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ducer. M-mode echocardiograms were recorded in the short-axis view
at the papillary muscle level of the L'V at a speed of 100 mm/s for
measurement of LV end-diastolic (LVDd) and end-systolic (LVDs)
diameters, LV fractional shortening (FS), and the thickness of the
_ intraventricular septum (IVS) and LV posterior wall (PW) at end
| diastole. The following variables were determined as indicators of
diastolic ventricular function: peak transmitral flow velocity in early
diastole (E), peak transmitral flow velocity in late diastole (A), the
E-to-A ratio (E/A), and deceleration time of the E wave. After
echocardiography, a 1.4 F micromanometer-tipped catheter (Millar
Instruments, Houston, TX) was inserted into the right carotid artery
and then advanced into the LV to measure pressure. After the
hemodynamic studies, the heart was immediately harvested. Body
weight, heart weight calibrated by tibia length, and the ratio of heart
weight to body weight as an index of cardiac hypertrophy were
evaluated.

Histological examination. The apical portion of the LV below the
papillary muscle was fixed with phosphate-buffered 10% formalin
solution for 24 h, embedded in paraffin, sectioned at 1.5 pm, and
stained with hematoxylin-eosin (HE), Masson’s trichrome (MT), or
Sirius red (SR) to evaluate the cardiac fibrosis and hypertrophy of
cardiomyocytes. To determine myocyte cross-sectional area (CSA),
30 cardiomyocytes were traced in each section in the slides stained
with HE using NIH Image software. The percentage area of perivas-
cular and inferstitial fibrosis in the LV at the papillary muscle level in
the slides stained with MT and SR was determined (6, 8). The
remaining LY was immediately placed in liquid nitrogen and stored at
—80°C for Western blot analyses.

Myocardial metalloproteinase activity assay. The SensoLyte 520
Generic MMP Fluorometric Assay Kit (AnaSpec) was used to deter-
mine myocardial matrix metalloproteinase (MMP) activity according
to the manufacturer’s directions. Hearts were homogenized in the
assay buffer and incubated with 1 mmol/l of 4-aminophenylmercuric
acetate for 24 h at 37°C to activate pro-MMPs. Data were adjusted by
protein concentrations in the buffers and normalized to the levels in
the NS group.

Analysis of protein expression. Frozen heart tissues were homoge-
nated with 5 volumes of homogenization buffer (RIPA}) and centri-
fuged at 15,000 rpm for 20 min. The protein concentration of the
supernatant was determined with bovine serum albumin as a standard
protein. The same amount (20 g for each experiment) of extracted
protein was loaded for SDS-polyacrylamide gel electrophoresis and
then transferred onto polyvinylidene difluoride membranes. Mem-
branes were blocked and incubated with antibodies against endothelial
nitric oxide synthase (eNOS) (sc-20791, Santa Cruz Biotechnology),
phosphor-eNOS (N213220; NOF Medical Department, Tokyo, Ja-
pan), Akt (#9272, Cell Signaling Technology), phospho-Akt (#9271,
Cell Signaling Technology), HSP60O (SPA-806, Stressgen), HSP70
(SPA-810, Stressgen), HSP90 (SPA-845, Stressgen), brain natriuretic
peptide (BNP) (SC-18818, Santa Cruz Biotechnology), inducible
nitric oxide synthase (iNOS) (SC-650, Santa Cruz Biotechnology),
nitrotyrosin (905-763-100, Stressgen), pentraxin 3 (PTX3) (H00005806-
MO2, Abnova), Toll-like receptor (TLR)-4 (IMG-578A, IMGENEX),
telomere reverse transcriptase (TERT) (SC-7212, Santa Cruz Biotech-
nology), Sirtl (SC-15404, Santa Cruz Biotechnology) and to glycer-
aldehyde-3-phosphate-dehydrogenase (GAPDH: sc-20357, Santa
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Cruz Biotechnology). Detection was performed with secondary horse-
radish peroxidase-conjugated antibodies (Millipore, Billerica, MA)
and the ECL detection system. Subsequently, the signals were nor-
malized to GAPDH expression. To assess the level of myocardial
oxidative stress generated in the process of cardiac remodeling, we
determined the degree of lipid peroxidation in myocardial tissues
through biochemical assay of thiobarbituric acid reactive substances
(TBARS) (31). Briefly, LV myocardial tissue was homogenized (10%
wifvol) in 1.15% KCI solution (pH 7.4). The homogenate was mixed
with 0.4% SDS, 7.5% acetic acid adjusted to pH 3.5 with NaOH, and
0.3% thiobarbituric acid. Butylated hydroxytoluene (0.01%) was
added to the assay mixture to prevent autoxidation of the sample. The
mixture was kept at 5°C for 60 min and was heated at 100°C for 60
min. After cooling, the mixture was extracted with distilled water and
n-butanol-pyridine (15:1, vol/vol) and centrifuged at 1,600 g for 10
min. The absorbance of the organic phase was measured at 532 nm.
The amount of TBARS was determined by absorbance with the
molecular extinction coefficient of 156,000 and expressed as mol/g
wet wt.

Telomeric biology. T() extract the genomic DNA, the tissue sam-
ples were lysed by incubation at 55°C for 48 h in 200 pl lysis buffer
containing 10 mmol/1 Tris-HCI (pH 8.0), 0.1 mmol/l EDTA (pH 8.0),
2% SDS, and 500 pg/ml protease K (Roche Diagnostic, Tokyo,
Japan). Genomic DNA extraction was performed using a DNeasy
Tissue kit (Qiagen, Tokyo, Japan) according to the manufacturer’s
recommendations as previously described (6). The length of the
telomeric DNA was estimated as the telomeric-to-centromeric DNA
content ratio, as previously reported (16). The telomeric DNA con-
tents can be standardized by calculating the relative telomeric DNA
content with the centromeric DNA (0.1 ug) content. DNA samples
were diluted and denatured. Two microliters of denatured DNA were
dotted onto a nylon membrane sheet. The hybridization signal of a
digoxigenin (DIG)-labeled probe was converted into a chemilumines-
cent signal using a DIG Wash and Block buffer set, and a DIG
luminescent detection kit (Roche). After the telomere probe had been
stripped, the membrane was rehybridized with 2 pmol 5'-DIG-labeled
centromere-specific oligonucleotide (5'-GTTTTGAAACACTCTTT-
TTGTAGAATCTGC-3") under the same conditions. The telomere
probe was visualized by alkaline phosphatase-metabolizing CDP-Star,
a highly sensitive chemiluminescence substrate. Telomerase activity
was examined by means of a modified telomerase repeat amplification
protocol (TRAP) with TeloChaser (Toyobo, Osaka, Japan) according
to the manufacturer’s instructions (16). Briefly, the substrate oligonu-
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cleotide is added to 0.5 g protein extract. If telomerase is present and
active, telomeric repeats (GGTTAG) are added to the 3'-end of the
oligonucleotide. After amplification, the PCR products were resolved
on a 12% polyacrylamide gel, stained with ethidium bromide, and
detected using an FLA 5000 system (Fuji Film, Tokyo, Japan). The inten-
sities of the bands were quantified with Image J. Assays were repeated
at least twice on LV tissue from each animal to ensure reproducibility.
A human cancer cell line overexpressing telomerase was used as the
reference in each assay.

Additional methods. The expanded meTHODS section in the online-
only Data Supplement contains information of the heat-induced low-
ering effects of blood pressure (BP) by hyperthermia.!

