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Abstract:

The last 20 years have seen a surge in scientific activity and promising results in the study of
aging and longevity. Many researchers have focused on telomeres, which are composed of a
series of TTAGGG repeat nucleotide sequences at the ends of each chromosome. Measurements
of the length of these telomere strands show that they decrease in length with increasing age,
leading many authors to propose that when the length of these telomere strands decreases
sufficiently, the cells enter into a state of replicative senescence, eventually leading to disease
and death. These ideas are supported by evidence that short telomere length is correlated with
increased mortality. In this paper, we extend this idea to make an actual calculation of the
predicted mortality rate caused by short telomere length induced senescence (STLIS). We derive

a simple equation for the mathematical relationship between telomere length and mortality rate.
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Using only 3 parameters based on telomere length measurement data of Canadians, we have
calculated both the magnitude and the age dependence of the mortality rate, for both men and
women. We show that these calculated data are in good quantitative agreement with the actual
number of Canadians that die. This agreement provides strong evidence (but not proof) that the
mechanism of STLIS plays an important role in the major diseases of aging (e.g., cardiovascular
disease, many cancers, and diabetes mellitus) which dominate human mortality. This result

represents significant progress in our understanding the factors behind the cause of aging.

Measurements of telomere lengths

Many mechanisms have been proposed as the cause of aging [1,2]. In this paper, we will
focus on a model based on telomeres, whose lengths has been shown [3-6] correlate with the
mortality of a number of diseases of aging. Since the initial work on telomeres in the 1970's,
more than a hundred studies [6-9] have measured the telomere length as a function of age for a
large number of individuals, using different techniques. As an example, Fig 1 shows the data of

Aubert et al [7] for male Canadians, using the Flow FISH technique.
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Fig 1: The measured telomere length (in Kbp, thousands of base pairs) using the Flow FISH technique
is plotted as a function of age for 226 Canadian males, along with a linear fit to the data.

Each data point corresponds to the measured "average" telomere length for one
individual. The first feature of the data is that different individuals with the same age have
telomere lengths that differ by as much as a factor of 2. These differences have been attributed to
differences in heredity, lifestyles, exposures to inflammation and oxidation, telomerase activity,
as well as stress. This distribution of lengths among these individuals is presumed to be a normal

distribution, similar to the distribution in heights among different individuals, for example. With

this assumption, we can calculate the standard deviation (O) by fitting the telomere length data

(using STEY X in Excel, Table 1). We find that G is very large (890-900 bp) and varies little

with age (A>40), as observed in other measurements [8]. This standard deviation measures the
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width of the distribution of measured telomere lengths for different individuals having the same
age.

Table 1: Values of 4 telomere measurement-based parameters.

men women
TLmo (bp) 7718 8301
O, (bplyr.) 32.6 36.1
A (bp) 3750 3750
G (bp) 910 890

The second feature of the data is that with increasing age, there is a clear decrease in
measured telomere lengths. This decrease is due, in part, to cellular replication, in which the
length of the telomeres shortens with each division. Changes with age in the factors mentioned
above also contribute (both positively and negatively) to a drop in telomere length (TL). This

decrease is observed in more than a hundred experiments [6-10], where the measured telomere

length (TLm) is well approximated by a linear decrease with age (A):
TLm (A)=TLmo - @ A 1)

In which the parameters TLmo and @ are constants. For the Canadian data in Fig 1, these

parameters (obtained by fitting the telomere data) are shown in Table 1 for both men and

women.

Short telomere length induced senescence
Since the discovery of telomeres, hundreds of papers have been published reporting
measurements of telomere lengths and their correlation with lifestyle factors and with longevity,

building the evidence for using telomere length as a cellular marker of aging [3-6]. Furthermore,
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many authors [11-15] have proposed that aging may be caused by shortened telomere lengths
inducing senescence (STLIS). The general idea behind this model is that when the telomere
length decreases with age and becomes "sufficiently short”, the cells stop replicating (Hayflick
limit) and go into a state of senescence. In this state, they begin secreting inflammatory
chemicals (SASP) into the cell, which induce disease and subsequent death. But the measured
telomere lengths (Fig 2) are far from going to zero, even for individuals of 100 years old.

