany). In brief, purified genomic DNA was digested with the use of a 
DNeasy Blood & Tissue Kit (Qiagen, Tokyo, Japan), and the DNA fragments were separated 
by gel electrophoresis, transferred to a nylon membrane, and subjected to hybridization with 
a digoxigenin-labeled probe specific for telomeric repeats. The membrane was then incubated 
consecutively with alkaline phosphatase–conjugated antibodies to digoxigenin and the chemilu-
minescence substrate CDP-star. The average terminal restriction fragment length was determined 
by comparison of signals with molecular size standards.

Telomerase activity
Telomerase activity was measured with the use of a Telo TAGGG Telomerase PCR ELISAPLUS 

Kit (Roche). Total protein (1 μg) isolated from LV tissue and quantitated by ultraviolet absorption 
spectrometry was mixed with a biotinylated telomerase substrate, an optimized anchor-primer, 
nucleotides, Taq DNA polymerase, and an internal standard, and the mixture was incubated 
first for 20 min at 25°C to allow primer elongation and then for 5 min at 94°C to inactivate 
telomerase. After 30 cycles of amplification (30 s at 94°C, 30 s at 50°C, and 90 s at 72°C), 
the PCR products were divided into two portions, denatured, and subjected to hybridization 
separately with digoxigenin-labeled detection probes specific either for telomeric repeats or for 
the internal standard. The resulting products were immobilized on a streptavidin-coated microplate 
and detected with horseradish peroxidase–conjugated antibodies to digoxigenin and a peroxidase 
substrate. The absorbance of the samples was measured with the use of a microplate reader 
(Wallac 1420 ARVO MX/Light, Perkin-Elmer).

Immunoblot analysis
Total protein was isolated from LV tissue and quantitated with the use of the Bradford reagent 

(Bio-Rad, Hercules, CA, USA). Equal amounts of protein were subjected to SDS-polyacrylamide 
gel electrophoresis, and the separated proteins were transferred to a polyvinylidene difluoride 
membrane, as described previously.18) The membrane was incubated first with a 1:1000 dilution 
of mouse monoclonal antibodies to p53 (Cell Signaling Technology, Danvers, MA, USA) or 



39

METABOLIC SYNDROME AND CARDIAC SENESCENCE

Table 1. Sequences of oligonucleotide primers for quantitative RT-PCR analysis of rat mRNAs.

Target Sequence GenBank accession no.

