Curr Tran Geriatr Gerontol Rep (2012) 1:121-127
DOI 10.1007/s13670-012-0013-6

BIOMARKERS IN THE CLASSIFICATION OF BIOLOGICAL HEALTH AND DISEASE AGING (Y SHEN, SECTION EDITOR)

Use of Telomere Length as a Biomarker for Aging

and Age-Related Disease

Michael Fossel

Published online: 13 April 2012
© Springer Science+Business Media, LLC 2012

Abstract Telomeres (measured as leukocyte telomere length)
can be effective and useful biomarkers for general aging status,
for age-related disease diagnosis, and for disease status, but
they are less effective as predictive biomarkers for patient
mortality. Recent work also suggests that we may be able to
intervene in this biomarker by re-lengthening telomeres, and
that this intervention may have significant clinical benefits. A
great deal remains unknown regarding the limits of telomere
lengths as clinical biomarkers and the limits of interventions
aimed at re-lengthening human telomeres.

Keywords Telomeres - Aging - Telomerase - Age-related
disease - Biomarkers

Introduction

Aging and age-related diseases are often difficult to assess
clinically, particularly in giving an accurate prognosis and
estimate of mortality or in choosing an optimal intervention,
prompting the use of biomarkers. In assessing a particular
aging patient, the earliest and most common marker has
simply been the patient’s chronologic age. It is readily
available, noninvasive, numeric, and generally both reliable
and valid; we assess aging by the number of years since the
patient’s birth.

That chronologic age is simply a biomarker, and not the
actual clinical result itself, is evident in the clinical truism that
the rate of aging varies between patients and that the rate of
aging varies within patients when comparing different organs
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or body systems within a single patient. We attribute the
disparity between chronologic age and clinical age to genetic
proclivities, microbial (and other) disease history, nutri-
tion, environmental exposures, and a host of other
individualizing factors.

The result is that not only do patients age at different rates,
but within individual patients, tissues and organs likewise vary.
One patient will lack cardiovascular pathology, yet have severe
impairment due to osteoarthritis; another will have remarkably
young-appearing skin, yet suffer from advanced Alzheimer’s
dementia. Patients and their systems vary. Though still useful,
chronological age is an inaccurate biomarker, prompting the
search for biomarkers with greater clinical utility and specific-
ity, the better to assess current disease status, predict outcomes,
and guide effective interventions.

As aresult, clinicians currently use a plethora of (variably
effective) biomarkers (eg, age, serum metabolite levels,
physiological measures, and functional tests) to clarify and
define the aging characteristics of patients. The more apt the
biomarker we choose, the better is our ability to intervene in
age-related clinical diseases.

Defining Useful Biomarkers

While any number of biomarkers can (and have been)
defined, appropriate biomarkers share several practical
characteristics:

First, a good biomarker must be reliably and sufficiently
correlated with the underlying disease process. Cholesterol
levels, for example, are generally (but not uniformly) corre-
lated with atherosclerotic disease and with the risk of death
due to that disease. There are clinical examples of patients
with low cholesterol levels and high risk of mortality due to
coronary artery disease (eg, Hutchinson-Gilford Progeria)
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[1] and of patients with high cholesterol who outlive their
physicians. Equally to the point, there has been at least one
example of a commercial drug that lowered serum choles-
terol, yet raised mortality. Serum cholesterol is, in a general
sense, a useful biomarker for mortality, and specifically
coronary arterial disease, yet it has limits.

Second, a good biomarker must be clinically practical (ie,
easy to obtain in both clinical and financial terms). One
might argue that the best (ie, most sensitive and specific)
biomarker for Alzheimer’s dementia is based on a forebrain
biopsy of the patient, but a neuropsychiatric evaluation, a
family history, and identification of the apolipoprotein (apo)
E alleles are much easier to obtain, and therefore constitute
the more practical biomarkers. At the other extreme, chro-
nologic age is easy to obtain, but has a lower predictive
value than other biomarkers.

This, a good biomarker should vary with the particular
disease (or tissue, organ, cell type) of interest, rather than
reflect wholesale clinical status. A patient’s chronological
age may be good overall indicator of aging status, but it does
not distinguish patients who are more likely to suffer from
arterial aging versus those who are more likely to suffer
from joint aging. In these diseases, we prefer a focal bio-
marker that indicates the specific status of the specific organ
or tissue in question. A biomarker should tell us not only
that our patient has a disease, but also which disease our
patient has.

