
Twin Research and Human Genetics
Volume 19 Number 5 pp. 422–429 C© The Author(s) 2016 doi:10.1017/thg.2016.63

Does Telomere Shortening Precede the Onset of
Hypertension in Spontaneously Hypertensive Mice?
Christine L. Chiu, Nerissa L. Hearn, Devin Paine, Nicole Steiner, and Joanne M. Lind
Western Sydney University, School of Medicine, Sydney, New South Wales, Australia

Telomere length is widely considered as a marker of biological aging. Clinical studies have reported associ-
ations between reduced telomere length and hypertension. The aim of this study was to compare telomere
length in hypertensive and normotensive mice at pre-disease and established disease time points to deter-
mine whether telomere length differs between the strains before and after the onset of disease. Genomic
DNA was extracted from kidney and heart tissues of 4-, 12-, and 20-week-old male hypertensive (BPH/2J)
and normotensive (BPN/3J) mice. Relative telomere length (T/S) was measured using quantitative PCR.
Age was inversely correlated with telomere length in both strains. In 4-week-old pre-hypertensive animals,
no difference in T/S was observed between BPH/2J and BPN/3J animals in kidney or heart tissue (kidney
p = 0.14, heart p = 0.06). Once the animals had established disease, at 12 and 20 weeks, BPH/2J mice
had significantly shorter telomeres when compared to their age-matched controls in both kidney (12 weeks
p < 0.001 and 20 weeks p = 0.004) and heart tissues (12 weeks p < 0.001 and 20 weeks p < 0.001). This is
the first study to show that differences in telomere lengths between BPH/2J and BPN/3J mice occur after
the development of hypertension and do not cause hypertension in the BPH/2J mice.
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Telomeres are repetitive DNA sequences that are located at
both ends of each chromosome. They function to protect
the ends of the chromosome, maintaining genome stability
and integrity. In somatic cells, telomeres shorten with ev-
ery cell division, and when telomeres reach a critical length,
they activate DNA damage checkpoints, which in turn in-
duce senescence or apoptosis. Telomere shortening occurs
during human aging and as such telomere length is widely
considered as a marker of biological ageing (Blackburn,
2001). Telomere length is influenced by a number of en-
dogenous factors such as cell division, oxidative stress, and
inflammation, as well as by environmental factors including
poor lifestyle (Valdes et al., 2005) and psychological stress
(O’Donovan et al., 2012).

Clinical studies have reported associations between
shorter leukocyte telomere length and cardiovascular dis-
eases such as hypertension (Demissie et al., 2006; Yang et al.,
2009) and diabetes (Astrup et al., 2010). These studies mea-
sured telomere length in individuals with established dis-
ease and in leukocytes where rapid cell division frequently
occurs. Although studies have demonstrated that the rate of
telomere attrition is similar across different tissues within
an individual (Daniali et al., 2013; Kuznetsova et al., 2010),
they do not tell us whether the individuals who end up with
disease had shorter telomeres prior to the onset of disease. A

study in telomerase-deficient mice (Terc-/-) has shown a link
between shorter telomeres and hypertension (Perez-Rivero
et al., 2006). These mice show progressive telomere shorten-
ing in successive generations. First generation Terc-/- mice
have long telomeres and normal phenotypes, whereas third
generation Terc-/- have significantly shorter telomeres and
increased blood pressure (Perez-Rivero et al., 2006). Taken
together, this would suggest that telomere shortening could
contribute to the development of hypertension.

