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Hyperthermia by bathing in a hot spring improves cardiovascular
functions and reduces the production of inflammatory cytokines
in patients with chronic heart failure
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Abstract Balneotherapy has been shown to reduce sys-
temic blood pressure in healthy volunteers. Hyperthermia
might ameliorate the inflammatory status in heart failure
through improving cardiac function. The purpose of this
study was to examine the beneficial effects of balneotherapy
in patients with chronic heart failure (CHF). Thirty-two
patients with systolic CHF classified as New York Heart
Association functional status II or Il were randomized to
divide either a balneotherapy group or a control group. The
patients in the balneotherapy group were immersed in a hot
spring at 40°C for 10 min daily for 2 weeks; the control group
patients took a shower daily. The left ventricular ejection
fraction (EF) and cardiothoracic ratio (CTR) were evaluated
and plasma brain natriuretic peptide (BNP), high-sensitivity
C-reactive protein (hsCRP), tumor necrosis factor (TNF)-a,
interleukin (IL)-1f, and IL-6 levels were measured. The
clinical symptoms improved after 2 weeks of hot spring
therapy. Although the heart rate did not change, clinical
symptoms, CTR, EF, and BNP were significantly improved.
Moreover, the inflammatory responses, including hsCRP,
TNF-¢ and IL-6 decreased significantly after balneotherapy.
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The improvement of BNP correlates with the changes in
inflammatory biomarkers. Repeated hyperthermia by bathing
in a hot spring is therefore considered to improve the cardiac
and inflammatory status in patients with CHF.
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Introduction

Chronic heart failure (CHF) has an extremely poor prognosis
in spite of recently developed cardiovascular pharmacological
therapeutics [1]. Therapeutic exercise has beneficial effects
and has traditionally been used as an alternative non-phar-
macological treatment for patients with CHF. However, it is
sometimes difficult for elderly people to perform the appro-
priate therapeutic exercise due to problems associated with
their extremities. Some investigators reported that bathingina
hot bath has acute potential benefits for patients with CHF
through reducing systemic vascularresistance in CHF patients
[2, 3]. However, whether balneotherapy by bathing in a hot
spring improves the status of CHF remains unclear. Hyper-
thermia using a hot spring might improve cardiac function and
clinical symptoms. The purpose of this study was to elucidate
the chronic benefits of hyperthermia treatment using a hot
spring in patients with compensated CHF.

Methods
Patient population

This study was a single-center, open-label, randomized
trial. The Institutional Review Committee in Human
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Research of the Faculty of Medicine, Kyushu University,
approved the study protocol. Written informed consent was
obtained from each subject before the study.

Between April 2007 and March 2008, all consecutive
patients who were referred to the Department of Rehabili-
tation in Kyushu University Hospital at Beppu because of
heart failure were enrolled in this study. Finally, the study
population included 32 patients (16 patients with dilated
cardiomyopathy, 16 patients with ischemic cardiomyopa-
thy) with chronic systolic heart failure classified as New
York Heart Association (NYHA) functional status 1T or I,
and a significant left ventricular dysfunction (EF < 50%).
The patients’ clinical status was stabilized and they all
underwent a detailed evaluation of physiological examina-
tion, including heart rate (HR), blood pressure (BP), left
ventricular ejection fraction (EF) by the echocardiography,
and cardiothoracic ratio (CTR) by chest X-ray. High-sen-
sitivity C-reactive protein (hsCRP) quantified by utilizing
latex-enhanced nephelometry with a Behring Nephelometer
Analyzer System, interleukin (IL)-6, IL-1§, and tumor
necrosis factor (TNF)-o were measured by the ELISA
method before and after the intervention (Biosource Inter-
national, Inc, Camarilio, CA, USA). Plasma level of brain
natriuretic peptide (BNP) was measured by chemilumi-
nescent enzyme immunoassay (Shionogi, Osaka, Japan).
All the determinant parameters, including physiological
hemodynamics and blood sampling were performed at the
timing of preprandial state in the morning 1 day before
starting or 1 day after finishing the whole study protocol.

Balneotherapy

The patients were randomly divided into two groups. The
patients in the balneotherapy group immersed their bodies
to the xiphoid process in a hot spring at 40°C for 10 min.
The half-body immersion in hot spring bath was performed
to reduce hydrostatic fluid pressure and cardiac workload
which is increased by full-body immersion increases [2].
The bathroom temperature was maintained at around 28°C
to prevent heat loss from their bodies. After bathing, the
patients rested for 1 h to keep their bodies warm with a
blanket on the bed. Balneotherapy was performed daily
(5 days a week) for 2 weeks. The patients maintained all of
their other normal daily habits. Patients in the control
group took a shower daily for 2 weeks.

Statistical analysis

All values are expressed as the mean + SD. The results of
the data were evaluated by two scientists who were not
involved in the treatment in a blinded fashion. The com-
parisons of continuous variables between the two groups
were performed by the two-sample ¢ test or Wilcoxon rank-

@ Springer

sum test, and those between before and after intervention by
one-sample £ tests or Wilcoxon sign-rank test according to
their distributions. The comparisons of categorical values
between the two groups were perfornied by Chi-square tests
and Fisher exact tests. The relationship between the increases
in BNP and the level of various inflammatory biomarkers
were determined by a linear regression analysis. p < 0.05
was considered to be significant.

Results
Clinical characteristics

Table 1 lists the baseline characteristics of the study sub-
jects. There were no significant differences between the
control group and the balneotherapy group.

Effect of hot spring on deteriorated cardiovascular
function

The HR did not change before and after treatment in either
group. However, the mean BP and CTR decreased signifi-
cantly after treatment in the balneotherapy group (Table 2).
Moreover, the NYHA classification and EF drastically
improved after hot spring immersion for 2 weeks. On the
other hand, no significant differences were observed in
hemodynamic variables of the control group before and after
the 2-week period of daily showering. These results sug-
gested that cardiac function and thereafter cardiac remodel-
ing improved over those 2 weeks by balneotherapy.

