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Abstract Temperature-associated alteration in the telo-
mere lengths of vascular endothelial cells has not been well
investigated. Telomere length of human umbilical vein
endothelial cells (HUVECSs) cultured at a high temperature
(42 °C) was analyzed. Here described are heat-associated
phenotypical alterations of human vascular endothelial cell
under prolonged heat stress in terms of telomere length,
telomerase activity, and the expression of telomere asso-
ciated proteins and heat shock proteins. The genomic DNA
extracted from HUVECs cultured for 3 days under 42 °C
was digested with methylation-sensitive and -insensitive
isoschizomers and was subjected to genomic Southern blot
probed with a telomere DNA fragment. Their telomere

lengths and telomere length distributions were analyzed.

Telomerase activity and the expressions of telomere-asso-
ciated RNA, telomere-associated proteins (TERC, TERT,
TRF1, and TRF2), and heat shock proteins (Hsp60, Hsp70,
and Hsp90) were also analyzed. At 42 °C, cell growth was
suppressed and the cell senescence rateWa‘s**fftfansienﬂy
elevated. A proportional decrease in the number of long
telomeres was observed transiently at. 42 °C. A trend of
subtelomeric hypomethylation and lowered telomerase
activity were observed at 42 °C after 3-day culture. The
altered phenotypes on day 1 seemed reactive responses for
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cell protection to heat, and those on day 3 seemed
exhausted reactions after 3-day culture. Maintained
expression was observed in Hsps, TRF2, and TERC. These
altered phenotypes might contribute to cell-survival under
prolonged heat stress.

Keywords  Heat stress - Vascular endothelial cell -
Telomere - Subtelomere - DNA methylation

Introduction

Telomeres consist of repetitive DNA sequences with
accessory protein components (TRF1, TRF2, and others)
capping the terminals of chromosomes [1]. It is well known
that telomere DNA shortening occurs during every cell
cycle due to the duplication process that produces slightly
shorter DNA strands. In addition, the DNA methylation
status, one of the genomic epigenetic conditions, in telo-
meric region has been reported to alter in response to
human telomere length changes [2-6]. Telomere length in
somatic cells is negatively affected by stress factors [6].
Both pathological mental and physical stress accelerate
telomere attrition [6]. Telomere shortening occurs in
somatic cells with aging due to the occurrence of many
rounds of the cell cycle and pathological stress [7]. On the
other hand, a telomere-elongating cellular mechanism
functions in limited cases. Telomerase consists of a protein
component composed of reverse transcriptase (TERT) and
an RNA component (TERC). Telomerase contributes to
telomere elongation or telomere length maintenance in
unique cell populations with active mitotic potential, such
as cancer cells, stem cells, and reproductive cells. Gener-
ally, however, the telomere activity is suppressed to low
levels in somatic cells and is not adequate to prevent the

Journal : Large 40320
Article No. : 45

1
)

MS Code : _Original Article-Maeda

@ Springer
Disparch @ 7-5-2013 Pages: 8
0 LE f TYPESET
¥ cp & Disk

33
34
35
36
37
38
39
40

41

42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64



Author Proof

65
66
67
68
69
70
71
72
73
74
73
76
77
78
79
80
81
82
83
84
85
86
87
88
39
90
91
92
93
94

95

96

S5

98

99
100
101
102
103
104
105
106
107

108
109

110
111
112

Aging Clin Exp Res

telomere shortening that occurs during cell division. Tel-
omerase activity is also affected by stress factors. How-
ever, the effects of heat stress on telomere length,
subtelomeric methylation status, or telomerase activity
have not been well studied. Human vascular endothelial
cells have been used to analyze pathological stress-related
changes in cell biology [8-10]. Yet there have been no
reports that address the telomeric changes in vascular
endothelial cells occurring under heat stress. Although the
effects of transient heat stress on cells have been well
investigated, no reports evaluating prolonged heat stress
lasting more than 1 day have been published. Heat stress in
vascular endothelial cells also induces the expression of
various kinds of stress response genes, representatively,
heat shock proteins (Hsps) [11, 12]. Hsps are ubiquitously
synthesized in virtually all species and it is hypothesized
that they might have beneficial health effects [13]. In
response to stress stimuli, mammalian cells activate a
signaling pathway leading to the transient expression of
Hsp. Hsps are a family of proteins serving as molecular
chaperones that prevent the formation of nonspecific pro-
tein aggregates and assist proteins in the acquisition of their
native structures. Physiologically, Hsps play a protective
role in the homeostasis of the vessel wall consisting of
endothelial cells and smooth muscle cells [14]. We ana-
lyzed telomere DNA length, telomerase activity, and the
expressions of telomere-associated components, and heat
shock proteins under heat stress conditions using human
vascular endothelial cells exposed for 1 day or longer to
heat in culture.

Materials and methods
Cell culture

Human umbilical vein endothelial cells (HUVEC) were
purchased from Clonetics Corp. (San Diego, CA, USA).
The cells were cultured in endothelial cell growth medium
(Clonetics Corp.) at 37 or 42 °C and 5 % CO, in a gelatin-
coated flask (Iwaki Glass, 2 Chiba, Japan). Culture media
were refreshed every 24 h. On day 1 or 3, the cells were
collected and were counted using a hemocytometer. Pop-
ulation doublings (PDs) were calculated using the formula:
PD = [log (expansion)/log2], where expansion was the
number of cells harvested divided by the initial number of
cells seeded.

Senescence-associated B-galactosidase (SA-B-Gal)
expression

The cells were washed in PBS, fixed for 10 min at room

temperature in 2 % formaldehyde/0.2 % glutaraldehyde,
and incubated at 37 °C (no CO,) with fresh SA-B-Gal

@ Springer

staining solution containing 1 mg/mL of X-gal, pH 6.0 for
12 h. One hundred cells were scored from each well (plate)
using a light microscope.

Telomere detection

Telomere detection was performed as previously described
[4]. Briefly, cell DNA (0.1 pg) was digested with methyl-
ation-insensitive or -sensitive isoschizomers, Mspl or
Hpall, at 37 °C for 2 h, and was subjected to Southern blot
hybridization probed with telomere DNA (TTAGGG),,.
The autoradiogram was captured on an Image Master, and
the telomere length was then assessed quantitatively
(Fig. 1). Every sample was measured in triplicate.

Terminal restriction fragment (TRF) length analysis

Telomere length distribution was analyzed by comparing the
telomere length using a telomere percentage analysis with
three intervals of length (>9.4,9.4-4.4 and <4.4 kb) as defined
by a molecular weight standard as previously described [4].
The percent of the stratified intensity in each molecular weight
range of a Southern blot result smear was measured for each
sample. The mean TRF was estimated using the formula
S(OD; — background)/S(OD; — background/L;), where OD;

Sample | Sample 2

z B
= =

Mspl

(kb)

E 3
o (=¥
= <

Schematic
Densitometry

23.1
Hpall
94
6.6

44
Mspl

23 e
v | il

Fig. 1 Densitometric analysis of the isoschizomeric TRFs of Mspl-
and Hpall-digest. Representative Southern blot results of two samples
digested with Mspl or Hpall are shown. Gray areas on the right side
depict Hpall-densitometry and Mspl-densitometry, respectively
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is the chemiluminescent signal and L; is the length of the TRF
fragment at position .

Semiquantitative RT-PCR for TERC RNA

Total RNA samples were extracted using RNAzol B (Tel-
test). mRNA for human telomerase RNA component
(TERC) was determined by RT-PCR using a DIG detection
system (Roche Applied Science). Each human ¢cDNA was
produced by RT-PCR according to each human-derived
sequence. For the amplification of B-actin cDNA, the for-
ward primer B-actin (205 bp) 5'-CCTTCCTGGGCATGGA
GTCCT-3' and the reverse primer 5'-GGAGCAATGATCT
TGATCTTC-3' were used according to the published
human TERC cDNA sequence [15]. And TERC forward
primer 5-TCTAACCCTAACTGAGAAGGGCGTAG-3
and the reverse primer 5'-GTTTGCTCTAGAATGAACGG
TGGAAG-3 were used [16]. The values for TERC mRNA
levels were normalized to the B-actin mRNA level in the
same sample. The PCR products were directly synthesized
from 2 pg of total RNA isolated from each sample using the
Superscript one-step RT-PCR system with Platinum Tag
(Invitrogen) and gene-specific primers according to the
recommendations provided by the supplier. The PCR
products were amplified through 15 cycles of chain reaction
where the amplification is at an exponential phase. The PCR
products were analyzed by agarose gel electrophoresis
(1.3 %) followed by staining with ethidium bromide and
scanning with Gel-Doc (Bio-Rad). For semiquantitative
PCR, B-actin was used as an internal control to evaluate
total RNA input, as described by our group [17].