TERT NM_053423

  Forward 5′-TCGATGGCAGGTTCTATGTG-3′

  Reverse 5′-ACAGCTTGTTCTCCATGTCTCC-3′

TRF-1 NM_001006962

  Forward 5′-GAGCCCGCAGGAACTAGAAC-3′

  Reverse 5′-GCTCTTGTGCTCTGACTGTAGG-3′

TRF-2 NM_001013143

  Forward 5′-ATAGCGGGGAGCCACAGAAC-3′

  Reverse 5′-GCCTCTCCATTCTCCTTGGTC-3′

Chk2 NM_053677

  Forward 5′-GCTCGTCCAGAGAAGCTGAC-3′

  Reverse 5′-TTGATGATGCACGGATGATT-3′

p21 NM_031515

  Forward 5′-ATGACTGAGTATAAACTTGTGGTAG-3′

  Reverse 5′-GTGATTCTGAATTAGGTGTATCGTC-3′

p53 NM_030989

  Forward 5′-GATGTTCCGAGAGCTGAATGAGG-3′

  Reverse 5′-GAGTGAGCCCTGCTGTCTCC-3′

IGF-1 NM_001082477

  Forward 5′-CAACTCTGCCCAATGGTAACTTG-3′

  Reverse 5′-CCGGAACAGATAGCCATCCTG-3′

Ku70 NM_139080

  Forward 5′-GAGCCCTGACACAAATGGAG-3′

  Reverse 5′-GCTCGTCTTCACCCTGAGATT-3′

Ku80 NM_177419

  Forward 5′-AGCGTGAAACCATAGGAAAG-3′

  Reverse 5′-CAGTTGGTCTTGGCTGAATG-3′

FOXO1 NM_001191846

  Forward 5′-CATCACCAAGGCCATCGAGAG-3′

  Reverse 5′-CACTCTTCACCATCCACTCGTAG-3′

FOXO3 NM_001106395

  Forward 5′-AGACCACCCACCTTTTCTTCC-3′

  Reverse 5′-CTGAGCGAGTCCGAAGTGAG-3′

Abbreviations: TERT, telomerase reverse transcriptase; TRF-1, telomere repeat–binding factor–1; TRF-
2, telomere repeat–binding factor–2; Chk2, checkpoint kinase 2; IGF-1, insulin-like growth factor–1; 
FOXO, forkhead box O.
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a 1:1000 dilution of rabbit polyclonal antibodies to GAPDH (Cell Signaling Technology) and 
then with a 1:1000 dilution of horseradish peroxidase–conjugated goat antibodies to mouse or 
rabbit immunoglobulin G (Cell Signaling Technology). Detection and quantification of immune 
complexes were performed as described.18)

Statistical analysis
Data are presented as means ± SEM. Differences between groups of rats at 18 weeks of age 

were assessed with the Mann-Whitney U test. The time courses of body weight, SBP, or heart 
rate were compared between groups with two-way repeated-measures ANOVA. A P value of 
<0.05 was considered statistically significant.

RESULTS

Physiological analysis, LV geometry, and cardiac function
Body weight and SBP were significantly higher, whereas heart rate was significantly lower, 

in DS/obese rats than in DS/lean rats as shown in female DS/obese rats.6) Echocardiography 
revealed that IVST, LVPWT, LVEF, LV mass, and RWT were significantly increased in DS/obese 
rats compared with DS/lean rats at 18 weeks of age. Whereas eFS was increased and ESS was 
decreased in DS/obese rats compared with DS/lean rats, mFS did not differ significantly between 
the two groups. DcT and IRT, both of which are indices of LV relaxation, were significantly 
increased in DS/obese rats, whereas E/A, which is also an index of LV relaxation, was decreased 
in these animals compared with DS/lean rats. The Tei index, an overall index of LV contraction 
and relaxation, was also significantly increased in DS/obese rats compared with DS/lean rats. 
These results thus showed that LV diastolic function is impaired in DS/obese rats.6)

Cardiomyocyte hypertrophy as well as cardiac fibrosis and gene expression
The cross-sectional area of LV cardiomyocytes was greater in DS/obese rats than in DS/lean 

rats (Figure 1A, Table 2). Hemodynamic overload also resulted in significant up-regulation of the 
expression of ANP, BNP, and b-MHC genes in the DS/obese rat heart (Table 3). Azan-Mallory 
staining revealed that fibrosis in perivascular and interstitial regions of the LV myocardium was 
increased in DS/obese rats compared with DS/lean rats (Figure 1B, C, Table 2). The abundance 
of collagen types I and III mRNAs, as well as the amounts of TGF–b1 and CTGF mRNAs, 
which correlate with cardiac fibrosis and growth,19) were also increased in DS/obese rats (Table 3).

Cardiac oxidative stress
Superoxide production in myocardial tissue sections revealed by staining with dihydroethidium 

as well as the activity of NADPH oxidase in LV homogenates were significantly increased for 
DS/obese rats compared with DS/lean rats (Figure 1D, Table 2). The expression of genes for 
the p22phox and gp91phox membrane components and for the p47phox, p67phox, and Rac1 cytosolic 
components of NADPH oxidase in the left ventricle was also up-regulated in DS/obese rats 
(Table 3).