Data analysis. Data are presented as means = SE. The differences
in a single parameter among the groups were evaluated by one-way
analysis of variance using the Bonferroni post hoc test for multiple
comparisons: A P value of < 0.05 was considered to be statistically
significant.

RESULTS

Hemodynamic and morphological analyses. Body weight
was significantly lower in the HS and HS+RHT groups than in
the NS group. Heart weight calibrated by tibia length and the
ratio of heart weight to body weight, an index of cardiac
hypertrophy, were both significantly increased in the HS group
compared with those in the NS and HS+RHT groups (Table 1).
At 6 wk of age, SBP was similar among the three groups (NS:
116.0 = 6.6 mmHg, HS: 1185 *= 17.7 mmHg, HS+RHT:
119.0 + 13.5 mmHg, HS+RHT+17-DMAG: 115.7 = 11.2
mmHg, NS+RHT: 118.4 = 12.8 mmHg). At 10 wk of age, the
BP was elevated in the HS, HS+RHT, and HS+RHT+17-
DMAG groups compared with the NS group, but hyperthermia

reduced the magnitude of BP elevation (Table 1). Heart rates
were comparable in all three groups. LV end-diastolic pressure
(LVEDP) in the HS, HS+RHT, and HS+RHT+17-DMAG
groups was %ivniﬁcamly higher than that in the NS group;
however, LVEDP in the HS+RHT group was reduced com-
pared with that in the HS group. In the HS, HS+RHT, and

' The online version of this article contains supplemental material.

Table 1. Hemodynamic and echocardiographic measurements at 10 wk

Parameter NS HS HS + RHT HS + RHT + 17-DMAG NS + RHT
n 10 10 10 10 ‘ 10
BW., g ; 368.3 = 2.7 291.5 * 8.6%* 299.8 & 7.9%% 302.0 = 10.8%# 360.5 + 6.44H#++$$
HW/tibia length, mg/mm 2432 = 1.05. 42.11 = 2.30%* 29.24 = 1.09## 38.05 & 3.11%%+ 2438 = 1.30##$$
HW/BW, mg/g 327 =012 6.89 = 0.41%* 5.00 & 0.16%%## 6.24 & (.54 3,46 = 0.13##+$$
Systolic BP, mmHg 1263 £22 202.6 & 5.3%* 169.9 = 3354 179.6 = 5.3% 44t 123.6 = 33#++5$
HE, bpm 391.5 £ 6.5 4175 £ 11.8 3925 £ 189 4143 = 17.7 390.8 = 12.1
LVEDP, mmHg 4608 - 155 £0.7%* 114 = 0.8%4 13.9 & 0.8%*++ 5.1 = 0.94#5%

) Echocardiographic data

LVDd, mm 6.44 = 0.08 5.40 * 0.09%* 5.88 & O.14%# 5.65 % 0.13%% 6.48 = 0L10#++53%
LVDs, mm 3.23 + 0.08 329 +0.11 3.04 = 0.12 324 £ 0.12 3.22 = 0.07
IVS, mm 203 £ 0.12 3.21 & 0.06%* 2.70 £ 0.12%%4 2.93 £ 0.13%* 1.98 = 0.124#3%
PW, mm 1.95 £ 0.13 3.29 & 0.11%* 2.70 & 0.15%%4 2.93 = 0.13%* 2.03 = 0.10##$%
FS, % 4991 = 1.09 38.95 & 2.49%* 48.35 = 1.674# 42,57 + 2.25% 50.22 = 1.23#4$
E/A ratio 2.04 £ 0.18 1.24 = 0.14%* 1.71 £0.08 1.47 & 0.11%* 2.12 £ 0.12##$

NS, normal salt diet; HS, high salt diet; RHT, repetitive hyperthermia; BW, body weight; HW, heart weight; BP, blood pressure; HR, heart rate; bpm,
beats/min; LVEDP, left ventricular end-diastolic pressure; LVDd, diastolic dimension of left ventricle; LVDs, systolic dimension of left ventricle; IVS, thickness
of interventricular septum; PW, thickness of posterior wall; FS, ratio of left ventricular fractional shortening; E/A ratio, peak velocity of early transmitral inflow
(E)-to-peak velocity of late transmitral inflow (A) ratio. *P <C 0.05.vs. NS, #*P < 0.01 vs. NS, #P < 0.05 vs. HS, ##P < 0.01 vs. HS, +P < 0.05 vs. HS+RHT
++P < 0.01 vs. HS+RHT, $P < 0.05 vs. HS+RHT +17-DMAG, $$P. < 0.01 vs. HS+RHT +17-DMAG.
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HS+RHT+17-DMAG groups, the thicknesses of IVS and PW
were significantly increased, and LVDd, LVDs, and FS were
reduced at 10 wk of age compared with the values in the NS
group (Table 1). However, in the HS+RHT group, the wall
thicknesses of the IVS and PW were significantly reduced, and
LVDd and FS were increased compared with the values in the
HS group. In addition, the E/A ratio was significantly de-
creased in the HS group at 10 wk of age, compared with that
in the NS group, and this decrease was significantly less in the
HS+RHT group. To elucidate the BP-lowering effects of RHT
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on cardiac morphology and function by hyperthermia, the DS
rats receiving HS diet were administered hydralazine for 4 wk
(HS+Hy; Supplemental Data). Although BP was similar be-
tween HS+RHT and HS+Hy groups, cardiac hypertrophy,
including thicker IVS and PW, and reduced cardiac function,
including FS and E/A ratio, were recognized in HS+Hy group
compared with those in HS+RHT group. (Supplemental Table
and Figure).

Histology. Figure 2B shows representative histological spec-
imens of myocardial sections demonstrating changes in cell
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Fig. 2. A: representative photos of the hearts in each of the 5 groups. B: representative histological examination by hematoxylin-eosin (HE) staining (/eff lane),
Masson’s trichrome (MT) staining (middle lane), Sirins red staining (right lane) in each group at 10 wk of age. Cross-sectional area (CSA) of cardiomyocytes
(C). myocardial interstitial fibrosis (D), and perivascular fibrosis (E) in each group. **P < 0.01 vs. the NS group. #P < 0.05, ##P < 0.01 vs. the HS group.
+P < 0.05, ++P < 0.01 vs. the HS+RHT group. $$P < 0.01 vs. the HS+RHT+17-DMAG group.
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size and vascular structure at 10 wk of age in each group. The
cardiomyocyte CSA was significantly larger in the HS group
than in the NS group; however, hyperthermia significantly
ameliorated CSA in the HS+RHT group compared with the
HS group (Fig. 2C). The degree of myocardial interstitial or
perivascular fibrosis was increased by an HS diet, but was
attenuated by hyperthermia (Fig. 2, D and E).

Myocardial MMP activities. Myocardial activities of MMP-1,
-2, -3, -9 in the HS group were elevated compared with the
values in the NS group. However, RHT suppressed the enzy-
matic increases in MMP-2, -3, -9 due to salt-induced hyper-
trophic cardiac remodeling since the values in the HS+RHT
group were significantly lower than the values in the HS group
(Fig. 3). :

Western blotting analysis. Although expressions of eNOS
and Akt proteins were comparable among the five groups,
phosphorylated eNOS was lower in the HS, HS+RHT, and
HS+RHT+17-DMAG groups than in the NS group(Fig. 4, B
and C). The expression of phosphorylated Akt in the HS group
was reduced compared with that in NS and HS-+RHT groups;
however, hyperthermia increased the expression of pAkt in the
HSA+RHT group, and 17-DMAG decreased the level of pAkt
increased by hyperthermia in the HS+RHT+17-DMAG group
(Fig. 4, D and E).