Western blot and other analyses

Cells from a dish were homogenized with 100-pl lysis
buffer (100 mM Tris pH 6.8, 4 % SDS, 20 % glycerol
containing the protease inhibitor, M phenylmethanesulfo-
nyl fluoride, 0.1 mM, leupeptin, 0.1 pl, ‘and aprotinin,
0.1 pb). Gel electrophoresis was used. to.separate 10-pug
protein on a 10 % SDS—polyacrylamide gel. Proteins were
transferred to nitrocellulose membranes (162-0112, Bio-
Rad Laboratories, Hercules, CA, USA) blocked with 5 %
dry milk or blocking solution for Western blot (Roche).
Membranes were blocked and incubated with antibodies
against telomerase reverse transcriptase (TERT) (Rock-
land), TRF1 (Imgenex), TRF2 (Cell Signaling), Hsp60
(Assay designs), Hsp70 (Assay designs), Hsp90 (Enzo), or
glyceraldehyde-3-phosphate  dehydrogenase (GAPDH)
(Santa Cruz Biotechnology). Detection was performed with
secondary horseradish peroxidase-conjugated antibodies

(Chemicon) -and the ECL detection system as previously

described [18]. The relative expression levels were deter-
mined compared to that of GAPDH.

Telomerase activity

Telomerase activity was examined by means of a modified
telomerase repeat amplification protocol (TRAP) method
with TeloChaser (Toyobo, Osaka, Japan), as previously
described [19].

Statistical analysis

Assays were repeated three times and analyzed statistically.
The normality of the data was examined with the Kol-
mogorov—Smirnov test and the homogeneity of variance
with the Levene Median test. If both the normal distribu-
tion and equal variance tests' were passed, intergroup
comparisons were performed using a two-way analysis of
variance (ANOVA) test followed by all pairwise multiple
comparison procedures using Tukey’s post hoc test. The
data are expressed as the mean =+ standard deviation. The
criterion for the significance is p < 0.05.

Results
Population déubling (PD) and cell senescence

The PD value of the HUVECs was assessed on day 1 and
day 3 of culture. At 37 °C, the PD value increased to ~1.6
on day 1 and was found to be maintained at that level on
day 3. At 42 °C, the PD valuve initially increased to ~1.2;
however, it decreased steeply to ~0.2 on day 3 (Fig. 2a).
Senescence-associated  P-galactosidase  (SA-B-Gal)
expression was observed in ~2 % of cells on day 1 and
~1 9% of cells on day 3 at 37 °C and in ~4 % of cells on
day 1 and ~2 % of cells on day 3 at 42 °C (Fig. 2b).
Such an initial increase and-delayed decrease of cell
senescence rate indicated that many cells entered cell
senescence stage followed by cell death 3-day-cultured
under heat. The proportion of senescent cells in the cell
population which survived for 3-day heat of 42 °C was not
less than that at 37 °C for 3 days. This indicates that the
heat-sensible cells diminished on day 1 and day 3 at 42 °C,
and the heat-tolerant cells remained on day 3 at 42 °C.

The mean TRF level and its distribution

The mean TL of the HUVECs was measured to assess the
degree to which high-temperature conditions affect telo-
meric DNA (Fig. 3a). The mean MspI-TRF values were
9.2 & 1.0 kb at 37 °C for 1 day, 8.7 &= 0.3 kb at 37 °C for
3 days, 8.3 £+ 1.0 kb for 1 day at 42 °C, and 8.9 & 0.6 kb
for 3 days at 42 °C. The mean Hpgll-TRF values were
10.1 = 0.7 kb at 37 °Cfor 1 day, 9.6 = 0.3 kb at 37 °C for
3 days, 9.3 4+ 1.1 kb at 42 °C for 1 day, and 9.0 £ 1.0 kb
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Fig. 2 The population doubling (%)
(PD) and the ratio of A 2 B 7
senescence-associated - 'y
galactosidase (SA-B-Gal) ’ 6
staining of HUVECs cultured in w P o
the presence of H,0,. a The PD Z 14 e 5 4
on day 1 and day 3 at 37 and =
42 °C. The horizontal bars are & 12 = 4
standard deviations. *p < 0.05, g Q
at 37 vs. 42 °C. b The 2 o are
percentages of SA-B-Gal- 'g‘ 03 2] «
positive cells. *p < 0.03, at 37 £ oe 5 !
vs. 42 °C. *p < 0.05, on day 1 0 e
vs on day 3 ’ | e
621 42°C
0 0+
¢l I 3 0 t 2 3 4
Days Days

at42 °C for 3 days. The subtracted Hpall-Mspl TRF values
were 0.9 &= 1.0 kb at 37 °C for 1 day, 0.9 & 0.4 kb at
37 °C for 3 days, 1.0 = 0.9 kb at 42 °C for 1 day, and
0.1 £ 0.7 kb at 42 °C for 3 days. Thus, the mean TRFs did
not altered at 42 °C, whereas the subtracted TRF Hpall-
Mspl was lower at 42 °C (0.1 &£ 0.7 kb) than at 37 °C
(0.9 4 0.4 kb) on day 3 (p = 0.04). The % intensity of
telomere length distribution (>9.4, 9.4-4.4, <4.4 kb) was as
follows: 51 £8, 476, 2£3 % of Mspl at 37 °C
for 1 day, 46 &= 1, 51 & 2, 3 &= 2 % of Mspl at 37 °C for
3 days, 39 &£ 11, 59 &+ 10, 2 £ 1 % of Mspl at 42 °C for

lday, 495, 483, 4+2% of Mspl at 42°C-

for 3 days, 63 £ 35,36 £ 5, 1 =1 % of Hpall at 37-°C
for 1.day, 60 & 1, 38 £ 2, 2 &= 2 % of Hpall at 37 °C for
3 days, 52 & 14, 47 £ 14, 2 £ 2 % of Hpall at 42 °C
for 1 day, and 58 £ 5,37 == 3, 6 £ 4 % of Hpall at 42 °C
for 3 days. (Fig. 3b, c) The difference between the telomere
length distribution between Mspl and Hpall was as follows:
1246, =11 4, —1 &= 4 % at 37 °C for 1 day, 14 & 1,
—1342, —1+£2% at 37°C for 3days, 135,
~134+5,0=+3 % at 42 °C for l:day, 944, —11 & 2,
2+3% at 42°C for 3 days, >9.4, 9.4-4.4, <4.4 kb,
respectively (Fig. 3d). The telomere length was affected
significantly in Mspl-distribution and in Hpall-MspI-sub-

tracted distribution. At 42 °C on day 1, long telomeres -
(>9.4 kb) decreased (p = 0.02) and’middle—sized telomeres .

(9.4-4.4 kb) increased (p = 0‘.03). The amount of short
telomeres (<4.4 kb) was not significantly affected. These
changesin TL distxibxjﬁénjdisappeared on day 3, suggesting
that cells bearing altered telomere length distribution
diminished up to day 3. The alteration of subtelomeric
methylation status appeared on day 3, which is a trend of
subtelomeric  hypomethylation of long telomeres
(p = 0.02) (Fig. 3d).

‘5_2_} Springer

Telomerase activity -+ 7

The telomerase activity of the HUVECs was evaluated at
37 °C and 42 °C using TRAP assays (Fig. 4). The average
value of TPG at 37 °C was set at 1 (I =+ 0.66 for 1 day and
1 = 0.2"for 3 days). The relative levels of TPG at 42 °C
were 1.32 +°0.84 on day 1 and 0.57 & 0.28 on day 3.
Therefore, the relative level of telomerase activity in the
HUVECs at 42 °C was maintained on day 1 (p = 0.71);
however, it significantly decreased on day 3 (p = 0.03).
The level of telomerase activity decreased under prolonged
heat stress at 42 °C.

Expression of telomere-associated components
and others

All telomere-associated components (TERT, TRF1 and
TRF2) except TERC were upregulated on day 1 and
downregulated on day 3. The expression of TERC did not
seem to be affected by heat (Fig. 5; Table 1).

All analyzed heat shock proteins (Hsp60, Hsp70 and
Hsp90) were upregulated on day 1 and downregulated on
day 3 at 42 °C. However, only Hsp70 maintained a sig-
nificantly higher expression level at 42 °C than at 37 °C.