Effect of the hot spring on imbalanced biophysiological
and chemical parameters

Figure 1a shows the level of plasma BNP in each group
before and after intervention. In the balneotherapy group,

Table 1 Baseline characteristics

Control Balneotherapy
(n=16) (n = 16)
Age 700 + 4.2 68.7 £ 4.0
Gender (M/F) 8/8 8/8
ICM/DCM 8/8 8/8
Ht (cm) 158.1 £ 1.6 156525
BW (kg) 56.2 + 2.1 55.7 £ 29
BMI 226+ 0.8 227 £ 1.0
Drug
f-Blocker (n) 9 8
ACEI/ARB () 11 10
Anti-platelet/anti-coagulation (n) 9 9
Diuretics (n) 11 1o
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Table 2 Improvement of
physical parameters after

Before intervention After intervention

balneotherapy Control (1 = 16)

SBP (mmHg)

DBP (mmHg)

Mean BP (mmHg)

HR (bpm)

CTR (%)

EF (%)

NYHA (VI/HI/IV)
Balneotherapy (n = 16)

SBP (mmHg)

DBP (mmHg)

Mean BP (mmHg)

*p <005 HR (bpm)

** p < 0.01 vs control group CTR (%)

#

#fp < 0.05 EF (%)

P <001 s before NYHA (VIVTIVIV)
intervention

1208 = 7.0 118.1 £ 5.7
76.6 = 3.7 774 £ 2.9
86.0 = 3.4 87.5 £ 22
749 £ 4.2 76.4 + 3.7
594 £ 2.0 587 £ 1.7
364 4 3.2 347 £33

2.75 £ 0.11 (0/4/12/0) 275 £ 0.11 (0/4/12/0)

107.1 £ 4.0 106.3 + 3.8
70.1 + 2.0 674 % 24
83.5 + 2.3 795+ 25
754 4+ 3.6 73.0 & 3.8
572+ 1.2 52.1 + 1.4%#
35.5 + 22 45.1 & L.e#%H

2.81 =+ 0.10 (0/4/12/0) 2.13 + 0.13 (1/14/1/0%%%

BNP decreased significantly after the treatment. However,
these parameters did not change statistically after inter-
vention in the control group.

The levels of plasma hsCRP, TNF-¢, IL-1§, and IL-6
were measured before and after intervention (Fig. 1b-e).
The hsCRP, TNF-z, and IL-6 levels all significantly
decreased after balneotherapy. On the other hand, the
1L-1p level did not alter in any group after intervention.

Figure 2 showed the relationships between the change in
the levels of BNP and various inflammatory biomarkers.
There were slight but statistically significant correlations
between improvement of BNP and cytokines including
hsCRP.

Discussion

The novel findings of the present study are that immersion
in a hot spring improved both the cardiac function as well
as the patients’ inflammatory status.

Balneotherapy

Conventionally, bathing has been recognized as harmful
and even exhausting for severe CHF patients because
thermal stress increases the cardiac workload and sympa-
thetic activity, thus leading to decompensation of cardiac
failure. However, the recent tendency has been to recog-
nize that careful bathing and/or dry sauna is safer than it
had previously been thought to be [2-6]. In our study, the
deep-body temperature increased approximately 1.2°C
after half-body bathing (data not shown), which coincided
with the previous report [2]. The present study suggests

that bathing at 40°C for 10 min can thus be safely per-
formed even in CHF patients. It is not certain whether the
beneficial effects of balneotherapy for patients with CHF
are produced only by hot springs. Previously, investigators
reported that the thermal effect of a sauna was better than
that of hot water [2]. However, according to the mecha-
nisms of hyperthermia, warming of the body either way
might have similar beneficial effects for patients with CHF.
Indeed, repeated dry sauna therapy has also been reported
to be therapeutically effective for patients with CHF [4, 6].
The precise mechanism of balneotherapy for CHF remains
uncertain. However, vasodilatation induced by hyperther-
mia may increase the vascular shear stress and production
of endothelial nitric oxide. Therefore, repetitive hyper-
thermia may reduce afterload and improve cardiac dys-
function. The opportunities to bathe are sometimes limited
for elderly patients with heart failure because of impaired
activities of daily living and a reduced cardiopulmonary
function, and/or disabilities of the extremities. Therefore,
bathing has been hygienic as well as additional therapeutic
benefits for such patients.

Brain natriuretic peptide is secreted mainly from the
heart ventricle and this level in blood reflects cardiac
dysfunction as a reaction to cardiac wall distension and
stretching [7]. It is reported that improved cardiac EF is
associated with a decrease in BNP level in patients with
CHF [8] and elevated level of BNP is a predictor of
ischemic heart disease in a population with normal cardiac
function [9]. Therefore, BNP is a useful biomarker of CHF
and the significant correlations of BNP and cytokines in
Fig. 2 are thought to be therapeutical results of balneo-
therapy to improve cardiac function and decrease the
inflammatory status in patients with CHF.
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Cardiac function

Patients with CHF demonstrated oxygen consumption to
slightly increase in a warm water bath, while the pulmonary
arterial blood temperature increased by 1.2°C, and the heart
rate increased by 20-25 beats per minute at the end of bathing.
The systolic blood pressure showed no significant change, but
the cardiac and stroke indexes increased and systemic vas-
cular resistances decreased significantly during and after
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bathing. The mean pulmonary artery, mean pulmonary cap-
illary wedge, and mean right atrial pressures increased sig-
nificantly during bathing, but they were significantly lower
than the control levels after bathing. The cardiac dimensions
decreased and the left ventricular ejection fraction increased
significantly after bathing [2, 3]. Moreover, repeated low-
temperature dry sauna treatment improved the vascular
endothelial and cardiac function (i.e., EF) in patients with
chronic heart failure [4, 6]. Therefore, heating bodies
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Fig. 2 The correlations between the changes in the level of BNP and the levels of hsCRP (a), TNF-z (b), IL-1f (¢), and 1L-6 {d) in all groups.
Correlation coefficient and p value are indicated

passively with external stimuli might have some therapeutic
benefits for patients with CHF through decreasing systemic
vascular resistance and cardiac afterload.