Finally, optimally, a biomarker will guide clinical inter-
vention. If a biomarker sufficiently reflects the underlying
process that it can serve as a surrogate point of intervention,
then we want to be capable of providing such intervention.
This is not always feasible; in the case of coronary artery
disease, we know of at least three major variables that we
can use as practical targets for clinical intervention (blood
pressure, serum cholesterol, and smoking), but the most
important biomarker (the risk factor of family history) is
not amenable to clinical intervention. We prefer biomarkers
that are not only accurate and easy to obtain, but are targets
for clinical intervention. Family history is a good biomarker
for predicting disease, but it lacks this final, highly desirable
characteristic of permitting intervention. In this particular
example, the underlying alleles would be a better biomarker
(once practical genetic therapy is available) than the sim-
plistic biomarker of family history.

Telomeres in a Clinical Perspective

Telomeres have been suggested as age-related biomarkers
and as points for targeted clinical intervention for at least
15 years [2, 3], and the underlying genetic mechanisms and
potential clinical utility have been reviewed elsewhere [4,
5]. Telomere lengths are determined by inheritance [6], but
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also affected by environmental factors [7]. There is a large
and rapidly growing body of data showing that telomere
lengths are directly related not only to cell aging, but to
tissue and organ aging as well, and telomere length has been
implicated in human age-related diseases, all of which was
reviewed in extensive detail in a clinical textbook [8].
Despite the early clinical promise of telomeres as both
diagnostic and therapeutic targets, initial reception was
limited to basic research, with very little translational
work into clinical medicine. Recently, this has begun to
change, with a growing appreciation of the potential value
for predicting clinical progression and disease severity, as
well as translational research and intervention [9¢].

In a more minatory vein, however, telomeres are once
again the darling not only of the research community, but
also of the public media as well, prompting considerable
interest and many (usually unsubstantiated) public claims
for clinical intervention. The medical community itself
has shown a growing interest, limited by available clinical
data and by commercially available techniques to assess
telomere lengths. While several techniques have been
available to measure telomere lengths within the research
context, within the past year, two commercial enterprises,
both founded by key telomere researchers, have begun to
offer telomere length measurements to clinicians [10].
The first of these, Telome Health, was founded by Calvin
Harley and Elizabeth Blackburn (www.telomehealth.
com); the second, Life Length, was founded by Maria
Blasco (www.lifelength.com). These enterprises are based
on the belief that telomere lengths may serve as an
appropriate biomarker for aging or for age-related diseases,
and that this knowledge may have significant implications
for clinical medicine.

Measuring Telomere Lengths: Techniques

To what extent are these claims justified in a clinical con-
text? The answer to this question depends not only upon the
implications of telomere lengths for aging and age-related
disease, but also upon the reliability and validity of the
techniques used to measure telomere lengths. Two techni-
ques are available for clinical use at this time: quantitative
FISH (fluorescence in situ hybridization) and polymerase
chain reaction (PCR). Most current clinical data is based on
the FISH technique, which measures the mean telomere
lengths of a cell sample. Although having less available
clinical data for comparison, the PCR technique offers both
a mean and a value for the shortest telomeres in the sample.
The FISH technique can be adapted to very small clinical
samples, including saliva; both can be done on blood sam-
ples. Within those limitations, both techniques are probably
both sufficiently reliable to permit effective clinical use,
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while the issue of validity (as an appropriate biomarker) will
be discussed further later in this article.

Telomeres can be used as a biomarker, but is the measure-
ment reliable? In the case of telomere lengths, unreliability can
derive from several sources: inherent variation between sam-
ples of a single patient over time, variation between different
techniques, and variation between different laboratories using
the same technique. Several authors have noted that the meas-
urements of telomere lengths in a single patient may vary over
time, not only with the expected slow erosion of telomere base
pairs with age, but also with an oscillation pattern or with
other patterns that may be related to infection, environmental
stress, and other factors. Svenson et al. [7], for example, found
a 6-month periodic oscillation in one of their donors, and
argue that their data “...support the concept that individual
blood cell telomere length is a dynamic feature” with potential
implications for future clinical use.

