J Neurogenet Downloaded from informahealthcare.com by Kyusyu University on 02/27/12
For personal use only

shortening has been reported (Benetti et al., 2007). A
mouse mutant deficient in telomere-clongating activ-
ity, terc~/terc™, yields detectable telomere shortening
in descendent generations with increased subtelomeric
hypomethylation (Benetti et al., 2007). In humans, muta-
tions in DNA methyltransferase (DNMT3B) lead to the
autosomal-recessive ICF (immunodeficiency, centromeric
region instability, facial anomalies) syndrome (Hansen
et al., 1999). The subtelomeric regions.in lymphoblastoid
and fibroblast cells of ICF patients are hypomethylated
(Yehezkel et al., 2008). The telomeres in this syndrome are
also abnormally short (Yehezkel et al., 2008). These obser-
vations thus lead to our hypothesis that aging-associated
telomere shortening is related to an alteration of the sub-
telomeric methylation status in humans, and that disease
conditions such as PD may accelerate this process.

MATERIALS AND METHODS
Stady Population

Female patients with PD in Beppu city area who visited the
outpatient clinic of the Kyushu University Beppu Hospital
from November 2008 through December 2010 were en-
rolled in our telomere study, and female family members
and female hospital staff members were also enrolled as
the healthy controls. Seventeen patients with PD were en-
rolled. The participants ranged in age from 47 to 61 years.
In addition, 20 healthy control participants (49-62 years
old) were enrolled. To minimize the confounding effects
influencing telomere length, we set the following criteria
for the enrollment of the participants of this study. The
inclusion criteria for patients with PD were (1) Japanese
female; (2) de novo patients with PD diagnosed according
to the UK Parkinson’s Disease Society Brain Bank crite-
ria; (3) stage 1 or stage 2 of the Hoehn-Yahr classification
system; (4) nonsmokers; and (5) no abnormality in aregu-
lar medical check-up (including the checks of body mass
index, blood pressure, fasting blood sugar, serum lipids,
serum protein, C-reactive protein, and blood cell counts)
within a year before the enrollment. The exclusion criteria
for patients with PD were (1) non-Japanese; (2) male; (3)
non-PD patients; (4) previously treated with anti-Parkinson
drugs; (5) stage 3 or stage 4 of the Hoehn-Yahr classifi-
cation system; (6) smokeyr's;‘and (7) abnormality pointed
out in a regular medical check-up within a year before the
enrollment. The inclusion criteria for healthy control par-
ticipants were ¢} Japanese female; (2) nonsmokers; and
(3) no abnormality in a regular medical check-up within
a year before the enrollment and under no regular medi-
cation. The exclusion criteria for healthy control partici-
pants were (1) non-Japanese; (2) male; (3) smokers; and
(4) abnormality pointed out in a regular medical check-up
within a year before the enrollment or under a regular
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medication. We reconfirmed that the patients with PD and
the healthy participants were in a similar medical condi-
tion by measuring clinical laboratory data (see Table 1).
This research study was approved by the Conjoint Health
Research Ethics Board of Kyushu University, and written
-consent was obtained from all of the participants. We also
collected data to assess how many participants, who had
never took hypnotic medicine for at least a year before the
enrollment, took hypnotic medicine for insomnia at least
once within 6 months after the enrollment as a measure of
the presence of mental stress. This is a prospective case-
controlled pilot study, and therefore no power analysis
was performed. Blood samples were collected from the
patients prior to administration of anti-Parkinson agents.
Blood samples were drawn using heparinized syringes
and 10-mL Vacutainer tubes. We diluted the sample with
20 times the volume of 10 mM Tris-HCI, | mM EDTA (pH
8.0) to remove erythrocytes through osmotic lysis. Next,
peripheral leukocytes were collected by centrifugation,

Telomere Detection

Telomere detection was performed as previously described
with modifications (Maeda et al., 2009). The methylation-
sensitive and -insensitive isoschizomers Hpall and Mspl
were used. Both enzymes recognize and cut the tetranu-
cleotide CCGG, but Hpall does not cut CCGG when the
center dinucleotide CG is methylated. Briefly, DNA was

Table 1. The comparison of the clinical data between patients
and controls.

Padents (n=17) . Controls (n=20) p value

Age (years) 57.4+4.4 55.8+4.2 0.268
SBP (mm Hg) 12214 12317 0.926
DBP (mm Hg) 7311 71%14 0.815
BMI 22.2%3.0 22.3%3.5 0.900
Techol (mg/dL) 192 +31 18531 0.467
HDL (mg/dL) 6618 60x 14 0.330
LDL (mg/dL) 105£25 100 £27 0.640
TG (mg/dL) 99 %27 10434 0.600
TP (g/dL)’ 71207 6.9:0.5 0.200
Albumin (g/dL) 4.0*0.4 3.9+0.4 0.311
FBS (mg/dL) 92+ 14 9311 0.805
CRP (mg/dL) £0.09+0.07  0.07+0.06 0494
WBC (/mm?) 4980 £2570 52601090  0.663
RBC (X 10%mm® 42238 407 =34 0.194
Hb (gdl)y 13.0%1.1 T 12508 0.152
Hypnotic pill (%) 63% 26% 0.016

Note. SBP =systolic blood pressure; DBP =diastolic blood
pressure; BMI=body mass index; T-chol=total cholesterol;
HDL = high-density  lipoprotein  cholesterol; LDL =low-
density lipoprotein cholesterol: TG = triglyceride; TP =total
protein; FBS = fasting blood sugar; CRP = C-reactive protein;
WBC = white blood cell count; RBC=red blood cell count;

 Hb =hemoglobin. Hypnetic pill = the percentage of subjects took

a hypnotic pill more than once for 6 months after the enrollment.
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extracted from peripheral blood leukocytes and the DNA
(0.1 pg) was digested at 37°C with | U Mspl or Hpall
for 2 h. The digests (10 yL) were resolved by agarose
gel-electrophoresis. The blotted DNAs were hybrid-
ized to a hypersensitive probe of 500-bp (TTAGGG)n
labeled with digoxigenin, and then incubated with anti-
digoxigenin-AP (alkaline phosphatase) specific antibody.
The telomere probe was visualized by CSPD (disodium
3-(4-methoxy-spiro {1,2-dio-xetane-3,2"-(5’-chloro) tri-
cyclo[3.3.1.1] decan}-4-yl) phenyl phosphate) provided
with DIG Luminescent Detection Kit (Roche Diagnostics
Japan, Tokyo, Japan). The smears of the autoradiogram
were captured on an Image Master, and the telomere
length was then assessed quantitatively. Every sample was
measured in duplicate from the DNA digestion step.

Terminal Restriction Fragment (TRF) Analysis

The telomere length distribution was analyzed by com-
paring the telomere length using a telomere percentage
analysis with three intervals of length as defined by a mo-
lecular weight standard as previously described (Maeda
et al., 2009). The intensity was quantified as follows: each
telomeric sample was divided into grid squares as follows
according to the molecular size ranges derived from A
phage DNA-HindlI digest: > 9.4, 9.4-4.4, and <4.4 kb.
The percent of each molecular weight range was measured
([intensity of a defined region — background] X 100/[total
lane intensity — background]). The mean terminal restric-
tion fragment (TRF) lengths were estimated using the
formula (0D, — background)/2(OD, — background/L)
(Maeda et al., 2009), where OD, is the chemiluminescent
signal and L, is the length of the TRF fragment at position
i. Subtelomeric methylation was assessed by compar-
ing Mspl-TRF and Hpall-TRF and by comparing Mspl
telomere length distribution and Hpall telomere length
distribution. The difference between the percent of Mspl
(%Mspl-TRF) and the Hpall (%Hpall-TRF) in each mo-
lecular weight range was calculated. The proportion of the
calculated difference (%Hpall-TRF — %MspIl-TRF) in
the > 9.4 kb range to %Hpall-TRF in the >9.4 kb range
((Hpall — MspD)/MspI(> 9.4 kb)) was used to evaluate the
methylation status of telomeres longer than 9.4 kb. Simi-
larly, the proportion of the calculated difference (%Mspl-
TRF — %Hpall-TRF) in <4.4 kb range to %Mspl-TRF
in <4.4 kb range ((Mspl— Hpall)/Hpall(<4.4 kb))
was used to evaluate the methylation status of telomeres
shorter than 4.4 kb.