Cardiac inflammation
Immunostaining of the LV myocardium for the monocyte-macrophage marker CD68 revealed 

that the number of CD68-positive cells was increased in DS/obese rats compared with DS/lean 
rats (Figure 1E, Table 2). The expression of MCP–1, osteopontin, and COX–2 genes in the left 
ventricle was also up-regulated in DS/obese rats (Table 3).
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DS/lean DS/obese 
A 

B 

C 

D 

E 

Fig. 1. Cardiomyocyte size, cardiac fibrosis, NADPH oxidase activity and macrophage infiltration in the left 
ventricle of DS/obese and DS/lean rats at 18 weeks of age. (A) Hematoxylin-eosin staining of transverse 
sections of the LV myocardium. Scale bars, 100 µm. (B, C) Collagen deposition as revealed by Azan-
Mallory staining in perivascular (B) and interstitial (C) regions of the LV myocardium. Scale bars, 200 
µm. (D) Superoxide production as revealed by dihydroethidium staining in the LV myocardium. Scale 
bars, 100 µm. (E) Immunohistochemical analysis with antibodies to the monocyte-macrophage marker 
CD68. Scale bars, 200 µm.
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Cardiac RAAS
Cardiac expression of ACE, AT1A, MR, and Sgk1 genes was significantly up-regulated in DS/

obese rats compared with DS/lean rats (Table 3).

Table 2.  Parameters of cardiac hypertrophy, fibrosis, oxidative stress and inflammation in DS/lean and DS/
obese rats at 18 weeks of age.

Parameter DS/lean DS/obese P

Myocyte cross-sectional area (μm2) 588±54.3 749±36.2* 0.0184

perivascular fibrosis 0.76±0.07 1.26±0.06* 0.0055

Interstitial fibrosis (%) 3.9±1.1 6.6±0.5* 0.0180

Relative fluorescence intensity (%) 2.4±0.5 7.1±0.7* 0.0021

NADPH oxidase activity (RLU/mg protein) 283±60 1150±121* 0.0023

CD68-positive cells/mm2 60±3.7 162±22* 0.0041

Data are means ± SEM (n = 4 and 6 for DS/lean and DS/obese rats, respectively). *P < 0.05 
versus DS/lean.

Table 3. Cardiac gene expression in DS/lean and DS/obese rats at 18 weeks of age.

Parameter DS/lean DS/obese P

ANP 798±250 2949±823* <0.0001

BNP 996±144 1594±252* <0.0001

b-MHC 265±72 411±50* <0.0001

Collagen type I 363±155 1179±391* 0.0002

Collagen type III 180±45 356±95* 0.0039

TGF-b1 564±156 1017±116* <0.0001

CTGF 642±72 2372±593* <0.0001

p22phox 7.0±4.5 19.0±5.1* 0.0152

gp91phox 25±6.9 92±17.1* 0.0049

p47phox 2030±435 4526±1665* <0.0001

p67phox 1719±386 4390±1523* 0.0230

Rac1 1690±385 3580±343* <0.0001

MCP-1 60±6.7 129±30.3* 0.0036

Osteopontin 11±3.4 32±5.9* 0.0011

COX-2 66±2.5 102±17.4* 0.0457

ACE 118±29.9 396±57.5* <0.0001

AT1A 58±5.34 164±24.3* 0.0007

MR 1552±269 4063±675* <0.0001

Sgk1 128±48.5 396±60.6* <0.0001

Data are means ± SEM (n = 4 and 6 for DS/lean and DS/obese rats, respectively). *P < 0.05 
versus DS/lean.
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Telomere biology and markers of cellular aging
Whereas telomere length in the LV myocardium did not differ significantly between DS/

obese and DS/lean rats (Figure 2A, B), both telomerase activity (Figure 2C) and the abundance 
of the mRNA for telomerase reverse transcriptase (TERT) (Figure 2D), the catalytic subunit of 
telomerase, were increased in DS/obese rats. Expression of the genes for telomere repeat–binding 
factor–1 (TRF-1) and TRF-2, both of which directly bind to the TTAGGG repeats of telomeres, 
tended to be increased and decreased, respectively, in DS/obese rats compared with DS/lean rats 
(Figure 3A, B).