For over a decade, infectious disease has been known to
cause changes in telomere lengths. While infectious disease
in the long run tends to result in shorter leukocyte telomeres,
in the short run an infection may serve to “recruit” leuko-
cytes with longer telomeres, lending an inherent variance to
such measurements and leading most researchers to stress
the value of serial determinations of leukocyte telomere
lengths rather crediting the reliability of any single measure-
ment. For example, lymphocyte telomeres shorten in cyto-
megalovirus [11], hepatitis C [12], and HIV infections [13].

The most common sources of variance are probably the use
of different techniques or of the same technique as performed
in different laboratories [14]. To the extent that telomere
lengths can be a reliable biomarker, a preference should be
given to using a single technique and within a single labora-
tory, and an experienced laboratory rather than an inexperi-
enced one. Whatever the laboratory or technique, many of the
common methods of determining telomere lengths are
“fraught with shortcomings that limit their use,” although
newer methods are proving simpler and more reliable, with
lower variance, an ability to be precise despite degraded
DNA, and adaptable to high throughput analysis [15].

Telomeres Versus Other Current Biomarkers

Clearly telomeres can be used as biomarkers, but is there
anything to recommend them over other, more proven bio-
markers? Here the question breaks down into two potential
issues: the use of telomere lengths as a biomarker for aging
per se, and the use of telomere lengths as a biomarker for
individual diseases of aging. Although telomere length has
long been felt to represent a more useful biomarker than is
the chronologic age (because telomere lengths may more
accurately reflect the environmental and genetic differences
between individuals who display clinical aging at differing

rates) and although this position has good theoretical and
laboratory support [8], actual clinical support is somewhat
more tenuous [16]. Part of this is attributable to our fuzzy
concept of “aging” in opposition to the more utilitarian
and well-defined concepts inherent in age-related
diseases. A myocardial infarction is striking and well-
defined, while the concept of whole-body aging remains
vague in comparison.

Most authors, with a more practical, clinical bent, have
looked at telomere lengths (or proteins associated with
telomeres) [17] as biomarkers for diseases of aging rather than
aging per se. Such diseases have run the gamut of human age-
related disease, but most work has concentrated on cardiovas-
cular disease (especially coronary arterial disease), alterations
in immune function, cancer, and (to a lesser extent) diseases of
the central nervous system such as Alzheimer’s dementia.
Telomere length is associated with “age-related disease bur-
den across multiple physiological systems,” independent of
chronologic age [18], but does this association carry over into
individual diseases? Telomere shortening certainly varies
among tissues and cells within tissues [17]. In the case of
cardiovascular disease, for example, the cardiomyocytes (or in
the case of Alzheimer’s dementia, the neurons) show little
change in telomere length, but the pathology is attributable to
and correlated with the pathology of the endothelial cells of
the coronary arteries (or in the case of Alzheimer’s dementia,
the microglial cells), which clearly do show shortening
of their telomeres, and such shortening correlates with
disease progression.

Cardiovascular Disease

Studies of cardiovascular disease have generally looked at
the ability of telomere lengths to predict cardiovascular
“events” (eg, myocardial infarction) or cardiovascular mor-
tality (Figs. 1 and 2) [19, 20], and the conclusions have
varied widely as to whether or not telomere lengths might
serve as a clinically useful biomarker. Although on the
whole, telomere lengths “can predict cardiovascular events,”
there have been problems with confounded variables, differ-
ences in technique, and different study populations [21],
which have resulted in disparate opinions.

Telomere lengths, however, were not found to be predic-
tive of mortality, specifically cardiovascular mortality, espe-
cially in men greater than age 70 years [22] or in those
patients followed for 7 years [23], in whom body mass
index (BMI) and smoking status were the more useful bio-
markers. Short telomere lengths were only modestly useful
in predicting myocardial infarction, ischemic disease, or
death [24]. With regard to arterial pathology, leukocyte
telomere lengths were good markers for the presence (but
not the extent) of carotid plaques, as well as to re-stenosis
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Fig. 1 Relation of telomere length to incidence of myocardial infarc-
tion (MI) (Data adapted from Willeit et al. [20])

[25]. Just as inheritance serves as a biomarker for many age-
related diseases, and specifically in the case of ischemic
heart failure, telomeres are likewise useful biomarkers for
this disease and, in fact, may be the heritable element (or
one of the heritable elements) underlying the cascade of
pathology that results in this familial pattern of disease [6].

