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Age-Dependent Telomere-Shortening Is Repressed by
Phosphorylated a-Tocopherol Together With Cellular
Longevity and Intracellular Oxidative-Stress Reduction
in Human Brain Microvascular Endotheliocytes

Yasufumi Tanaka, Yusuke Moritoh, and Nobuhiko Miwa*

Laboratory of Cell-Death Control BioTechnology, Faculty of Life and Environmental Sciences,
Prefectural University of Hiroshima, Nanatsuka, Shobara, Hiroshima 727-0023, Japan

Abstract Cellular life-span of neonatal human brain microvascular endotheliocytes (HBME) was estimated by
population doubling levels (PDLs) for serial subcultivations until spontaneous proliferation stoppage, and was 2.4-fold
longer for continuous administration with the 6-O-phosphorylated derivative (TocP) of a-tocopherol (Toc), being bio-
available owing to its water-solubility, or TocP plus 2-O-phosphorylated ascorbate (Asc2P), and 1.3-fold longer with
Asc2P, at a dose of 150 mM, than for the non-administered control. Enlarged cell diameters indicative of cellular aging
were repressed for TocP-administered cells as analyzed with a channelizer. Age-dependent shortening of telomeric DNA
length (291 bp/PDL) was slowed markedly for TocP (165 bp/PDL) or TocP plus Asc2P, but slightly for Asc2P. Telomerase
activity as assessed by the PCR-based TRAP method was detectable slightly at younger ages but no longer at middle ages
for the non-administered cells, but, for TocP-administered cells, was intensely detected at younger ages and appreciably
until middle ages. Intracellular TocP amounts were not changed age-dependently in contrast to a marked decrease in Toc
which accrued from TocP esterolysis. This may be partly attributed to age-dependent changes in the lipid peroxidation
product acrolein (ACR), which was abundant at older ages in non-administered cells, but scarcely in TocP-administered
cells. Furthermore, intracellular reactive oxygen species (ROS) such as H2O2 and hydroperoxides as detected using the
redox indicator CDCFH-DA was less abundant in TocP-administered cells than in non-administered cells. Thus the
telomeric-DNA retention, concurrently with retained telomerase activity, was shown to be correlated with cellular
longevity, and may be supported by diminished oxidative stress, in hydrophobic microenvironment, which can be
achieved by TocP rather than AscP. J. Cell. Biochem. 102: 689–703, 2007. � 2007 Wiley-Liss, Inc.
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Thebiologicallymostactive formout of diverse
vitamin E analogues, a-tocopherol (Toc), is an
important antioxidant in the cell membrane
[Burton and Ingold, 1986]. It is an essential

nutrient, and the major symptoms of vitamin E
deficiency are neurological dysfunction, muscu-
larweakness, arteriosclerosis, and reproductive
failures [Sokol, 1988; Fukui et al., 2002; Upston
et al., 2002; Young et al., 2005]. Toc, because of
its hydrophobic molecular property, requires
special transport mechanisms in the aqueous
environment of the plasma, body fluids, and
cells. Unlike other fat-soluble vitamins, Toc is
transported by plasma lipoproteins [Kayden and
Traber, 1993; Traber and Arai, 1999]. Recently,
Toc-transfer-protein knockout (a-TPP�/�) mice
were used to evaluate its antioxidant effect in
the absence of Toc [Hosomi et al., 1995; Arita
et al., 1995]. Ascorbic acid (Asc) dissolved in
the aqueous medium promotes a fast regene-
rative recycling of Toc radicals through the
boundary layer between the aqueous medium
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andmicelles [DiplockandLucy, 1973;Fukuzawa
et al., 1980].

Oxidative stress has been shown to be
implicated in numerous neurological disorders
including Parkinson’s and Alzheimer’s diseas-
es (AD) and cerebral ischemia [Smith et al.,
1995; Mark et al., 1996]. Therefore, antioxidant
therapy may be so important as to be elicit-
ed toward potential regimens for neurodegen-
erative disorders. In fact, several studies
demonstrated that antioxidants such as Toc
and superoxide dismutase [Przedborski and
Jackson-Lewis, 1998]exert cytoprotectiveeffects
against brain injury and delay the progression
of AD [Carney et al., 1991; Smith et al., 1991;
Takeda et al., 1998; Cherubini et al., 2005]. But
the exact and detailed mechanisms underlying
oxidative damages remain to be fully analyzed
and understood.

Reactive oxygen species (ROS) such as hydro-
gen peroxide (H2O2) and hydroxyl radical (.OH)
are serious threats to health along with the
induction of cell death, and provide damages
to the cell membrane concurrently with accel-
erating the telomere-shortening through the
instability of chromosome ends. There is an
appreciable evidence that telomere-shortening
acts as a biological clock in human or mamma-
lian cells, limiting and commanding the max-
imum number of population doubling levels
(PDLs) corresponding to cellular life-spans.
Therefore, repressive regulation of intracellular
oxidative stress can lead to enhancement of
the cell growth potential together with an
increase in telomeric repeats of chromosome
ends [Mitsui and Schneider, 1976; Moyzis
et al., 1988]. The plasma lipoproteins and cell
membrane-associated phospholipids can be
exempted from peroxidation upon exposure to
aqueous peroxy radicals (LOO.) and hydroper-
oxides (LOOH) until depletion of endogenous
Toc and Asc as ROS scavengers, resulting in
suppression to lowering of the cell growth
potential. Particularly, Toc can be retained
for a period longer than those of other plasma
ROS-scavengers such as SH compounds, Asc,
bilirubin, and urate, and can undergo passive
diffusion into the cellular membrane [Fujiwara
et al., 1997; Huang et al., 2004; Raymond and
Johnson, 2004; Saitoh and Miwa, 2004; Tam
et al., 2005; Xiao et al., 2005].