This apparent conflict is related to the fact that each individual in Fig 2 is represented as a
single point, with a single measurement of his/her telomere length. However, in reality, each
individual has a large number of telomeres and they have a wide range of telomere lengths. This
can be shown by using a more sophisticated measurement technique, in which the full
distribution of telomere lengths for an individual can be measured. The High Throughput Q-
FISH (Quantitative Fluorescence In-Situ Hybridization) technique is used in laboratories of only
a very few universities [16] and one company [17]. An example of this measurement is shown in

Fig 2a for a 44 year-old USA male with average measured telomere length [18].
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Fig 2: (a) Relative frequency of telomeres as a function of fluorescence intensity
(proportional to telomere length) for a 44 year-old USA male, (b) A schematic figure,
comparing the telomere lengths measured by different techniques. The bubbles represent
the single “average” telomere length measured by the PCR, FF, and TRF techniques, compared
with the full telomere length distribution, including zero length, the 10" Percentile (TLuo), the
Median (MTL) and Average (ATL) lengths and even more at higher lengths, all included in the

HT-Q-FISH measurement.

This typical individual has a very asymmetric distribution of widely different telomere lengths
(Fig 2a), ranging from several hundred base pairs to tens of thousands [17]. Because of the
asymmetry, the Median and Average Telomere Lengths (MTL and ATL) are much longer than
the peak of the distribution. Also shown are the critical lowest length telomeres, those below the
10th percentile, which are marked in red.

In Fig 2(b), we compare the results from different measurement techniques [19]. The
Median and Average Telomere length (MTL and ATL) from Fig 2a are shown from HT Q-FISH
measurements, along with the shortest 10% of the telomere lengths (in red). Other techniques
measure only a single number for this wide distribution of telomere lengths, which is some kind
of weighted average of the full distribution. Examples from measurements using the "Flow
FISH" (FF) technique for the average 44-year-old male Canadian [7] and using the TRF
(Terminal Restriction Fragment) technique for the average 44-year-old Danish male [8] are
represented by the data points shown as the blue and green bubbles in Fig 2b at 6,284 bp and
6,768 bp, respectively. Results using the popular PCR (Polymerase Chain Reaction) technique
vary considerably. The orange bubble shown in Fig 2b is the data point for an average 44-year-

old Danish male, using this technique [6]. The last three techniques measure only a single
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"average" length, which lies near the peak of the distribution for the individual (Fig 2a) and
which is substantially lower than the actual median (MTL) (10,500 bp) and the average (ATL)
(12,400 bp) values (a consequence of the very skewed distribution in Fig 2a). More
significantly, they are significantly higher than the lowest (red) TL which are those involved in
senescence. These different “telomere lengths” measured by different techniques have caused

some confusion in the literature. In the rest of this paper, we shall use the term “measured”

telomere length, TLm, to refer to the values of the “average" telomere lengths measured by these

latter techniques.

The models of short telomere length induced senescence (STLIS) predict that when the
lengths of the critically lowest telomeres (in red) become "sufficiently short", the cells in this
individual will senesce and diseases of aging will begin. However, these models do not specify
what is actually meant by "sufficiently short". We shall arbitrarily estimate that cellular
senescence will have been induced when the lowest 10% of the telomere lengths have decreased

to zero. A critical parameter for this model is then the difference in telomere length between the
measured length of the individual and the length of his 10 percentile telomeres, TL10, in Fig 2b.
This difference we call A which is defined as A = TLm - TL10. The STLIS model then can

be described with the use of Fig 2: as this individual ages, his entire telomere length distribution

(Fig 2a) will shift to lower lengths, making the important assumption (for simplicity) that it will

maintain approximately the same shape [17]. Thus, both TLm and TL10 also shift together to

lower lengths, with the difference in TL between them (A) remaining constant. The point when

the TL10 has decreased to zero (and 10% of the telomeres are below zero) is the point at which
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the cells will have started to senesce. (Note that this will occur long before the measured

telomere length (TLm) (the bubbles in Fig 2b) approach zero.)

The parameter A will be different for each technique. For Flow-FISH measurements, for

example, the value of A is estimated from Fig 2b to be near 4,000 bp, whereas for TRF it would

be closer to 4,500 bp. For HT-Q-FISH it would be nearer to 8,000 bp (using MTL as the
measured value). A large number of authors have discussed the importance of the critically short
length telomeres [16]. Using TRF, the Aviv group [20] has introduced the related concept of a
“telomere brink”: when the measured telomere length decreases and approaches the “telomere
brink”, there is a high risk of subsequent death. The brink was estimated to be about 5,000 bp,

similar to the value of 4,500 bp, estimated above.

Calculation of mortality rate due to STLIS
In order to calculate the mortality at any given age, we need to look at populations of
individuals having that age. In Fig 3, we show the number of individuals aged 40, 60 and 80

years old calculated from using a normal distribution and the telomere data in Table I, obtained

from fitting the data in Fig 1. These are plotted vs. their TL 10 since it is these, shortest

telomeres that are going to senesce and induce eventual mortality, according to the STLIS

model.
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Fig 3: Number of individuals in the population/100K vs. their measured telomere
length for ages=40, 60, and 80 years.

