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ABSTRACT
The role of telomeres and telomerase in human biology has been studied since the
early 1990s because telomere attrition is implicated in various diseases including
cardiovascular dysfunction, carcinogenesis, and the progression of acute kidney
injury. Telomeric length is a reliable indicator of intrinsic biologic age and a
surrogate for the mitotic clock. Because the prevalence of chronic kidney disease
increases with age, telomere length and telomerase activity may play a role in its
progression.
J Am Soc Nephrol 22: 39 –41, 2011. doi: 10.1681/ASN.2010060662

Most human cells have a limited lifespan
that is controlled by cell cycle progression and the mitotic clock.1,2 Because of
the inability of DNA polymerase to fully
replicate lagging chromosome strands,
there is a loss of 50 –100 bp of DNA with
each successive cell division.3,4 Telomeres, which ultimately determine the
organism’s biologic age, comprise tandem TTAGGG repeats of 5000 to 15,000
bp that normally reside at the ends of
chromosomes as protective caps.5,6 The
nuclear role of telomeres is to prevent
chromosome ends from being identified
as double strand breaks in DNA, thus
limiting chromosome shortening and recombination. The length of telomeres is
regulated by telomerase, which catalyzes
the addition of telomeric repeats to the 3⬘
ends of chromosomes to preserve their
integrity.3
Telomerase was discovered in 1989;
however, the cellular pathways involved
in its biosynthesis and recruitment are
still unclear.7 The structure of human telomerase was identified in 2007 and
comprises two primary components: telomerase reverse transcriptase and telomerase RNA.8 The telomerase reverse
transcriptase protein catalyzes the addiJ Am Soc Nephrol 22: 39–41, 2011

tion of deoxynucleotide triphosphates,
whereas telomerase RNA encodes the
complementary telomere template. Telomerase is active throughout embryogenesis but is downregulated during tissue differentiation, leaving the majority
of mature human cell types with a limited response. Consequently, mature
telomeres tend to progressively shorten
with every cell division, eventually resulting in nuclear instability followed by
senescence or apoptosis.9
Cellular senescence is a state of growth
arrest in which cells remain metabolically
active but refractory to mitogenic stimuli.
Replicative senescence can be accelerated
by oxidative stress, which induces telomeric attrition.10 As telomeres reach a critically short length, they are recognized as
damaged chromosomes, activating tumor
suppressor protein p53 and cell cycle inhibitor p16INK4a.11 The activation of p53
leads to overexpression of the cyclin-dependent kinase (CDK) inhibitor, p21. The
p21 protein binds to and inhibits the activity of CDK2/4, resulting in cell cycle G1phase arrest. Similarly, p16INK4a inhibits
CDK4 to prevent recurrent cellular proliferation. Among people over the age of 60,
the expression levels of p53 and p16INK4a

are elevated, with serious implications for
repair and regeneration of vital organs, including the kidneys.1,11,12
The decline of renal function in the
elderly is well documented and characterized by multiple phenotypes including
decreased GFR, increased vascular resistance, decreased renal blood flow, and a
20 to 25% loss of renal mass (Table 1).13
During aging, telomere length decreases
more rapidly in the renal cortex than in
the medulla, contributing to the cortical
scarring and glomerular senescence observed in aging kidneys.14 Aging also associates with multiple diseases, including
stroke and congestive heart failure, which
are comorbid with kidney failure.15 Patients with heart failure have significantly
shorter telomeres, suggesting it may be
one factor affecting the sensitivity of the
kidney to injury.16 In addition to age-dependent telomere shortening, factors
such as oxidative stress and dysregulation of the renin-angiotensin system
(RAS) can decrease telomere length and
increase the intrinsic biologic age.17
Whereas the RAS regulates BP and ion
balance and is critical in maintaining renal physiology,18 the dysregulation of
RAS results in oxidative stress and inflammation,19 which contributes to de-
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Table 1. Renal dysfunctions with a
telomeric contribution
Renal senescence
2 glomerular filtration rate
2 urinary concentrating/diluting ability
2 urinary acidification
Impaired potassium clearance
Glomerular senescence
Renal cysts
Fibrosis
Glomerulosclerosis
Renal cell carcinoma
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nign tumors, whereas 90% of human cancers are telomerase positive.27 This observation has led to the use of telomerase
levels as a tumor marker for both early
detection and prediction of clinical outcome. In a 2001 study of telomerase activity in urologic malignancy, telomerase
levels were elevated in 90% of bladder,
80% of prostate, and 69% of renal carcinomas.4 Elevated telomerase activity was
also detected in the urine samples of
these patients, suggesting it may be used
as an early marker for bladder cancer.
The impacts of telomere length and
activity on human health will continue to
receive attention as the elderly population increases. This is of particular concern in vulnerable organs of the cardiovascular system. In addition to aging,
lifestyle choices such as high stress and
poor diet correlate with decreased telomere length and detrimental health outcomes.28 Pharmacologic activation of telomerase has been suggested as a treatment
for certain diseases and as a nutritional
supplement to delay the aging process.