Discussion

Biological stress has been reported  to induce negative
effects on the maintenance of telomere length in various
cells [1, 20]. However, heat stress-associated telomeric
changes have not been well investigated thus far. In the
present study, vascular endothelial cells were used to
analyze telomere-associated alterations induced at 42 °C.
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Fig. 3 The telomere length, the telomere length distribution of
HUVECs exposed at different temperatures. The mean telomere
lengths (a) and the telomere length distributions (b—d) are shown. The
Hpall-Mspl-subtracted percentages of telomere length range indi-
cated (>9.4, 9.4-4.4, or <4.4 kb) are shown. Notice that only the
longest telomere range (>9.4 kb) showed a significant difference

Cell growth was found to be suppressed at 42 °C, espe-
cially on day 3. The proportion of senescent cells increased
on day 1 at 42 °C, then returned to a low level as observed
at 37 °C on day 3. This observation indicates that the heat-
sensitive cell population decreased in size during the 3-day
exposure to 42 °C and the heat-resistant population sur-
vived beyond day 3. To the best of our knowledge, this is
the first report to assess alterations in telomere length
distribution under prolonged heat stress. Furthermore, the
effects on cells of transient heat stress have been reported
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between 37 and 42 °C (d). The horizontal bars represent the standard
deviation. The terminal restriction fragment lengths are presented as
the mean values =+ standard deviation. The horizontal bars represent
the standard deviation. A significant difference was observed
between the control cells at 37 °C and those at higher temperatures.
*p < 0.05 vs at 37 °C '

to occur within several hours; however, no reports have
evaluated prolonged heat stress lasting more than 1 day.
In the present study, the telomere length and the subt-
elomeric methylation status were analyzed in heat-exposed
cultured cell, to assess whether the heat stress suppresses or
accelerates aging-associated phenotypes. Regarding telo-
mere length distribution, the number of long telomeres
decreased and the number of medium-sized telomeres
(4.4-9.4 kb) increased at 42 °C on day 1. These telomeric
changes disappeared by day 3. These results indicate that
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PC NC 37°C 42°C PC NC

37°C 42°C

Fig. 4 The telomerase activity of endothelial cells at different
temperatures. The relative telomerase activity was compared as a
proportional ratio of the density the ladder of a sample to that of the
mean value at 37 °C. The panels show photographs of representative
TRAP assay results for HUVECs. The materials used for the positive
control (pc) and negative control (nc) were provided with the kit

telomere attrition is initially accelerated at 42 °C. There-
after, the cells containing shortened telomeres, which
seemed to be heat-labile, were lost from the total cell
population by day 3 at 42 °C. At 42 °C, cells containing
very short telomeres might be lost starting from early
periods. This observation suggested that 3-day 42 °C heat
accelerated cellular aging. Consequently, the cells that
survived the 3-day exposure to 42 °C did not show clearly
any significant features in telomere length distribution.

The alterations of subtelomeric methylated state have been
observed along with aging-associated telomeric changes in
human peripheral leukocytes. The decrease of long telomeres
with hypomethylated subtelomere and the increase of short
telomeres with hypomethylated subtelomere have been
observed as a typical aging-associated telomeric change [4-6].
In this study, the observed heat-induced subtelomeric hy-
pomethylation status on day 3 seemed to be a young pattern,
suggesting that old cells, which were heat-labile, were elimi-
nated during the 42 °C heat exposure for 3 days. Cells having
survived after the heat-exposure showed a young pattern of
subtelomeric methylation status. The heat exposure of 42 °C
firstly accelerated aging-associated telomeric changes and
finally eliminated the cells bearing the old pattern of telomeric
status.

The difference of expression pattern between TRF1 and
TRF2 can also be associated with the altered subtelomeric

@ Springer

lday 3days
37°C 42°C 37°C 42°C
TERT (s -
TRF1 ;
TRF2
PO o -
EPT e g o
U2 o D
GAPDH RSB s,

TERC

B-actin

Fig. 5 The expression levels of TERC, telomere-associated proteins,
and heat shock proteins of HUVECs cultured on day | and day 3 at
different temperatures. The panel shows representative Western blot
analysis results of telomere-associated proteins (TERT, TRF1, and
TRF2), heat shock proteins (Hsp60. Hsp70, and Hsp90), and a TERC
RNA RT-PCR result. The relative expression level of each compo-
nent is shown in Table |

Table 1 The proportional values of the expressions of the telomere-
associated components and heat shock proteins at 42 and 37 °C

42/37 °C-relative expression level

id 3d p value
(1d vs 3d)
TERT 1.80 & 0.32% 0.25 + 0.14" <0.01
TERC 0.95 4+ 0.27 1.86 + 1.66 0.44
TRFI 1.43 +0.19 0.44 + 025 <0.01
TREF2 3.93 £ 1.45% 1.19 + 1.07 0.06
Hsp60 2.35 4 0.58* 0.17 £ 0.11 0.02
Hsp70 2.73 & 0.08* 1.46 + 0.08 <0.01
Hsp90 3.35 + 1.43 0.89 + 1.46 0.08

1d 1 day, 3d 3 days
* p < 0.05, at 42 vs 37 °C

methylation status after 3-day exposure to heat. At 42 °C,
TRF1 was down-regulated but TRF2 was not. The heat-
induced subtelomeric hypomethylation might occur along
with the lowered expression level of TRF1. TRF1 has been
reported to negatively control the telomerase-associated
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telomere length maintenance [21, 22], while TRF2 is
associated with stabilizing the telomere structure [23, 24].
From this context, the lowered expression of TRF1 would
be beneficial for maintaining telomere length under high-
temperature conditions. In addition, the disequilibrium of
the expression level between TRF1 and TRF2 might lead to
structural change of telomere. This might induce unstable
telomere structure accompanying demethylation of geno-

-mic DNA neighboring to telomere. In addition, it has been

reported that heat shock can elicit a transient alteration of
the higher-order structure of specific heterochromatic
regions and induce the transcriptional activation of silent
portions of the genome [25]. The same mechanism could
be applied to the subtelomeric region under heat stress and
consequently lead to hypomethylated status there. The
prolonged high-temperature condition of 42 °C for 3 days
seemed to impair various kinds of protein expression and
damage cells. We showed here the phenotypical charac-
teristics of the survived cells through a prolonged heat
stress condition, i.e., maintained telomere length, subtelo-
meric hypomethylation of long telomeres, maintained
TERC expression, and maintained TRF2 expression. TRF2
has been believed to play key roles in telomere mainte-
nance [26, 27]. A recent report suggests roles for TRF2
protein in DNA repair in addition to chromatin reorgani-
zation and telomere maintenance [28]. TRF2 has also been
suggested to protect young neurons against death induced
by DNA-damaging agents [29]. Thus, TRF2 affects cell
survival and differentiation by modulating DNA damage
pathways, and gene expression, and the elevated expression
of TRF2 could be beneficial for cell survival. Other than
telomere-associated components, Hsps were also affected
by heat exposure. The difference of protein  expression
levels drastically changed from day 1 at 42 °C. Some of
these responses seemed to contribute to_cell protection
against heat stress. All analyzed proteins were upregulated
on day 1 at 42 °C. This indicated -an . acute reactive
response to heat stress. Protein expression activated at
42 °C on day 1 was preserved in TRF2 and Hsp70 on day
3. TERC expression also remained activated. Hsp90
expression was moderately preserved on day 3. Hsp70s
function as molecular chaperones, assisting in protein
synthesis, folding, assembly‘,,:rafﬁcking between cellular
compartments, and degradation [30, 31]. They are
expressed constitutively and induced in response to various
types of stress, including heat shock, ischemia, oxidative
stress, glucose deprivation, and exposure to toxins [32].
Hsp70 protects cellular elements from injury by reducing
oxidation, inflammation and apoptosis and by refolding
damaged proteins. The results of the present study sug-
gested that the expression of Hsp70 conferred survival
advantages under prolonged heat exposure. Hsp70 increa-
ses also in response to heat shock in the cardiovascular

