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Telomeres are repeating DNA sequences at the ends of chromo-
somes that protect and buffer genes from nucleotide loss as cells
divide. Telomere length (TL) shortens with age in most proliferat-
ing tissues, limiting cell division and thereby contributing to
senescence. However, TL increases with age in sperm, and, cor-
respondingly, offspring of older fathers inherit longer telomeres.
Using data and samples from a longitudinal study from the
Philippines, we first replicate the finding that paternal age at birth
is associated with longer TL in offspring (n = 2,023, P = 1.84 x 107°).
We then show that this association of paternal age with offspring
TL is cumulative across multiple generations: in this sample, grand-
children of older paternal grandfathers at the birth of fathers have
longer telomeres (n = 234, P = 0.038), independent of, and additive
to, the association of their father's age at birth with TL. The length-
ening of telomeres predicted by each year that the father's or
grandfather’s reproduction are delayed is equal to the yearly short-
ening of TL seen in middle-age to elderly women in this sample,
pointing to potentially important impacts on health and the pace
of senescent decline in tissues and systems that are cell-replication
dependent. This finding suggests a mechanism by which humans
could extend late-life function as average age at reproduction is
delayed within a lineage.

adaptation | epigenetics | evolution | parental effects |
transgenerational plasticity

Telomeres are repeating DNA sequences at the ends of
chromosomes that protect and buffer genes from nucleotide
loss as cells divide (1). In many tissues, telomere lengths (TL) are
shortened by cellular proliferation, and as a result TL tends to
decline with age (2-5). As cell replication generally requires
a minimal TL, shortened TL is thought to contribute to senes-
cence (6). Consistent with this, elderly persons with shorter
telomeres (in blood) for their age have reduced survival (7-13).

Although it is well established that TL shortens with age in
most proliferating tissues (e.g., 4, 5), sperm TL is an exception—
older men have sperm with longer telomeres (4, 14, 15). This may
be explained by the fact that the activity of telomerase (an en-
zyme that extends TL) is high in testes (16, 17). Consistent with
the fact that offspring inherit half their chromosomes from
sperm, offspring of older fathers tend to have longer telomeres
(4, 18, 19). In contrast, because the pool of ova is established in
utero, TL in ova are thought to be stable with age, and there is no
evidence for a maternal age effect on TL in offspring (e.g., 4, 20).

We recently hypothesized that the age-related TL increase in
sperm could lead to cumulative, and thus more biologically sig-
nificant, multigenerational lengthening or shortening of TL in
response to population trends in reproductive scheduling (21). If
average reproductive age of recent patrilineal ancestors cumu-
latively influences TL, this might also lead to changes in TL of
sufficient magnitude to influence late-life function and life ex-
pectancies (17). To test the hypothesis that a man’s age at
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reproduction influences TL in grandchildren, we used a large
longitudinal, multigeneration sample from Cebu, Philippines
(22) in which we measured TL (23) of DNA extracted from
venous blood. We related TL in mothers (aged 36-69 y at blood
collection) to their fathers’ ages when the mothers were born. In
their offspring (21-23 y at the time of blood collection), we re-
lated TL to their fathers’ ages when the offspring were born and
to their grandfathers’ ages when their parents were born.

Results

Consistent with the expectations of age-related decline in TL,
blood TL was inversely associated with age in the 36- to 69-y-old
mothers (Fig. 14) with a similar magnitude of effect as seen in
previous comparable studies (4, 24). Longer age-adjusted mater-
nal TL predicted longer offspring TL (Fig. 1B). This mother—off-
spring TL correlation was similar in magnitude to previous studies
(25-28) and did not vary depending on the sex of the offspring
(maternal age adjusted TL X offspring sex interaction, P = 0.81).
The TL of male offspring (» = 902, mean TL = 0.763 + 0.006) was
on average shorter than the TL of female offspring (n = 820, mean
TL = 0.792 = 0.006, t = 3.52, df = 1,720, P = 0.0005) (Fig. 1B).