So

creased telomere length and renal fibrosis.20
Impaired immunity is a predictor of
morbidity and mortality in elderly populations, and inflammation also contributes risk for chronic kidney disease.21
Unlike the majority of somatic cells, the
cells of the immune system are highly
proliferative and therefore require maintenance of telomere length. Lymphocytes have the ability to upregulate telomerase activity, thereby prolonging
their lifespan.22 Aging, oxidative stress,
and chronic inflammation can cause
lymphocyte telomeres to shorten, resulting in immune cell senescence and compromised T-cell function. This immunosuppression can increase susceptibility to
kidney infection and injury. Alternatively, persistent immune cell activation
engages fibroblasts, resulting in excess
collagen deposition, renal fibrosis, and
pathologic tissue repair.23 When telomere length diminishes in lymphocytes,
a potential outcome is a decreased T-cell
response. This may ultimately contribute
to kidney diseases, such as glomerulosclerosis, and impede renal regeneration.14
The relationship between telomere
shortening and decreased renal repair
and regeneration after injury is an area of
increasing study.24 The progression from
renal injury to end-stage kidney disease
is more prevalent in the elderly than in
young people and is likely caused by a
decrease in repair responses with aging.
Westhoff et al.12 reported that, compared
with wild type, mice lacking functional
telomerase have marked reductions in
renal function and regeneration 7 to 30
days after ischemia-reperfusion injury.

This study suggested that shortened telomeres contribute to increased renal injury and decreased recovery after insult.
As stated above, telomere attrition causes
chromosome instability, cellular senescence, and apoptosis, all of which prevent normal cell function and contribute
to disruption of organ homeostasis.2,9
As telomeres become shorter, chromosomes become compromised, and
cells assume more unstable phenotypes.
Although this instability typically triggers senescence, the loss of tumor suppressor genes through the acquisition of
mutations can result in an extended life
span,25 potentially leading to cancer initiation and progression.4 To acquire
their unlimited potential for proliferation, tumors cells must attenuate the pressure on telomere shortening, thereby
avoiding perpetual instability and cell
death.26 Telomerase activation is one
mechanism by which tumor cells overcome successive telomere shortening. For
example, low or undetectable telomerase
activity is seen in most normal tissue or be-
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Figure 1. Changes in telomere length with successive cell divisions.29 In somatic cells,
a portion of the telomere is lost during each progressive cell replication. Eventually the
telomeres become critically short, resulting in the activation of p53 and p16INK4a.
Activation of p53 leads to the overexpression of p21. Both p21 and p16INK4a are
cyclin-dependent kinase inhibitors that prevent continual cell proliferation and cause
senescence. Inactivation of p53 and/or p16INK4a enables cells to bypass senescence,
which results in continued telomere attrition and genetic instability, eventually leading
to cell crisis and apoptosis. Cells able to survive crisis by activating telomerase can
stabilize telomere length and continue to replicate indefinitely, thus risking malignant
transformation. Stem cells and highly proliferative cells like lymphocytes normally have
some telomerase activity, allowing them to maintain telomere length for a longer
period of time.
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However, there is significant concern
about the carcinogenic effects of these
potential remedies; the inhibition of telomerase activity is considered a viable
treatment for preventing tumor malignancy. Although promising for the treatment of some tumors, anti-telomerase
therapy does have potential deleterious
effects on highly proliferative cell types
such as lymphocytes. This paradox highlights the conflict between the ability of
telomerase to minimize biologic aging
versus increasing cancer risk (Figure 1).29
Nonpharmaceutical interventions are
another potential solution to prevent
telomere attrition. Activities such as
moderate exercise and caloric restriction19 decrease the speed of premature
telomere shortening, possibly because of
a decrease in oxidative stress and an increase in antioxidant defenses.30 Ultimately, telomere length and telomerase
activity may be modifiable factors with
the potential to substantially improve renal health outcomes.
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7. Gilson E, Ségal-Bendirdjian E: The telomere
story or the triumph of an open-minded research. Biochimie 92: 321–326, 2010
8. Cohen SB, Graham ME, Lovrecz GO, Bache
N, Robinson PJ, Reddel RR: Protein composition of catalytically active human telomerase from immortal cells. Science 315: 1850 –
1853, 2007
9. Melk A, Ramassar V, Helms LMH, Moore
RON, Rayner D, Solez KIM, Halloran PF:
Telomere shortening in kidneys with age.
J Am Soc Nephrol 11: 444 – 453, 2000
10. Voghel G, Thorin-Trescases N, Mamarbachi
AM, Villeneuve L, Mallette FA, Ferbeyre G,
Farhat N, Perrault LP, Carrier M, Thorin E:
Endogenous oxidative stress prevents telomerase-dependent immortalization of human endothelial cells. Mech Age Devel 131:
354 –363, 2010
11. Zhou X, Saxena R, Liu Z, Vaziri N, Silva F:
Renal senescence in 2008: progress and
challenges. Int Urol Nephrol 40: 823– 839,
2008
12. Westhoff JH, Schildhorn C, Jacobi C,
Homme M, Hartner A, Braun H, Kryzer C,
Wang C, von Zglinicki T, Kranzlin B, Gretz N,
Melk A: Telomere shortening reduces regenerative capacity after acute kidney injury.
J Am Soc Nephrol 21: 327–336, 2010
13. Goyal VK: Changes with age in the human
kidney. Exp Gerontol 17: 321–331, 1982
14. Yang H, Fogo A: Cell sensecence and the
aging kidney. J Am Soc Nephrol 21: 1436 –
1439, 2010
15. Anderson S, Halter JB, Hazzard WR, Himmelfarb J, Horne FM, Kaysen GA, Kusek JW,
Nayfield SG, Schmader K, Tian Y, Ashworth
JR, Clayton CP, Parker RP, Tarver ED, Woolard NF, High KP: Prediction, progression,
and outcomes of chronic kidney disease in
older adults. J Am Soc Nephrol 20: 1199 –
1209, 2009
16. Huzen J, de Boer RA, van Veldhuisen DJ,
van Gilst WH, van der Harst P: The emerging
role of telomere biology in cardiovascular
disease. Front Biosci 15: 35– 45, 2010