The amounts of mRNAs for checkpoint kinase 2 (Chk2), which mediates cell cycle arrest 
and apoptosis in response to DNA damage, for the proapoptotic transcription factor p53, and 
for the p53 target p21 were increased in the LV myocardium of DS/obese rats (Figure 3C–E). 
The abundance of p53 protein in the left ventricle was also increased in DS/obese rats (Figure 
3F). Expression of the gene for IGF-1, which promotes cellular senescence via a reactive oxygen 
species (ROS)–p53 pathway, tended to be increased in DS/obese rats compared with DS/lean 

Fig. 2. Telomere length, telomerase activity, and TERT gene expression in the left ventricle of DS/obese and 
DS/lean rats at 18 weeks of age. (A) Representative Southern blot for determination of telomere length. 
(B) Telomere length. (C) Telomerase activity determined by a telomere repeat amplification protocol. 
(D) Quantitative RT-PCR analysis of TERT mRNA. All quantitative data are means ± SEM [n = 4 and 
4 (B), n = 6 and 8 (C), and n = 4 and 6 (D) for DS/lean and DS/obese rats, respectively]. *P < 0.05 
versus DS/lean.

21.2 
8.6 
7.4 

2.7 

kbp 

DS/lean DS/obese 

DS/lean DS/obese 

DS/lean DS/obese 

T
E

R
T

/G
A

PD
H

 m
R

N
A

 

* * 

DS/lean DS/obese 

Te
lo

m
er

e 
le

ng
th

  (
kb

p)
 

Te
lo

m
er

as
e 

ac
tiv

ity
 (%

 D
S/

le
an

) 

0 

50 

100 

150 

200 

0 

1 

2 

3 

A B 

C D 

0 

3 

6 

9 

12 

15 



44

Keiji Takahashi et al.

Fig. 3. Expression of aging-related genes in the left ventricle of DS/obese and DS/lean rats at 18 weeks of 
age. (A–E, G–K) Quantitative RT-PCR analysis of TRF-1, TRF-2, Chk2, p21, p53, IGF-1, Ku70, Ku80, 
FOXO1, and FOXO3 mRNAs, respectively. (F) Immunoblot analysis of p53 in the left ventricle. A 
representative immunoblot and the relative ratio of the amount of p53 to that of GAPDH are shown. 
All quantitative data are means ± SEM (n = 4 and 6 for DS/lean and DS/obese rats, respectively). *P 
< 0.05 versus DS/lean.
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rats (Figure 3G). The amounts of the mRNAs for the DNA repair protein Ku80 and for the 
transcription factor FOXO1 were increased in DS/obese rats, whereas that for FOXO3 mRNA 
tended to be increased in these animals and that for Ku70 mRNA did not differ significantly 
between the two groups (Figure 3H–K). These results were thus suggestive of the induction of 
premature cardiac senescence in DS/obese rats.

DISCUSSION

We have here shown that male DS/obese rats at 18 weeks of age manifest LV hypertrophy, 
fibrosis, and diastolic dysfunction as well as cardiac oxidative stress and inflammation and activa-
tion of the cardiac RAAS, as we previously showed for DS/obese females at 15 weeks of age.6) 
In addition, male DS/obese rats manifested up-regulation of the expression of senescence-related 
genes such as those for p53 and p21 as well as an increase in telomerase activity in the LV 
myocardium, whereas telomere length did not differ from that of control animals. Our results 
suggest that premature cardiac senescence associated with activation of the p53 pathway may 
compromise cardiac structure and function in DS/obese rats.