As observed in previous studies, we found that longer TL was
predicted by older paternal age at reproduction in both the
offspring cohort (Table 1, model 1, n = 1,681, P = 4.00 x 10_5)
and their mothers (Table 2, model 1, n = 342, P = 0.003; mother
and offspring combined: n = 2,023, P = 1.84 x 107°). The as-
sociation of paternal age with offspring TL was little changed by
controlling for birth order, household income, or body mass in-
dex (BMI) at the time of blood collection in both the offspring
(Table 1, model 2) and their mothers (Table 2, model 2). The
paternal age association did not differ in sons versus daughters
(paternal age x sex interaction, P = 0.844). Consistent with a
linear association, paternal age did not exhibit a quadratic re-
lationship with offspring TL (paternal age?, P = 0.689 for off-
spring and P = 0.995 for mothers).

The association of paternal age with longer TL is thought to be
due to direct inheritance from longer TL in sperm (4). To test an
alternative hypothesis that offspring of older fathers have a slower
age-related attrition rate of TL in adulthood, we examined if the
association between offspring age and TL was reduced among
offspring of older fathers, but found no support for this hypothesis
(paternal age x offspring age interaction term in offspring, P =
0.341 and P = 0.472 in mothers).

Author contributions: D.T.A.E., M.G.H., and C.W.K. designed research; D.T.A.E. performed
research; D.T.A.E. analyzed data; and D.T.A.E., M.G.H., and C.W.K. wrote the paper.

The authors declare no conflict of interest.
*This Direct Submission article had a prearranged editor.
To whom correspondence should be addressed. E-mail: dtae@dtae.net.

2M.G.H. and C.W.K. contributed equally to this work.

PNAS | June 26,2012 | vol. 109 | no.26 | 10251-10256

EVOLUTION

>
(Y
[=]
=
[=]
a
[=]
13
5
=
=
<



mailto:dtae@dtae.net
www.pnas.org/cgi/doi/10.1073/pnas.1202092109

L T

/

1\

BN AS  DNAS P

L2
c <
av—
c
Q
|
9_’
()
£
S
22
n=1845
B =-0.0043
p=7.19x107"
° r=-0.19
=

35 40 45 50 55 60 65 70
Age

Fig. 1.

1.5
!

1.0

0.5
!

Offspring Telomere Length

[NIEEN
OQ)B
x
-
=)

s

i

~T®»>

CSwo—
n
~N

0.0 05
Maternal Telomere Length

-
o
o

(A) Telomere length (relative T/S ratio) in blood decreases with age in 36- to 69-y-old mothers. (B) Telomere length in mothers (adjusted for age)

predicts offspring telomere length (adjusted for offspring age, sex, and age x sex). Statistics and black line show maternal-offspring TL association (maternal
TL adjusted for maternal age and offspring TL adjusted for offspring age, sex, and age x sex). Dashed gray line shows maternal-daughter association and
dotted gray line shows maternal-son association (unadjusted offspring TL values).

Consistent with our hypothesis, we found that, independent of
the association of TL with the father’s age at reproduction, the
paternal grandfather’s age at the father’s birth predicted longer
TL in grandchildren (Table 1, model 4, n = 234, P = 0.038). The
association between TL and grandpaternal age was nearly
identical in size to the association with paternal age (Fig. 2;
Table 1, models 1 and 4; Table 3), and was little changed after
adjusting for household income and BMI at the time of blood
collection (Table 1, model 5). As was found for the association of
paternal age with TL, the relationship between paternal grand-
father’s age and TL did not vary by the age of the grandchild
(grand-paternal age x grandchild age interaction, P = 0.920) or
by the sex of grandchild (grand-paternal age X sex interaction,

P = 0.370) and did not exhibit a quadratic relationship (grand-
paternal age” term, P = 0.809).