The number of people expected to have died is the integrated number of people whose TL1o is
negative, i.e., the hashed area under the curves for different ages. At age A, the people dying are
those individuals who have the shortest measured telomere length relative to the rest of the
population and consequently their shortest individual telomere lengths have gone to zero. The
total number of these people predicted to have died at a certain age A is the mortality rate, Mr

(A), and is equal to the total number of individuals for whom 10% of their telomere lengths have
gone to zero, i.e., those whose TL10is less than 0. This is obtained by integrating the area

under the curves in Fig 3 for negative TL10, i.e., the hashed areas under the left side of the

distribution. In this figure, one can see how dramatically this number increases with increasing
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age.
Mathematically, we can write this integration as:
—1 (TL TL10(A)>
o dTL

05
Mg (A) = —— f_
(2)

(which may be calculated in Excel by Mg (A) = 10°x NORMDIST (0, (TLmo - A - 0L A), ©,

TRUE). Notice that the mortality rate is dependent basically on only 3 telomere parameters: the

standard deviation (G), the slope from Fig 1 (C1), and the difference (TLmo - A). For a specific
age, A, we obtain Mg (A) using the NORMDIST function to calculate the number of them under
the left side of the normal distribution curves of Fig 3 for negative TL 10, i.e., the hashed areas.

Compared with earlier correlations [3-6] between shorter telomere lengths and
higher mortality, the present calculation (Equation 2) gives a complete mathematical relation
between telomere length and mortality, for the STLIS model. Using Equation 2 and three

telomere parameters (2 of which are measured and 1 estimated), we calculate the mortality
rate, MR (A), as a function of age for the STLIS model.
Actual mortality rate data and agreement with calculated values

Since the telomere data in Fig 1 and Table 1 are for Canadians, we show the mortality

rate data [21] for Canadian women (solid red lines) and men (solid blue lines) in Fig 4.

d0i:10.20944/preprints202007.0672.v1
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4 7 Mortality Rate Canadian Men, Women

Fig 4: The solid lines are the logarithm of the age-dependent total mortality rates
per 10° population for Canadian men (blue) and women (red) in 2013. The dashed lines are

the same data, after subtracting the mortality due to Accidents, Suicides, and Assaults.

The characteristic feature of these and other mortality data is the strong, exponential

increase in the mortality rate (MR) with increasing age, especially above 40 years, as recognized

by Gompertz [22]. This increase is attributed to "Diseases of Aging", in which age is the
dominant risk factor, such as cardiovascular disease, cancers, and Alzheimer's. At younger
ages, however, other types of mortality are significant as well. For example, the Canadian

mortality database includes deaths due to accidents, suicides, and assaults. We have subtracted
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the known mortality of these causes from the total mortality data and obtained the two dashed
lines in Fig 4. Even though the bump in the original data near age 25 is removed, there remains
some mortality below age 40 due to infant mortality, infections, childhood cancers, and other
diseases not related to aging. In order to minimize the effect of these, we shall concentrate on
ages greater than 40 years, where the mortality data are dominated by diseases of aging.

In Fig 5, we compare the actual mortality data (dashed lines from Fig 4) for A>40
(after subtracting the Accidents-Suicides-Assaults contribution) to the mortality rate data
predicted by Equation 2 and the telomere data in Table 1 (solid lines), where data for men

are in blue and women in red.
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Fig 5: The log of the mortality rate (per 100K) vs. age for men (red) and women

(blue), comparing the calculated data (solid lines) with actual data (dashed lines) for
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Canadians (2013).

For a better agreement, we used A = 3,750 bp as the value for both men and women, instead of

our initial estimate of 4,000bp (Fig 2). (Note that using a different value for A for men and for

women, we would obtain an even better fit to the data, but it would add another parameter.)

The results of the calculation are in good agreement with both the magnitude and the age
dependence of the mortality, for both men and for women. Such an agreement should perhaps
not have been expected, considering the fact that the data have extra mortality due to non-aging
diseases and the fact that the model describes the onset of the disease, while the data refers to
death (often delayed by treatment). In addition, this simple model is calculating the mortality for
such very different diseases, as different as cancer and cardiovascular disease and Alzheimer's.

In conclusion, it has been proposed [11-15] that short telomere lengths induce
senescence (STLIS) and that this mechanism is an important cause of the diseases of aging.
Using this model and 3 parameters based on only telomere measurements, we have calculated
the magnitude of the all-cause mortality rate and its age dependence in good agreement with the
actual number of people who die each year and their age dependence, for both men and women.
This result provides strong evidence (but not proof) that the STLIS model plays an important

role in most of the diseases of aging.
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