The BPH/2J mice are a genetic model of hypertension
developed in the 1970s by Schlager (1974). These mice were
selectively bred for elevated blood pressure alongside a nor-
motensive (BPN/3J) line, from a base population of eight
inbred strains of mice. The BPN/3J strain is a widely ac-
cepted control for the hypertensive BPH/2J strain (Dav-
ern et al., 2009; Friese et al., 2005; Jackson et al., 2014).
The BPH/2J strain parallels human hypertension, with in-
creased blood pressure, heart rate, endothelial dysfunc-
tion, and reduced survival, compared to the normotensive
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BPN/3J control strain (Schlager & Sides, 1997). The BPH/2J
mice are pre-hypertensive at 4 weeks (Friese et al., 2005)
and have been shown to exhibit increased blood pressure at
7 weeks of age, when compared to the normotensive con-
trols (BPN/3J) (Schlager & Sides, 1997). We have previously
shown that at 12 weeks of age, systolic blood pressure is on
average 34 mmHg higher in BPH/2J male mice, compared
with BPN/3J mice of the same age (Chiu et al., 2014). Ra-
diotelemetry studies on 20-week-old males have also shown
that blood pressure in BPH/2J mice is consistently high and
in BPN/3J mice is consistently normal (Davern et al., 2009;
Jackson et al., 2014). The genetic backgrounds of the two
strains are not identical and there is evidence that variation
in candidate genes, such as Hmgcr (Sonawane et al., 2011)
and Agtr1a (Wong et al., 2003), contribute to the differences
in phenotype between the two strains. Apart from these sin-
gle gene studies, the underlying genetic basis of disease in
the BPH/2J strain is not known.

We hypothesize that spontaneously hypertensive
Schlager mice will have shorter telomeres compared to
age-matched normotensive controls. This shortening will
precede the onset of hypertension and may contribute to
the high blood pressure seen in these animals. The aim of
this study was to measure and compare telomere length in
kidney and heart tissues in hypertensive and normotensive
mice at pre-disease and established disease time points to
determine whether telomere length differs between the
strains before and after the onset of disease.

Methods
Animal Model and Tissue Collection

This study involved Schlager BPH/2J and BPN/3J mice. We
and others have previously used radiotelemetry to show
that the BPH/2J strain consistently exhibits high blood pres-
sure at 12 and 20 weeks of age (Chiu et al., 2014; Davern
et al., 2009; Jackson et al., 2014; Schlager & Sides, 1997).
To avoid introducing changes in telomere length and gene
expression due to stress handling from blood pressure mea-
surement, blood pressure was not directly measured in the
animals used in this study. Kidney and heart tissues were
collected from male BPH/2J and BPN/3J mice during the
inactive period, which corresponds to the trough in di-
urnal blood pressure, at 4, 12, and 20 weeks of age (n =
8/age/strain). Mice were euthanized via cervical dislocation
and tissues were snap frozen in liquid nitrogen and stored
at −80 °C. This study had the University of Western Syd-
ney Animal Ethics Committee approval (ARA7980) and all
efforts were made to minimize suffering.

Relative Telomere Length (T/S)

Tissues were mechanically disrupted in the deep frozen
state and genomic DNA was isolated using the Qiagen
Blood and Tissue Mini Kit (Qiagen, Germany) accord-
ing to the manufacturer’s recommendations, quantified

using the NanoPhotometer (Implen, Germany) and stored
at −80 °C. Telomere repeat copy number (T) to single-copy
gene copy number (S) ratio (T/S ratio) was determined
by real-time quantitative PCR using the Power SYBR Mix
(Applied Biosystems, Life Technologies USA), as previously
described (Callicott & Womack, 2006). It uses the acidic ri-
bosomal phosphoprotein PO (36B4) gene as the single copy
gene, as it is well conserved and has been used for gene
dosage studies (Callicott & Womack, 2006). The PCR re-
actions were carried out in a MxPro3005P Real Time PCR
System (Stratagene, Agilent Technologies, USA) under the
following conditions 95 °C–10 min; 40 cycles (95 °C–30 sec;
60 °C–1 min); followed by a dissociation curve. All samples
were run in triplicate. Cycle threshold (Ct) values for each
sample were calculated using the MxPRo QPCR software
(Stratagene, Agilent Technologies, USA). Triplicate Ct val-
ues were averaged and the quantity of each sample was cal-
culated using the delta–delta Ct method. Telomere length
was given as the T/S ratio. To minimize plate-to-plate vari-
ation, comparisons between groups were limited to samples
that were run on the same plate.