Statistical Analysis

The difference in the mean TRF length and a telomere
percentage analysis with age were analyzed using a

two-way analysis of variance (ANOVA). The data are
shown using the mean * standard deviation bars. The
criterion for significance is p<<0.05. All analyses were
carried out using the Sigma Statistical Analysis software
program (Sigma 2.03, 2001; Sigma, St. Louis, MO).

RESULTS

We tried to detect PD-associated mental stress by assessing
how many participants took sleeping pill(s) for insomnia
at least once for 6 months after the enrollment in controls
and patients with PD. Hypnotic pills were prescribed for
more patients with PD than controls (Table 1). The mean
MspI-TRF tended to be shorter in PD with a borderline sig-
nificance, compared to controls. The difference between the
mean MspI-TRF and Mspl subtracted from Hpall-TRF also
tended to be smaller in PD, but there was no significance. The
mean Hpall-TRF was significantly shorter in PD (Figure 1).

The distributions were subdivided into three areas acc-
ording to size ranges, > 9.4, 9.4-4.4, <4.4 kb. An analysis
of the MspI-TRF length distribution showed that long te-
lomeres (> 9.4 kb) were decreased in PD compared to con-
trols (Figure 2a). The shorter telomeres (9.4-4.4 and <4.4
kb) tended to increase in PD but there was no significance
(Figure 2a). These results indicated that telomere length
became shorter, and the longer telomeres were affected
preferentially in PD. These PD-associated differences in
the telomere length distribution were also observed in the
Hpall-TRF length distribution (Figure 2b). Hpall — Mspl
area (%Mspl-area subtracted from %Hpall-area) of each
size area was compared between controls and patients
with PD (Figure 2c, d). The subtracted distribution, Hpall-
TRF distribution minus Mspl-TRF distribution, however,
revealed no alteration of the methylated status in the total
telomeres. However, the Hpall — Mspl value is affected by
two differential factors, differences in the telomere length
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Figure 1. The mean telomere lengths (TRF) of Mspl and Hpall
TREF of controls and patients with PD are shown. The subtracted
TRF is also shown. Vertical bars depict the standard deviations.
*p < 0.05 vs. control.
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Figure 2. The Mspl- and Hpall-TRF length distribution. Telomere fragment length percentage profiles are shown. The densitometry
was examined for both cases of (a) Mspl and (b) Hpdll digestion. The densitometry data were then divided into three parts, >9.4,
9.4-4.4, and < 4.4 kb. (€) A representative genomic Southern blot of leukocyte DNA with telomere probe using Mspl and Hpall and
the analysis of the Hpall — Mspl subtracted TRF distribution. Densitometric curves are shown beside the Southern blot smear results.
A subtracted distribution pattern calculated from subtraction of the two densitometries is shown on the left. (@) Subtracted value of the
MspI-TRF from the Hpall-TRE densitometry in the three subdivided parts are shown as columns. The percentage of the respective area
was presented as the fraction of the whole densitometric area (set as 100%). *p <0.05; *¥p < 0.01.

and in the methylation status. In order to analyze the
methylation status specifically, the methylation status was
analyzed in long telomeres and short telomeres separately.
The methylation-specific parameters, including the ratio of
subtraction of Mspl-TRF lengths from Hpall-TRF lengths
of >9.4 kb and <4.4 kb to Hpall-TRF lengths >9.4 kb
and to Mspl-TRF lengths <4.4 kb, were calculated, re-
spectively (Figure 3). The ratio of subtracted (Hpall — Ms-
phy/Hpall(>9.4 kb) was significantly less in the patients
with PD. This result suggested that short telomeres with
hypomethylated 'subteipmeres decreased in the patients
with PD. In summary,'ii} PD the amount of long telomeres
(>9.4 kb) decreased and short telomeres (< 4.4 kb) with
hypermethylated subtelomeres decreased. The analysis of
telomere length distribution and subtelomeric methylation
status is a more sensitive measure to deteét PD-associated
telomeric changes than that of mean TRF.

DISCUSSION

In the telomere length population of somatic cells, telom-
eres become shorter, and the shorter telomeres accumulate

and increase as systemic aging proceeds. It has been re-
ported that somatic telomere length is affected by meta-
bolic conditions, such as blood sugar, serum cholesterol,
and blood pressure (Uziel et al., 2007; Dei Cas et al., 2011;
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Figure 3. The relative methylation status of subtelomeres in
PD. (Hpall — Mspl)/Hpall (> 9.4 kb) and (Mspl — Hpall)/Mspl
(<44 kb) are used as indices indicating the subtelomeric
methylation of longer (than 9.4 kb) and shorter (than 4.4 kb) tel-
omeres, respectively. Vertical bars depict the standard deviations.
##p<0.01 vs. control.
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Insel et al., 2011). In the present study, the metabolic data
were similar between patients and controls. Therefore in
the present analysis, the pathophysiological metabolic
factors were removed to detect the difference of somatic
telomere length between PD and controls. In order to
detect the change of telomeric structure in PD, the mean
telomere length, the telomere length distribution, and the
subtelomeric methylation status were compared between
healthy Japanese people and Japanese patients with PD.
The present study showed that long telomeres decreased
and subtelomeric methylaton of short telomeres decreased
in female patients with PD. These observations suggest
that the PD condition is associated with the attrition of
long telomeres and the demethylation of the subtelomeres
of short telomeres. These telomeric and subtelomeric al-
terations have been reported as a part of aging-associated
alterations (Maedaet al., 2009). With aging, long telomeres
increase, short telomeres increase, and the proportional
subtelomeric methylation increases in long telomeres, and
decreases in short telomeres. Accordingly, the PD condi-
tion seems to facilitate partly aging-associated telomere
structural change. In mouse experiments, shortened telo-
meres and less methylation of the subtelomeric region
of considerably shortened telomeres in the offspring of
mice deficient in telomerase activity have been reported
(Benetti et al., 2007). In human DNA methylase—deficient
ICF syndrome, hypomethylated subtelomeres have been
reported to be associated with enhanced telomeric short-
ening (Hansen et al., 1999; Yehezkel et al., 2008). These
reports therefore suggest that subtelomeric hypomethyla-
tion is associated with telomeric attrition in somatic cells.
The significant PD-associated alteration of subtelomeric
methylation was observed limitedly in short telomeres
(<4.4 kb), with no significant proportional increase of
short telomeres. On the other hand, telomere attrition
was prominent in long telomeres (>9.4 kb), with no
significant change of subtelomeric methylation of long
telomeres. Different from the aging-associated changes,
the subtelomeric hypermethylation of long telomeres and
the increase of short telomeres were not detectable. In PD,
subtelomeric demethylation may be facilitated regardless
of telomere length, and the amount of short telomeres did
not increase possibly because of loss of short telomeres.
One possible explanation for this observation is that cells
bearing shorter telomeres with unmethylated subtelom-
eres in PD likely proceed faster into cell senescence. Neu-
rodegenerative cell loss in PD is closely associated with
oxidative stress as an etiopathological factor (Beal, 19953;
Joseph et al., 1998). Oxidative DNA damage has been re-
ported not only in neurons but also in the peripheral blood
cells of patients with PD (Gao et al., 2003; Migliore et al.,
2002; Vitte et al., 2004). The systemic oxidative stress is
associated with PD pathogenesis and PD progression and
is also reflected in telomere erosion. The mental stress in
daily life is enhanced by PD symptoms including motor
deficits and depression. Mental stress has been reported