The age of the maternal grandfather at the birth of the mother
was also positively associated with TL, but this relationship was
not significant (Table 1, model 7). In accord with the fact that
male gametes continue to divide throughout life, whereas female
gametes are produced prenatally, TL did not vary in relation to
maternal age at the time of birth: after adjusting for paternal and
grandpaternal age, maternal and grandmaternal ages were not
significantly associated with the child’s or the grandchild’s TL
(Table 1, models 3, 6, and 8; Table 2, model 3).

To place the magnitude of the paternal age associations with TL
in a biological context, we compared the increase in TL predicted
by each year that the father or grandfather delayed reproduction

Table 1. Linear regression models relating paternal age and grandparental age to telomere lengths (relative T/S
ratios) in 21- to 23-y-old offspring (both sexes pooled)

Model 1 Model 2 Model 3 Model 4 Model 5  Model 6 Model 7 Model 8
Age (self)’ —0.048** —0.056** —0.048** 0.0068 —0.010 —0.0013 0.022 0.023
Male —0.031***  —0.035*** —0.031*** —0.055* -0.061** —0.054* —0.063*** _0.073***
Male x age (self)’ —-0.030 —-0.025 —0.030 -0.071 —-0.062 —0.086 -0.13* -0.11*
Father’s age 0.0027*** 0.0030** 0.0029** 0.0035* 0.0034 0.0041
Birth order —-0.0019
Family income (log) 0.0041 —-0.00074
BMI 0.0012 0.0058
Mother’s age —0.00030
Father’s father’s age 0.0029*  0.0026* 0.0029
Father’s mother’s age —0.000028
Mother's father’s age 0.0011 —0.00061
Mother’s mother’s age 0.0025
Constant 0.72%** 0.67*** 0.72%** 0.62*** 0.52%** 0.671*** 0.76%** 0.74%**
Observations 1,681 1,602 1,681 234 218 194 342 288
Adjusted R? 0.032 0.034 0.031 0.045 0.048 0.038 0.047 0.059

Values are p-coefficients; *P < 0.10; *P < 0.05; **P < 0.01; and ***P < 0.001.

TAge is mean centered.
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Table 2. Linear regression models relating paternal age to
telomere lengths (relative T/S ratios) in 36- to 69-y-old mothers
Model 1 Model 2 Model 3
Age (self) —0.0032* —0.0031 —0.0018
Father’s age 0.0032** 0.0033* 0.0024
Family income (log) —0.0082
BMI 0.0016
Mother’s age 0.0026
Constant 0.70%** 0.70%** 0.60***
Observations 342 339 290
Adjusted R? 0.030 0.030 0.041

Values are p-coefficients; *P < 0.10 (none); *P < 0.05; **P < 0.01; and
***%P < 0.001.

to the yearly shortening of TL in the mothers (age range: 36-69y).
The yearly decline in TL in the mothers was —0.0032/y (Table 2,
model 1; Table 3), which is equal in magnitude, but opposite in
direction, to the increase in TL predicted by a 1-y delay in re-
production by the father or paternal grandfather.

Discussion

In this large sample from the Philippines, we found that telo-
meres measured in blood were longer in individuals whose pa-
ternal grandfathers were older at their father’s birth. This effect
was equal in size, and additive to, the longer TL predicted by
a delay in the father’s age at their own birth, suggesting that
paternal age at reproduction has effects on TL that are trans-
mitted with high fidelity and cumulatively across at least two
generations. The longer TL predicted by each year that paternal
or grandpaternal reproduction was delayed was comparable to
the yearly shortening in TL seen in older individuals in this
population, suggesting that these intergenerational changes may
be biologically important. These findings point to a mechanism
by which shifts in the age of paternal reproduction within
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Fig. 2. Telomere length (relative T/S ratio) increases with both father’s age at
offspring birth and father’s father’s age at father’s birth (age groups are de-
fined by median splits). Bar heights represent mean telomere length adjusted
for offspring age, sex, and age x sex. Median paternal age was 23.59 (inter-
quartile range: 21.33-27.29) and grandpaternal age 30.44 (24.85-36.61).
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a population can lead to cumulative, multigenerational changes
in telomere length in descendants.