system [33]. Hsp70 rapidly accumulates after heat shock
and can increase as much as eightfold in rat hearts after
whole animal heat shock [34, 35]. In fact, Amrani et al.
[36] have suggested that the increase in rat hearts after
whole animal heat shock occurs primarily in the vascular
endothelium, which is associated with improved recovery
of endothelial function from cardioplegic arrest. Leger
et al. [37] indicated that the primary site of Hsp70 induc-
tion after whole animal heat shock is in the blood vessels.
Hsp70 improves the viability of stressed vascular smooth
muscle cells, possibly via its chaperone functions [38]. The
beneficial effects of Hsp70 on cell viability demonstrated
in the present study may also provide survival advantages
for stressed vascular endothelial cells. Maintained upreg-
ulation of Hsp90 might also support cell survival. Heat
shock protein 90 (Hsp90) is-induced in response to cellular
stress and stabilizes client proteins involved in cell cycle
control and proliferative/anti-apoptotic signaling. Tanes-
pimycin, an Hsp90 inhibitor, reduces tumour cell survival
in vitro. In multiple myeloma, Hsp90 inhibition affects
multiple client proteins that contribute to tumour cell sur-
vival, including elements of the PI3/Akt, STAT3, and
MAPK signalling pathways. Hsp90 inhibition also abro-
gates the protective effect of bone marrow stromal cells
and - inhibits angiogenesis and osteoclastogenesis [39].
Thus, maintained expression of some proteins under pro-
longed heat observed in the present study are potentially
able to support heat-tolerance. In summary, prolonged heat
stress conditions such as those that occur at 42 °C for
3 days give rise to cell damage with transient aging-like
alterations in length distribution and subtelomeric meth-
ylation. Cell survival under prolonged heat stress may be
associated with the maintenance of upregulation of TRF2,
Hsp70, and Hsp90. Further study is necessary to elucidate
the relationship between these factors and the cell survival
mechanism through prolonged heat shock.
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ABSTRACT

Background: It is widely believed that females have longer telomeres than males, although results from studies
have been contradictory.

Methods: We carried out a systematic review and meta-analyses to test the hypothesis that in humans, females
have longer telomeres than males and that this association becomes stronger with increasing age. Searches
were conducted in EMBASE and MEDLINE (by November 2009) and additional datasets were obtained from
study investigators. Eligible observational studies measured telomeres for both females and males of any age,

“had a minimum sample size of 100 and included participants not part of a diseased group. We calculated

summary estimates using random-effects meta-analyses. Heterogeneity between studies was investigated
using sub-group analysis and meta-regression.

Results: Meta-analyses from 36 cohorts (36,230 participants) showed that on average females had longer telo-
meres than males (standardised difference in telomere length between females and males 0.090, 95%Cl1 0.015,
0.166; age-adjusted). There was little evidence that these associations varied by age group (p = 1.00) or cell
type (p = 0.29). However, the size of this difference did vary by measurement methods, with only Southern
blot but neither real-time PCR nor Flow-FISH showing a significant difference. This difference was not associated
with random measurement error.

Conclusions: Telomere length is longer in females than males, although this difference was not universaily found
in studies that did not use Southern blot methods. Further research on explanations for the methodological

differences is required.

© 2013 Published by Elsevier Inc.

1. Introduction

Telomeres are nucleoprotein complexes at chromosome ends,
where the DNA component is a repetitive stretch of (TTAGGG), which
caps and protects the end of the chromosome. Some studies have
found that shorter telomeres are associated with obesity (Nordfjall
et al., 2008a), gender (Bekaert et al., 2007), lower socioeconomic
position (Cherkas et al.,, 2008), smoking (Valdes et al., 2005) and
mortality (Cawthon et al,, 2003). Hence telomere length has been
proposed as a useful index of biological age (Hunt et al,, 2008), although
this has been called into question (von Zglinicki, 2012). The present
study focuses on the association with gender.

In the literature there are inconsistencies in the association between
gender and telomere length. Some studies (Nawrot et al,, 2004; Bekaert
et al., 2007; Fitzpatrick et al, 2007) have found white blood cell
telomeres to be longer in women than men. Several hypotheses have
been postulated to explain this association (Nawrot et al, 2004;
Mayer et al.,, 2006; Barrett and Richardson, 2011). One is the action of
oestrogen (Mayer et al,, 2006). An ocestrogen-responsive element is
present in telomerase reverse transcriptase (hTERT) (Nawrot et al.,
2004), hence oestrogen might stimulate telomerase to add telomere
repeats to the ends of chromosomes. Furthermore, telomeres are partic-
ularly sensitive to oxidative stress (von Zglinicki, 2002) and women
produce fewer reactive oxygen species than men (Nawrot et al,
2004). It has been suggested that women might also metabolise reactive
oxygen species better because of oestrogen (Nawrot et al., 2004), due to
its antioxidant properties (Carrero et al., 2008). However, other studies
have found that it is not always the case that telomere length is longer in
females than males (Hunt et al,, 2008; Shiels et al,, 2011) or even the
reverse (Adams et al,, 2007). At birth, one study found that there was
little difference in telomere length between the sexes (Okuda et al,,
2002), but another study found that female newborns had longer telo-
meres than males (Aubert et al., 2012). In another study, (Hunt et al.,
2008) no difference was detected in the telomere length of women
and men in the younger Bogalusa Heart Study cohort (19-37 years),
but in the older Family Heart Study cohort (30-93 years) telomeres
were longer in women than men. Hence the association between
gender and telomere length might vary by age. Whilst telomere length
is inversely related to chronological age in humans (Shiels etal,, 2011),
there are concerns about how robust telomere length is as a biomarker
of ageing (Shiels, 2010; Shiels et al,, 2011).

Existing studies of the association of gender and telomere length in
humans have a number of limitations. For example, some of the studies
are small e.g. {Benetos et al., 2001) and hence may not have sufficient

power to detect gender differences in telomere length. Furthermore,
there are methodological differences between assay methods (Aviv
et al.,, 2006), with Southern Blot providing a mean terminal restriction
length for DNA fragments containing the telomeric DNA stretch plus
sub-telomeric regions of variable length and sequence composition
and real-time PCR measuring actual telomere -repeat length relative
to a reference gene (Aviv et al,, 2006). The most frequent cell types
used in studies on telomere length are either whole blood (leukocytes
made up of lymphocytes, monocytes and granulocytes) or peripheral
blood mononuclear cells (PBMCs made up of lymphocytes and
monocytes). In adults, lymphocytes have shorter telomeres than
granulocytes (Aviv et al., 2006), hence it is important to assess whether
the association between gender and telomere length varies by cell type.
A literature search and qualitative meta-analysis (Barrett and
Richardson, 2011) found that at a qualitative level, males tended to

have shorter telomeres than females. However, no systematic review

of the literature has been done to examine the association between
gender and telomere length.

We carried out a systematic review and meta-analyses to test the
hypothesis that in human populations females have longer telomeres
than males and that this association becomes stronger with increasing
age. Furthermore, we also investigated whether the association
between gender and telomere length varied by method of measure-
ment of telomere length or cell type. Our study has several advantages

“over the earlier review: (a) our study is a systematic review and

meta-analysis; (b) has standardised effect estimates; (c) has more
rigorous methodology including exploration of sources of heterogene-
ity. - We hypothesised that there would be an association between
gender and telomere length, with females having longer telomeres
than males and that this association would become stronger with
increasing age.

2. Methods

We undertook a systematic review of the published literature follow-
ing the meta-analysis of observational studies in epidemiology (MOOSE)
guidelines (Stroup et al,, 2000) and the PRISMA statement (Moher et al,,
2009) and we include a completed PRISMA checklist (Supplementary
Data 1). Full review protocol is available in Supplementary Data 2.

2.1. Selection criteria

Eligible observational studies had a minimum number of 100 partic-
ipants and measures of telomere length for both males and females.
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Participants were those of any age (from newborns through to oldest
old) who were community dwelling at time of measurement of
telomere length and who were not part of a diseased group (including
healthy controls from case-control studies). Hence we excluded cancer
tissue studies with measurements of telomere length and those control
participants who were recruited from hospital in-patients.

2.2, Literature search and data extraction

Searches of the electronic databases MEDLINE and EMBASE (up to
November 2009) were performed using text word search terms and
explosion MeSH terms (Supplementary Data 2) by MG. Searches were
restricted to studies of humans. Fig. 1 shows the identification of
published studies. Combining the results of the MEDLINE and EMBASE
electronic searches and removing duplicate records left abstracts of
6822 unique records to be screened by three authors (DB, MG and
LW). Each of the three authors (DB, MG and LW) were responsible for
screening one-third of the titles and abstracts of these 6822 papers
and any considered to be ‘uncertain’ were independently screened by

. a second author. Sixty-one research papers were retrieved for full data
./ extraction using a standardised data extraction form. Two authors

(from DB, MG and LW) independently extracted the information and
data of relevance from each of the 61 papers and any differences
between the two sets of information extracted were resolved through
discussion. The standardised data extraction included methods of
measurement of telomere length, cell type, details of measurement
error, details of sample recruitment, descriptive characteristics and
unadjusted, age-adjusted and fully-adjusted measurements of differences
in telomere length between females and males.