Age-dependent telomere shortening occurs in most somatic
cells that underlie age-related cardiovascular pathology (eg,
vascular endothelial cells, smooth muscle cells, and leuko-
cytes, among others), resulting in hypertension, atherosclero-
sis, and heart failure [26]. Similar relationships are found in
iatrogenically injured tissues (eg, in balloon injury) and in cells
undergoing oxidative stress in animal models [27]. While
telomere length may not be associated with smoking status,
BMI, blood pressure, or alcohol use, short telomere lengths
(both mean length and proportion shorter than 5 kb) are asso-
ciated with coronary artery disease, transient ischemic attacks,
and type 2 diabetes in many older patient populations [28].
Shortened telomere lengths, as measured in circulating leuko-
cytes, are also associated with high-risk plaque morphology,
perhaps as a result of increased inflammatory activity [29].

Telomeres appear to be questionable biomarkers for pre-
dicting cardiovascular mortality, but they show some prom-
ise as biomarkers of cardiovascular disease in general and
perhaps cardiovascular events as well.
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Fig. 2 Relation of telomere length to incidence of stroke (Data adapted
Sfrom Willeit et al. [20])
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Cancer

Cancer has long been known to be associated with telomere
function (see textbook review) [8], although the relationship
has proven increasingly complex. On the one hand, most
cancers develop the ability to maintain telomere lengths to
“bypass” the enforced cell senescence occasioned by short
telomeres, which would otherwise limit tumor growth. On
the other hand, long telomeres have the effect of maintain-
ing genomic stability and both preventing the initial gene
damage that underlies many malignancies and (through
enhanced genomic repair) causing some early genomic
damage to be repaired, thereby preventing such cells from
progressing to clinical malignancy. Whatever the mecha-
nisms, which are no doubt more complex than we yet
realize, cancer cells are often characterized by short (but
maintained) telomere lengths.

Therefore, short telomere length has long been posited as
a useful biomarker in both the diagnosis and prognosis of
many clinical cancers and the data have borne this out
(Figs. 3 and 4) [30]. Whether or not telomere lengths also
can be used to predict the likelihood of cancer is more
questionable [22]. If telomere shortening is a secondary
(rather than primary) phenomenon, occurring as a result of
malignant transformation and largely after the cancer is
diagnosed, then it may offer little or no value as a predictive
biomarker [31]. Whether a direct result of malignant trans-
formation or due to the dysplasia occurring in a “preneo-
plastic field of chronic inflammation” [32], telomere
shortening does occur quite early in the malignant pro-
cess [33] and may well offer potential as an initial
diagnostic biomarker.

Telomere length is questionable as a biomarker for
predicting the likelihood of getting cancer, but it is a
useful biomarker in the staging and prognosis of cancers,
once diagnosed.

Cancer Incidence

25 4
20 -
2
o n 1
8 g' 15
- c
» 0
P E 10
a
5.1
) .
0 =
Longest Mid-length Shortest

Telomere Lengths

Fig. 3 Relation of telomere length to incidence of cancer (Data
adapted from Willeit et al. [30])
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Fig. 4 Relation of telomere length to cancer mortality (Data adapted
Sfrom Willeit et al. [30])

Other Diseases

Telomere length has been evaluated as a biomarker for a
number of other diseases. The broadest category of such
diseases is those related to infection, inflammation, anemias,
and/or autoimmune disease [34]. This potpourri of diseases
share a common overlapping function in maintaining immu-
nity, albeit poorly so in the case of clinical disease. As in the
case of cardiovascular disease, the relationship with diagno-
sis or disease events is well-supported, but the relationship
with mortality is much less credible [19]. Telomere length is
associated with inflammation [35], particularly in chronic
viral infections [12], chronic obstructive pulmonary disease
(COPD) [36], fibrotic disease [37], pulmonary fibrosis [38],
tobacco use [39], and other immune-related diseases [37].
There is extensive literature on the role of telomere lengths
in aplastic anemia, but while telomere lengths show no
predictive value for the initial therapeutic response, they
do offer predictive value for relapse, clonal evolution,
and survival [40].