to enhance oxidative stress (Epel et al., 2004). Therefore,
the observed telomere and subtelomere changes may occur
from both oxidative damage (direct cause) and mental
stress (secondary/indirect cause) of Parkinson’s disease.
Such stresses may cause fragility in the telomeric and
subtelomereic structure in circulating leukocytes. Oxida-
tive stress generates hydroxyl radicals, which can cause a
wide range of DNA lesions such as nucleotide oxidation
(Franco et al., 2008). Such DNA lesions have been shown
to interfere with the access of the DNA methyltransferases,
resulting in global hypomethylation (Kuchino et al., 1987,
Hepburn et al., 1991; Xiao & Samson, 1993; Weitzman
et al., 1994; Turk et al., 1995; Turk & Weitzman, 1995;
Wachsman, 1997). The telomeric and subtelomeric regi-
ons impaired by oxidative stress progress to become
hypomethylated and are open to easy access by oxygen
radicals. Therefore, frequently evoked DNA damage in
telomeres and subtelomeres by oxidative stress is thought
to result in progressive hypomethylation in subtelomeres.
This may explain why subtelomeres are hypomethylated,
and cells containing short telomeres with hypomethylated
subtelomeres are fragile in PD. From this viewpoint, the
hypomethylated state of subtelomeres can be one of the
potential markers for telomeric structural changes associ-
ated with PD. The differential contents of size-fractioned
telomeres and the subtelomeric methylation status of short
(< 4.4 kb) telomeres are sensitive markers for PD-related
genomic changes. Thus, somatic cells bearing short telo-
meres in PD are prone to enter the cell senescence state.
Therefore the neuronal death of jeopardized neurons in
the substantia nigra will be facilitated, and this will lead to
PD progression. This progression may contribute to wors-
ening of neurological symptoms (e.g., motor deficits),
which may then increase mental stress in daily life. This
secondary stress will cause further telomere attrition of
somatic cells. This vicious cycle may contribute to accel-
erated PD progression in a subset of patients. Therapeutic
approaches to lessen stress may therefore be beneficial to
delay disease progression not only in PD but also in other
chronic diseases where telomere shortening and the degen-
eration of somatic cells is present. Furthermore, telomeric
changes may prove to be a useful biomarker to evaluate
the effectiveness of therapeutic approaches in PD.

In conclusion, we demonstrated the presence of telo-
meric changes in peripheral leukocytes in PD. These new
methods of analyzing telomere length distribution and
subtelomric methylation may be effective tools to detect
acceleration of aging-associated telomeric changes in
other chronic diseases including other neurodegenerative
disorders. Further study is necessary to confirm that these
telomeric and subtelomeric alterations are commonly
observed in neurodegenerative disorders. Some previous
reports have described that patients with Alzheimer’s
disease bear shorter telomere lengths (Panossian et al.,
2003). This telomere shortening in Alzheimer’s disease
may be accompanied by alterations in telomere length
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distribution and subtelomeric methylation status. In addi-
tion, analyses of telomeric and subtelomeric changes of in
vitro cultured cells entering the senescence state induced
by hyperoxidative conditions would be helpful to clarify
whether hyperoxidative conditions induce alterations in
telomere length distribution and subtelomeric methylation.
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Background and Aims. Hypoxia-associated changes of telomeric structure in cell cultures
have been analyzed mainly in cancer cells, stem cells, or cells transduced with vectors
containing the telomerase gene, but not in somatic cells. The stability of telomere struc-
ture has been reported to be associated with subtelomeric methylation status. However,
there are no reports of epigenetic alterations of telomeric regions of human somatic cells
under hypoxia. This study aims at detecting and analyzing the subtelomeric methylation
status in human somatic cells cultured under hypoxia.

Methods. Mean telomere length and telomerase activity of human umbilical vein endo-
thelial cells (HUVECs) cultured in hypoxic conditions were measured. Subtelomeric
methylation status of these cells was assessed by genomic Southern blot with telomere
DNA probe using methylation-sensitive and -insensitive isoschizomers, Mspl and Hpall.

Results. The telomerase activity in HUVECs correlated inversely with the oxygen
concentration. Mild hypoxia (10 or 15% oxygen) increased the telomere lengths, whereas
the telomere lengths did not appear to change when <1% O,. The subtelomere of the
shortest telomere range was methylated the most at 1% O,.

Conclusions. Subtelomeric hypermethylation of short telomeres at 1% O, compared to
milder hypoxia implied that the subtelomeric hypermethylation may yield telomere stability
and favor the cell survival of short telomere-bearing cells. © 2012 IMSS. Published by
Elsevier Inc.

Key Words: Hypoxia, Telomere, Subtelomere, DNA methylation, Telomerase, Endothelial cell.

Introduction culture, cancer cells, stem cells, or cells transduced with
vectors containing the telomerase gene were used, but not
somatic cells. There are a limited number of previous reports
describing the hypoxia-associated telomerase activation of
human somatic cells. Endothelial cells have been regarded
as an initial site of tissue injury by reactive oxygen during
hypoxia (5). Hypoxia regulates cell growth and survival via
modulating telomerase activity (6). Human umbilical vein
endothelial cells (HUVECs) are human endothelial cells
widely used in vascular research analyzing hypoxia-related
changes, but there are a limited number of reports that address
— telomere length changes in vascular endothelial cells under
‘These authors equally contributed to this study. _ hypoxia (7—9). In addition, there has been no study reported
Address reprint requests to: Toyoki Maeda, Department of Cardiovas- i . . . .
cular and Geriatric Medicine, The Kyushu University Beppu Hospital, about the epigenenc change in teiomer.es u,nder ’,ﬁyp OXR}'
4546 Tsurumihara Beppu, Oita, 874-0838, Japan; Phone and Fax: +81- DNA methylation status, one of the genomic epigenetic condi-
977-27-1681/1682; E-mail: maedat@beppu.kyushu-u.ac.jp tions, in telomeric region has been reported to be altered in

A telomere is a structure consisting of thousands of hexamer
(TTAGGG/AATCCC) repeats and accessory peptide factors
located at the termini of chromosomes TTAGGG (1,2). Telo-
mere stability is maintained by telomerase, an RNA-directed
DNA polymerase, as a template to add telomeric repeats
onto chromosome ends (3). Hypoxia is a low oxygen stress
condition where intracellular telomerase activity is elevated
(4). In the previous publications describing hypoxia-
associated changes of human telomerase activation in cell

0188-4409/$ - see front matter. Copyright © 2012 IMSS. Published by Elsevier Inc.
doi: 10.1016/j.arcmed.2012.02.001
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response to telomere length changes. A recent report showed
that shortened telomere regions tend to accompany subtelo-
meric hypomethylation in fifth-generation mice, the telome-
rase activity-deficient tert”/tert” mutant mouse (10). In
humans, subtelomeric DNA is hypomethylated in sperm and
ova, and these regions are subjected to de novo methylation
during development (11,12). In humans this activity is carried
out by DNMT3B (DNA methyltransferase 3B). Mutations in
DNMT3B result in the autosomal-recessive ICF (immunode-
ficiency, centromeric region instability, facial anomalies)
syndrome (13). Subtelomeres, neighboring regions to telo-
meres, in lymphoblastoid cells and fibroblast cells of ICF
patients is hypomethylated to a similar extent as seen in sperm.
Telomeres in this syndrome are also abnormally short (12).
The aging process of somatic cells has been proposed to be
associated with DNA damage caused by oxidative stress,
and short telomeres with hypomethylated subtelomeres accu-
mulate in the peripheral leukocytes with aging (14—16). Endo-
thelial cells can also be a source of reactive oxygen species.
Previous studies reported that oxidative stress shortens telo-
mere lengths in cells cultured invitro (17), and it has been iden-
tified as a key mediator of endothelial cell injury (18), which
accelerated telomere attrition by oxidative DNA damage
(17). In the present study we investigated the alterations in
the telomere structural changes including the length short-
ening and subtelomeric methylation status and in telomerase
activity under various levels of hypoxia to assess the effects
of hypoxia on the telomere maintenance of human vascular
endothelial cells.