2.2.1. Data requested from eligible studies

We contacted the corresponding authors of the 61 eligible published
research papers and asked them to complete standardised results tables
or provide the data for us to analyse (Supplementary Data 3). We
requested the regression coefficient representing the age-adjusted
difference in telomere length between females and males, along with
corresponding standard error. We asked that the study authors
calculate regression coefficients using linear regression with raw
telomere length as the outcome variable, We also requested that the
study authors provide the mean age and telomere length (plus standard
deviations) of males, females and total sample. After sending out one

‘ reminder, we received responses from 24 of the published research

retrieval (n=10149)

Potentially relevant studies
identified and screened for

8927 studies excluded based on title and abstract:

-3327 duplicate references

-1541 sample size <100

4

-1712 animal or in vitro

755 reviews

detailed evaluation

1222 studies retrieved for more

-1592 not measured telomere length

1161 studies excluded:
- 275 sample size <100
- 78 animal or in vitro

- 29 reviews

- 469 not d tefomere length

%

- 238 cancer tissue studies
- 41 female or male studies only
- 28 replicated studies

- 2 Not in English

3 HALCyon cohorts with relevant

61 studies retrieved for full data

9 other published datasets provided

data at 2 time points for
association between sex and
telomere length

extraction and data request
sent to authors for additional
results on associations between
sex and telomere length

standard results on association between
sex and telomere length

Standard results provided, or raw
data made available for 28
datasets from 24 published studies

v ¥

40 datasets for inclusion in meta -analyses, including 28 published datasets from searches and
9 other published datasets and 3 unpublished HALCyon cohorts

Fig. 1. Flow diagram for identification of published studies and for showing contact with authors for published and unpublished studies for inclusion in review.
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papers (28 datasets) (Fig. 1). Authors of 17 research papers provided
standard sets of results and authors of another 7 research papers
provided datasets for us to analyse. /

2.3. Inclusion of other studies

2.3.1. HALCyon cohort studies :

We included unpublished data from three of the nine UK cohort
studies involved in the HALCyon collaboration. These were the
Hertfordshire Ageing Study (HAS) (Syddall et al., 2010), the Lothian
Birth Cohort 1921 (LBC1921) (Deary et al,, 2004) and the MRC National
Survey of Health and Development (NSHD) (Kuh et al., 2011). These
studies had telomere length data available at two time points up to
10 years apart.

2.3.2. Other relevant studies

We contacted the corresponding author of an additional study
identified through the literature search (Yamaguchi et al., 2005)
which included at the time unpublished reference group telomere
length data. The corresponding author subsequently provided us with
the published reference group telomere length data (Aubert et al.,
2012) for both granulocytes and lymphocytes. Furthermore, following
e-mail contact with the corresponding authors of the 61 eligible pub-
lished research papers, the corresponding authors of two unpublished
studies: HyperGEN (Mangino et al., 2012) and the PREVEND Study
(Huzen et al,, 2011) contributed datasets (two from the HyperGEN
study). An additional study (Newcastle 85 + study (Martin-Ruiz et al.,
2011)) was identified through the HALCyon collaboration (www,
halcyon.ac.uk) and a further study (The West of Scotland Twenty-07

Study (Der et al., 2012)) was identified through the FALCon collabora-

tion {(www.nshd.mrc.ac.uk/collaborations/falcon.aspx). The West of
Scotland Twenty-07 Study contributed three datasets. Corresponding
authors of the HyperGEN (Mangino et al,, 2012), PREVEND (Huzen
et al.,, 2011), Newcastle 85+ (Martin-Ruiz et al., 2011) and The West
of Scotland Twenty-07 (Der et al,, 2012) studies provided us with stan-
dard sets of results and each of these studies are now published. Hence
these other relevant studies contributed an additional nine datasets
from five separate studies.

So in total there are 40 datasets (28 datasets from published
searches; 9 datasets from other relevant studies and 3 unpublished
Halcyon cohort studies) from 32 separate studies.

24, Telomere length measures

Telomere length was measured by terminal restriction fragment
(TRF) Southern Blot, real-time PCR or Flow-FISH (Aviv et al., 2006) in
the eligible studies. Flow-FISH is a cytogenetic technique requiring
intact cells to quantify the length of telomeres (Aviv et al., 2006). Cell
types were whole blood, peripheral blood mononuclear cells (PBMC),
lymphocytes or granulocytes (Aviv et al., 2006). Whole blood (leuko-
cytes) cells were made up of lymphocytes, monocytes and granulocytes.
These were prepared by red cell lysis and/or centrifugation of whole
blood without Ficoll (buffy coat). PBMC (lymphocytes and sometimes
variable fraction of monocytes) were prepared by whole blood centrifu-
gation through a Ficoll cushion or gradient. Lymphocytes or granulo-
cytes were used when specific cell fractions were isolated during the
Flow-FISH method.

2.5, Statistical methods

We performed a two stage meta-analysis. Firstly equivalent models
were run within each cohort. This involved using linear regression
models to analyse the association between gender and telomere length
adjusted for age. We made males the baseline group so that the regres-
sion coefficient represented the difference in telomere length for
ferales compared to males. Some studies measured absolute telomere

length in kb and others measured Telomere-to-Single Copy Gene (T/S)
ratio {Real-time PCR). Furthermore, those laboratories using Real-time
PCR methodology might use different reference samples (Horn et al.,
2010) and also might change their reference sample when it runs out.
To overcome such differences we standardised the regression coeffi-
cients (and corresponding standard error) by dividing both regression
coefficient and standard error by the standard deviation of telomere
length.

Secondly, the cohort specific standardised regression coefficients
and standard errors were pooled using random effects meta-analyses
(DerSimonian and Laird, 1986). We ran meta-analyses on results from
models with age-adjusted as a continuous term and then from models
with age-adjusted in quartiles. We included data from 36 datasets (pub-
lished and unpublished studies) in our meta-analyses and included the
remaining four datasets in sensitivity analyses. This was because two
studies (Aubert et al., 2012; Halaschek-Wiener et al., 2008) had data
on both granulocytes and lymphocytes and two studies (Nordfjall
et al,, 2008a,b) included the MONICA cohort study which was part of
the more recent NSHDS cohort study which also included the VIP and
MSP cohort studies (Nordfjall et al., 2009). Hence we wanted to make
sure that the same sample was not included more than once withina
meta-analysis. Furthermore, the 3 HALCyon studies and another study
(Nordfjall et al.,, 2009) had repeat telomere length measures {time 1
and time 2). We thus ran meta-analyses first including these studies
at time 1 and then including these four studies at time 2. We investigat-
ed between study heterogeneity using I* and Q statistics (Higgins and
Thompson, 2002; Higgins et al., 2003). We examined potential sources
of heterogeneity for age group (above versus below the median age),
method of measuremeént of telomere length and cell type by stratifying
random effects meta-analyses by each of these factors and by running
meta-regression analyses (Thompson and Sharp, 1999). For meta-
regression analyses, we used post-estimation Wald tests to obtain F
ratios and p values. To address non-linearity and variation with age
we undertook a meta-regression of effect size on mean age and tested
a quadratic or cubic relationship. We used funnel plots to assess publica-
tion bias and tested the symmetry of the funnel plots using Egger's test
(Egger et al,, 1997).

We undertook a series of sensitivity analyses: (1) for the studies
where we had access to the dataset, we repeated the test of association
between gender and telomere length using transformed telomere
length data (log.) and compared this to the results from meta-analysis
using raw data for telomere length, to address the issue of positive
skewness in telomere length measurements; (2) we excluded those
studies where there was no detail of how the healthy participants /
were sampled and repeated the meta-analyses; (3) we repeated analy-
ses using lymphocyte data rather than granulocyte data for two studies
(Aubert et al,, 2012; Halaschek-Wiener et al., 2008); (4) we replaced
results from (Nordfjall et al.,, 2009) with data from either (Nordfjall
et al,, 2008a) or (Nordfjall et al.,, 2008b) to avoid using the same study
population in meta-analyses more than once and repeated the analyses;
(5) we repeated meta-analyses including only those studies who
reported intra-assay or inter-assay coefficient of variation (CV);
(6) we repeated meta-analyses having excluded those studies
which had telomere length measured by any laboratory which ap-
peared to have outlier values.