Consistent with previous studies (4, 18, 19), the increase in TL
predicted by each year that the father’s reproduction was delayed
was nearly identical in size to the yearly age-related decline in TL
in middle- to old-age adults. The lack of interaction between pa-
ternal age and offspring age in models predicting offspring TL, as
well as the similar effect sizes of paternal age on TL in the younger
and older cohorts (offspring and their mothers, respectively),
suggests that the effect of paternal age on TL does not act by
changing the rate of telomere shortening in adulthood. However,
because both the cohorts were already in adulthood, we are not
able to rule out the possibility that the pace of telomere shortening
in somatic tissues varies in relation to paternal or grandpaternal
age at conception for those ages younger than that of the mothers
and offspring in this study. Some (4, 19), but not all (18) previous
studies have suggested that the father’s age at conception has
greater effects on TL in male offspring. In Cebu, we found that the
change in TL predicted by a delay in the father’s or grandfather’s
ages at birth did not vary by offspring sex.

A standard model of genetic inheritance leads to the pre-
diction that each offspring receives half of his or her telomere
DNA from their father and one quarter of their telomere DNA
from each of their paternal and maternal grandfathers. On the
basis of this, we expected the effect of delaying reproduction
among paternal and maternal grandfathers to be equal in size
and half as strong as the effect of a comparable delay in paternal
age at reproduction. Contrary to this expectation, we found that
the effect size of the paternal grandfather’s age on their grand-
children’s TL was larger than the effect of the maternal grand-
father’s age at the mother’s birth on the grandchild’s TL. In
addition, the paternal age association with offspring’s TL and the
paternal grandfather age association with the grandchild’s TL
were equal. Although it is not certain what accounts for these
results, both findings might be explained by the fact that heri-
tability of TL is substantially greater from father to offspring
than from mother to offspring (25-27), which recent work sug-
gests could relate to telomere protection proteins that are spe-
cific to sperm (29, 30).

The longer TL among offspring of older fathers has been
explained by the fact that sperm TL are longer in older men (4,
14, 15), with high telomerase activity in testes being the most
common explanation for the increase in sperm TL seen with age
(16, 31). Because men produce an estimated 100 million sperm
cells daily (32-34), telomere maintenance mechanisms are re-
quired to avoid rapid telomere shortening (17). It is presently
less clear why high testicular telomerase expression should lead
to gradual and progressive lengthening of sperm telomeres with
age, rather than simply maintaining a stable length. If testicular
telomerase expression extends short and long telomeres equally,
the distribution of sperm TL in young and old men would be
expected to have the same shape, but centered on a longer mean
length in older men. However, Kimura and colleagues noted
that, compared with younger men, older men have a TL distri-
bution skewed slightly in favor of long telomeres (4). Telomerase
preferentially extending long telomeres might explain this, but to
the extent that telomerase has effects that vary based upon the
length of telomeres, past work suggests that it is likely to have the
strongest effects on short telomeres (reviewed in ref. 21). Kimura
and colleagues interpreted the skewed distribution of sperm TLs
in older men as evidence that sperm stem cells with shorter
telomere lengths disproportionately die out with age (4). It is
presently not clear if this selective cellular attrition would be
sufficient to account for the age-related rate of telomere length-
ening observed in sperm.