The expression of HSP60 was lower in the HS group than in
the NS group. On the other hand, the level of HSP90 in the HS
group was higher than that in NS group. However, the expres-
sion of HSP60 was significantly higher in the HS+RHT group
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than in the HS group, and the expressions of HSP70 and 90
were significantly higher in the HS+RHT and HS+RHT+17-
DMAG groups than in both the HS and NS groups (Fig. 4,
F-H). In the NS+RHT group, all HSPs increased compared
with those in the NS group. \

The expressions of TLR-4, iNOS, nitrotyrosine, PTX3, and
BNP increased in the HS group compared with those in the NS
and HS+RHT groups. However, RHT inhibited the increase,
since the expressions in the HS+RHT group were significantly
lower than those in the HS group (Fig. 4, I-M). 17-DMAG
partially attenuated the effects of RHT on myocardial inflam-
mation.

Myocardial oxidative stress. Myocardial oxidative stress
was expressed as TBARS and was significantly higher in the
HS group than in the NS group. However, heat stress attenu-
ated the elevation of oxidative stress since TBARS was sig-
nificantly lower in the HS+RHT group than in the HS group
(Fig. 4N). - ‘ Ll ‘

Hyperthermia preserved telomere length and telomerase
activity. Telomerase activity, quantified using a TRAP assay,
was significantly decreased in the HS group compared with
that in the NS group but was increased in the HS+RHT group
compared with that in the HS group (Fig. 5A). Telomeric DNA
length was assessed by dot-blot analysis of 10-wk-old rat heart
tissue (Fig. 5B). When all five groups were compared, the
length of the telomeric DNA was significantly shorter only in
the HS group. Thus, telomere length was preserved by RHT.
The protein expression of TERT was attenuated in the HS
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Fig. 4. Analysis of protein expression by Western blotting or ELISA assay in the hearts in each group. Representative data and summarized results (A) for
endothelial nitric oxide synthase (eNOS, B), phosphor-eNOS (C), Akt (D), phosphor-Akt (E), heat shock protein (HSP) 60 (F), HSP70 (G), HSP90 (H), Toll-like
receptor (TLR)-4 (1), iNOS (J), nitrotyrosine (NTS) (X), pentraxin (PTX) 3 (L), brain natriuretic peptide (34), thiobarbituric acid reactive substances (TBARS,
N). The expression of GAPDH was used as an internal control. The average density value of each protein was expressed as a relative ratio to that in the NS group
normalized by GAPDH (B-M). The levels of myocardial TBARS are expressed in N. *P < 0.05, **P < 0.01 vs. the NS group. #P < 0.05, ##P < 0.01 vs. the
HS group. +P < 0.01 vs. the HS+RHT group. $$P < 0.01 vs. the HS+RHT+17-DMAG group.
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Fig. 5. Telomerase activity in the hearts in each group. Telomerase activity was normalized by that in the NS group (A). PC, positive control; NC, negative control.
The length of telomeric DNA in the heart, as assessed by dot-blot analysis, is presented as the telomeric-to-centromeric DNA content (T/C) ratio, which was
normalized by that in the NS group (B). The protein levels for telomere reverse transcriptase (TERT) and Sirtl in the heart were determined by Western blot
analysis (C, D). The expressions of proteins are expressed as a relative ratio to that in the NS group normalized by GAPDH. *P < 0.05, **P < 0.01 vs. the
NS group. #P < 0.05, ##P < 0.01 vs. the HS group. +P < 0.01 vs. the HS+RHT group. $P < 0.05, $$P < 0.01 vs. the HS+RHT+17-DMAG group.

group compared with that in the NS group, but this attenuation
was reversed by RHT. Although the level of Sirtl was signif-
icantly increased in the HS group compared with the NS group,
this increase was not observed in the HS+RHT group (Fig. 5,
C and D).

DISCUSSION

The novel findings of this study are that salt-induced cardiac
hypertrophy causes increased cardiac inflammation, shortening

of telomere length, and reduced TERT and telomerase activity.
Furthermore, RHT prevents the development of cardiac remod-
eling, suppresses cardiac inflammation and oxidative stress,
and preserves telomere length. To the best of our knowledge,
this is the first study that shows RHT attenuates the progression
of cardiac hypertrophy, which can lead to DHF.
Hyperthermia, cardiac hypertrophy, and ventricular function.
Warm water immersion increases cardiac output and stroke
volume and decreases systemic vascular resistance (18, 35).
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Tei and coworkers (11, 13, 14) demonstrated that RHT using
dry sauna increases eNOS protein in hamsters with CHF and
improves cardiac dysfunction in patients with heart failure.
Therefore, a reduction in cardiac afterload by hyperthermia
may contribute to the prevention of hypertrophy. In the present
study, when DS rats fed an HS diet were subjected to brief
daily episodes of mild hyperthermia, the increase in BP and
cardiac hypertrophy were attenuated. However, when mice fed
an HS diet were received hydralazine to adjust similar BP to
that in HS+RHT group, all of the preventive changes that were
seen in the HS+RHT group including cardiac hypertrophy and
protein expression compared with the HS group could not be
inhibited only by BP adjustment. Therefore, the treatment with
RHT may perform the cardioprotective effects beyond BP
control. In the NS+RHT group, RHT increased HSPs with
decreasing myocardial inflammation. Although the additional
effects on normal cardiac function and remodeling were rec-

- ognized apparently, RHT attenuated the changes in ventricular

| function that can lead to CHF, such as an increase in LVEDP,
reduction in FS, and reduction in E/A ratio against the burden
of an HS diet and developing cardiac hypertrophy beyond the
reduction in BP by hyperthermia.

MMP activity. Cardiac remodeling results from an imbal-
ance between the synthesis and degradation of extracellular
matrix proteins and plays a key role in the pathophysiology of
heart failure (12). Therefore, MMPs are essential in extracel-
lular matrix degradation (19). In the failing heart, there are
increased levels of MMPs, including -2, -3, and -9 (32, 33).
Furthermore, the activation of MMP-2 was found to accom-
pany progressive myocardial fibrosis, and MMP-9 was acti-
vated in rat heart failure (20, 27). Our data suggested that
MMP-1,-2,-3, and -9 were all increased by salt-induced hyper-
tension. However, RHT attenuated the activation of MMPs,
which may be involved in the improvement of cardiac remod-
eling.

HSP. HSP70 and 72 have cytoprotective properties against
ischemia/reperfusion injury in vitro and in vivo (12, 22), and
HSPI0 upregulates eNOS activity in vivo (25, 30).

In pacing-induced CHF in dogs, the levels of HSP60 and 70

“ rapidly increased by 24 h after pacing, although HSP90 was
7 still Jow. On the other hand, induction of HSP90 was overt at

2 wk after pacing despite the restoration of normal levels of
HSP60 and 70 (4). In the present study, the protein levels of
HSP60 and 70 were only modestly decreased after 4 wk
of hypertension, despite a rather dramatic increase in HSP90.
Importantly, all three HSPs were significantly increased by
RHT. Therefore, HSPs induced by hyperthermia may protect
against cardiac injury and oxidative stress. HSP60 and 70 are
possible ligands for TLR4 (1, 21). Exogenous HSPs including
microbial HSPs as foreign bodies and extracellular HSPs
released from injured cell activate TLR4 signaling. However,
endogenous HSP induced by heat shock and drug have cardio-
protective effects against myocardial injury (12, 22). RHT
suppressed myocardial inflammation, which activated TLR4
induction, resulting in decreased expression of TLR4.