2.6. Methodological checks

As the data from the Newcastle group contributed to the apparent
heterogeneity, a series of post hoc methodological checks was per-
formed by this group.
3. Results

Forty datasets contributed results to this review. Table 1 presents the
characteristics of these studies. Three studies (Hunt et al., 2008; Chen
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Table 1
Characteristics of studies included in the review?®.

Reference and study name or Number of participants Age males Telornere length Method to measure Cell type
recruitment method males females females males female telomere length
Published studies from searches
Adams et al. (2007) 108 50 (~) 5.55 kb (1.25) Real-time PCR PBMC
NewcastleThousand Families Study, UK 172 50 (—) 4.69 kb (1.02)
Aubert et al. (2012) 405 43.6 (29.9) 7.97 kb (1.59) Flow-FISH Granulocytes
Healthy controls 403 43.6 (30.0) 8.09 kb (1.52)

No details of how recruited, Canada
Aubert et al. (2012) 421 43.6 (29.9) 6.95 kb (2.07) Flow-FISH Lymphocytes
Healthy controls 414 43.6 (30.0) 7.26 kb (2.04)

No details of how recruited, Canada
Bekaert et al. (2007) 1218 46.1 (5.9) 7.79 kb (0.71) TRF Southern Blot Whaole blood
Asklepios study cohort, Belgium 1291 459 (6.0) 7.96 kb (0.73)
Bischoff et al. (2006) 260 80.5 (7.4) 7.54 kb (1.15) TRF Southern Blot Whole bicod
The Danish 1905 Cohort Study 552 81.8 (7.8) 7.73 kb (1.25)

Longitudinal Study of Aging Danish Twins

The Longitudinal Danish Centenarian Study
Cawthon et al. (2003) 72 73.8 (8.0} 1.04 T/S (0.15) Real-time PCR Whole blood
Utah residents who gave blood, USA 71 71.8 (6.8) 1.09 T/S (0.16)
Chen et al. (2009) (Blacks) 62 39.0 (4.1) 7.55 kb (0.70) TRF Southern Blot Whole Blood
Bogalusa Heart Study, USA 128 370 (5.3) 7.60 kb (0.81)
Chen et al, {2009) (Whites) 208 385 (45) 7.05 kb (0.70) TRF Southern Blot Whole blood
Bogalusa Heart Study, USA 264 375(4.8) 7.11 kb (0.74) TRF Southern Blot Whole blood
Cherkas et al. (2008) 247 48.1 (13.9) 6.61 kb (0.67)
(Data used from larger 3009 48.7 (13.0) 7.01 kb (0.68)

Mangino et al., 2009 publication)

UK Adult Twin Registry, UK
Cronkhite et al, (2008) 99 55.7 (16.0) 5.83 kb (0.66) TRF Southern Blot Whole blood
No details of how recruited, USA 102 558 (15.8) 5.97 kb (0.48)
Diez Roux et al. (2009) 467 654 (9.6) 0.82 T/S (0.17) Real-time PCR Whole blood
Multi-ethnic study of Atherosclerosis, USA 514 65.1 (9.9) 0.87 1/5(0.18)
Halaschek-Wiener et al. (2008) 69 781 (19.1) 6.49 kb (0.96) Flow-FISH Granulocytes
Population based lists, Canada 131 78.4 (18.0) 6.61 kb (0.83)
Halaschek-Wiener et al. (2008) 69 78.1 (19.1) 4.95 kb (1.20) Flow-FISH Lymphocytes
Population based lists, Canada 131 78.4 (18.0) 5.26 kb (1.34)
Hunt et al. (2008) blacks 216 52.3 (10.7) 6.95 kb (0.64) TRF Southern Blot Whole blood
Family Heart Study, USA 409 53.8 (11.0) 7.16 kb (0.63)
Hunt et al. (2008) whites 1170 56.6 (13.4) 6.70 kb (0.65) TRF Southern Blot Whole blood
Family Heart Study, USA 1433 574 (13.1) 6.86 kb (0.67)
Jang et al. (2008) 334 59.2 (6.2) 2.22 T/S (1.05) Real-time PCR Lymphocytes
Primary Care/GP register, Korea 152 58,7 (7.2} 2.03 T/S (1.20)
Kaplan et al. (2009) blacks 74 730 (5.6) 6.31 kb (0.69) TRF Southern Blot Whole blood
Cardiovascular Health Study, USA 140 723 (5.0) 6.62 kb (0.66)
Kaplan et al. (2009) whites 613 75.6 (5.5) 6.19 kb (0.56) TRF Southern Blot Whole blood
Cardiovascular Health Study, USA 842 749 (4.9) 6.38 kb (0.62)
Kimura et al. (2007) 56 55,7 (25.5) 6.02 kb (0.99) TRF Southern Blot Whoale bleod
Individuals Campania region, Italy 106 76.7 (25.9) 5.57 kb (1.03)
Maeda et al. (2009) 89 446 (102) 8.77 kb (1.78) TRF Southern Blot PBMC
No details of how recruited, Japan 58 43.8 (11.0) 9.54 kb (1.96)
Martin-Ruiz et al. (2005) 184 899 (3.2) 4.44 kb (0.92) Real-time PCR PBMC
The Leiden 85-plus study, The Netherlands 495 89.8 (2.9) 4.26 kb (0.90)
Nawrot et al. (2004) 119 429 (15.7) 6.78 kb (0.70) TRF Southern Blot Whole blood
Family Based Cohort, Belgium of the Flemish Study on 152 41,7 (17.3) 6.94 kb (0.67)

Environment, Genes and Health Outcomes ;
Nordfjall et al. (2005) 65 57.9(153) 0.70 1/S {0.29} Real-time PCR PBMC
No details of how recruited, Sweden 69 534 (15.0) 0.75 T/S (0.26)

Healthy individuals in 49 unrelated families
Nordfjall et al. (2009)
NSHDS cohort study, Sweden
Time 1 722 47.1 (5.6) 0.70 T/S (0.21) Real-time PCR PBMC

568 444 (7.0) 0.69 T/S (0.23)
Time 2 361 57.1 (5.6} 0.59 T/S (0.16) Real-time PCR PBMC
284 54.4 (6.9) 0.64 T/S (0.20)

Nordfjall et al. (2008a) 197 47.1(14.5) 0.62 T/S (0.14) Real-time PCR PBMC
MONICA cohort study, Sweden 335 438 (13.0) 0.70 T/S (0.19)
Nordfjall et al. (2008b) 514 553 (11.7) 0.63 T/ (0.19) Real-time PCR PBMC
MDCC/Monica cohorts, Sweden 475 493 (13.6) 0.69 T/S (0.19)
Ren et al. (2009) 53 44.7 (27.6) 117 kb (1.4) TRF Southern Blot Whole blood
Healthy individuals with ancestors living in region for 52 37.2 (24.7) 11.7 kb (1.4)

>3 generations, Tibet
Ungyn et al, (2005) 51 542 (14.5) 7.02 kb (0.80) TRF Southern Blot PBMC
Random digit telephone dialling, Canada 74 584 (12.0) 7.09 kb (0.57)
Van der Harst et al. (2007) 145 66.1 (8.5) 1.09T/5032 Real-time PCR Whole blood

38 66.7 (10.3) 1.141/5041

(continued on next page)
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Table 1 (continued)