To our knowledge, no study has used longitudinal sampling of
sperm or studied full siblings to firmly establish whether the
longer TL in offspring of older male patrilineal ancestors is
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Table 3. Comparing effect sizes of paternal and grandpaternal age associations with telomere
length (relative T/S ratios) to the age-related decline in telomere length in mothers (36-69 y old)

Description B (y) 95% Cl P
Age-related decline in mothers —-0.0032 —0.0058 to —0.0005 0.018
Paternal age effect on offspring +0.0027 +0.0014 to +0.0040 4% 107°
Paternal age effect on mothers +0.0032 +0.0011 to +0.0053 0.003
Paternal grandfather age effect on offspring +0.0029 +0.0002 to +0.0057 0.038
Maternal grandfather age effect on offspring +0.0011 —0.0017 to +0.0038 0.442

Cl, confidence interval.

caused by increases in sperm TL as a man ages. Although longer
sperm TL in older men compared with younger men (4, 14, 15)
provides convergent evidence for this prominent hypothesis, it is
also known that sperm donors represent nonrandom samples of
the population (35, 36). It is possible that older men who vol-
unteer to donate sperm have better reproductive health and
longer sperm TL and that a similar selection bias results in men
with longer sperm TL tending to reproduce at later ages. Such
a strong and persistent selection bias would imply important
effects of TL on male reproductive health or that some un-
measured factor influences both sperm TL and reproductive
health (which could make sperm TL an important biomarker).

Regardless of the mechanism underlying the longer telo-
meres in descendants of older fathers and grandfathers, there is
evidence that TL is a predictor of health and mortality, sug-
gesting that intergenerational lengthening or shortening of TL
could have effects on health and the pace of senescence (17).
Several human studies report higher mortality among elderly
individuals with shorter blood telomere lengths (7-13). There
are converging lines of evidence that telomere lengths per se
are at least partial causes of health and survival. Because the
mechanics of DNA replication lead to incomplete replication
of chromosome ends (the “end-replication problem”), the
buffer of repeating telomere sequence can be depleted after
multiple rounds of cell division. If replication continues past
this point, genes may be progressively lost. To prevent gene
loss, shortened telomeres generally activate damage response
pathways that cause cell death or impairment of cellular func-
tion (2, 3). Evidence that cell replication is limited by shorter
TL has been reported in vitro (37-40) through in vivo experi-
mentation in animal models (41-43) and in cross-sectional and
longitudinal observational studies (7-13, 44-48). On the other
hand, whether inherited TL alters the risks of developing
cancer is unsettled (20, 21, 49-53), so the implications of the
association of paternal ages at reproduction with TL for cancer
risk are unclear. Direct assessment of the health implications of
paternal-age effects on descendants’ TL is lacking and awaits
future study.

Together with this evidence, our findings lead us to the
prediction that being born into a lineage in which recent male
ancestors, particularly patrilineal ancestors, reproduced at
later ages could have long-term health benefits. In particular,
we expect changes in TL inherited at conception to have the
largest effects on tissues and biological functions that are es-
pecially dependent upon rapid cellular proliferation, such as
the immune system, the gastrointestinal tract, and skin (21). In
contrast, cells that are not as dependent on proliferation, such
as neurons or cardiomyocytes (21), might be less impacted by the
age of reproduction in recent ancestors. Although some negative
outcomes, such as miscarriages (54), are more common in off-
spring born to fathers of advanced age, the age-related length-
ening of TL that we note here is present across the range of
paternal and grandpaternal ages—not just at advanced ages.

The finding that telomere length may be extended cumula-
tively when multiple generations of male ancestors delay their
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ages of reproduction has potentially important evolutionary
implications. Reproductive life span is a key evolutionary life-
history parameter (e.g., 55-58), and this is particularly true in
humans owing to the importance of late-life intergenerational
transfers to reproduction and survival of offspring and grand-
offspring (56, 59-61). In light of past work showing that blood
TL predicts late-life survival (7-13), we believe that our find-
ings point to a possible mechanism of plasticity in the pace of
aging and senescent functional decline. Notably, as paternal
ancestors delay reproduction, longer TL will be passed to off-
spring, which could allow life span to be extended as pop-
ulations survive to reproduce at older ages. Having been born
to an older father could signal that an individual is likely to
grow up in a social and ecological context within which mor-
tality rates are low and reproduction is likely to occur later in
life, thus placing more of a premium on a durable long-lived
body (21). However, the age at reproduction of one’s father
alone is likely to be an imprecise signal of demographic con-
ditions because factors like birth order will introduce additional
variability. The high fidelity and cumulative multigenerational
nature of the paternal age effect that we document are im-
portant in this regard because they suggest that TL could serve
as a more robust signal of average paternal ages at reproduc-
tion over longer time frames (21). By integrating information
about the average age at reproduction across multiple gener-
ations of ancestors, we speculate that the paternal age effect on
TL could allow a unique form of transgenerational plasticity
that modifies physiologic function in response to a relatively
stable cue of recent ancestral experience and behavior.