that hsCRP and inflammatory cytokines decrease after
balneotherapy, which could suggest that balneotherapy
ameliorates the prognosis of CHF. Therefore, balneother-
apy has the possibility to prevent cascading negative
Inflammatory responses effects on the cardiac function.
There is now considerable evidence that the plasma levels
of inflammatory cytokines are elevated in patients with
CHF [10, 11]. The expression of inflammatory cytokines
not only results in immune responses to cardiac damage but
it also results in a deterioration of the cardiac function and
a progression of cardiac failure [12, 13]. Indeed, IL-6 is
thought to be a strong prognostic predictor in patients with
chronic heart failure [14] and the levels of IL-6 and TNF-«
are associated with impaired LV function [15]. The level of
hsCRP is also associated with adverse outcomes in car-
diovascular diseases. The level of hsCRP increases with the
severity of CHF in patients with diastolic HF as well as in
systolic HF. This supports a potential role for CRP in
immune activation in CHF. Therefore, the measurement of
hsCRP levels thus has the potential role for risk assessment
in patients with CHF [16-18]. The present study revealed

Limitation of the study

Several limitations of this study should be mentioned. First,
only a small number of patients were studied. Second, the
cardiovascular hemodynamic variables were not measured
during bathing. Patients with CHF have a lower cardio-
pulmonary function and the increased preload due to
increased venous return during bathing must be the dis-
advantage of the balneotherapy. However, researchers have
suggested that bathing at 40°C for 10 min is quite safe and
favorable to bathing [2-6]. Indeed, the present study was
conducted under the careful observation of medical doc-
tors, and no patient enrolled felt any subjective worsening
of heart failure symptoms, including fatigue, shortness of
breath or fainting, or dropped out the study.
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Conclusions

The present study demonstrates that repeated immersion in
a hot spring tmproves both cardiac dysfunction and the

inflammatory responses, thus leading to an improvement of

the clinical activity and symptoms in patients with CHF.
Balneotherapy may therefore be an excellent, alternative,
non-pharmacological therapy for elderly patients suffering
from heart failure, especially those who cannot undergo
appropriate cardiac rehabilitation.
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Alterations in the telomere length distribution
and the subtelomeric methylation status in human vascular
endothelial cells under elevated temperature in culture condition
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Abstract Temperature-associated alteration in the telo-
mere lengths of vascular endothelial cells has not been well
investigated. Telomere length of human umbilical vein
endothelial cells (HUVECs) cultured at a high temperature
(42 °C) was analyzed. Here described are heat-associated
phenotypical alterations of human vascular endothelial cell
under prolonged heat stress in terms of telomere length,
telomerase activity, and the expression of telomere asso-
ciated proteins and heat shock proteins. The genomic DNA
extracted from HUVECs cultured for 3 days under 42 °C
was digested with methylation-sensitive and -insensitive
isoschizomers and was subjected to genomic Southern blot
probed with a telomere DNA fragment. Their telomere
lengths and telomere length distributions were analyzed.
Telomerase activity and the expressions of telomere-asso-
ciated RNA, telomere-associated proteins (TERC, TERT,
TRF1, and TRF2), and heat shock proteins (Hsp60, Hsp70,
and Hsp90) were also analyzed. At 42 °C, cell growth was
suppressed and the cell senescence rate was transiently
elevated. A proportional decrease in the number of long
telomeres was observed transiently at 42 °C. A trend of
subtelomeric hypomethylation and lowered telomerase
activity were observed at 42 °C after 3-day culture. The
altered phenotypes on day 1 seemed reactive responses for
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cell protection to heat, and those on day 3 seemed
exhausted reactions after 3-day culture. Maintained
expression was observed in Hsps, TRF2, and TERC. These
altered phenotypes might contribute to cell-survival under
prolonged heat stress.

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

Introduction

Telomeres consist of repetitive DNA sequences with
accessory protein components (TRF1, TRF2, and others)
capping the terminals of chromosomes [1]. It is well known
that telomere DNA shortening occurs during every cell
cycle due to the duplication process that produces slightly
shorter DNA strands. In addition, the DNA methylation
status, one of the genomic epigenetic conditions, in telo-
meric region has been reported to alter in response to
human telomere length changes [2—-6]. Telomere length in
somatic cells is negatively affected by stress factors [6].
Both pathological mental and physical stress accelerate
telomere attrition [6]. Telomere shortening occurs in
somatic cells with aging due to the occurrence of many
rounds of the cell cycle and pathological stress [7]. On the
other hand, a telomere-elongating cellular mechanism
functions in limited cases. Telomerase consists of a protein
component composed of reverse transcriptase (TERT) and
an RNA component (TERC). Telomerase contributes to
telomere elongation or telomere length maintenance in
unique cell populations with active mitotic potential, such
as cancer cells, stem cells, and reproductive cells. Gener-
ally, however, the telomere activity is suppressed to low
levels in somatic cells and is not adequate to prevent the
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telomere shortening that occurs during cell division. Tel-
omerase activity is also affected by stress factors. How-
ever, the effects of heat stress on telomere length,
subtelomeric methylation status, or telomerase activity
have not been well studied. Human vascular endothelial
cells have been used to analyze pathological stress-related
changes in cell biology [8-10]. Yet there have been no
reports that address the telomeric changes in vascular
endothelial cells occurring under heat stress. Although the
effects of transient heat stress on cells have been well
investigated, no reports evaluating prolonged heat stress
lasting more than 1 day have been published. Heat stress in
vascular endothelial cells also induces the expression of
various kinds of stress response genes, representatively,
heat shock proteins (Hsps) [11, 12]. Hsps are ubiquitously
synthesized in virtually all species and it is hypothesized
that they might have beneficial health effects [13]. In
response to stress stimuli, mammalian cells activate a
signaling pathway leading to the transient expression of
Hsp. Hsps are a family of proteins serving as molecular
chaperones that prevent the formation of nonspecific pro-
tein aggregates and assist proteins in the acquisition of their
native structures. Physiologically, Hsps play a protective
role in the homeostasis of the vessel wall consisting of
endothelial cells and smooth muscle cells [14]. We ana-
lyzed telomere DNA length, telomerase activity, and the
expressions of telomere-associated components, and heat
shock proteins under heat stress conditions using human
vascular endothelial cells exposed for 1 day or longer to
heat in culture.

Materials and methods
Cell culture

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

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

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

temperature in 2 % formaldehyde/0.2 % glutaraldehyde,
and incubated at 37 °C (no CO,) with fresh SA-B-Gal
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staining solution containing 1 mg/mL of X-gal, pH 6.0 for
12 h. One hundred cells were scored from each well (plate)
using a light microscope.