Materials and Methods
Cell Culture

HUVECs were seeded at 3 x 10°cells/ mL and cultured
until about 80% confluence in a 5% CO, atmosphere at
37°C in complete endothelial cell basal medium-2 (EGM-
2), which contained growth factors and was enriched with
2% fetal calf serum (Cambrex BioScience Walkersville,
Walkersville, MD). Cells were then incubated for 5 days
under hypoxic conditions (1, 10, 15% v/v Op) and under
normoxia (21% O;). On the fifth day of culture, the DNA
of cells was extracted by means of a DNA extraction kit
(Qiagen, Valencia, CA), and the quality was assessed by
0.8% agarose gel electrophoresis. For hypoxic conditions,
cells were cultured at 1%, 10% and 15% v/v O, in
a modular incubator chamber (Billups-Rothenberg, San
Diegd, CA). The culture medium was changed every 24 h
(2 mL/50 cm®), and all experiments were performed using
the cells after five passages. HUVECs were maintained
under subconfluent conditions at all times. Cells were
counted using a hemocytometer. Population doublings
(PDs) were calculated using the formula:

PD = [log (expansion)/log 2]

where expansion was the number of cells harvested divided
by the initial number of cells seeded.

Telomere Detection

Telomere detection was performed as previously described
(19—21). Briefly, aliquots of DNA (1 mg) were digested at
37°C with 3U Msp I or Hpa I for 2 h. The digests (20
mL) were electrophoresed and transferred to a positively
charged nylon membrane (Roche Diagnostics, Mannheim,
Germany) by the conventional Southern blotting method.
Blotted membranes were hybridized to a 500-bp long
(TTAGGG)n (n = 80—90) digoxigenin {(dig)-labeled telo-
mere probe. The membrane was then incubated with anti-
digoxigenin-AP-specific antibody. The telomere probe was
visualized by CSPD (provided with the kit). The membrane
was then exposed to Fuji XR film with an intensifying
screen. Autoradiogram smears were captured on an Image
Master, and telomere length was assessed quantitatively.

Terminal Restriction Fragment (TRF) Analysis

The mean TRF was estimated using the formula:

> (ODi — background)/ >~ (ODi — background/Li)(22)

where ODi is the chemiluminescent signal and Li is the length
of the TRF fragment at position i. A loss of a few hundred base
pairs from short telomeres is important to cellular ageing but
may not be detected by traditional mean TRF analysis
(21,23). In this study, therefore, we compared telomere length
using telomere percentage analysis to detect minute changes
of telomere length. This method has previously been used to
determine the change of telomeres in rats (21). In brief, the
intensity (photo-stimulated luminescence: PSL) was quanti-
fied as follows: each telomeric sample was divided into grid
squares as follows according to the molecular size ranges:
>94, 9.4—6.6, and <6.6 kb (Figure 1A). The percent of
PSL in each molecular weight range was measured (%
PSL = intensity of a defined region-background x 100/total
lane intensity-background). Telomeric methylation was as-
sessed by comparing the Mspl telomere length distribution
and that of Hpall. The difference between the percent of Mspl
PSL (%MspIl-TRF) and the Hpall PSL (%Hpall-TRF) in each
molecular weight range was calculated (Figure 1B). :

Telomerase Activity Assay

Telomerase activity was measured using the TRAP-eze

- Telomerase Detection Kit according to the manufacturer’s

protocol (Intergen, Purchase, NY). Relative telomerase
activity was calculated, as the value measured at 21% O,
was put as 1.0 at each experiment set.

- Statistical Analysis

The normality of the data was examined with the
Kolmogorov-Smirnov test, and homogeneity of variance
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Figure 1. Analysis of the terminal restriction fragment length (TRF) by the methylation sensitive- (Hpall) and -insensitive (Mspl) isoschizomeric restriction
enzymes. (A) Representative genomic Southern blot probed with telomere DNA of human umbilical vein endothelial cells (HUVECsS) at different oxygen concen-
trations. M: Mspl digest, H: Hpall digest. (B) Schema of the densitometries of genomic Southern blot digested with Hpall, MsI and (continued on next page)
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Table 1. Population doublings of HUVECs at different oxygen levels

Oxygen concentration (%) 1
Population doublings 4.61 =& 0.07%%*

447 & 0.1 100

10 15 21
3.82 £0.35 3.94 4+ 0.29

HUVECs, human umbilical vein endothelial cells.

The starting cell count at day 0 was 3 x 10%/mm”. Cell numbers were counted at day 5.

Data are expressed as mean = standard deviation.
kD <0.001 vs. 21% oxygen.

with Levene median test. If both normally distributed and
equal variance tests were passed, the differences in telo-
meres length including mean TRF length and telomeres
percentage analysis were studied using one-way ANOVA
test followed by all pairwise multiple comparison proce-
dures using Tukey’s post-hoc test. If the data did not show
normality or equal variance, logarithmic or square-root
transformations were used to normalize the data for fitting
one-way ANOVA. Data are expressed as mean + standard
deviation for five replicate experiments; p <0.05 was
accepted as statistically significant. The linear regression
model was used to assess the correlation between the
hypoxia level and telomerase activity. All analyses were
carried out using Sigma Statistical Analysis Software
(Sigma 2.03, 2001; Sigma, St. Louis, MO).

Results

Population doublings were determined after 5-day culture
at different oxygen concentrations. Lower oxygen (I and
10%) yielded significantly larger cell numbers than for 21%
O, (Table 1). Lower oxygen seemed to provide a growth
advantage to vascular endothelial cells. The mean TRF lengths
were determined in HUVECs under the different conditions.
Telomeres were longer at 10% O, than under normoxia in both
Mspl and Hpall digests (Figures 1A, 1C). Telomere length
distribution is shown in Figures 1D-F. We observed a signifi-
cant increase for the longest Mspl-TRF (>9.4 kb) at 10%
O,. In addition, a decrease of the long telomeres (>9.4 kb)
and an increase of the shortest telomeres (<6.6 kb) were
observed at 1% O,, compared to 10% O, (Figure 1E). These
observations suggested that telomeres were elongated under
mild hypoxia such as at 10% O,, and that the telomere-
elongating effect of hypoxia was lost under conditions of
severe hypoxia, such as at 1% O, On the other hand, the
subtracted Hpall-Mspl TRF was not significantly different
among the different hypoxic conditions, although a subtle
tendency toward an increase in subtelomeric methylation ap-
peared at 1% O, (Figure 1A, 1C). To assess the methylation
status of subtelomeres under hypoxia in greater detail, the

Hpall-TRF-distribution and the subtracted Hpall-Mspl TRF
were analyzed (Figures 1D—1F). Hpall-TRF distribution,
showed a slightly different but a mostly similar pattern to
the MspI-TRF distribution (Figure 1D, 1E). The subtracted
distribution at 1% showed the lowest value in the
intermediate-sized telomeres (9.4—6.6 kb) and the highest
value in the shortest telomeres (<4.4 kb) (Figure 1F). This
suggested that short telomeres bore hypermethylated subtelo-
meres under conditions of severe hypoxia (1% O,). Telome-
rase activity was significantly induced in cells cultured
under hypoxic conditions. Compared with the cells cultured
under normoxia (21% O,), there was significant telomerase
induction in cells cultured under 1, 10 and 15% O,, and the
telomerase activity inversely correlated with the oxygen
concentration {(p = 0.0032) (Table 2, Figure 2). However,
the telomerase activity did not coincide with the telomere
length of HUVECs under severe hypoxia (1% O,).