In this study, HSP90 is involved in the effects of RHT
partially as 17-DMAG diminished the effect of RHT slightly.

Oxidative stress and inflammation. Evidence from experi-
mental models of heart failure show that oxidative stress is
increased in the failing heart and contributes to the pathophys-
iology of heart failure (5). iNOS, oxidative stress, and nitroty-
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rosine, which is the footprint of peroxynitrite, were induced by
inflammation caused by heart failure (23).

TLR-4 expression is upregulated in patients or animal mod-
els with cardiac dysfunction (7, 24) and thought to be a toll
gate to the various inflammatory responses to immunological
stress. In this study, upregulated signaling of TLR-4 was
suppressed by RHT.

PTX-3, which is a prototypic member of the long pentraxin
family, is structurally related to, but distinct from the classic
short pentraxin, C-reactive protein or serum amyloid proteins.
PTX3 is produced by a variety of cell types, including mono-
cytes/macrophages, vascular endothelial cells, vascular smooth
muscle cells, adipocytes, fibroblasts, and dendritic cells in
response to primary inflammatory stimuli (10). The plasma
levels of PTX3 are increased in patients with CHFE (15).

Our data suggest that elevated TLR4, iNOS, TBARS, nitro-
tyrosine, PTX3, and BNP in salt-induced hypertension were
prevented by RHT. The beneficial effects of hyperthermia
might be attributable in part to a reduction in myocardial
oxidative stress in addition to a decrease in myocardial inflam-
mation, which resulted in preserved cardiac function.

Telomere biology. The Framingham heart study demon-
strates that hypertension, insulin resistance, and oxidative
stress are associated with relatively short telomere length in
human leukocytes (3). Telomere length was found to vary
inversely with age, and age-adjusted telomere length was
shorter in individuals with cardiovascular disease than in
healthy individuals (9, 29). Shortening of the telomeres has
been shown to be associated with an increased rate of mortality
from heart disease. The ribonuclear complex telomerase is the
central component of the telomere complex. The enzyme
complex of telomerase contains a catalytic subunit, TERT. In
isolated cells, TERT gene transfer reduces replicative senes-
cence and extends the lifespan of numerous cell types includ-
ing cardiomyocytes (2). Thus, telomere-associated proteins are
thought to be important for the regulation of cardiac muscle
cell growth and survival (26). A recent study suggested that
moderate overexpression of Sirtl protects the heart against
oxidative stress. The antiaging and stress-resistance effects of
Sirtl may protect the heart from oxidative stress by facilitating
the expression of antioxidants (17, 34). In the present study, we
found that salt-induced hypertension caused telomere shorten-
ing, reduced activity of telomerase, and decreased expression
of TERT and that these changes were prevented by RHT. In the
present study, telomerase activity was inhibited and downregu-
lated in the HS group compared with that in the NS group.
However, RHT led to a recovery of the expression of TERT
and preservation of the length of telomeric DNA.

Limitations

There are few limitations of this study. First, systemic BP
was reduced by RHT. However, the lowering BP did not
improve the cardiac remodeling, function, and protein expres-
sions in the group in which BP was adjusted by hydralazine
(HS+Hy) to the extent to that in the HS+RHT group in the
supplemental study. As the whole effects of RHT contain not
only the slight BP-lowering effect but also a preventive effect
of increasing BP probably due to increased eNOS by increased
shear stress and HSP, the combined mechanisms of RHT
including the above-mentioned prevent cardiac hypertrophy in
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Dahl hypertensive rat. Second, Dahl hypertensive rats receiv-
ing the HS diet developed cardiac hypertrophy but still pre-
served cardiac systolic function at the compensated stage in
this study. The follow-up period was not enough for CHF to
develop, and thus we could not show a beneficial effect of RHT
on the development of systolic CHF sufficiently. Further lon-
ger observation would be needed. However, it is very likely
that hyperthermia would reduce mortaiity in this experimental
model.

In conclusion, RHT attenuates the development of cardlac
hypertrophy and fibrosis and preserves telomerase, TERT ac-
tivity, and the length of telomere DNA in salt-induced hyper-
tensive rats through activation of eNOS and induction of HSPs.
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Abstract

The aim of this study was to determine
whether Parkinson’s disease affects somatic
telomeric features. Some recent reports have
shown that telomere length is not changed in
patients with Parkinson’s disease (PD). In
this study, we more closely evaluated possible
Parkinson’s disease-associated telomeric
alterations than has been done previously. We
analyzed the telomere length distribution, the
subtelomeric methylation status, and their
gender-related differences, as well as the
mean telomere length in PD patients in com-
parison to age-matched controls. The telomer-
ic parameters of the peripheral leukocytes of
Parkinson’s disease outpatients and normal
healthy volunteers, including family members
of the participating outpatients were deter-
mined by analyzing the densitometries of the
Southern blot results obtained with methyla-
tion-sensitive and insensitive isoschizomers.
The Parkinson’s patients had gender related-
differences in the alterations of their telomere
length and subtelomeric status. Only female
patients had significant Parkinson’s disease-
associated telomeric and subtelomeric
changes. The female Parkinson’s patients
bore proportionally decreased long telomeres
(>9.4 Kb) and less methylation of short telom-
eres (<4.4 Kb) in comparison with healthy
controls, both of which have been regarded to
be a part of aging-associated telomeric and
subtelomeric changes. These results suggest-
ed that the aging-related telomeric and sub-
telomeric changes are accelerated specifically
in female Parkinson’s patients, and that
genomic DNA is more strongly affected by
Parkinson’s disease in females than in males.
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Introduction

A telomere is a structure consisting of thou-
sands of hexamer (TTAGGG/AATCCC) repeats
and accessory peptide factors located at the
termini of human chromosomes.!2 Telomeres
become shortened little by little because of the
inability of complete DNA duplication at the
chromosome ends. This process is known as
the end-replication problem. Such telomere
shortening has been observed in peripheral
blood nuclear cells with aging in a gender-
related manner.3 In addition, telomere short-
ening is accelerated by various pathological
conditions including physical and mental
stress, which yield systemic or local oxidative
stress. In fact, telomere shortening is acceler-
ated by disease conditions such as mental
stress, obesity, smoking, type 2 diabetes melli-
tus, ischemic heart diseases, Alzheimer’s dis-
ease, and sarcoidosis.?? In all of these report-
ed diseases, increased oxidative stress has
been suggested to potentially relate to the
enhanced shortening of telomere. Such patho-
physiological conditions can be hypothesized
to affect not only the telomeric structure itself
but alse the surrounding genomic structures
including the epigenetic status, such as DNA
methylation. Shortened telomeres have been
reported to tend to accompany subtelomeric
hypomethylation in mice of fifth generation
the telomerase activity-deficient tert-/fert-
mutant mouse.!’ Therefore, aging-associated
telomere length shortening may also be affect-
ed by less methylation in the subtelomeric
region. The subtelomeric methylation status
can be associated with aging-related telomere
attrition, which is enhanced in various kinds
of disease conditions. Parkinson’s disease
(PD) is a neurodegenerative disorder charac-
terized by a progressive degeneration of
dopaminergic neurons. Localized chronic
inflammation and mitochondrial dysfunction
are the causative factors of pathogenetical
oxidative stress for neurodegeneration in
PD.11-15 Restricted motor behavior enhances
mental stress of PD patients. The causative
and the secondary stress for PD may cause
fragility in the telomeric and subtelomeric
structure of circulating leukocytes. It has been
hypothesized that the elevated oxygen stress
associated with PD may lead to telomere short-
ening. Some reports, however, have shown
that the somatic telomere length is not shorter
in PD patients.!6-18 We herein tried to confirm
whether or not the telomere structure is
altered in PD patients. In order to detect the
detailed aging-related changes in the telomer-
ic structure in PD patients, the subtelomeric
methylation changes associated with aging as
well as the telomere length changes were ana-
lyzed in healthy Japanese subjects and
Japanese PD patients.
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Materials and Methods