Telomere detection

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

Terminal restriction fragment (TRF) length analysis

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

Sample I Sample 2
2 & 2 % E
k) 5 5 T = =
Schematic
Densitometry
23.1
Hpall
94
6.6
44
Mspl
23 "
2.1

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

Semiquantitative RT-PCR for TERC RNA

Total RNA samples were extracted using RNAzol B (Tel-
test). mRNA for human telomerase RNA component
(TERC) was determined by RT-PCR using a DIG detection
system (Roche Applied Science). Each human cDNA was
produced by RT-PCR according to each human-derived
sequence. For the amplification of B-actin cDNA, the for-
ward primer B-actin (205 bp) 5'-CCTTCCTGGGCATGGA
GTCCT-3' and the reverse primer 5-GGAGCAATGATCT
TGATCTTC-3' were used according to the published
human TERC cDNA sequence [15]. And TERC forward
primer 5-TCTAACCCTAACTGAGAAGGGCGTAG-3
and the reverse primer 5'-GTTTGCTCTAGAATGAACGG
TGGAAG-3’ were used [16]. The values for TERC mRNA
levels were normalized to the B-actin mRNA level in the
same sample. The PCR products were directly synthesized
from 2 pg of total RNA isolated from each sample using the
Superscript one-step RT-PCR system with Platinum 7Tag
(Invitrogen) and gene-specific primers according to the
recommendations provided by the supplier. The PCR
products were amplified through 15 cycles of chain reaction
where the amplification is at an exponential phase. The PCR
products were analyzed by agarose gel electrophoresis
(1.3 %) followed by staining with ethidium bromide and
scanning with Gel-Doc (Bio-Rad). For semiquantitative
PCR, B-actin was used as an internal control to evaluate
total RNA input, as described by our group [17].

Western blot and other analyses

Cells from a dish were homogenized with 100-pl lysis
buffer (100 mM Tris pH 6.8, 4 % SDS, 20 % glycerol
containing the protease inhibitor, M phenylmethanesulfo-
nyl fluoride, 0.1 mM, leupeptin, 0.1 pl, and aprotinin,
0.1 pl). Gel electrophoresis was used to separate 10-pg
protein on a 10 % SDS-polyacrylamide gel. Proteins were
transferred to nitrocellulose membranes (162-0112, Bio-
Rad Laboratories, Hercules, CA, USA) blocked with 5 %
dry milk or blocking solution for Western blot (Roche).
Membranes were blocked and incubated with antibodies
against telomerase reverse transcriptase (TERT) (Rock-
land), TRF1 (Imgenex), TRF2 (Cell Signaling), Hsp60
(Assay designs), Hsp70 (Assay designs), Hsp90 (Enzo), or
glyceraldehyde-3-phosphate  dehydrogenase (GAPDH)
(Santa Cruz Biotechnology). Detection was performed with
secondary horseradish peroxidase-conjugated antibodies
(Chemicon) and the ECL detection system as previously
described [18]. The relative expression levels were deter-
mined compared to that of GAPDH.

Telomerase activity

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

Statistical analysis

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

Results
Population doubling (PD) and cell senescence

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

The mean TRF level and its distribution

The mean TL of the HUVECs was measured to assess the
degree to which high-temperature conditions affect telo-
meric DNA (Fig. 3a). The mean MspI-TRF values were
9.2 + 1.0 kb at 37 °C for 1 day, 8.7 & 0.3 kb at 37 °C for
3 days, 8.3 £ 1.0 kb for 1 day at 42 °C, and 8.9 & 0.6 kb
for 3 days at 42 °C. The mean Hpall-TRF values were
10.1 &+ 0.7 kb at 37 °C for 1 day, 9.6 £ 0.3 kb at 37 °C for
3 days, 9.3 = 1.1 kb at 42 °C for 1 day, and 9.0 £ 1.0 kb
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Fig. 2 The population doubling

(PD) and the ratio of A
senescence-associated B-

galactosidase (SA-B-Gal)

staining of HUVECs cultured in 1.6 4
the presence of H,O,. a The PD
on day 1 and day 3 at 37 and
42 °C. The horizontal bars are
standard deviations. *p < 0.05,
at 37 vs. 42 °C. b The
percentages of SA-B-Gal-
positive cells. *p < 0.05, at 37
vs. 42 °C. ¥p < 0.05, on day 1
vs on day 3

(=]

18 1

Population Doubling

SA-B-Gal

3 42°C

37°C

=

Days

at42 °C for 3 days. The subtracted Hpall-Mspl TRF values
were 0.9 & 1.0 kb at 37 °C for 1 day, 0.9 + 0.4 kb at
37 °C for 3 days, 1.0 & 0.9 kb at 42 °C for 1 day, and
0.1 &£ 0.7 kb at 42 °C for 3 days. Thus, the mean TRFs did
not altered at 42 °C, whereas the subtracted TRF Hpall-
Mspl was lower at 42 °C (0.1 £ 0.7 kb) than at 37 °C
(0.9 £ 0.4 kb) on day 3 (p = 0.04). The % intensity of
telomere length distribution (>9.4, 9.4-4.4, <4 4 kb) was as
follows: 51 £ 8, 47+6, 2+£3 % of Mspl at 37 °C
for 1 day, 46 &= 1, 51 & 2, 3 &= 2 % of Mspl at 37 °C for
3 days, 39 £ 11,59 £ 10, 2 = 1 % of Mspl at 42 °C for
lday, 499£5, 48+3, 412 % of Mspl at 42°C
for 3 days, 63 £ 5,36 =5, 1 £ 1 % of Hpall at 37 °C
for 1 day, 60 &+ 1,38 £ 2, 2 &+ 2 % of Hpall at 37 °C for
3 days, 52 4= 14, 47 £ 14, 2 & 2 % of Hpall at 42 °C
for 1 day, and 58 &= 5,37 &= 3,6 £ 4 % of Hpall at 42 °C
for 3 days. (Fig. 3b, ¢) The difference between the telomere
length distribution between Mspl and Hpall was as follows:
1246, -11 %4, ~1£4 % at37°C for | day, 14 £ 1,
~134+2, -1%x2% at 37°C for: 3:days;” 13 £ 5,
~13+5,0£3% at 42 °C for 1 day, 9 + 4, —11 & 2,
243 % at 42 °C for 3 days, >9.4, 9.4-44, <44 kb,
respectively (Fig. 3d). The telomere length was affected
significantly in Mspl-distribution and in Hpall-Mspl-sub-
tracted distribution. At 42 °C on day 1, long telomeres
(>9.4 kb) decreased (p = 0.02) and middle-sized telomeres
(9.4-4.4 kb) increased (p = 0.03). The amount of short
telomeres (<4.4 kb) was not significantly affected. These
changes in TL distribution disappeared on day 3, suggesting
that cells bearing altered telomere length distribution
diminished up to day 3. The alteration of subtelomeric
methylation status appeared on day 3, which is a trend of
subtelomeric  hypomethylation of long telomeres
(p = 0.02) (Fig. 3d).