Discussion

A recent report showed that the immune cells bear higher
telomerase activity, as their telomere lengths are longer
(24). This observation implies that other cell types,
including HUVECs, bearing longer telomeres may also
express higher telomerase activity. In the present study,
HUVECs restored telomerase expression under hypoxic
conditions. The elevated telomerase activity under hypoxia
would cause telomeres to elongate in HUVECs. The eleva-
tion of telomerase in normal primary human diploid lung
fibroblasts (PHLF) is detected after a 24-h culture under
hypoxia (1.5% Oj) (25). Similarly, the vascular smooth
muscle cell telomerase activity is induced at 6 h after expo-
sure of the cultures to 1% O, (6). From these observations,
it can be concluded that hypoxia activates telomerase in
various kinds of human somatic cells with a similar mech-
anism within several hours. In addition, our observations
showed that modest hypoxic conditions such as 10 and
15% O, could also activate telomerase in human vascular
endothelial cells, suggesting that the mechanism functions
in response to the level of hypoxia. Telomerase activity is

the subtracted Hpall-Msp) densitometric telomere length distribution. (C) Mean Mspl-, Hpall-, and the subtracted Hpall-Mspl-TRFs under different oxygen levels
are presented. (D—F) Densitometry of each telomere smear of Southern blot is divided into three regions according to molecular weight markers (> 9.4, 9.4—6.6,
<6.6 kb). Hpall-TRF distribution (D), MspI-TRF distribution (E) and the subtracted Hpall-MspI-TRF distribution (F) (D—E = F) in HUVECs cultured under
different levels of hypoxia. Data are expressed as mean = standard deviation. The standard deviation is depicted as a horizontal bar on each of the mean columns.

Numbers represent p values for the indicated comparisons.
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Table 2. Relative telomerase activity in HUVECs cultured under different levels of hypoxia

Oxygen concentration (%) 1
Relative telomerase activity 5.8 & 0.6%**

10 , 15
2.9 £ 0.4 2.1 4 0.5%

5]
-

HUVECs, human umbilical vein endothelial cells.
Data are expressed as mean = standard deviation.
*p <0.05.

#p <0.01.

wep < 0.001 vs. 21% oxygen.

an important factor in cell proliferation, and hypoxia
exposure has been shown to increase hTERT gene expres-
sion, suggesting that telomerase activation may also be
a mechanism that protects against genetic stress induced
by hypoxia (6,26). However, the TRF change and the
elevated telomerase activity of HUVECs under hypoxia
did not correlate at 1% O,. This result differs from the
formerly reported results in cases of human vascular

smooth muscle cells and mouse fibroblasts (6,27). Vascular-

endothelial cells may be less able to tolerate severe hypoxia
than other types of cell. The growth rate and telomere
length stability of an individual cell under hypoxia all
depend on the balance among various cellular mechanisms.

Oxygen concentration
NC PC 15% 10% 1%

Figure 2. Telomerase activity of HUVECs at different oxygen concentra-
tions. The photograph of a representative TRAP assay result for HUVECs
at different oxygen concentrations is presented. The materials used for the
positive control (PC) and negative control (NC) were provided with the kit.

Severe hypoxia-associated genotoxic effects may coun-
teract the telomere-elongating effects yielded by lowered
oxidative stress in HUVECs under extremely low oxygenic
conditions. We found a tendency for an increase in the
proportion of the longest telomeres (>9.4 kb) under mild
hypoxia at 10% O,, accompanied by elongation of the
mean telomere length, and the tendency was lost under
severe hypoxic condition at 1% O,. Thus, the telomere-
elongating effect disappeared under severe hypoxia at 1%
O, such that the telomere length and its distribution seemed
to be similar between 21% O, and 1% O,. However, the
subtelomeric methylation status of short telomeres was
different under these conditions. The growth activity and
the telomerase activity were elevated even at 1% Os,
similar to when cells were cultured under milder hypoxia
(10—15% O,), whereas the mean telomere length shortened
and subtelomeric methylation of short telomeres was
elevated at 1% O,. Telomerase activation has been reported
to be related to growth activity, telomere elongation and
enhanced subtelomeric methylation (3,10,28). However,
telomeres were not elongated at 1% O, with all of the other
phenotypes. In addition, the subtelomeric methylation did
not increase under mild hypoxic conditions, in spite of
the elevated telomerase activity. Subtelomeric hypermethy-
lation in short telomeres seemed to coincide with the disap-
pearance of the hypoxia-associated telomere shortening
effect. This elevation of the subtelomeric methylation
may be associated with a growth advantage under severe
hypoxia, even though the telomere elongation by enhanced
telomerase activity was no longer present. As a result, HU-
VECs bearing high telomerase activity and hypermethy-
lated subtelomeres of the short telomeres may have
a selective growth advantage at 1% O,. Hypermethylation

_of the subtelomeres of short telomeres may be one of the

protective mechanisms for the telomere structure. The
ICF syndrome, which results from a deficiency in a DNA
methyltransferase, results in abnormally short telomeres
with hypomethylated subtelomeres (12), indicating that
subtelomeric methylation functions to protect telomeres
from attrition. Although neither the activated telomerase
nor the subtelomeric hypermethylation seemed to elongate
the telomere length sufficiently under severe hypoxic
conditions, the elevated methylation of subtelomere in short
telomeres may prevent the neighboring telomere from
experiencing excessive shortening. Hypermethylation of
subtelomeres in short telomeres is therefore a possible



20 Guan et al./ Archives of Medical Research 43 (2012) 15—20

candidate indicator of the growth advantage of somatic
cells under conditions yielding the acceleration of telomere
attrition.

In summary, a limited range of hypoxia yielded telo-
mere elongation of HUVECs. Although telomerase activity
was highest, severe hypoxia at 1% O, yielded no telomere
elongation. This discrepancy has not been observed in
other cell types. Previous studies and the present study
imply that the determinants of telomere length under
severe hypoxia may vary among different cell types. Alter-
ations in the subtelomeric methylation of cultured cells
were first identified under severe hypoxia. Our study is
a pivotal step that clarifies the biological significance of
subtelomeric methylation under hypoxia. The observed
hypermethylation appeared to have a protective effect for
the telomere structure in cells bearing short telomeres
with active cell growth and with activated telomerase, that
were exposed to telomere-shortening conditions, such as
severe hypoxia. Further study is therefore necessary to
fully elucidate the mechanism of tolerance to severe
hypoxia in regard to the telomere stability of vascular
endothelial cells.
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Background: Patients with obstructive sleep apnea syndrome {OSAS) are always exposed to intermittent
hypoxia and reoxygenation. The metabolic syndrome (MetS) and OSAS are also known to accelerate
atherosclerosis, diabetes, and dyslipidemia. Therefore, nasal continuous positive airway pressure (CPAP)
therapy may have beneficial effects in patients with the MetS and OSAS.

Hypothesis: This study in patients with the MetS and OSAS tested the validity of the hypothesis that chronic
CPAP therapy improves factors involved in atherosclerosis, including impaired endothelial function.
Methods: Thirty-two patients (19 males and 13 females, mean age 54 =+ 9 v) diagnosed with the MetS and 0SAS
were enrolled in the study and received CPAP therapy for 3 months. Vascular function was investigated by
measuring forearm blood flow (FBF) responses to reactive hyperemia (RH) using venous occlusion strain-gauge
plethysmography. Biochemical markers were also measured before and after this procedure.

Results: Basal apnea-hypopnea index was statistically correlated with FBF response to RH. The FBF response
to RH was increased significantly after 3 months of CPAP therapy. A significant increase in plasma nitric oxide
levels and a decrease in the levels of asymmetrical dimethylarginine, thiobarbituric acid reactive substance,
soluble Fas ligand, and soluble CDgo ligand were detected after CPAP therapy. The plasma concentrations of
tumor necrosis factor-a, interleukin (IL)-6, and IL-8 also decreased significantly with CPAP therapy, whereas
{L-18 levels remained unchanged.

Conclusions: Continuous positive airway pressure therapy has beneficial effects on vascular function and

inflammatory and oxidative stress in patients with the MetS and OSAS.

Introduction

The metabolic syndrome (MetS) is characterized by a
clustering of metabolic abnormalities, including obesity,
hyperglycemia, dyslipidemia, and hypertension. The syn-
drome has been identified as a common precursor to the
development of cardiovascular (CV) disease.! The preva-
lence of the MetSisincreasing in Japan as aresult of changes
in diet and physical activity during recent decades.? This has
resulted in an urgent need to obtain appropriate evidence
for treatment of individuals with the MetS who have a high
risk of developing CV disease, thereby preventing a further
increase in the incidence of the syndrome.

The authors have no funding, financial relationships, or conflicts
of interest to disclose.