Hypertension has been associated with reduced telomere length in leukocytes in some, but not 
all, studies.20, 21) Whereas SBP was higher in DS/obese rats than in DS/lean rats at 11 weeks of 
age and thereafter, telomere length in myocardial cells was similar in the two groups of animals. 
These results are consistent with the previous observation that, among individuals with type 1 
diabetes, telomere length in white blood cells did not differ significantly between those with or 
without hypertension after adjustment for age. Telomeres are elongated by the ribonucleoprotein 
enzyme telomerase, which adds TTAGGG repeats to the 3´ end of DNA strands.2) In rodents, 
telomerase protects chromosomes from telomere erosion, maintains cell replication, and prevents 
cell death. Telomerase consists of two core components, TERT and telomerase RNA component 
(TERC), the latter of which serves as a template for addition of telomeric repeats to DNA 
strands. Cardiac telomerase activity declines with age, whereas forced expression of telomerase 
in cardiomyocytes prevents age-associated telomere shortening and thereby promotes cell 
proliferation and survival. We found that both telomerase activity and expression of the TERT 
gene were increased in the left ventricle of DS/obese rats compared with DS/lean rats. Under 
physiological circumstances, telomerase activity is undetectable or present at only low levels 
in the adult myocardium. Telomerase is active mostly in cycling myocytes that express stem 
cell antigens, but it is also present in proliferating myocytes without stem cell markers.22) The 
number of proliferative cardiomyocytes is increased in individuals with cardiac hypertrophy22) 
or ischemic heart failure,23) although this myocyte regeneration appears insufficient to prevent 
cardiac dysfunction. The increased myocardial telomerase activity associated with hypertension 
and cardiac hypertrophy in DS/obese rats may thus have prevented telomere shortening but not 
LV diastolic dysfunction in these animals. Given that 18 weeks of age is relatively young, it is 
possible that older DS/obese rats will manifest telomere shortening. However, 13 of 20 (65%) DS/
obese rats in the present study had died by 18 weeks of age from cardiac (4 from sudden death) 
or noncardiac (7 from renal failure and 2 from cerebrovascular events) causes, in the previous 
study.5) Our results thus suggest that telomere-dependent cardiac senescence was compensated 
for by increased myocardial telomerase activity in DS/obese rats, or that these animals develop 
telomere-independent cardiac senescence.

Cellular senescence was originally described as resulting from the finite replicative lifespan of 
human somatic cells in culture. Senescent cells undergo irreversible growth arrest, manifest a flat-
tened and enlarged morphology, and express a distinct set of genes, including those for negative 
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regulators of the cell cycle such as p53 and p21. Such phenotypic characteristics are not observed 
in quiescent cells and have been implicated in aging and age-associated diseases. The p53 protein 
is a key mediator of the cellular response to DNA damage and induces expression of the gene 
for the cyclin-dependent inhibitor p21.24) We found that the abundance of p53 mRNA and protein 
as well as that of p21 mRNA were increased in the heart of DS/obese rats, suggesting that the 
p53–p21 senescence pathway was induced in the myocardial cells. In addition to the induction 
of senescence through p21, p53 can also initiate the apoptotic pathway.25) It was recently shown 
that cardiac angiogenesis contributes to the adaptive mechanism of cardiac hypertrophy and that 
p53 accumulation plays a key role in the transition from cardiac hypertrophy to heart failure. In 
the present study, however, we did not examine cadiomyocyte apoptosis or cardiac angiogenesis 
because LV systolic dysfunction was not apparent in DS/obese rats. Telomeres are highly sensitive 
to damage by ROS,26) with oxidative stress being an important inducer of accelerated telomere 
attrition.27) We found that activation of the p53 senescence pathway in the heart of DS/obese 
rats was accompanied by increased oxidative stress (an increase in NADPH-dependent superoxide 
production) but not by telomere shortening. Telomerase activity was also increased in the DS/
obese rat heart. Oxidative stress was found to induce shortening of telomeres and to accelerate 
the onset of senescence in cultured vascular smooth muscle cells and endothelial cells.28) Another 
study showed that chronic oxidative stress compromised telomere integrity, reduced telomerase 
activity, and promoted the onset of senescence in human endothelial cells.29) Our results thus 
suggest that premature cardiac senescence in DS/obese rats might not be mediated by telomere 
damage but instead may be telomere independent, with such a telomere-independent pathway 
having previously been shown to operate in human vascular smooth muscle cells.30)