Reference and study name or Number of participants Age males Telomere length Method to measure Cell type
recruitment method males females fernales males female telomere length
University Genetic Database
Healthy non-blood related relatives of patients
with Crohn's disease, Netherlands
Woo et al. (2008) 976 72.8 (5.0) 8.81 kb (1.62) Real-time PCR Whole Blood
Health Survey recruited from community centres for 1030 72.0(5.2) 9,35 kb (2.26)
elderly and housing estates, China
Additional datasets
HALCyon cohorts
The Hertfordshire Ageing Study (Syddall et al,, 2010), UK
Wave 1 388 67.5(24) 532 kb (1.54) Real-time PCR PBMC
269 675 (2.2) 5.10 kb (1.69) :
Wave 2 ) 165 767 (2.4) 3.86 kb (1.20) Real-time PCR PBMC
112 763 (2.1) 4.00 kb (1.55)
Lothian birth cohort 1921 (Deary et al., 2004)
Wave 1 210 79.1 (0.6) 4.23 kb (0.44) Real-time PCR PBMC
287 79.1 (0.6) 3.98 kb (0.36)
Wave 3 72 86.6 (04) 4.43 kb (043) Real-time PCR PBMC
74 86.6 (0.4) 4,00 kb (0.60)
{Harris et al,, 2006 published but used
larger Lothian Birth Cohort 1921 dataset)
NSHD birth cohort 1946 {(Kuh et al, 2011)
Age 53 1324 535 (0.2) 5.87 kb (1.94) Real-time PCR PBMC
1336 53.5(0.2) 5.42 kb (1.89)
Age 60-64 501 633 (1.2) 4.19 kb (1.28) Real-time PCR PBMC
557 634 (1.1) 437 kb (1.33) :
Der et al. (2012)
The West of Scotland, UK
Twenty-07 study
1970s cohort 362 36.6 (0.4) 0.85 T/5 (0.22) Real-time PCR Whole Blood
412 366 (04) 0.87 1/5 (0.20)
1950s cohort 379 569 (0.9) 0.77 T/S (0.18) Real-time PCR Whole Blood
469 569 (0.7) 0.79 1/S (0.19)
1930s cohort 235 759 (0.6) 0.68 T/S (0.19) Real-time PCR Whole Blood
309 760 (0.6) 0.71 T/S (0.18)
Huzen etal (2011) 4027 50.4 (12.9) 1.05 T/ (0.33) Real-time PCR - Whole Blood
The PREVEND Stucly, Netherlands 4027 48.1(12.3) 1.08 T/S (0.34)
Mangino et al. (2012) blacks 108 52.2(8.8) 7.05 kb (0.78) TRF Southern Blot Whole Blood
HyperGEN, USA 116 545(9.1) 707 kb (0.64)
Mangino et al. (2012) whites 612 519 (14.2) 6.68 kb (0.60) TRF Southern Blot Whole Blood
HyperGEN, USA 628 534 (13.1) 6.80 kb (0.61)
Martin-Ruiz et al. (2011) 295 85.5 (0.5) 3.32 kb (1.14) Real-time PCR PBMC
Newcastle 85+ study, UK 456 85,5 (0.4) 3.05 kb (1.06)

@ Age and telomere lengths are presented as mean (standard deviation).

et al., 2009; Kaplan et al., 2009) each had telomere length data stratified
for black and white participants and these data are presented separate-
ly. Mean age ranged from 36.6 + 0.4SD years in The West of Scotland
Twenty-07 Study to 89.9 + 3.25D years in the Leiden 85+ Study. The
method of measurement of telomere length was TRF Southern Blot in
17 datasets, Real-time PCR in 19 datasets and Flow-FISH in four datasets.
Telomere lengths were measured in whole blood (27 datasets), PBMC
(8 datasets), granulocytes (2 datasets) and lymphocytes (3 datasets).

3.1. Meta-analyses

Overall summary estimates of effects for the associations between
gender and telomere length are detailed in Table 2. Meta-analyses
from the 36 cohorts (36,230 participants) showed that gender was asso-
ciated with telomere length, with females having longer telomeres on
average than males (standardised difference in telomere length
between females and males 0.090, 95% C1 0.015, 0.166, p = 0.02; age-
adjusted; Fig. 2). These results included the 3 HALCyon studies and
Nordfjall et al., 2009 at time 1. When these analyses were repeated
but including these 4 studies at time 2 rather than time 1 (where the
difference in mean ages between times 1 and 2 ranged from 7.5 years
to 10 years), the associations between gender and telomere length
were present, again showing that females had longer telomeres than
males (p < 0.001).

3.2. Heterogeneity

There was evidence of substantial heterogeneity between studies |
(I? = 91.4%, 95% C1 89.0, 93.2, p < 0.001) (Table 2). There was little
evidence that the association between gender and telomere length var-
ied by age group (Fratio = 0.00, p = 1.00; Table 2; Fig. 3) but did vary
by the method of telomere length measurement (F ratio = 5.72,
p = 0.007; Table 2; Fig. 4). There was moderate heterogeneity between
studies using the TRF Southern Blot method (12 = 68.8%, 95% CI 48.5,
81.1, p < 0.001) and high heterogeneity between studies using the
Real-time PCR method (I = 93.2%, 95% Cl 90.6, 95.1, p < 0.001) and
the summary estimates of effect showed longer telomeres in females
than males only for the TRF Southern Blot method. There was little
evidence that the associations between gender and telomere length
varied by cell type (Fratio = 1.31,p = 0.29; Table 2; Fig. 5). The results
in Table 2 include the 3 HALCyon studies and Nordfjall et al,, 2009 at
phase 1. When these analyses were repeated but including these 4 stud-
ies at phase 2, there was again little evidence that the associations varied
by age group (F ratio = 0.06, p = 0.80) or by cell type (F ratio = 0.99,
p = 041) but there was still evidence (albeit weaker) that the associa-
tion between gender and telomere length varied by method to measure
telomere length (F ratio = 3.10, p = 0.06). There was little evidence
that the association between telomere length and gender had a non-
linear variation with age (data not shown). For comparison purposes
for the TRF Southern Blot method, the overall summary estimates of
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Table 2

Overall summary estimates of effect for the associations between gender and telomere length from stratified random effects meta-analyses,

Stratification No* ES® females-males 95% Cl (Age-adjusted) p-value 2 p-value®
None 36 0.090 0.015,0.166 0.02 914% <0.001
Mean age® (years)
<558 18 0.091 —0.018,0.200 0.10 92.4% <0.001
>55.8 18 0.090 —0.021,0.210 0.11 90.2% <0,001
N Fratio p-value
Overali® 0.00 1.00
Measurement method
Real-time PCR. 17 —0.047 - —0.167,0072 044 93.2% <0.001
TRF Southern Blot 17 0.240 0.173,0.307 <0,001 68.8% <0.001
Flow-FISH 2 0.077 —0.016,0.171 011 0.0% 065
F ratio p-value
Overall® 572 0.007
Cell Type'
Whole Blood 27 0.132 0.050, 0.215 0.002 91.9% <0.001
PBMC 6 -0.070 —0.354,0.215 0.63 87.9% <0001
Lymphocytes 1 —0.194 —0461,0.072 0.15 - -
Granulocytes 2 0.077 ~0.016,0.171 0.11 0.0% 065
Fratio p-value
Overall® 1.31 029

2 Number of studies.

" Standardised regression coefficient (standardising for telomere length) representing the age-adjusted difference in telomere length between females and males. Here maies are the
baseline group so that the coefficient represents the difference in telomere length for females and males. Hence if females have longer telomeres this would be positive.

¢ p-value is obtained from the heterogeneity y*.
4 Stratified by the mean age above and below the median age.

? Overall test for heterogeneity between subgroups by undertaking meta-regression and giving F ratio and p-values,
T Cell types are whole biood (leukocytes: lymphocytes, monocytes and granulocytes) and Peripheral Blood Mononucleocytes (PBMC: enriched for lymphocytes), lymphocytes or

granulocytes. Random effects meta-analyses were used throughout,

the absolute difference in telomere length between females and males
was 176 bp (95% C1 131, 221, p < 0.001; age-adjusted).

3.3. Publication bigs

The funnel plots (data not shown) and Egger test (bias = —1.52,
p = 0.15) did not show strong evidence for small study bias.

34. Sensitivity analyses

We found no evidence that the association between gender and telo-
mere length differed whether we used raw data for telomere length, or
~ whether it was transformed (log.) (data not shown). Excluding studies

 where there were no details of how the healthy participants were sam-
" pled had little effect on the findings. The Egger test using these studies,
showed that there was again no strong evidence for small study bias
(bias = —1.76, p = 0.18; including phase 1 data). Repeating the anal-
yses including lymphocyte data rather than granulocyte data for the
two studies with both data made little difference to the associations
(data not shown). Replacing (Nordfjall et al., 2009) study with data
from either (Nordfjall et al.,, 2008a) or (Nordfjall et al., 2008b) again
had little effect on the associations. Eight out of 22 studies reported
values for intra-assay CV and 4 out of 22 studies reported values for
inter-assay CV. Repeating the analyses but including only those 10 stud-
ies who reported intra-assay or inter-assay CV in their studies, showed
that gender was strongly associated with telomere length, with females
having longer telomeres than males.

4. Discussion
4.1. Explanation of findings

The results of these meta-analyses showed that gender was associat-
ed with telomere length, with females having longer telomeres on

average than males, even though significant heterogeneity between
studies was detected. There was little evidence that the strength of the

associations varied by age group or by cell type. However, the association
between gender and telomere length did vary by measurement methods.
The summary estimates of effect showed longer telomeres in females
than males only for the TRF Southern Blot method, but not for the Real-
time PCR nor the Flow-FISH method. However, there was significant het-
erogeneity between studies, particularly for the Real-time PCR method
(2 = 93.2%) but also for TRF Southern Blot (I* = 68.8%) methodologies.
Moreover, heterogeneity was also confirmed by more recent large Real-
time PCR studies which did (Weischer et al,, 2012) or did not (Needham
et al,, 2013) identify shorter telomeres in males than females.