Obstructive sleep apnea syndrome (OSAS) is also a
highly prevalent disorder, affecting approximately 17%
of adults® and is associated with repetitive episodes
of transient oxygen desaturation that cause apneas and
hypopneas during sleep. The syndrome is regarded as
an independent risk factor for a number of CV diseases,
including systemic arterial hypertension,*® coronary artery
disease, congestive cardiac failure, and cerebral vascular
events.*® Treatment with nasal continuous positive airway
pressure (CPAP) ameliorates oxygen desaturation and
decreases CV morbidity’ and mortality.8° Although the
pathophysiological basis of CV complications in OSAS is
multifactorial, involving sympathetic excitation, endothelial
dysfunction, inflammation, and insulin resistance!® it is
likely that the intermittent episodes of hypoxia, particularly
the associated episodes of intermittent reoxygenation, are
important mediators of these complications. Therefore,
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patients who suffer from not only the MetS, but also OSAS,
must be treated appropriately. However, the effects of CPAP
therapy on endothelial dysfunction and atherosclerotic
biomarkers are not fully understood.

Methods
Study Design and Protocol

The Institutional Review Board of Human Research at
Kyushu University approved this study, and written,
informed consent was obtained from all participants. The
study was a single-arm prospective design that examined
the impact of CPAP treatment on endothelial function
and biochemical alterations, including inflammation and
oxidative stress, in patients with the MetS and stable OSAS
(apnea-hypopnea index [AHI] >20 events/h).

Patients with the MetS suspected of having OSAS were

recruited. Patients with a history of heart failure, severe

coronary artery disease with residual cardiac ischemia
or arrhythmia, significant pulmonary disease, or subjects
taking B-blockers or other negative chronotropic drugs
were excluded. Patients already diagnosed as having
hyperglycemia, dyslipidemia, and/or hypertension and who
were receiving drug treatment and satisfied the criteria of
the MetS were included the study.

At the start of the study, 53 patients with the MetS agreed
to participate and underwent full polysomnography, and 40
newly diagnosed candidates for CPAP therapy who had an
AHI =20 events per hour were enrolled. All the patients
were requested to fast and underwent polysomnography,
followed by blood sampling and endothelial function tests
between 9 and 11 AM. They were assessed using the
Epworth Sleepiness Scale (ESS) to investigate changes in
subjective daytime sleepiness.!! Five patients were excluded
because they withdrew from participation, 1 patient stopped
CPAP therapy, and 2 patients were excluded due to poor
compliance (<60%). The remaining 32 patients with the
MetS and OSAS who received CPAP therapy were evaluated
throughout the study. No patient changed their medications
during the study. All the experimental evaluations were
repeated 3 months after CPAP intervention in all the
patients.

Definition of Met$

The MetS was defined according to the Japanese criteria
as the presence of >2 abnormalities in addition to a
waist circumference >85cm in males and >90cm in
females. Other abnormalities included in the definition
were (1) dyslipidemia, indicated by hypertriglyceridemia
{(serum triglyceride concentration >150 mg/dL) and/or low
high-density lipoprotein cholesterol (serum concentration
<40 mg/dL); (2) hypertension, indicated by systolic blood
pressure >130 mm Hg and/or diastolic blood pressure
>85 mm Hg; and (3) high fasting glucose, indicated by
serum glucose concentration >110 mg/dL.

Polysomnography and Definition of Obstructive Sleep
Apnea Syndrome

Full polysomnography was performed using the Somno
Track Pro system (Fukuda Denshi Co, Ltd, Tokyo, Japan).

An electroencephalograph CEEG) electro~ocu10graphy,
electromyography, and electrocardmgram were performed
simultaneously. Surface electrodes were used to record
2 channels of the EEG (CA2, C4A1), right and left electro-
oculography, and submental electromyography. Respiratory
movements of the chest and abdomen were monitored
by inductive plethysmography bands, and nasal pressure
cannulas were used to record airflow. Arterial oxygen

saturation (SatO2) was measured using fingertip pulse

oximeters. Apnea was defined as complete cessation of
airflow for >10 seconds, and hypopnea as a reduction in
airflow of >50%, accompanied by >4% oxygen desaturation,
or an EEG arousal from sleep. Apnea-hypopnea index was
defined as the total number of apneas and hypopneas per
hour of sleep. The patients who had an AHI >20 were
enrolled in this study as candidates for CPAP therapy.

CPAP Therapy

Patients with an AHI >20 slept while attached to the
automatic titration device (ResMed S8; ResMed Lid, Sydney,
Australia). After using the CPAP device for >3 months,
data of CPAP usage and mean AHI were obtained from
data cards inside the CPAP machine. Compliance with
CPAP was defined as percent of days with CPAP usage
for >4 hours among the total days of the study. Subjects
who showed good compliance (>60%) with the CPAP device
were included in the analysis. Sleep stages and respiratory
parameters were scored according to the standard criteria
of the American Academy of Sleep Medicine.!® At the end of
study protocol, the patients had a repeat polysomnography
while using CPAP devices to evaluate the exact evaluation
of the efficacy of CPAP therapy.

Measurement of Forearm Blood Flow

The measurement of FBF has been described previously.®
Briefly, all the studies were performed in a temperature-
controlled room, with the subjects in the resting and
supine states. Forearm blood flow (mL - min™! - 100 mL™1
of forearm volume) was measured by the venous-
occlusion technique using a mercury-filled silastic strain-
gauge plethysmograph (model EC-5R; D.E. Hokanson Inc,
Bellevue, WA). The subjects were requested to rest for
20 minutes to obtain stable baseline measurements. After
the baseline condition was established, the basal FBF
measurement was obtained from the rate of the increase
in forearm volume, with venous return from the forearm
being prevented by inflation of a cuff on the upper arm
using a venous occlusion pressure of 50 mm Hg. The
flow measurements were recorded for 7 seconds every 15
seconds, and the mean of 4 measurements was used in the
analyses. To evaluate FBF induced by reactive hyperemia
(RH), FBF was occluded by inflation of a cuff placed over the
left upper arm to a pressure of 200 mm Hg for 5 minutes.
Adter the ischemic cuff occlusion was released, FBF was
measured every 15 seconds for 3 minutes, according to the
procedures described above.

Biochemical Analyses

Blood samples were collected from the 'ypaﬁents‘ before
the FBF measurements, centrifuged at 4°C within 20
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minutes, and then stored at —80°C until assayed. The
plasma levels of the nitric oxide compounds (NOx; NO2~+
NO3™) and asymmetrical dimethylarginine (ADMA) were
measured by high-performance liquid chromatography
using methods described previously.!* The plasma levels
of tumor necrosis factor-a (TNF-o), interleukin 18 (I1-1p),
116, IL-8 (BioSource International, Inc, Camarillo, CA),
thiobarbituric acid reactive substance (TBARS; Cayman
Chemical Co, Ann Arbor, MI), soluble CD40 ligand
(sCD40L; BioSource International), and soluble Fas ligand
(sFasL; Medical Biological Laboratories Co, Ltd, Nagoya,
Japan) were measured by enzyme-linked immunosorbent
assay.®!4 The biochemical parameters were measured in
duplicate and the mean value used in the analyses.

Statistical Analysis

The data were expressed as mean == SD. Paired ¢ tests
were performed to compare endothelial responses or
biochemical changes before and after CPAP intervention. A
univariate regression analysis was carried out to evaluate
the correlations of AHI and various parameters, including
FBF response to RH at baseline. To assess independent
determinants that showed significant correlations with
improvement of FBF to RH, multivariate analysis based
on stepwise regression analysis used after a univariate
regression analysis was carried out as the independent
variable. The odds ratios and 95% confidence intervals were
calculated. A P value of <0.05 was considered statistically
significant.