Study population

Parkinson’s disease patients (19 men and
17 women) visiting the outpatient clinic of
the Kyushu University Beppu Hospital from
November 2008 through December 2010 were
enrolled, and some of their family members
and some of our hospital’s healthy workers,
who passed a regular medical check-up with-
in a year before the enrollment, were also
enrolled as healthy controls (27 men and 22
women). The present research was per-
formed, following the approval by the Conjoint
Health Research Ethics Board of Kyushu
University, and written consent was obtained
from all the participants. DNA samples were
obtained from peripheral leukocytes of de
novo female PD patients diagnosed according
to the Japan Parkinson’s Disease Society
Brain Bank criteria. Blood samples were col-
lected from the patients before the adminis-
tration of anti-Parkinson agents started. The
numbers and the ages of the participants are
described in Table 1. There were no statistical
differences in the ages between males and
females, and between controls and PD
patients. Blood samples were drawn, using
heparinized syringes and 10 mL vacutainer
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tubes. We added over 20 times the volume of
10 mm Tris-HCI, 1 mm EDTA (pH 8.0) to the
blood sample to remove erythrocytes by lower-
ing osmotic pressure. Next, peripheral leuko-
cytes were collected by centrifugation.

Telomere detection

Telomere detection was performed as previ-
ously described with a modification (3).
Methylation-sensitive ~ and  -insensitive
isoschizomers, Hpall and Mspl, were used.
Briefly, blood cell DNA was extracted from sam-
ples and the DNA (1 pg) were digested. The
digests (10 L) were Southern hybridized to a
probe of 500 bp long (TTAGGG)n labeled with
digoxigenin (dig). The smears of the autoradi-
ogram were captured on an Image Master, and
the telomere length was then assessed quantita-
tively. Every sample was measured in friplicate.

Terminal restriction fragment
length analysis

The mean terminal Mspl-restriction frag-
ment lengths (TRFs) were estimated using
the formula Z(ODi-background)/=(0Di-back-
ground/Li), where ODi is the densitometrie
intensity and Li is the length of the TRF frag-
ment at position i. Telomere length distribu-
tion was analyzed by comparing the telomere
length using a telomere percentage analysis
with three intervals of length as defined by a
molecular weight standard as previously
described.39 The Southern blot smear inten-
sity was quantified as follows: each telomeric
sample was divided into grid squares as fol-
lows according to the molecular size ranges:
>9.4, 94> >4.4 and 44 >Kb. The percent of
the divided intensity in each molecular
weight range was measured (intensity of a
defined region-backgroundx100/total lane

intensity-background). Subtelomeric methy-
lation was assessed by comparing Mspl-TRF
and Hpall-TRF (H-M TRF) and by comparing
Mspl telomere length distribution and Hpall
telomere length distribution. Subtelomeric
methylation status of size-fractioned telom-
eres was analyzed to know the extents of sub-
telomeric methylation with different telomere
sizes. The difference between the percent of
Mspl signal intensity (%MspI-TRF) and the
Hpall signal intensity (%Hpall-TRF) in each
molecular weight range was calculated. The
proportion of the calculated difference
(%Hpall-TRF %Mspl-TRF) in >9.4 Kb range to
%Hpall-TRF in >9.4 Kb range was used fo
evaluate the methylation status of telomeres
with telomeric and subtelomeric methylated
region longer than 9.4 Kb. Similarly, the pro-
portion of the calculated difference (%Mspl-
TRF %Hpall-TRF) in <4.4 Kb range to %Mspl-
TRF in >4.4 Kb range was used to evaluate
the methylation status of telomeres shorter
than 4.4 Kb.

Table 1. The ages of the participants

~="

Statistical analysis

The normality of the data was examined with
the Kolmogorov-Smirnov test and the homo-
geneity of variance with the Levene Median test.
If both the normal distribution and equal vari-
ance tests were passed, the differences in the
telomeres length including the mean TRF length
and the telomere percentage analysis with age
and condition (AD patients or age-matched
healthy controls) were studied 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. All analyses were car-
ried out using a Sigma Statistical Analysis soft-
ware package (Sigma 2.03, 2001; St. Louis, MO).

Results

The PD patients showed no significant
changes in the Mspl-TRF in comparison to con-

Males
Age 54.3+4.6 (27) 56.0+4.4 (19) 0.21
Age range 49-64 49-62

Femnales
Age 55.0+4.6 (22) 574x44 (17) 0.12
Age range 48-62 47-61

P-value (gender-related) 0.57 0.36 -

Age: the mean value+standard deviation in vears. n: the numbers of the participaats.

Table 2. The telomeric parameters of the participants

0.079

Mspl-TRF (Kb) 6.9+0.9 6.6+1.2 6.6+1.3 74x15 0.350 0.083 0.341

Hpall-TRF (Kb) 8.2+1.0 7.8+12 7.9+13 8.8+15 0.349 0.029 0.288 0.031
H-M-TRF (Kb) 1.3£0.5 1.2+0.6 1.3£05 1405 0.941 0.208 0.745 0.223
>9.4 Kb Mspl (%) 33.3+11.8 29.6+12.2 31.0x12.0 383+13.6 0.523 0.043 0.353 0.058
94-4.4 Kb Mspl (%) 56.3+8.3 56.4+7.1 554+8.5 51.6+6.7 0.736 0.043 0.978 0.088
<44 Kb Mspl (%) 10.4+5.6 14.1£7.6 13.5+8.0 10.1+8.8 0.133 0.140 0.113 0.172
>94 Kb Hpall(%) 484+10.7 45.9+124 45.2+108 54.9+13.0 0332 0.035 0.526 0.008
9.4-4.4 Kb Hpall (%) 47.9+9.2 48.7+9.6 504+9.0 41.9+99 0.362 0.038 0.796 0.003
<44 Kb Hpall (%) 3.8+34 54£35 44+33 32+3.9 0.521 0.066 0.157 0.243
>34 Kb H-M (%) 15.16.1 16.3+6.6 142465 16.6+6.5 0.635 0.893 0.562 0.197
<44 Kb H-M (%) -6.6+3.5 -8.6+4.9 -9.1x5.6 -6.9+5.5 0.078 0.31 0.176 0.182
H-MH >34 Kb 0.32+0.13 0.37+0.15 0.32+0.15 0.31+0.13 0.100 0.232 0318 0.841
M-HM <44 Kb 0.67+0.18 0.58+0.20 0.70+0.17 0.75+0.14 0.594 0.006 0.181 0.202