Quantitative PCR

RNA was extracted from homogenized tissue, as previously
described. cDNA was synthesized using the SensiFAST
cDNA synthesis kit (Bioline, AUS) as per the manufacturer’s
recommendations. Telomerase reverse transcriptase (Tert),
telomerase RNA component (Terc), and beta actin (bAct)
expression were quantified using the following Taqman
assays; mTert Mm00436931_m1, mTerc Mm01261365_s1,
bAct Mm00607939_s1, and the Taqman R© Gene Expression
Master mix (Applied Biosystems, Life Technologies, USA)
as per manufacturer’s protocol. All samples were run in trip-
licate, and triplicate Ct values were averaged and the quan-
tity of each sample was calculated using the delta–delta Ct
method.

Statistical Analysis

Statistical analysis was performed with PASW Statistics ver-
sion 22 and GraphPad Prism version 6. Analyses of vari-
ance using Tukey’s multiple comparisons test was used to
compare telomere length between ages within the same
strain and an adjusted p value of <0.05 was considered sig-
nificant. Analysis of covariance was used to test whether
there was a difference in the rate of telomere shortening be-
tween the strains. A general linear model was used to com-
pare data between hypertensive (BPH/2J) and normoten-
sive (BPN/3J) groups at each time point using a significance
level of p < 0.01 to account for multiple comparisons. Re-
sults are expressed as mean ± standard error.

Results
This study measured relative telomere length in kidney
and heart tissues in male BPH/2J and BPN/3J mice at a
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FIGURE 1
Telomere length (T/S) ratio in kidney and heart tissues from BPNH/3J and BPH/2J mice at 4, 12, and 20 weeks of age (n = 8/strain/age).
Notes: (A) Kidney, 4 weeks. (B) Kidney, 12 weeks. (C) Kidney, 20 weeks. (D) Heart, 4 weeks. (E) Heart, 12 weeks. (F) Heart, 20 weeks.
Data expressed as mean ± SE.

pre-hypertensive age and during established disease. In 4-
week-old pre-hypertensive animals, no significant differ-
ence in telomere length was observed between BPH/2J and
BPN/3J kidney or heart tissue (Figure 1A and B). At 12 and
20 weeks of age, established disease time points, signifi-
cant differences in telomere length were observed between
BPH/2J and BPN/3J mice (Figure 1C–F). BPH/2J mice
had significantly shorter telomeres when compared to age
matched BPN/3J normotensive controls. This pattern was
consistent in kidney and heart tissues. When we compared
telomere length within strains, 4-week BPN/3J kidneys had
significantly longer telomeres when compared to 20-week

BPN/3J kidneys (Figure 2A). In BPN/3J hearts, 4-week
hearts had significantly longer telomeres when compared
to 12- and 20-week hearts (Figure 2B). In BPH/2J kidneys,
telomeres were significantly longer in 4-week kidneys when
compared to 12- and 20-week kidneys (Figure 2C). Simi-
larly, in BPH/2J hearts, telomeres were significantly longer
in 4-week hearts when compared to 12- and 20-week hearts
(Figure 2D). There was also a statistically significant differ-
ence in the rate of telomere length shortening between hy-
pertensive and normotensive groups in both kidney (p <

0.001) and heart (p < 0.001), with a faster rate of shorten-
ing in the hypertensive group.
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FIGURE 2
Telomere length (T/S ratio) in kidney and heart tissues between age groups over time in BPN/3J and BPH/2 mice (n = 8/strain/age).
Notes: (A) Kidney telomere length in BPN/3J mice. (B) Heart telomere length in BPN/3J mice. (C) Kidney telomere length in BPH/2J
mice. (D) Heart telomere length in BPH/2J mice. Data expressed as mean ± SE and adjusted p values are reported.