In sum, we find that grandpaternal age at the father’s birth is
associated with longer TL in grandchildren, which is in-
dependent of, and additive to, the association of TL with the
father’s age at the offspring’s birth. This evidence for cumulative,
multigenerational lengthening of telomeres hints at a capacity
for age-related changes in sperm TL to be transmitted with high
fidelity across at least two generations. The implications of these
findings for understanding heterogeneity in health and the pace
of aging is an important question to be addressed by future re-
search. We speculate that an effect of the age of paternal
ancestors on TL could allow increases in life expectancy under
demographic conditions of low mortality and delayed repro-
duction, when investment in a more durable and long-lived body
is likely to reap higher fitness returns.

Materials and Methods

Data Collection. Data are from the Cebu Longitudinal Health and Nutrition
Survey, a birth cohort study in Cebu City, the Philippines, that began with
enrollment of 3,327 pregnant mothers in 1983-1984 (22). Mothers came from
randomly selected rural and urban neighborhoods. Ages of the ancestor of
the offspring were retrieved from household rosters (data available at http:/
www.cpc.unc.edu/projects/cebu), and as such there is missing age informa-
tion reflecting ancestors who never lived with surveyed families. Venous
blood samples were collected in 2005, when the offspring were 20.8-22.5 y
old and the mothers were 35.7-69.3 y old. Written informed consent was
obtained from all participants, and data and sample collection were con-
ducted with approval and oversight from the Institutional Review Boards of
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the University of North Carolina and Northwestern University. Telomere
measurement and analysis in de-identified samples and data were not
considered human subject research by Northwestern University’s Institu-
tional Review Board.

Telomere Length Measurement. Automated and manual DNA extraction
(Puregene, Gentra) was conducted on venous blood from 1,893 mothers and
1,779 offspring. DNA isolated in this fashion from blood is widely considered
to be of leukocyte origin. Although this is no doubt mostly true, there are
other possible cellular and noncellular sources of DNA found in blood (21, 62—
66) that preclude our referring to the telomere lengths measured here as
exclusively leukocyte in origin. Telomere lengths were measured using the
monochrome multiplex quantitative PCR assay (23) with the following
modifications. Reactions were run with telomere primers (telg/telc) at 500 nM
each and albumin (single-copy control) primers (albd/albu) at 300 nM each on
a Bio-Rad iCycler iQ thermocycler with a modified thermo-profile: internal
well factor collection for 1.5 min at 95 °C; denaturation and Taq activation for
13.5 min at 95 °C; two repeats of 2 s at 98 °C followed by 30 s at 49 °C; 34
repeats of 2 s at 98 °C; 30 s at 59 °C; 15 s at 74 °C with signal acquisition; 30 s
at 84 °C; and 15 s at 85 °C with signal acquisition, followed by a melt curve for
PCR product verification. Data were analyzed with a per-well efficiency cal-
culation method (7, 67, 68) using LinRegPCR version 12.7 (69, 70). All telo-
mere to single copy gene (T/S) ratios were normalized to (divided by) the
same control sample run with six replicates per 96-well plate. Interrun cor-
relations of the same samples (r = 0.92; n = 705; P < 0.0001) were comparable
to a previous analysis (71). Samples with coefficients of variation (CVs)
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