NM, normal males; NF normal females; PM Parkinson’s males; PF Parkinson's females.
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trols in both genders (Table 2, Figure I). On the
other hand, the Hpall-TRF was shorter in
female PD patients, indicating that the methy-
lated terminal fragment length can be affected
in a gender-specific manner. However, the sub-
tracted Hpall-Mspl TRFs were not significantly
different between controls and PD patients.
Therefore, the mean length range of the methy-
lated subtelomeres did not seem to be changed
in PD patients. In the proportional telomere
length distribution, the long TRFs (>94 Kb),
Mspl-TRF and Hpall-TRF, decreased, and the
intermediate TRFs (9.4-44 Kb) increased
specifically in female PD patients (Table 2,
Figure 2). This indicated that the proportional
amount of long Mspl-TRF (>9.4 Kb) was a more
sensitive measure to detect the telomeric
length change than the mean Mspl-TRE. The
subtracted distribution, the Hpall-TRF distribu-
tion minus the Mspl-TRF distribution, was not
statistically different between controls and PD
patients (Table 2, Figures 3, 4). Moreover, we
tried to analyze the Mspl- and Hpall-TRF distri-
bution by comparing the proportions between
the %MspI-TRF and %Hpall-TRF in the size
ranges in order to detect relative subtelomeric
methyaltion status without the bias associated
with the absolute percentages of Mspl-TRF or
Hpdll-TRF. For this purpose, we used (%Mspl-
TRF - %Hpall-TRF)MMspl-TRF for the TRF
shorter than 4.4 Kb and (%Hpall-TRF - %Mspl-
TRF)%Hpall-TRF for the TRF longer than 9.4 Kb
(Table 2, Figure 5). The subtelomeres of short
telomeres turned out to be proportionally
hypomethylated in female PD patients. In sum-
mary, these data showed that long telomeres
decreased and the subtelomeric regions of short
telomeres were hypomethylated in PD in female
PD patients but not in male patients.

Discussion

Telomere length shortening with aging can
be enhanced by various human pathophysiolog-
ical conditions. The analysis of a telomerase-
deficient mouse mutants have indicated that
telomere shortening affects the neighboring
subtelomeric hypomethylation and that short-
ened telomeres are associated with subtelom-
eric hypomethylation.!? In addition, mutations
in DNA methyltransferase (DNMT3B) in
humans lead to autosomal recessive [CF
(immunodeficiency, centromeric region insta-
bility, facial anomalies) syndrome.!9 The telom-
eres of the somatic cells in patients with the
syndrome are abnormally short20 Therefore,
the hypomethylated state of subtelomeric
regions is thought to result in telomere short-
ening. The present study showed that the long
telomeres decreased and the short telomeres
with methylated subtelomeres decreased in PD
patients, but these PD-associated telomeric

OPEN {
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TRF (kb)

NM NF PM PF NM NF PM PF NM NF PM PF

Mspl-TRF Hpall-TRF H-M-TRF

Figure 1. The mean MspI-TRF (telomere length), H{aII—TRF (methylated telomere
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changes were observed only in females. Our
previous studies demonstrated the aging-asso-
ciated changes in the telomere of peripheral
leukocytes of healthy Japanese subjects, that is,
long telomeres with hypomethylated subtelom-
eres decrease and short telomeres with
hypomethylated subtelomere increase with
age2l In the present study, some of these
aging-associated telomeric and subtelomeric
changes were detected in PD females, and
these aging-associated telomeric changes
seemed to be accelerated in female PD
patients. Oxidative stress can induce genomic
mutations including base modifications, dele-
tions and rearrangements.22 For example, some
recent reports have shown that 8-oxo-
deoxyguanosine, an oxidized product of
deoxyguanosine which is a constituent of the
genomic DNA sequence, increases in patients
with PD.23-25 This mutation can lead to muta-
tions of genomic sequences containing guano-
sine, like the CCGG sequence, the recognition
site of Mspl or Hpall. This change is detectable
by the method introduced in the present study.
Such a mutation inhibits genomic methylation,
because the DNA methyltransferases cannot
react with the mutated DNA, so the mutated
region remains unmethylated.26 Such interfer-
ence with the methyltransferase activity may
result in telomeric and subtelomeric
hypomethylation. An enhancement of the
oxidative stress may therefore yield not only an
acceleration of telomeric erosion but also
telomeric and subtelomeric hypomethylation.
For this reason, the enhanced oxidative stress
may be followed possibly by accelerated telom-
ere attrition and genomic hypomethylation in
the telomeric and subtelomeric regions in PD
patients. The age-related telomere shortening
can be ameliorated by estrogen, because estro-
gen augments the telomerase activity by pro-
moting TERT gene expression.?” Furthermore,
estrogen has been reported to prevent superox-
ide production via activation of the respiratory
function, which leads to a reduction of reactive
oxygen leaks in the mitochondria,8 thereby,
increasing the activity of manganese superox-
ide dismutase and suppressing NADPH-oxi-
dase activity.253! Such estrogen-derived effects
are expected to slow the attrition of telomeres
with hypomethylated subtelomeres in females,
compared with that in males. After menopause,
such estrogen-associated telomere protecting
mechanisms will decline with aging. This may
explain why the PD-associated telomeric
changes are more prominent in females than
in males. In addition, Kikuchi ef a/. have shown
that the level of an oxidized DNA product, 8-
hydroxy-2'-deoxyguanosine, is higher in
female PD patients, but not in male PD
patients, in comparison to controls.23 These
results indicate that disease conditions can
affect the telomere structure in a gender-asso-
ciated manner. The correlation between the
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attrition rate of a telomere and its subtelomer-
ic hypomethylation range in individuals should
be elucidated in a cohort study. The present
study also showed that the analysis of the
telomere length distribution and subtelomeric
methylation status is more useful to detect dis-
ease-associated telomeric changes than an
analysis of the mean TRF measurement.
However, we could not clarify why the PD-asso-
ciated telomeric changes could be observed
only in the telomere length distribution and in
the subtelomeric methylation status. The sim-
ple influence of oxidative stress on the telom-
ere structure described above cannot explain
this finding. Further investigation is necessary
to determine the fate of cells bearing short,
intermediate, and long telomeres. Further stud-
ies are also required to confirm the involve-
ment of the disease-related subtelomeric
methylation state in the telomeric shortening
process in a cell.
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Abstract
Purpose: The telomere length of somatic cells shortens with age
and with other endogenous and exogenous pathogenic factors.
However, the effects of radiation therapy on telomere DNA of
non-cancer tissue have not been thoroughly investigated. Thi
study analyzed the telomere length of inpatients with canc
treated with radiation therapy to see whether the
lengths change in response to therapeutic radiation.

Introduction

The telomere is the terminal structure of a chromosome,
containing a repetitive sequence. The length of telomeres in
dividing somatic cells becomes gradually shorter because of
the inability of DNA replication from the 3'-end (McEachern
et al. 2000). This shortening is associated with various endog-
enous and exogenous pathogenic factors including aging,
smoking, mental stress, and a clinical history of ischemic

erapy (RadT) on telomere attrition in cancer
by analyzing the telomere length in patients’

' peripheral leukocytes.