In a community-based sample, telomere length in leukocytes was inversely related to systemic 
RAAS activity, especially in individuals with hypertension.31) In the present study, expression 
of ACE, AT1A, MR, and Sgk1 genes was increased in the heart of DS/obese rats, indicative 
of activation of the cardiac RAAS in these animals. Angiotensin II stimulates the intracellular 
accumulation of ROS in vascular smooth muscle cells via the AT1 receptor23, 24). Enhanced MR 
signaling in the myocardium also results in increased oxidative stress and inflammation, leading 
to the development of cardiac remodeling and dysfunction.6) Furthermore, angiotensin II rapidly 
induces oxidative DNA damage in human vascular smooth muscle cells, resulting in up-regulation 
of p53 and a rapid onset of senescence.30) Angiotensin II was also found to induce vascular cell 
senescence and inflammation both in vivo and in vitro via up-regulation of p21 expression,32) with 
these effects leading to an increase in ROS production.33) Our results suggest that activation of 
the cardiac RAAS induces oxidative stress and inflammation in the heart, leading to the induction 
of premature cardiac senescence, via the p53–p21 pathway in DS/obese rats.

DS/obese rats showed an increased myocardial abundance of mRNA for the DNA repair 
protein Ku80, suggesting that DNA was damaged in the heart of these animals. Such damage 
is likely attributable, at least in part, to angiotensin II- or MR-induced oxidative stress. The 
telomere-binding protein TRF-2 plays a key role in telomere protection, and the abundance of 
TRF-2 mRNA tended to be decreased in the heart of DS/obese rats. This latter effect might 
result in telomere dysfunction in the absence of telomere shortening, leading to the observed 
up-regulation of Chk2, p53, and p21 gene expression.2)

IGF-1 plays a key role in the regulation of cell growth and proliferation, with reduced IGF-
1 signaling having been found to result in growth retardation in humans.34) In contrast to its 
deleterious effects on cell growth and proliferation, reduced IGF-1 signaling has beneficial effects 
on longevity.35) In the present study, expression of the IGF-1 gene tended to be increased in the 
heart of DS/obese rats. IGF-1 increases telomerase activity, thereby delaying cellular aging and 
death.36) Cardiac overexpression of IGF-1 in transgenic mice increases heart weight.37) Cardiac 
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stem cell division was also found to be enhanced, in association with increased telomerase 
activity and delayed senescence, in IGF-1 transgenic mice.36) One study showed that reduction 
of insulin signaling specifically in adipocytes or neuronal cells extends life span, suggesting 
that insulin/IGF-1 signaling of specific organs is important and may regulate life span, at least 
in part, in an endocrine manner.38) On the other hand, suppression of insulin/IGF-1 signaling in 
a heart-specific manner prevents the age-dependent decline of cardiac function in Drosophila, 
indicating that insulin/IGF-1 signaling also regulates aging of individual organs39). DS/obese rats 
exhibited insulin resistance, hyperinsulinemia6) as well as a trend toward up-regulation of IGF-1 
gene expression, suggesting that insulin/IGF-1 signaling may have contributed to the development 
of cardiac senescence in these rats. The p53 protein negatively regulates IGF-1 signaling and 
biological activity by several mechanisms.40) On the other hand, IGF-1 induces p53 expression.41, 42)  
In addition, a recent study showed that IGF-1 promotes cellular senescence via the ROS-p53 
pathway.43).

In conclusion, DS/obese rats manifest activation of the p53 pathway in the heart as well 
as hypertension, LV hypertrophy, cardiac fibrosis, and diastolic dysfunction. RAAS-mediated 
oxidative DNA damage may contribute to activation of this cardiac senescence pathway in these 
animals. It is also possible that RAAS activation promoted cardiac inflammation via the p53 
pathway, leading to increased myocardial fibrosis. Further investigations are required to clarify 
the molecular mechanisms that underlie MetS and its associated cardiac senescence and injury. 
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