Results

Patient Characteristics and Effect of Continuous Positive
Airway Pressure on Physiological Factors and Sleep Status

The baseline characteristics of the 32 patients with OSAS
are presented in Table 1. Mean AHI before treatment
was 56.2 £21.6, and mean ESS score at baseline was
17.4 +5.3. Continuous positive airway pressure therapy
markedly improved AHI and ESS score. Waist circumfer-
ence, body weight, body mass index, and arterial blood
pressure were decreased significantly after treatment with
CPAP, in association with a slight improvement in hyper-
glycemia and dyslipidemia. However, glycated hemoglobin
(HbA;o) did not alter after CPAP therapy; HbA;. reflects
the glycemic profile over a period of a few months prior
to the measurement. Therefore, longer observation may be
needed.’

Association Between Apnea-Hypopnea Index and Forearm
Blood Flow Responses to Reactive Hyperemia Before
Treatment

There was a significant inverse correlation between the
level of basal AHI and the FBF responses to RH (Figure 1;
¥ = 0.569, P = 0.0007). The basal AHI also correlated with
the levels of NOx (r = 0.628, P = 0.0001), ADMA (r =
0.494, P =0.004), TBARS (r = 0.462, P = 0.008), CD40L
(r = 0.356, P = 0.046), and TNF-a (» = 0.420, P = 0.017).
The FBF response to RH has significant associations with
the levels of NOx (r = 0.559, P = 0.0009), ADMA (r =
0.436, P = 0.0127), and TBARS (» = 0.435, P = 0.0128).

Table 1. Baseline Characteristics and Changes in Physiological Parameters
of the Patients Following CPAP Therapy

Before CPAP After CPAP
Therapy Therapy P Value
Age,y 53.9 + 8.6
Gender, M/F , 19/13
Height, cm ' k 164.3 £ 8.6
Weight, kg 72.6 i 13.0 711115 <0.01.
BMI, kg/m? 26.7+3.6 26.2+3.3 ' <0.01
Waist circumference, cm 90.% +6.5 90.2 £ 6.5 <0.01
ESS 17.4+5.3 7.24+3.9 <0.01
AHI, events/h 56.2 == 21.6 3.5:+23 ' <0.01
Hypertension, n (%) 26 (81.3%)
: Receivingdrug, n (%) 11 (42.3%)
SBP, mm Hg : 142.5 & 11;6 137.7+7.9 <0.01
DBP, mm Hg ’ 802+ 8.3 76.3& 6.0 <0.01
mBP, mmHg 101:0 8.1 96.8 & 5,7 <0.01
HR, bpm 73.9 £ 8.1 73.3 :i:‘7.6 ’ o7t
DM, 11 (%) 22 (71.0) '
Receiving drug, n (%) 11 (50.0)
FBG, mg/dL 113.9 £ 6.5 110.7 :t’7<1 0.032
5.91+0.4 5.9 0.4 0.28
Dyslipid:e‘mi‘ai, n (%) 26 (81.3)
Rec,e’i\:/‘iﬁg’,dfr'ug, n (%) 8(30.8)
el 128.4 + 25';6” o 0.090
. 0.070

Triglyqe dés, mg/dL 220.4 %+ 36?9 i:2415.1 +36.8 0.305

Abbre\yi’iétiqns;‘ AHI, apnea-hypopnea Vin‘de‘x; ‘BMI, body mass index;
CPAP, contintious positive airway pressire; DBP, diastolic blood
pressure; DM, diabetes mellitus; ESS, Epworth Sleepiness Scale; F,
female; FBG, fasting blood glucose; HDL-C, high-density lipoprotein
cholesterol; HR, heart rate; LDL-C, low-density lipoprotein cholesterol;
M, male; mBP, mean blood pressure; SBP, systolic blood pressure.

Effect of Continuous Positive Airway Pressure on Forearm
Blood Flow Responses to Reactive Hyperemia

Baseline FBFs were almost the same before and after CPAP
treatment. As shown in Figure 2, the peak FBF RH-induced
response was increased significantly after CPAP treatment.

Assessment of Biochemical Changes Associated With the
Use of Continuous Positive Airway Pressure

After CPAP therapy, the level of NOx increased, whereas
the levels of TBARS, ADMA, sFasL, and sCD40L decreased
(Figure 3). Decreased plasma levels of TNF-q, IL-6, and I1-8
were also observed after CPAP treatment, although the level
of I1-1p remained unchanged (Figure 4). Table 2 shows the
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sleep apnea syndrome; RH, reactive hyperemia. P < o.01

results of multiple stepwise regression analysis to find the
determinants of improvement of FBF response to RH. The
independent variables were increment of NOx, decrement
of ADMA, IL-6, and TNF-c..
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The present study demeonstrated that medium-term CPAP
treatment ameliorated RH-induced FBF responses in
patients with the MetS and OSAS. We also showed that
CPAP therapy markedly reduced the plasma levels of
TRARS, TNF-q, IL-6, IL-8, sFas L, and sCD40L. Continuous
positive airway pressure therapy resulted in an improvement
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in the forearm vascular function, with the patients appearing
to develop potent anti-inflammatory and antiapoptotic
activities,
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Table 2. Multivariate Stepwise Regression Analysis of Improvement of
Forearm Blood Flow Responses to Reactive Hyperemia

0Odds Ratio P Value L o5%d
ANO o004 0.002 0.01-0.06
AADMA k—7k.41 . 0.007 —12.63 to —2.20
All-6 ~0.49 0.052 ~1.0010 0.0%
. ATNF-a  —o.07 0.006 ~0.1210 —0.02

Abbreviations: ADMA, asymmetrical dimethylarginine; Cl, confidence
interval; IL, interleukin; NO, nitric oxide; TNF, tumor necrosis factor, A
represents increment. b .

The Metabolic Syndrome, Obstructive Sleep Apnea
Syndrome, and Endothelial Function

Obstructive sleep apnea syndrome and the MetS are
well-established CV risk factors for the development of
atherosclerosis. The prevalence of OSAS is also a risk
factor for the development of hypertension and diabetes
mellitus.® Previous studies have also shown the presence
of endothelial dysfunction in patients with the MetS16:17
or OSAS.1® However, little is known regarding the impact
of these 2 diseases on vascular function and biochemical
changes and their influence on the pathogenesis of future
CV risk. It has been proposed that endothelial dysfunction
plays a pathogenic role in the early manifestation of
atherosclerotic vascular disease and may predict future
CV events. This supports the concept that abnormalities in
the endothelium are one of the earliest manifestations of
vasculopathies. The response of FBF to RH is considered to
be a marker of endothelial function.1319.20

Effect of Continuous Positive Airway Pressure on
Endothelial Dysfunction, Oxidative Stress, and Biomarkers

Continuous positive airway pressure therapy prevents
apneas and associated oxygen desaturation, and there is
growing evidence that the treatment has long-term benefits
on CV morbidity and mortality. A 7-year follow-up study
carried out by Peker et al’ showed an increased incidence
of CV disease in OSAS patients whose treatment was incom-
plete compared with those who were treated efficiently.
Furthermore, a reduction in CV deaths was observed in
OSAS patients treated with CPAP compared with untreated
patients over an average follow-up of 7.5 years.® Similarly,
in a large CV outcome study with a 10-year follow-up period,
severe untreated OSAS significantly increased the risk of
fatal and nonfatal CV events.? These data suggest there is
a selective and dose-dependent activation of inflammatory
pathways by intermittent hypoxia/reoxygenation and sup-
port a specific role for this event in the pathophysiology of
CV complications in OSAS.