Materials and methods

Patients

Twenty-five patients (19 males and six females) with cancer,
that were admitted to Kyushu University Beppu Hospital
for radiation therapy from 2010 April to 2011 September,
were enrolled. The profile of all patients receiving radiation
therapy is shown in Table I. There were 16 patients with lung
cancer, five with thyroid cancer, two with prostate cancer, one
with rectal cancer and one with hepatoma. The age range of
the patients receiving radiation therapy was from 52-83 years
old. The mean radiation dose was 52.0 Gy. The radiation
doseranged from 15-74 Gy. The radiation therapeutic period
ranged from 4-97 days. Twenty-two inpatients (11 males
and 11 females) with non-cancer disease were also enrolled
as control subjects. The control subjects included patients
with cerebrovascular disease, Parkinson's disease, spinocer-
ebellar degeneration, lumbar spondylosis, and rheumatoid
arthritis admitted for physical therapy for the subacute or
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Table 1. The profile of patients with cancer and the radiation therapy.

Patient The site of Age Period Dose
number cancer Gender (v.0) (days) (Gy)
1 Thyroid F 73 33 60
2 Prostate M 77 51 70
3 Thyroid M 52 45 60
4 Lung M 76 47 60
5 ~ Lung F 81 45 60
6 © " Lung M 75 14 30
7 Rectum F 80 4 15
8 Lung M 75 10 48
9 Prostate M 67 45 74
10 Thyroid M 68 97 30
11 Liver M 60 14 48
12 Lung M 68 45 60
13 Lung F 76 28 50
14 Lung M 66 4 48
15 Lung M 70 4 48
16 Lung F 74 4 48
17 Lung M 80 9 48
18 Lung M 65 42 60
19 Lung M 66 54 64
20 Thyroid M 60 49 54
21 Lung M 83 45 60
22 Thyroid F 80 43 60
23 Lung M 83 4 48
24 Lung M 79 10 48
25 Lung M 78 7 48

y.0., years old; Period, Total radlatmn therapy period; Dose, Total radiation dose;
M, male; E female.

the chronic stage of their diseases. The present research was
approved by the Conjoint Health Research Ethics Board of
Kyushu University, and written consent was obtained from
all the participants.

Telomere length (TL) analysis
DNA samples were obtained from peripheral leukocytes of
the patients. Blood samples were collected from the patients
at admission and at discharge. Blood samples were drawn,
using heparinized syringes and 10 m! Vacutainer tubes {BD
Diagnostics, Franklin Lakes, NJ, USA). The blood sample
was diluted with 10 times the volume of 10 mM Tris-HC],
1 mM sodium ethylenediaminetetraacetate (pH 8.0; Wako,
Osaka, Japan) to remove erythrocytes by lowering the
osmotic pressure. The peripheral leukocytes were collected
by centrifugation. k

Telomere detection was performed as previously
described (Guan et al. 2007a, 2007b, Maeda et al. 2009).
Blood cell DNA was extracted from samples and the DNA
(0.1 ug) was digested with 1 U of Mspl restriction enzyme
at 37°C (Promega KK, Tokyo, Japan) for 2 h. The digests
(10 ul) were resolved by agarose gel- electrophoresm, and
transferred by Southern blotting to a positively charged nylon
membrane (Roche Diagnostics, Mannheim, Germany). The
blotted DNA fragments were hybridized with a probe of
500 bp long (TTAGGG)n labeled with digoxigenin (Roche
Japan, Tokyo, Japan). The membrane was then incubated
with anti-digoxigenin-alkaline phosphatase-specific anti-
body (Roche Japan, Tokyo, Japan). The telomere probe was
visualized by CSPD (disodium 3-(4-methoxy-spiro{],2-dio-
xetane-3,2'-(5'-chloro) tri-cyclo[3.3.1.1]decan}-4-yl) phenyl
phosphate; Boehringer Mannheim GmbH, Mannheim, Ger-
many). The membrane was then exposed to Fuji XR film with
an intensifying screen (Fujifilm Corporation, Tokyo, Japan).

The smears of the autoradiogram were captured on an Image
Master (Trioptics Japan, Shizuoka, Japan), and the telomere
length was then assessed quantitatively. Every sample was
measured in triplicate.

Telomere length (TL) distribution was analyzed by compar-
ing the telomere length using a telomere percentage analysis
with three intervals of length as defined by a molecular weight
standard, as previously described (Guan et al. 2007b). The
intensity (photo-stimulated liminescence [PSL]) of each
telomeric sample was divided into grid squares according to
the molecular size ranges of Hind[II-digested lambda phage
genomic DNA used as a molecular weight standard: > 9.4 kb,
9.4-4.4 kb, and < 4.4 kb. The percentage of PSL in each molecu-
lar weight range was measured (% PSL = intensity of a defined
region-background X 100/total lane intensity-background).
Peak TL were used as representatives of TRF (Terminal Restric-
tion Fragment Length) in this study.

Statistical analysis

The normality of the data was examined using the Kolmog-
orov-Smirnov test and the homogeneity of variance by using
the Levene Median test. The difference in the mean TL and
a telomere percentage analysis with age, gender and other
factors were analyzed using a two-way analysis of variance
(ANOVA) test followed by all pairwise multiple compari-
son procedures using Tukey’s post-hoc test. Logarithmic or
square-root transformations were used to normalize the data
for fitting into the two-way ANOVA, if the normality and vari-
ance of the data were not acceptable in the first test. The data
are presented as the mean * standard deviation bars. The
criterion for significance is p < 0.05. All analyses were car-
ried out using the Sigma Statistical Analysis software package
(Sigma 2.03, 2001; Sigma, St Louis, MO, USA).

Results

The telomeric parameters of patients at the time of admis-
sion are shown in Table II. There was no difference in the
gender distribution between RadT patients (cancer patients)
and non-RadT patients (control). There was no significant
difference of the mean TL and the TL distribution at admis-
sion between cancer patients and age-matched controls. The
change in telomeric length parameters during the hospxtal—
ized period was compared. The proportion of TL fractions at
admission and at discharge was compared between RadT

Table I1. The telomere length (TL) parameters of patients at admission.

p-value/

Patients with Patients withno  RadT vs.

‘cancer for RadT cancer = NRadT

Radiation (Gy) 52.0+12.8 - -

NumberofMandF 19 (M)and6(F) 11(M)and11(F) 0.070
Age (years old) 72.5+8.0 70.5+19.8 0.668
TL (kb) 5.9*05 6.0*+0.8 0.894
>9.4Kkb (%) 22.4+6.1 23.7+9.2 0.578
4.4-9.4 kb (%) 59.5+4.9 57654 0.225
4.4Xb> (%) 18.1 6.4 187+7.1 0.780

M, male; |, female; RadT, radiation therapy; NRadT, non-radiation therapy. The
values are presented as the mean value & standard deviation. N'= 25 for patients
for RadT. N =22 for patients for patients with no cancer.
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Table III. The ratio of the patients’ telomere lengths (TL) between
admission and at discharge.

Discharge/Admission

p-value/ p-value/

p-value/ NRadT RadT vs.

RadT RadTvs. 1 NRadT vs. 1 NRadT
TL 1.03£0.08 0.219 1.00 £0.09 0.880 0.597
>9.4kb 1.07+0.18 0.961 1.03 £0.22 0.581 0.692
4.4-9.4kb 1.00x£0.06 0.284 0.98 = 0.09 0.239 0.110
<4.4kb 0.92x:0.18 0.227 1.09+=0.51 0.439 0.248

RadT, radiation therapy; NRadT, non-radiation therapy. The values are presented
as the mean value * standard deviation. N = 25 for patients for RadT. N=22 for
patients for NRadT. ‘1’ of ‘RadT vs. 1’ refers to no change of the corresponding
value between at admission and at discharge, in which the value at admission
and that at discharge are the same, and the proportion between them is 1.

patients and controls. There was no radiation-associated
difference in the TL distribution (Table IIT). The radiation
period varied among RadT patients, and this variation might
be one of factors diversifying radiation-associated changes in
the telomeric parameters. Therefore, the daily change rate of
telomeric parameters was compared. The mean TRF of RadT
patients increased significantly (p = 0.0241), and the short
telomeres < 4.4 kb decreased significantly in RadT patients
(p= 0.0337; Table 1IV). Moreover, the daily radiation dose cor-
related to the decreasing rate of short (< 4.4 kb) telomeres of
RadT patients (Figure 1).