These results suggest two alternative conclusions: (i) women have
lenger telomeres than men, and the failure of the PCR and Flow-FISH
methods to detect this difference reproducibly is related to higher
experimental variability of these techniques, or (ii) there is no consis-
tent gender difference in telomere length but a methodological bias spe-
cific to the Southern blot technique.

The overall outcome of the present systematic review argues in
favour of the first conclusion. In addition, a number of biological plausi-
ble arguments for longer telomeres in women than in men have been
made. These include the action of oestrogen which can stimulate the
production of telomerase and might be protective against reactive oxy-
gen species damage (Aviv, 2002) and the heterogametic sex hypothesis
(Barrett and Richardson, 2011) stating that any deleterious recessive
alleles on the X chromosome of the heterogametic sex (males in
humans (XY)), will have no compensatory allele, unlike in females
where the second chromosome might compensate (Austad, 2006).
Hence, shorter telomeres in males might arise if the unguarded X chro-
mosome in males contains inferior telomere maintenance alleles
(Barrett and Richardson, 2011).

It has been suggested that longer telomere length in women than
men might arise from a slower rate of telomere attrition in women
(Okuda et al., 2002). In both cross-sectional (Bekaert et al,, 2007) and
longitudinal studies (Chen et al,, 2011) the rate of leukocyte telomere
length shortening was slower in women than men. However, the asso-
ciations were not strong and hence need to be confirmed in larger stud-
ies (Chen et al,, 2011). In the present study, there was little evidence
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Association between gender and telomere length

%

Study © o Age ES (95% CI) Weight
Cawthon_2003 728 0.23(-0.09,0.55) 211
Nawrat_2004 433 0.20(0.01,039) 279
Mastin-Rulz, 2005 89.8 -0.20 (-0.37, -0.03) 2.91
Nordifalt_2005 §5.6 007 (:0.26,0.41) 205
Unryn_2005 567 024 (-0.08,057) 208
Bischoft_2006 814 0.20(0.04,0.35) 299
Adams_2007 R -0.74 {-0.96, -0.51) 2.60
Asklepios_2007 48 0.23(0.15,030) 320
Kimura_2007 69.5 0.22{002,042) 275
Van der Harst_ 2007 862 0.15(-0.19,050) 1.98
Cronkhite_2008 558 0.24 (-0.01,049) 248
Halaschsk_2008_Gran 783 0.34(-0.14,0.42) 233
Hunt_2008 blacks (FHS) 533 0.40(0.26,054)  3.06
Hunt, 2008 whites (FHS) 57 0.22(0.16.028) 3.34
Jang_2008 59 0.18 (0.46.0.07) 2.40
Woo 2008 724 0.26(0.18,035) 3.26
Chen_2009 blacks 377 0.02(-0.20,033) 215
Chen_2009 whites 378 0.07 (-0.11,0.26) 2.84
Diez Roux_2009 852 0.30(0.18,042) 315
Kaplan_2009 blacks 725 0.41{012,088) 236
Kaplan_2009 whites 752 0.30(0.20,040) 3.21
Maoda_2009 443 042 (0.01,083) 170
Mangino_ 2009 486 0.60 (045,0.78) 289
Nordfjall_2009 459 -0.07 (-0.23,0.08) 2.86
Ren_2009 407 0.18 (0.41,005) 2.59
Martin-Ruiz. 2011 (Newcastle B5+85.5 -0.22 (-0.37,-0.08) .03
Aubeit_2012_Gran 436 0.07 (0.03,047) 3.22
Dar_2012 (1970) 366 0.13(001,027) 308
Der_2012 (1950) 569 0.11{-0.03,0.24) 307
Der_2012 (1930} 76 0.25(0.09,040)  2.97
Kingma_2012 (PREVEND) 493 0.08(0.04,012) 387

Mangino_ 2012 blacks {Hypergen} 634
Mangino_ 2012 whites (Hypergen) 62.7
HAS_w1 {unpublished) 875
LBC1921_ w1 {unpublished) 781
NSHD_age 53 (unpublished)  53.5
Overall (-squared = 914%, 9 = 0.000)

0.04{-0.21,0.30) 244
027 (0.47,036) 3.23
013 (-0.20.0.02) 288

| -0.60 (0.75,-0.43) 294
023 (-0.31,-0.16) 3.30
0.08(0.01,0.17)  100.00

NOTE: Woights ars from random effects analysis

-984

longer telomeres males

0 E 964

fongar telomeres terales

e 'Standafdised difference in telomere length between females and males adjustéd for age

Fig, 2, Meta-analysis for the association between gender and telomere length adjusted for continuous age.

that the strength of the association between gender and telomere
length varied by age group (above versus below the median age of
55.6 years). It is not clear whether gender dependent differences in
telomere length are already present at birth: One study found that
there was little difference in telomere length measured by TRF Southern
Blot between the sexes at birth (Okuda et al,, 2002), while a recent study
using Flow-FISH found that female newborns had longer telomeres than
males {Aubert et al,, 2012).

It has been suggested that longer telomeres might be a cause of
improved fitness in women, manifest in longer lifespan and lower risk
for cardiovascular disease and cancers (Aviv, 2002). However, the
picture might be more complex: While short leukocyte telomere length
has been associated with cardiovascular risk factors (Benetos et al.,
2001; Bekaert et al,, 2007; Fitzpatrick et al., 2007; Nordfjall et al.,
2008b; Shiels et al,, 2011) and cardiovascular disease (Brouilette et al.,
2007; Fitzpatrick et al., 2007), it did not predict risk for enhanced cancer
incidence in carefully controlled prospective studies (Weischer et al,,
2013) and for some cancers including breast cancer, long rather than
short telomeres were associated with increased risk (Pellatt et al.,
2013). While males die at a higher rate at virtually every age (Austad,
2006), associations of telomere length with mortality have shown con-
tradictory results (Cawthon et al,, 2003; Bischoff et al,, 2006; Fitzpatrick
et al,, 2011). Finally, females show higher incidence and prevalence of
many age-related diseases (except cardiovascular disease and cancer)
and disabilities (Collerton et al,, 2009). Many of these including, for
example, multiple-morbidity (Sanders et al., 2012), rheumatoid arthri-
tis (Costenbader et al., 2011) or depression (Puterman et al., 2013)
have been associated with: short telomeres. Together, these data do

not suggest a general association between gender-specific telomere
length and fitness in domains other than cardiovascular disease.

Alarge part of the heterogeneity of the real-time PCR studies can be
attributed to a single group. The von Zglinicki group repeatedly reported
longer telomeres in men than in women (Deary et al., 2004; Martin-
Ruiz et al., 2005, 2011; Adams et al,, 2007; Syddall et al., 2010; Kuh :

et al,, 2011). A post hoc analysis excluding these studies (Deary et al., .

2004; Martin-Ruiz et al,, 2005, 2011; Adams et al,, 2007; Syddall et al,,
2010; Kuh et al., 2011) now showed longer telomeres in females than
males for the Real-time PCR method (standardised difference in telo-
mere length between females and males 0.134, 95% C1 0.053, 0.215,
p = 0.001). However, there was still evidence of moderate heterogene-
ity (e.g. Réal-time PCRI? = 72.9%). To address the possibility of meth-
odological errors, a number of methodological checks were performed
by the von Zglinicki group. Coding errors were ruled out by independent
cross-checks. Inter-assay CV were measured repeatedly and always
found to be below 6%. PCR efficiencies were estimated both from stan-
dard curves and as single-well efficiency. Plate-to-plate efficiency varia-
tion was below 1% for the reference gene PCR and below 2.7% for
telomere PCR. The intra-plate single-well efficiency CV was always
below 3%, Finally, telomere length of the Newcastle 85+ study partici-
pants (which showed longer telomeres in men than women PBMCs)
was repeated using whole blood and a different reference gene with
the same result. Interestingly, Southern blot telomere length studies in
patient cohorts done by the von Zglinicki group showed a tendency
towards longer telomeres in women in agreement with the Southern
blot studies included in the present review (von Zglinicki et al., 2000;
Martin-Ruiz et al., 2006). Thus, there is no obvious methodological