The expression of telomerase subunits Tert and Terc
were measured in kidney and heart tissues in BPN/3J and
BPH/2J mice. The expression of Tert in the kidney did not
differ between strains at any time point (Figure 3A, C, and
E). In heart tissue, little (Ct≥38) or no Tert expression was
observed at any time point. Terc expression in the kidney
and heart did not differ between strains at any time point
(Figure 3B, D, and F).

Discussion
This study aimed to determine if BPH/2J hypertensive
mice had shorter telomeres when compared to age-matched
BPN/3J controls, and whether shorter telomeres occurred
prior to the onset of hypertension in these mice. Telom-
ere length in pre-hypertensive BPH/2J mice did not differ
when compared to age-matched BPN/3J mice in either tis-
sue. At an established disease time point, telomere length
was significantly shorter in BPH/2J mice compared to their
normotensive controls in both kidney and heart tissues.
Within strains, telomere length decreased with age, which is

consistent with reports that show telomere length decreases
with increased age (Blackburn, 2001).

Numerous clinical studies have associated shorter telom-
eres with cardiovascular diseases, including hypertension
(Demissie et al., 2006; Yang et al., 2009), type 1 and 2 di-
abetes (Astrup et al., 2010; Zhao et al., 2013), and stroke
(Jiang et al., 2013). The majority of these studies have
been cross-sectional and were unable to determine whether
shorter telomeres are present prior to disease onset. This is
the first study to compare telomere length in BPH/2J and
BPN/3J prior to disease and after the onset of disease.

The BPH/2J hypertensive mice are pre-hypertensive at
4 to 5 weeks of age (Friese et al., 2005), with blood pres-
sure increases occurring at 7 weeks of age (Schlager & Sides,
1997). We and others have previously shown that blood
pressure is significantly higher in BPH/2J mice at 12 and
20 weeks of age when compared to age-matched BPN/3J
mice (Chiu et al., 2014; Jackson et al., 2014). In the
present study, we show that there is no significant
difference in telomere length in the kidney or heart
prior to the onset of hypertension, and differences in
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FIGURE 3
The expression of telomerase genes Tert and Terc in kidney and heart tissues from BPN/3J and BPH/2J mice, with expression plotted
relative to BPN/3J. Notes: (A) Expression of Tert mRNA in 4-week-old kidneys relative to BPN/3J. (B) Expression of Tert mRNA in 12-week-
old kidneys relative to BPN/3J. (C) Expression of Tert mRNA in 20-week-old kidneys relative to BPN/3J. (D) Expression of Terc mRNA in
4-week kidneys and hearts. (E) Expression of Terc mRNA in 12-week kidneys and hearts. (F) Expression of Terc mRNA in 20-week kidneys
and hearts. Data expressed as mean ± SE.

telomere length are only evident after the onset of disease.
This indicates that the shorter telomeres in BPH/2J mice
are associated with the presence of hypertension in these
animals.

Alterations in genes that maintain telomere length dur-
ing the cell cycle may also contribute to the telomere at-
trition observed in the BPH/2J mice. Telomerase, the en-
zyme that synthesizes and maintains telomeres, is made up
of two components, telomerase reverse transcriptase (Tert)

and the telomerase RNA component (Terc). In the present
study, no difference in Tert or Terc expression was observed
between the two strains, this would suggest that telomerase
dysfunction is unlikely to contribute to reduced telomere
length in the BPH/2J mice.

In this study, telomere length was measured in kidney
and heart tissues as these organs are major regulators of
blood pressure. Although multiple cell types are present
within these tissues, previous studies have shown that
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age-dependent telomere shortening is similar across differ-
ent tissues within an individual, particularly between pro-
liferative (leukocytes) and low proliferative (muscle) tis-
sues (Daniali et al., 2013; Kuznetsova et al., 2010). How-
ever, these studies do not address whether the rate of telom-
ere shortening across organs remains similar during dis-
ease. We observed similar patterns of telomere shorten-
ing in kidney and heart tissues within the BPH/2J strain,
which is consistent with previous findings (Daniali et al.,
2013).