SCIENCE IN RENAL MEDICINE

17. Vasan RS, Demissie S, Kimura M, Cupples
LA, Rifai N, White C, Wang TJ, Gardner JP,
Cao X, Benjamin EJ, Levy D, Aviv A: Association of leukocyte telomere length with
circulating biomarkers of the renin-angiotensin-aldosterone system: The Framingham
Heart Study. Circulation 117: 1138 –1144,
2008
18. Peti-Peterdi J, Harris RC: Macula densa
sensing and signaling mechanisms of renin
release. J Am Soc Nephrol 21: 1093–1096,
2010
19. Hao CM, Haase VH: Sirtuins and their relevance to the kidney. J Am Soc Nephrol 2010
20. Baumann M, Bartholome R, Peutz-Kootstra
CJ, Smits JF, Struijker-Boudier HA: Sustained tubulo-interstitial protection in SHRs
by transient losartan treatment: an effect of
decelerated aging? Am J Hypertens 21:
177–182, 2008
21. Andrews NP, Fujii H, Goronzy JJ, Weyand
CM: Telomeres and immunological diseases
of aging. Gerontology 56: 390 – 403, 2010
22. Weng NP: Telomere and adaptive immunity.
Mech Ageing Dev 129: 60 – 66, 2008
23. Hogaboam CM, Steinhauser ML, Chensue
SW, Kunkel SL: Novel roles for chemokines
and fibroblasts in interstitial fibrosis. Kidney
Int 54: 2152–2159, 1998
24. Ju Z, Rudolph KL: Telomeres and telomerase in stem cells during aging and disease.
Genome Dyn 1: 84 –103, 2006
25. Muller RU, Fabretti F, Zank S, Burst V, Benzing T, Schermer B: The von Hippel Lindau
tumor suppressor limits longevity. J Am Soc
Nephrol 20: 2513–2517, 2009
26. Finkel T, Serrano M, Blasco MA: The common biology of cancer and ageing. Nature
448: 767–774, 2007
27. Kim NW, Piatyszek MA, Prowse KB, Harley
CB, West MD, Ho PL, Coviello GM, Wright
WE, Weinrich SL, Shay JW: Specific association of human telomerase activity with immortal cells and cancer. Science 266: 2011–
2015, 1994
28. Epel E, Blackburn EH, Lin J, Dhabhar FS,
Adler N, Morrow JD, Cawthon RM: Accelerated telomere shortening in response to life
stress. Proc Nat Acad Sci USA 101: 17312–
17315, 2004
29. Moon IK, Jarstfer MB: The human telomere
and its relationship to human disease, therapy and tissue engineering. Front Biosci 12:
4595– 4620, 2007
30. Puterman E, Lin J, Blackburn E, O’Donovan
A, Adler N, Epel E: The power of exercise:
Buffering the effect of chronic stress on telomere length. PLoS One 5: e10837, 2010

Telomeres in Renal Health

41