@ Springer

Days

Telomerase activity

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

Expression of telomere-associated components
and others

All telomere-associated components (TERT, TRF1 and
TREF2) except TERC were upregulated on day 1 and
downregulated on day 3. The expression of TERC did not
seem to be affected by heat (Fig. 5; Table 1).

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

Discussion

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

Cell growth was found to be suppressed at 42 °C, espe-
cially on day 3. The proportion of senescent cells increased
on day 1 at42 °C, then returned to a low level as observed
at 37 °C on day 3. This observation indicates that the heat-
sensitive cell population decreased in size during the 3-day
exposure to 42 °C and the heat-resistant population sur-
vived beyond day 3. To the best of our knowledge, this is
the first report to assess alterations in telomere length
distribution under prolonged heat stress. Furthermore, the
effects on cells of transient heat stress have been reported
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between 37 and 42 °C (d). The horizontal bars represent the standard
deviation. The terminal restriction fragment lengths are presented as
the mean values =+ standard deviation. The horizontal bars represent
the standard deviation. A significant difference was observed
between the control cells at 37 °C and those at higher temperatures.
*p < 0.05 vs at 37 °C

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

PC NC 37°C 42°C

PC NC 37°C 42°C

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

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

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

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

@ Springer
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Fig. 5 The expression levels of TERC, telomere-associated proteins,
and heat shock proteins of HUVECs cultured on day 1 and day 3 at
different temperatures. The panel shows representative Western blot
analysis results of telomere-associated proteins (TERT, TRFI, and
TREF2), heat shock proteins (Hsp60, Hsp70, and Hsp90), and a TERC
RNA RT-PCR result. The relative expression level of each compo-
nent is shown in Table |

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

42/37 °C-relative expression level

id 3d p value
(1d vs 3d)
TERT 1.80 £ 0.32* 0.25 + 0.14" <0.01
TERC 0.95 +:027 1.86 + 1.66 0.44
TRF1 143 £0.19 044 £ 0.25 <0.01
TRF2 3.93 £ 1.45* 1.19 £ 1.07 0.06
Hsp60 2.35 £ 0.58% 0:17 £10.11 0.02
Hsp70 2.73 £ 0.08* 1.46 + 0.08 <0.01
Hsp90 335+143 0.89 & 146 0.08

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

methylation status after 3-day exposure to heat. At 42 °C,
TRF1 was down-regulated but TREF2 was not. The heat-
induced subtelomeric hypomethylation might occur along
with the lowered expression level of TRF1. TRF1 has been
reported to negatively control the telomerase-associated
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telomere length maintenance [21, 22], while TRF2 is
associated with stabilizing the telomere structure {23, 24].
From this context, the lowered expression of TRF1 would
be beneficial for maintaining telomere length under high-
temperature conditions. In addition, the disequilibrium of
the expression level between TRF1 and TRF2 might lead to
structural change of telomere. This might induce unstable
telomere structure accompanying demethylation of geno-
mic DNA neighboring to telomere. In addition, it has been
reported that heat shock can elicit a transient alteration of
the higher-order structure of specific heterochromatic
regions and induce the transcriptional activation of silent
portions of the genome [25]. The same mechanism could
be applied to the subtelomeric region under heat stress and
consequently lead to hypomethylated status there. The
prolonged high-temperature condition of 42 °C for 3 days
seemed to impair various kinds of protein expression and
damage cells. We showed here the phenotypical charac-
teristics of the survived cells through a prolonged heat
stress condition, i.e., maintained telomere length, subtelo-
meric hypomethylation of long telomeres, maintained
TERC expression, and maintained TRF2 expression. TRF2
has been believed to play key roles in telomere mainte-
nance [26, 27]. A recent report suggests roles for TRF2
protein in DNA repair in addition to chromatin reorgani-
zation and telomere maintenance [28]. TRF2 has also been
suggested to protect young neurons against death induced
by DNA-damaging agents [29]. Thus, TRF2 affects cell
survival and differentiation by modulating DNA damage
pathways, and gene expression, and the elevated expression
of TRE2 could be beneficial for cell survival. Other than
telomere-associated components, Hsps were also affected
by heat exposure. The difference of protein expression
levels drastically changed from day 1 at 42 °C. Some of
these responses seemed to contribute to cell protection
against heat stress. All analyzed proteins were upregulated
on day 1 at 42 °C. This indicated an acute reactive
response to heat stress. Protein expression activated at
42 °C on day 1 was preserved in TRF2 and Hsp70 on day
3. TERC expression also remained activated. Hsp90
expression was moderately preserved on day 3. Hsp70s
function as molecular chaperones, assisting in protein
synthesis, folding, assembly, trafficking between cellular
compartments, and degradation [30, 31]. They are
expressed constitutively and induced in response to various
types of stress, including heat shock, ischemia, oxidative
stress, glucose deprivation, and exposure to toxins [32].
Hsp70 protects cellular elements from injury by reducing
oxidation, inflammation and apoptosis and by refolding
damaged proteins. The results of the present study sug-
gested that the expression of Hsp70 conferred survival
advantages under prolonged heat exposure. Hsp70 increa-
ses also in response to heat shock in the cardiovascular

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

maintenance and vascular endothelial physiology was analyzed.
HUVECs were cultured for | day or for 3 days under 42°C. Their telomere
lengths and telomere length distributions were analyzed and compared
with those at 37°C. The telomerase activity and the expression of telomere-
associated RNA, telomere-associated proteins (TERC, TERT, TRFI, and
TRF2), heat shock proteins (Hsp60, Hsp70, and Hsp90) and endothelial
nitric oxide synthase were also analyzed.