Discussion

Radiation therapy apparently had no effect on the TL and the
TL distribution in circulating leukocytes during the radiation
period. However, the TL-change rate per day was reflected
in a decreasing proportion of short-ranged telomeres in
association with radiation therapy. Individual somatic TL
changes were detectable even within a short period of a
few weeks or a few months in clinical cases. The radiation-
associated effect on TL distribution was observed only in
the short telomeres (< 4.4 kb) but not in long (> 9.4 kb) and
intermediate-sized (4.4-9.4 kb) telomeres. Radiation therapy
seemed to exclusively affect short telomeres. There are
two possible explanations for these changes in TL. One is that
only short telomeres were subjected to a telomere-elongating
mechanism. The other was that short telomeres tended
to disappear from the TL distribution. Both possibilities
could contribute to the increase of the mean TL observed in
Table IV. Radiation has been reported to activate telomerase
in cultured cells, and this results in telomere elongation and
a cellular hormesis effect (Richardson 2009). This seems to
be applicable to the former case. However, the endogenous
telomerase expression in normal cells is detectable in limited

Table IV. The changing ratios per day of the patients’ telomere lengths (TL).

Leukocyte telomere length in radiation therapy 3

0.02 4

¢

0.01 - ¢
0 P . Daily Radiation Dose (Gy/day)
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Figure 1. The change in the proportion of the short telomere length
fractionwith dailyradiation dose. Each pointrepresents asingle patient.
There were 25 irradiated patients and their profiles are swummarized in
Table 1.

types of cells, such as stem cells and germ-line cells, and the
other intact somatic cells express telomerase at an unde-
tectable level (Blasco 2005). It would also be impossible to
distinguish whether cells with long telomeres or those with
short telomeres, expresses telomerase, even if the telomerase
activity in circulating leukocytes could be detected. However,
the mechanism can be determined by analyzing the changes
in TL distribution. Elongated telomeres originally derived
from short telomeres would shift to the longer fraction if
there was a telomere elongating mechanism; therefore, the
loss of short telomeres would to an increase of long telom-
eres, resulting in a reciprocal increasing tendency of 4.4-
9.4 kb in contrast to the decrease of short telomeres (< 4.4 kb).
The disappearance of short telomeres would contribute to a
relatively homogeneous increase of long and intermediate-
sized telomeres. The current result was more consistent to
the latter case than to the former case, based on the results
shown in Table IV. Increased radiation sensitivity is seen with
telomere shortening (Ayouaz et al. 2008, Drissi et al. 2011);
therefore, aged cells bearing accumulate genomic mutations
and short telomeres in a radiosensitive cell subpopulation
enter a senescent state and tend to decrease during radiation
therapy. Radiotherapy is an effective anti-cancer therapeutic
procedure. However, radiotherapy can affect the surrounding
normal tissue, though the effects may be minimal. The cur-
rent study found no gross RadT-effect on TL, but there was a
decrease in the fraction of short telomeres, probably repre-
senting the loss of cells bearing short telomeres. Moreover,
the extent of the decrease of the short telomere fraction was

RadT (N = 25) NRadT (N = 22) RadT vs. NRadT
Av = SD p-value/vs. 0 Av = 8D p-value/ vs. 0 p-value
TL 0.0023 £ 0.0048 0.024 3.0 X 106 = 0.0030 0.996 0.053
>9.4kb 0.0016 £0.016 0.602 0.00053 £ 0.0055 0.661 0.741
4.4-9.4kb 0.0018 = 0.0064 0.171 —0.00049 = 0.0023 0.335 0.105
<4.4kb —0.0094 = 0,021 0.034 0.0040 = 0.023 0.429 0.045

RadT, radiation therapy; NRadT, non-radiation therapy. The values are presented as the mean value * standard deviation.
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correlated with the daily radiation dose. Therefore, RadT has
effects on the nuclear DNA of circulatingleukocyte evidenced
by a decreasing proportion of cells with short telomeres. The
change of the TL distribution turned out to be a parameter
that was sufficiently sensitive to detect radiation-associated
genotoxic effects. The current results should be reconfirmed
by further study of a larger number of subjects.
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Abstract

Backgrounds and aims Telomere attrition proceeds with
the aging process, and is also associated with aging disease
conditions, such as Alzheimer’s disease (AD). The aging
process also affects subtelomeric methylation status. In the
present study, the telomere length and the subtelomeric
methylation status in female AD patients were analyzed to
see how AD affects telomere structure.

Methods Terminal restriction fragment length of 23 AD
patients’ peripheral leukocytes was analyzed with methyla-
tion sensitive-~ and insensitive-isoschizomer by Southern blot.
Results AD patients were found to have normal
mean telomere -lengths (controls; 6.4 & 0.9 kb, AD;
6.1 + 0.8 kb, p=0.131), a proportionally decreased
number of the longest telomeres (>9.4 kb) (controls;
30.3 & 79 %, AD; 24.4 4+ 8.3 %, p = 0.013), increased
medium-sized telomeres (controls; 51.7 4= 3.3 %, AD
55.5 & 6.4 %, p = 0.015) and unchanged numbers of the
shortest telomeres (<4.4 kb) (controls; 18.0 & 7.8, AD;
20.2 & 8.9 %, p = 0.371) in their peripheral leukocytes.
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The subtelomeres of telomeres in the shortest range
(<4.4 kb) were more methylated in AD subjects than in
controls  (controls; 0.21 £ 0.23, AD; 0.41 £ 0.26,
p = 0.016).

Conclusions These results may indicate that AD con-
tributes to the loss of cells bearing the shortest telomeres,
with hypomethylation of subtelomeres occurring in addi-
tion to telomere attrition, resulting in an apparent normal
mean telomere length in AD patients. The relatively high
subtelomeric methylation status of the shortest telomeres in
peripheral blood leukocytes may be a characteristic of AD.
This report demonstrates that the epigenetic status of the
telomeric region is affected by disease conditions.

Keywords Alzheimer’s disease - DNA methylation -
Female gender - Subtelomere - Telomere

Introduction

A telomere is a structure consisting of repetitive DNA
sequences and accessory peptide factors located at the ter-
mini of human chromosomes [1, 2]. Telomeres protect
genomic DNA from exonuclease attacks or end-to-end DNA
recombination between different chromosomes. Telomeres
shorten gradually because of incomplete DNA duplication at
the chromosome ends. This process is known as the ‘end-
replication problem’. An extremely shortened telomere stops
mitosis and induces ‘cell senescence’. Telomere attrition has
been observed in peripheral blood nuclear cells with aging
[3,4]. Telomere length may be regarded as a biological clock
of individuals. Older people have shorter telomeres in their
somatic cells than young people do. In addition, telomere
shortening is accelerated by various pathophysiological
conditions, including physical stress, and disease conditions
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