Telomere length also has been looked at as a potential
predictor of central nervous system aging, but results
have been disappointing [41, 42]. The possibility of
using telomere lengths in assessing Alzheimer’s disease
is more tantalizing, but has several inherent obstacles.
The first of these, that neurons don’t divide and hence
show no telomere shortening, is a straw man, because the
disease is almost certain due to the activation of micro-
glia, cells that clearly do show progressive telomere
shortening [43] and that may well underlie and time the
progression of Alzheimer’s disease. The second obstacle,
however, is that the assessment of microglial telomere
lengths requires brain biopsy, rendering it impractical.
The extent to which circulating leukocytes might serve
as indicators of microglial function, and more impor-
tantly microglial telomere lengths, is unknown.

Finally, at least one group has suggested that lens trans-
parency might be directly related to leukocyte telomere

lengths [44], although there is little current data to substan-
tiate the telomere length as a biomarker that may predict
future lens function.

Interventions in Telomere Length

The optimal biomarker permits intervention. While chrono-
logic age, for example, may be informative, we cannot
intervene in the chronologic age per se. Equally, in the case
of familial history, which is a significant biomarker for
many diseases, we cannot intervene and change the family
history per se. In the case of the actual underlying genetics,
however, there is an obvious potential to alter the genetic
biomarkers; we anticipate our ability to alter the alleles that
result in certain diseases, current technical challenges and
disappointing clinical setbacks notwithstanding. Many cur-
rent biomarkers (such as serum cholesterol, blood pressure,
and smoking status) are reasonably susceptible to medical
intervention, but while the clinical response is heartening, it
is far from perfect, whether in terms of outcome, side
effects, cost, recurrence of the disease process, or patient
mortality. Current literature supports the potential of telo-
mere length as a biomarker for many diseases, but is there
any potential for intervention? Is it, like age itself, useful but
not alterable? Or is it, like serum cholesterol, a biomarker
that we can change and, with it, change the disease process
and clinical outcome? Over the past decade [8, 26], there has
been a growing interest in the potential benefits of main-
taining or lengthening telomeres as a clinical intervention in
human patients [34].

A number of interventions have been suggested as being
able to extend (or maintain) telomere lengths in vivo, includ-
ing several steroids such as sex steroids [37] and several
astralagoside compounds [45¢], and other potential agents
[39] or even behavioral changes. Telomere lengths have been
shown to be alterable in vitro for more than a decade and in
vivo, in mice, as well [45¢], resulting in improvement in age-
related pathology [46]. An informal human clinical trial using
a telomerase activator has been underway for several years,
and the initial results suggest that we can intervene in telomere
lengths, with good clinical results [47¢].

To date, the single most effective compound (and the
only compound used in human studies) has been a small
molecule activator of telomerase, derived from the root of
Astragalus membranaceus, a group of steroids collectively
termed astagalosides and often designated TA-65 in the
literature that increases the mean telomere length and
decreases the percentage of critically short telomeres both
in vitro and in vivo both in mice and in humans. The mouse
studies show improvements in glucose tolerance, osteopo-
rosis, skin function, and other age-related diseases without
any increase in the incidence of cancer [45¢]. The initial
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human study demonstrated clear improvements in immune
function, again without any demonstrated increase in cancer
or other side effects [47¢¢].

Telomere lengths not only are a reasonable biomarker for
a number of age-related diseases, but also have the advan-
tage of being amenable to clinical intervention. To date,
there is at least one clinically available compound that has
been demonstrated to increase telomere lengths in both
animals and humans.

Conclusions

Telomere lengths, usually measured in circulating leuko-
cytes, are an effective biomarker for a number of age-
related diseases, offering both diagnostic and prognostic
information in many cases, although their utility for predic-
tive mortality is questionable. Telomere lengths are better
than chronologic age in assessing the overall aging process
in human patients. In the case of clinical disease, they are
reasonably effective in assessing cardiovascular disease sta-
tus and for diseases with an inflammatory or immune com-
ponent. Nonetheless, they need to be used with some care;
current techniques need to be improved and clinicians need
to beware of the reliability (especially between techniques,
between labs, and even within labs) when using telomere
lengths to assess age-related disease. Finally, the literature is
relatively new and somewhat scant, and the techniques of
measuring leukocyte telomere lengths will require greater
depth and broader clinical use before it can provide clear
improvement over the more common biomarkers on which
most clinical literature is based.

The potential for telomere lengths as biomarkers and the
potential for telomerase activators as a clinical intervention
are promising and are generally supported by current data.

Disclosure No potential conflicts of interest relevant to this article
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