The cell growth was suppressed both on dayl and on day3 at 42°C.
Unexpectedly, however, the cell senescence rate was elevated only on dayl
at42°C, compared to that at 37°C. The mean telomere length was not different
between at 37°C and at 42°C, whereas in the teloniere length distribution long
telomere decreased and middle-sized telomere increased only on dayl at
42°C. Telomere-associated proteins, heat shock proteins, and NOS were up-
regulated at dayl, and the up-regulation disappeared at day3.

The results suggested that long telomeres were affected and various genes
are up-regulated in reaction to elevated temperature, and that the cells
surviving through the prolonged exposure to heat lose the early responses.
The cell subpopulation bearing long telomere seemed more sensitive to
heat stress. The observed initial up-regulation of telomere-associated
proteins and others showed an aspect of heat responses of vascular
endothelial cells. Among the responses, some seemed to be favor for the
biological function and the survival of vascular endothelial cell, for example,
the upregulation of telomerase activity and the elevated expression of TERT,
heat shock protein, and NOS. In addition, an upregulation was maintained
uniquely in Hsp70 at a later stage of heat exposure. This observation
implicates that the upregulation of Hsp70 play an important roll for cell
survival under prolonged heat stress.

© 2014 Trade Science Inc. - INDIA
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INTRODUCTION

Telomere consists of repetitive DNA sequence with
accessory protein components (TRF1, TRF2, and oth-
ers) capping the terminals of chromosomel!!. It is well
known that telomere DNA shortening proceeds at ev-
ery cell cycle due to a duplication process yielding a
little shorter DNA strand. The telomere length of so-
matic cells is negatively affected by stress factors in-
cluding oxidative stress'®. Pathological mental and
physical stress accelerates telomere attrition?. Telom-
ere shortening is considered to occur in somatic cells

- with aging through many rounds of cell cycle and patho-
logical stressPl. On the other hand, there is a telomere-
elongating cellular mechanism, which functions in lim-
ited cases. Telomerase consists of a protein compo-
nent of reverse transcriptase (TERT) and a RNA part
(TERC). Telomerase contributes the telomere elonga-
tion or telomere length maintenance in unique cell popu-
lation with active mitotic potential, such as cancer cells,
stem cells, and reproductive cells. Generally, the te-
lomere activity is, however, suppressed to a low level
in the somatic cells, which is not enough to prevent the
telomere shortening with cell divisions. Telomerase ac-
tivity is also affected by stress factors. However, the
effect of heat stress on telomere length or telomerase
has not been well studied. Heat shock proteins (Hsp)
are ubiquitously synthesized in virtually all species and
itis hypothesized that they might have beneficial health
effects!!. In response to stress stimuli, mammalian cells
activate a signaling pathway leading to the transient ex-
pression of heat shock proteins (Hsp). Hsp’s are a family
of proteins serving as molecular chaperones that pre-
vent the formation of nonspecific protein aggregates and
assist proteins in the acquisition of their native struc-
tures. Physiologically, Hsp’s play a protective role in
the homeostasis of the vessel wall consisting of endot-
helial cells and smooth muscle cellst. Previous reports
have shown that heat-associated vasodilatation is as-
sociated with vascular NO synthesis!®. Vascular en-
dothelial cells express endothelial nitric oxide synthase
(eNOS). eNOS mediates NO synthesis in vascular
endothelial cells, which relaxes the surrounding smooth
nuscle cells of vascular wall to vasodilatation. NO syn-
thesis has been regarded as a functional marker for vas-
cular endothelial cells. We pursued the heat-associated
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alteration in the vascular reactivity for vasodilatation of
cultured HUVECSs by assessing the eNOS expression
level of HUVECs under heat-exposure. Heat-associ-
ated effects on genomic DNA including telomere ero-
sion, have not been well investigated. Here we ana-
lyzed telomere DNA, and the expressions of telomere-
associated components, heat shock proteins and nitric
oxide synthase in reaction to heat-stress by using vas-
cular endothelial cells in culture exposed to heat.

MATERIALS AND METHODS

Cell culture

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

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

The cells were washed in PBS, fixed for 10 min at
room temperature in 2% formaldehyde/0.2% glutaral-
dehyde, and incubated at 37°C (no CO,) with fresh
SA-[-Gal staining solution containing Img/mL of X-
gal, pH 6.0 for 12h. One hundred cells were scored
from each well (plate) using a light microscope.

Telomere detection

Telomere detection was performed as previously
described!”. Blood cell DNA was extracted from
samples and the DNA (0.1ug) were digested with Mspl.
The digests (10ul) were subjected to Southern blot hy-
bridization with a telomere DNA probe. The autorad-
iogram was captured on an Image Master, and the te~
lomere length was then assessed quantitatively. Every
sample was measured in triplicate.

Terminal length (TL) analysis

Telomere length distribution was analyzed by com-
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paring the telomere length using a telomere percentage
analysis with three intervals of length (>9.4, 9.4>>4 .4
and <4.4kb) as defined by a molecular weight stan-
dard as previously described"”.. The percent of the strati-
fied intensity in each molecular weight range was mea-
sured. The mean TL was estimated using the formula
S(ODi - background)/ S(ODi—background /Ii), where
OD:i is the chemiluminescent signal and Li is the length
ofthe TRF fragment at position i.

Semiquntitative RI-PCR for TERC RNA

Total RNA samples were extracted using RNAzol
B (Teltest). mRNA for human telomerase RNA com-
ponent (TERC) was determined by RT-PCR using a
DIG detection system (Roche Applied Science). Each
human ¢DNA was produced by RT-PCR according to
each human-derived sequence. For the amplification of
B-actin cDNA, the forward primer 3-actin (205bp) 5°
-CCTTCCTGGGCATGGAGTCCT-3’ and the re-
verse primer 5’-GGAGCAATGATCTTGATCTTC-3’
were used according to the published human TERC
cDNA sequence®. And TERC forward primer 5'-
TCTAACCCTAACTGAGAAGGGCGTAG-3 re-
verse primer 5'-GTTTGCTCTAG
AATGAACGGTGGAAG-3'were used”!. The values
for TERC mRNA levels were normalized to the B-ac-
tin mRNA level in the same sample. The PCR products
were directly synthesized from 2 ug of total RNA iso-
lated from each sample using the Superscript one-step
RT-PCR system with Platinum 7ag (Invitrogen) and
gene-specific primers according to the recommenda-
tions provided by the supplier. The PCR products were
analyzed by agarose gel electrophoresis (1.3%) followed
by staining with ethidium bromide and scanning with
Gel-Doc (Bio-Rad). For semiquantitative PCR, 3-ac-
tin was used as an internal control to evaluate total RNA
input, as described by our group!'®.