Environmental factors that are known to modulate
telomere length, including lifestyle and cardiovascular risk
factors, make it difficult to determine the relationship be-
tween telomere length and disease. These lifestyle risk fac-
tors may also contribute to reduced telomere length. How-
ever, the use of inbred mouse strains in this study helped to
decrease the effect of environmental confounders. A limi-
tation of our study was that telomere length could not be
measured within the same animal before and after the on-
set of hypertension. The use of inbred mouse strains and
identical environmental conditions partially overcame this
problem. Furthermore, the use of quantitative PCR to mea-
sure relative telomere length must also be acknowledged as
a limitation; however, it has been reported that this method
is reliable and the results are comparable to other tech-
niques (Marques et al., 2015). Studies have also reported
that telomere length can vary depending on the method of
DNA extraction (Denham et al., 2014). To minimize vari-
ation, all samples were collected and extracted using the
same method, and samples that were directly compared
were run on the same plate. Finally, although there are sim-
ilarities between mice and humans for association between
telomere attrition and aging, rodent telomeres are signifi-
cantly longer (5 to 10 times longer) than human telomeres
and this difference should be taken into account when in-
terpreting the result of these studies in relation to human
phenotypes (Calado & Dumitriu, 2013).

The BPH/2J mice are a model of neurogenic hyperten-
sion and have been shown to exhibit exaggerated activ-
ity of the sympathetic nervous system in response to ad-
verse stress (Davern et al., 2010). Clinical studies have as-
sociated chronic psychological stress and anxiety disorders
with accelerated telomere shortening (Hoen et al., 2013;
O’Donovan et al., 2012) and increased risk of hypertension
(Bacon et al., 2014). Production of reactive oxygen species
and oxidative stress has also been shown to mediate in-
creased sympathetic nervous activity, leading to increased
blood pressure (Ye et al., 1997). Oxidative stress plays an im-
portant role in the pathophysiology of hypertension, with
the generation of reactive oxygen species in the kidneys
being a contributing factor in the development of disease
(Mathis et al., 2012; Taylor et al., 2006). Studies in Dahl salt-
sensitive rats and spontaneously hypertensive rats (SHR),
both established animal models of hypertension, have re-
ported increased levels of oxidative stress with reduced

telomere lengths in the kidney (Baumann et al., 2008) and
heart (Oyama et al., 2012). Furthermore, treatment with an
angiotensin II receptor antagonist was associated with re-
duced oxidative stress and increased telomere length in the
SHR (Baumann et al., 2008). Oxidative stress has also been
associated with reduced telomere length, with increases in
levels of reactive oxygen species correlating with reduced
telomere length (Richter & von Zglinicki, 2007).

In the BPN/3J and BPH/2J strains, gene expression pro-
filing in 12-week-old animals have reported that fatty acid
oxidation processes and oxidoreductase activity pathways
are enriched in the heart and kidneys of BPH/2J animals
(Chiu et al., 2014; Puig et al., 2010). This would indicate that
oxidative stress pathways are activated in the hypertensive
BPH/2J animals. Therefore, we propose that the pathways
that regulate sympathetic vascular tone in response to ad-
verse stress and the production of reactive oxygen species
in response to stress could also contribute to shorter telom-
eres. Investigation of markers of oxidative stress in these
animals and whether ablation of the production of reac-
tive oxygen species can prevent telomere shortening are
required.

In summary, contrary to our original hypothesis, the
BPH/2J hypertensive mice develop shorter telomeres after
the onset of hypertension. Further studies are needed to de-
termine whether the difference in telomere length is a prod-
uct of increased oxidative stress caused by stress, age, and
disease, or other mechanisms.
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