In vitro investigations have shown sustained hypoxia
activates hypoxia-inducible factor-1-dependent transcrip-
tion, whereas intermittent hypoxia selectively activates
nuclear factor «B (NFxB)-dependent transcription.?! In
(OSAS patients, the levels of C-reactive protein, 11-6, and 8
hydroxydeoxyguanosine (8-OHdAG) are increased compared
with control subjects and are proportional to the severity of
AHI1.2223 Moreover, the relationship between expression of

endothelial nitric oxide synthase (eNOS), phosphorylated
eNOS, nitrotyrosine, and NF«B and the severity of OSAS has
been identified, with the expression of eNOS and phosphory-
lated eNOS increasing, whereas expression of nitrotyrosine
and NF«B and the levels of Creactive protein and IL-6
decrease in patients with OSAS using CPAP.232! Measuring
the level of TBARS is a method for monitoring lipid peroxi-
dation, a major indicator of oxidative stress. Oxidative stress
increases Fas ligand expression in endothelial cells,?® and
it has been reported that the plasma level of sFasL corre-
lates with the forearm RH in patients with coronary artery
disease.2® Hypoxia and subsequent reoxygenation induce
signal transducer and activator of transcription 1 (STAT1),%7
which in turn stimulates expression of proapoptotic genes
such as Fas and Fas L.28 The effects of CPAP may therefore
alter its role against stress in the progressive stages of CV
disease. The findings of the present study demonstrate that
CPAP treatment for 3 months effectively improves endothe-
lial function in patients with the MetS and OSAS who have
an increased risk of developing deteriorative atherosclerotic
diseases. The study also suggests that improving endothelial
dysfunction using CPAP therapy may reduce CV events by
suppressing oxidative stress, inflammation, and apoptosis.
These mechanisms may also be associated with improved
FBF responses and inflammation in patients with the MetS
and OSAS using CPAP.

Study Limitations

This was a preliminary, single-arm study carried out for only
3 months in a small number of subjects. A multicenter, large-
scale, comparative study over a longer period is therefore
needed in the future, although it is difficult to subject
patients to CPAP in a randomized placebo-controlled study,
as it is well established that the procedure is one of the
most beneficial therapies for OSAS. However, we found
significant effects of CPAP, not only on AHI, but also
on changes in plasma levels of TBARS and inflammatory
cytokines in patients with OSAS and the MetS.

Conclusion

We demonstrated that CPAP therapy improves endothelial
dysfunction and decreases the levels of oxidative stress
and inflammatory cytokines in patients with the MetS and
(OSAS. As endothelial function provides a prognostic marker
of atherosclerotic CV disease, our data suggest that CPAP
may be helpful for preventing the progressive development
of atherogenic risk factors in patients with the MetS and
OSAS.
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Oyama J, Maeda T, Sasaki M, Higuchi Y, Node K, Makino N.
Repetitive hyperthermia attenuates progression of left ventricular
hypertrophy and increases telomerase activity in hypertensive rats. Am
J Physiol Heart Circ Physiol 302: H2092-H2101, 2012. First pub-
lished March 16, 2012; doi:10.1152/ajpheart.00225.2011.—We in-
vestigated the hypothesis that repetitive hyperthermia (RHT) attenu-
ates the progression of cardiac hypertrophy and delays the transition
from hypertensive cardiomyopathy to heart failure in Dahl salt-
sensitive (DS) hypertensive rats. Six-week-old DS rats were divided
into the following five groups: a normal-salt diet (0.4% NaCl) (NS
group), a normal-salt diet plus RHT by daily immersion for 10 min in
40°C water (NS +RHT group), a high-salt diet (8% NaCl) (HS group),
a high-salt diet (8% NaCl) plus RHT (HS+RHT group), and high-salt
diet (8% NaCl) plus RHT with 17-DMAG (HSP90 inhibitor) admin-
istration (HS+RHT+ 1 7-DMAG group). All rats were killed at 10 wk.
Cardiac hypertrophy and fibrosis were noted in the HS group, whereas
RHT attenuated salt-induced cardiac hypertrophy, myocardial and
perivascular fibrosis, and blood pressure elevation. The phosphory-
lated endothelial nitric oxide synthase (eNOS) and Akt were de-
creased in the HS group compared with the NS group, but these
changes were not observed in the HS+RHT group. The levels of
HSP60, 70, and 90 were elevated by RHT. Moreover, the increased
levels of iNOS, nitrotyrosine, Toll-like receptor-4, BNP, PTX3, and
TBARS in the HS group were inhibited by RHT. Telomeric DNA
length, telomerase activity, and telomere reverse transcriptase (TERT)
were reduced in the HS group; however, these changes were partially
prevented by hyperthermia. In conclusion, RHT attenuates the devel-
opment of cardiac hypertrophy and fibrosis and preserves telomerase,
TERT activity and the length of telomere DNA in salt-induced
hypertensive rats through activation of eNOS and induction of HSPs.

cardiac hypertrophy; endothelial nitric oxide synthase; oxidative
stress; telomere; heat shock protein

HYPERTENSION IS ONE OF MAJOR risk factors responsible for
cardiovascular disease and may lead to cardiac hypertrophy
and diastolic heart failure (DHF). DHF is defined as heart
failure with preserved left ventricular (LV) contraction and is
characterized by abnormal relaxation and/or increased stiffness
of the LV leading to impaired filling during diastole. Typically,
diastolic function is evaluated by the E/A ratio using echocar-
diography. LV diastolic dysfunction is often manifested in
individuals with hypertension. About 30—-40% of heart failure
cases occur in patients with diastolic dysfunction and normal
systolic function (28, 36). Cardiac hypertrophy and resultant
fibrosis develop as an adaptive response to pressure overload in
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hypertension and are commonly associated with DHF. Progres-
sive cardiac remodeling characterized by LV hypertrophy,
chamber enlargement, and pump dysfunction occurs in re-
sponse to hypertension and is accompanied by progressive
accumulation of the extracellular matrix (36).

Hyperthermia using dry sauna improves cardiac function
and may also improve diastolic dysfunction in patients with
congestive heart failure (CHF) (13, 44). However, little is
known about possible beneficial effects of hyperthermia on
hypertension-induced cardiac hypertrophy. Therefore, we in-
vestigated the effects of repetitive hyperthermia (RHT) in-
duced by immersion in a heated water bath on LV remodeling,
oxidative stress, inflammation, and telomere biology in Dahl
salt-sensitive (DS) rats fed a high-salt (HS) diet, a well-
established animal model of hypertensive heart disease.

METHODS

All procedures were carried out according to the protocols ap-
proved by the Institutional Committee for the Use and Care of
Laboratory Animals of Kyushu University. The authors had full
access to the data and take full responsibility for its integrity. All
authors have read and agreed to the article as it has been written.

Animal preparation. Male DS rats (Kyudo, Fukuoka, Japan) were
handled in accordance with the guidelines of Kyushu University,
Graduate School of Medicine, as well as with the Guide for the Care
and Use of Laboratory Animals (National Institutes of Health). The
rats were individually housed in a temperature-controlled animal
facility and fed a normal diet from weaning until 6 wk of age. At 6 wk
of age, the rats were divided into five groups and fed a phytoesirogen-
free normal-salt (NS, 0.4% NaCl) or an HS (8% NaCl) diet for the !
following 4 wk (Fig. 14). The rats in the NS+RHT, HS+RHT, or
HS+RHT+17-DMAG group were treated with RHT for 4 wk. In
those groups receiving the treatment of hyperthermia, the rats were
placed in the animal holder that was used for tail-cuff plethysmogra-
phy and immersed in a head-up position at a 30° angle to the
horizontal in a polycarbonate water bath. The lower half of the rat’s
body was immersed in tap water heated to 40°C for 10 min daily for
4 wk (Fig. 1B). All rats tolerated the immersion protocol well
throughout the study. In the HS+RHT+17-DMAG group, the rats
received 17-DMAG, a novel heat shock protein (HSP) 90 inhibitor
(LKT Laboratories, St. Paul, MN) at the dose of 0.5 mg/kg/day by
osmotic minipumps (ALZA, Palo Alto, CA) from 6 wk of age for 4
wk subcutaneously. All rats were evaluated 1 day after finishing the
whole protocol.

Echocardiographic and hemodynamic measurements. Systolic
blood pressure (SBP) and heart rate were measured weekly in con-
scious animals by tail-cuff plethysmography (Muromachi Kikai, To-
kyo, Japan). Transthoracic M-mode and Doppler echocardiographic
studies were carried out when the rats were 10 wk of age after they
were anesthetized by intraperitoneal injection of pentobarbital sodium
(50 mg/kg), using an ultrasonographic system (LogiQ 400 Pro; GE
Yokogawa Medical Systems; Tokyo, Japan) with a 12-MHz trans-
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