Western blot and other analyses

Cells from a dish were homogenized with 100ul
lysis buffer (100mM Tris pH 6.8,4% SDS, 20% glyc-
erol containing the protease inhibitor, M
phenylmethanesulfonyl fluoride, 0.1mM, leupeptin,
0.1, and aprotinin, 0.1ul). Gel electrophoresis was
used to separate 10pg protein on a 10% SDS-poly-
acrylamide gel. Proteins were transferred to nitrocellu-

lose membranes (162-0112, Bio-Rad Labo-ratories,
Hercules, California) blocked with 5% dry milk or
blocking solution for Westemn blot (Roche). Membranes
were blocked and incubated with antibodies against
telomerase reverse transcriptase (TERT) (Rockland),
TRF1 (Imgenex), TRF2 (Cell Signaling), Hsp60 (As-
say designs), Hsp70 (Assay designs), Hsp90 (Enzo),
eNOS (BD Biosciences), phospho-eNOS (Cell Sig-
naling), or glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (Santa Cruz Biotechnology). Detection was
performed with secondary horseradish peroxidase-con-
jugated antibodies (Chemicon) and the ECL detection
system as previously described™. The relative expres-
sion levels were determined compared to that of
GAPDH.

Telomerase activity

Telomerase activity was examined by means ofa
modified telomerase repeat amplification protocol
(TRAP) method with TeloChaser (Toyobo, Osaka,
Japan), as previously described!!.

Statistical analysis

Assays were repeated three times and analyzed sta-
tistically. The normality of the data was examined with
the Kolmogorov—Smirnov test and the homogeneity of
variance with the Levene Median test. If both the nor-
mal distribution and equal variance tests were passed,
intergroup comparisons were performed using a two-
way analysis of variance (ANOVA) test followed by all
pairwise multiple comparison procedures using Tukey’s
post hoc test. The data are expressed as the
mean+standard deviation. The criterion for the signifi-
cance is p<0.05.

RESULTS

Population doubling (PD) and cell senescence

The PD of the HUVECs was assessed on day 1
and day 3 of culture. At 37°C, the PD was elevated to
~1.6 onday! and the PD value was maintained on day3.
At42°C, initially the PD was elevated to ~1.2, but de-
creased steeply to ~0.2 on day3 (Figure 1a).

Senescence-associated B-galactosidase (SA-B-
Gal) expression was observed in ~2% of cells on day1
and ~1% on day3 at 37°C, and ~4% on dayl and



ACB, 3(2) 2014

Toyoki Maceda et al. 51

~2% on day3 at 42°C (Figure 1b).

The PD value did not increased at 37°C, and de-
creased at 42°C during day! and day3. This apparent
suppress of cell growth might be derived partly from
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a. The PD on dayl and day3 at 37°C and 42”(0:. The horizontal
bars are standard deviations. *p<0.05, at 37 C vs at 42 C on
day1l. b. The percentages of SA-b-Gal-positive cells. *p<0.05, at
37°C vs at 42°C. #p<0.05, on dayl vs on day3.

Figure 1 : The population doubling (PD) and the ratio of
senescence-associated b-galactosidase (SA-B-Gal) staining
of HUVECs cultured in the presence of H,0,
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damaged subpopulation during cell preparation before
starting culture being left. The elevated cell senescence
on day! both at 37°C and at 42°C supported this idea.
The difference between PD and cell senescence were
derived from heat stress, and cells were suppressed in
growth potential at 42°C. Cell population survived
through the heat condition of 42°C for 3 days bore a
similar proportion of senescent cells as at 37°C. This
indicated that heat-sensible cells were completely eradi-
cated during day1 and day3 at 42°C. As a result, heat-
durable cells survived on day3 at 42°C.

The mean TRF level and its distribution

The mean TL’s of HUVECSs were measured to as-
sess how much high temperature condition affected the
telomeric DNA (TABLE 1). At42°C, long telomere
(>9.4kb) decreased on dayl and middle-sized telom-
ere (9.4kb-4.4kb) increased. These differences be-
tween 37°C and 42°C disappeared on day3. The pro-
portions between values at 37°C and those at 42°C
were also compared to pursue the heat-specific changes
from dayl to day3 (TABLE 2). The decrease of long
telomere and the increase of middle-sized telomere were
observed only on day! and the short telomere (<4.4kb)
was not significantly affected. These changes of TL dis-
tribution disappeared on day3. Unexpectedly, cells with
longer telomere seemed more easily affected by heat
stress, compared to those with shorter telomere.

TABLE 1 : The telomere length and the telomere length dis-
tribution of HUVECs exposed to heat ,

37°C 42°C
Dayl Day3 Dayl Day3
MspI-TL(kb) 9.2+1.0 8.7+03 8.3+1.0 8.9+0.6
>9.4kb(%) 5148 46+1  39+11* . 4945
9.4-4 4Akb(%) 47+6 . 5142 59+10%  48+3
<4.4kb(%) 2+3 3+2 2+1 4+2

*37°C ved2°C p<6.05

TABLE 2 : The proportional values of telomere length param-
eters at 42°C compared to these at 37°C

Dayl Day3 p-value
MspL-TL 0.90+0.11 1.02+0.07 0.06
>9.4kb 0.76:0.21 1.0620.10 0.01
9.4-4.4kb 1.26+0.20 0.93+0.06 0.01
<4.4kb 10144074  1.2140.69 0.63
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The telomerase activity of HUVECs at 37°C and
42°C was evaluated by TRAP assay (Figure 2). Aver-
age value of TPG at 37°C was put as 1(1+0.66 for
1day, 1+0.2 for 3days). The relative TPG7s at 42°C
were 1.32+0.84 on dayl and 0.57+0.28 on day3.
Thus, the relative telomerase activity of HUVECs at
42°C was maintained on dayl (p=0.71) but signifi-
cantly decreased on day3 (p=0.03). Telomerase activ-
ity decreased under prolonged heat stress at 42°C.

Iday 3days.

PC NC 37°C 42°C PC NC 37°C 42°C
The photographs of representative TRAP assay results are
shown. The materials used for the positive control (pc) and
negative control (nc) were provided with the kit

Figure 2 : The telomerase activity of endothelial cells in the
presence of H,O,

Expression of telomere-associated components
and others

All the three telomere-associated components
(TERT, TRF1, and TRF2) except TERC were up-regu-
lated on day1, thereafter were down-regulated on day3.
TERC did not seem to be affected by heat in the ex-
pression. (Figure 3, TABLE 3).

All the analyzed heat shock proteins (Hsp60, hsp70,
and hsp90) were up-regulated at 42°C on dayl and

1day

IC 4xC

TERT

TRF1

TRF2

Hspé0

Hsp70

Hsp90

eNOS

phospho-eNOS

GAPDH

- TERC

 B-actin

The representative Western blot resuits of telomere-associated
proteins (TERT, TRF1, and TRF2), heat shock proteins (Hsp66,
Hsp70, and Hsp90) and a TERC RNA RT-PCR result are shown.
The relative expression level of each component is shown in
TABLE3

Tigure 3 : The expression levels of TERC, telomere-associ-

ated proteins, heat shock proteins, and NOS of HUVECs cul-
tured on dayl and day3 at different temperatures

TABLE 3 : The proportional values of the expressions of the
telomere-associated compeonents, heat shock proteins and
eNOS at 42°C compared to those at 37°C

Day1 Day3 p-value
TERT 1.80+0.32 0.25+0.14 0.01>
TRF1 1.4340.19 0.44+0.25 0.01>
TRF2 3.93+1.45 1.19+1.07 0.06
Hsp60 2.35+0.58 0.17+0.11 0.02
Hsp70 2.7340.08 1.46+0.08 0.00
Hsp90 3.35+41.43 0.89+1.46" 0.08
eNOS 2.43+0.52 0.25+0.04 0.02
TERC 0.95+0.27 1.86+1.66 0.44

The photo results are shown in Figure 3. The relative expres-
sion levels were determined by the proportion of each band
density to that of B-actin or GAPDH (set at 1 each), §-actin
{RNA) for TERC and GAPDH (protein) for western results
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down-regulated day3. However, only hsp70 still kept
asignificantly higher expression level at 42°C compared
to at 37°C.
eNOS and phosphorylated eNOS showed a simi-
lar alteration, they were up-regulated at 42°C on day],
but down-regulated at 42°C on day3 to below the level
at 37°C on day3.

DISCUSSION

Biological stress has been reported to induce nega-
tive effects on the maintenance of telomere length in
various cells?™¥, However, heat stress-associated
telomeric changes have not been well investigated, so
far. In the present study, HUVECs were used to ana-
lyze the telomere-associated alterations induced at 42°C.
Cell growth was suppressed at 42°C especially on day3.
The proportion of senescent cells elevated indeed on
day1 at 42°C but returned to a same level as at 37°C
on day3. This observation indicated that a heat-sensi-
tive cell population diminished during 3-day-exposure
to 42°C, and a heat-resistant population survived until
day3. In the telomere length distribution, apparently long
telomere decreased and telomere of medium size (4.4-
9.4kb) increased at 42°C on dayl. This indicated that
growth rate was suppressed more in cells with long te-
lomere than those with short telomere under exposure
to heat-stress in an early stage of heat exposure. The
shortest range of telomere (<4.4kb) showed an increas-
g trend of increase at 42°C on day3, although it was
not significant. A part of cell population bearing short
telomeres might be damaged and diminished at 42°C,
resulting in non-clear increase of them on day3. The
grown subpopulation at 42°C by day1 seemed to di-
minish by day3, because the TL distribution of the sur-
vived cell population at 42°C on day3 returned to a
similar pattern at 37°C on day3.

This suggested that a subpopulation of cells with
short telomere grew initially in heat-exposure but lost
the heat-endurance during a prolonged heat exposure.
The mechanism of the apparent heat-associated growth
suppression of cells with long telomere is not clear, so
far. Cells containing long telomeres, i.e., young cells,
may be equipped with anunknown mechanism sup-
pressing cell growth under a heat-stressed condition,
possibly being a favor for the cell survival.
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All the analyzed proteins up-regulated on day1 at
42°C. The survived cells for 3 days at 42°C revealed
an elevated expression of Hsp70, and maintained the
expression of TERC, TRF2, and Hsp90. All the oth-
ers, TERT, TRF1, Hsp60, and NOS were suppressed
in expression at 42°C. The expression of Hsp70 might
contribute to survival advantage under a prolonged heat-
exposure. We here show that an up-regulation after 3-
day-culture at 42°C is maintained only in Hsp70 among
analyzed heat shock proteins. Heat shock protein70
(Hsp70) protects cellular elements from injury by re-
ducing oxidation, inflammation and apoptosis and by
refolding damaged proteins. Hsp70 improves viability
of stressed vascular smooth muscle cells, possibly via
its chaperone functions™. The beneficial effects on cell
viability are here shown to contribute not only to vas-
cular smooth muscle cells but also poss1b}y to vascular
endothelial cells. ‘ '

The expression of NOS was up—regulaled inan carly
stage of heat-exposure and was down-regulated later.
This suggested that heat-stress had an inducible poten-
tial for NOS expression. NOS has been reported to
contribute to vasodilatation, and so heat exposure would
result in vasodilatation!, However the vasodilatation
by NOS would diminish after prolonged heat expo-
sure. The heat-associated alterations of NOS expres-
sion seemed rather to result in changing vasodilatation
poten’aal than contribute to survival advantage for heat
stress . : :

- Longer telomeres seemed transwntly affected un-
der exposure to heat stress. However, prolonged heat
exposure did not leave a persistent altered pattern of
telomere length distribution. In contrast to the growth
suppression and the down-regulation of various pro-
teins including telomere-associated proteins, other heat
shock proteins, and NOS, only Hsp70 up-regulated
persistently under heat stress. Hsp70 may be a strong
survival factor for heat-damaged cells. Further study is
necessary to confirm the vascular cellular heat-resis-
tance associated with Hsp70.
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