In the present study, the effects of the novel
water-soluble pro-vitamin E, a-tocopherol-6-O-
phosphate (TocP) were examined by its pre-

venting ability against aging-induced telomere
shortening or membrane damages in cultured
microvascular endothelial HBME cells in com-
parison with effects of Toc and Asc-2-O-phos-
phate (Asc2P). TocP is hypothesized to improve
its drug bio-availability through the endow-
ing with a slight hydrophilicity as compared
with Toc, and is aimed in the present study
at its localization in the vicinity of telomere
and its surrounding nuclear matrix resulting
in the cell longevity. Intracellular TocP was
shown to be efficiently converted to Toc, and
retained abundantly in the intracellular space
through Toc transport, and TocP may act for a
longer period than Toc. To clarify a possibility
that TocP-derived Toc may protect the bio-
membrane or the lipophilic microenvironment
in the vicinity of telomeric DNA from either
endogenous oxidative stress during the aging
process or LOOH-mediated cell-membrane
degenerative propagation, we examined altera-
tions of the telomere length and telomerase
activity [Lucy, 1972; Fukuzawa et al., 1980;
Upston et al., 1999; Na et al., 2004] during the
aging process.

MATERIALS AND METHODS

Cell Cultures

Normal human brainmicrovascular endothe-
liocytes (HBME) were obtained from Applied
Cell Biology Research Institute (ACBRI), and
were cultured in a CS-C complete medium kit
(Cell Systems Corporation, Kirland, WA) in a
humidified atmosphere of 95% air and 5% CO2.
Cells were seeded on rat type I collagen-coated
(Attachment FactorTM) 100-mm dishes at den-
sities of 5.0–6.5� 103 cells/cm2, and were con-
tinuously administered with TocP (150 mM) for
each time of culture passage. Upon approxi-
mately each passage, the spent culture medium
was replaced by the fresh medium. The sub-
confluent cells were thus detached from the
substratum, and were enumerated upon each
passage culture with a Coulter electric particle
counter ZM. The PDL is regarded as zero for
culture starting immediately after the estab-
lished culture of the HBME cells, and is
calculated for a PDL increase according to the
following equation:

log2
ðthe number of collected cellsÞ
ðthe number of seeded cellsÞ

� �
:
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HBME cells fed with or without TocP were
rinsed, trypsinized, and then enumerated.

Photography and Cell Size Distribution

Microscopic aspects of HBME cells were
observed with a Nikon microscope DiaPhot
and photographed with a Nikon digital camera
E450. Cell size distribution was assessed for
HBME cells, which were fed with or without
Asc2P (Showa Denko Co., Tokyo) or TocP
(Showa Denko Co.), were rinsed, trypsinized,
and then analyzed with a Coulter counter ZM
equipped with a channelyzer model 256TM with
calibration using PDVB latex particles (Becton-
Dickinson,Mountainview,CA) of 5.1 and13.7mm
in diameters.

Determination of Telomere Length
by Southern Blots

Genomic DNA was extracted with a nucleic
acid extraction kit IsoQuick (ORCA Research,
Inc., Bothell, WA) from 1� 106 cells of each
passage collected when reaching 70% conflu-
ence, and quantified by fluorometry using
Hoechst 33258 (Sigma) and NIH Image ana-
lysis for agarose minigel electrophorograms.
Extracted DNA was completely digested with
the restriction enzyme Hinf I (TaKaRa, Kyoto,
Japan) to produce TRFs as previously described
[Hiyama et al., 1995]. A portion (2 mg/lane) was
loaded onto a 0.8% agarose gel, and electro-
phoresed at 35 V/cm for 20 h together with 1 kb-
DNA Ladder (Gibco BRL, Grand Island, NY)
and lambdaDNA/Hind III digest (NipponGene,
Tokyo) as size markers. DNA was depurinated
by soaking gels in 0.2 N NaOH/0.6 M NaCl for
25 min, and transferred to a nitrocellulose
membrane Optitran BA-S 85 (Schleicher &
Schuel, Dassel, Germany). DNA was prehybri-
dized with AlkPhos direct hybridization buffer
(AmershamBiosciences, Buckinghamshire,UK)
in 0.5 M NaCl, added by a blocking reagent to a
final concentration of 4% (w/v) at 558C, and
hybridized in denatured alkaline phosphatase
enzyme-labeled (TTAGGG)4 (Qiagen Co. Tokyo).
Membranes were washed in 2 M urea, 0.1%
SDS, 50 mM sodium phosphate buffer pH 7.0,
10 mM MgCl2, and 0.2% blocking reagent at
558C. The membranes were placed in a clean
container and added with 50 mM Tris-HCl
buffer, 100 mM NaCl, and 2 mM MgCl2 at
pH 10. A detection reagent (Amersham Bio-
sciences) was pipetted on the membranes,
which were left for 2–5 min and underwent a

chemiluminescent signal with a Kodak X-ray
film Scientific Imaging Film, followed by densi-
tometry with a Pharmacia laser densitometer
UltroScan XL. Additionally, TRFs of each
manner-treated cells of several randomly
selected passages (including PDL zero) were
simultaneously analyzed by Southern blots on
the same single agarose gel, resulting in TRF
lengths similar to those estimated from sepa-
rate gels.

PCR-Based Assay for Telomerase Activity

Cells of each passage collected and frozen
were assessed for telomerase activity by a
telomerase assay kit TeloChaser (Toyobo,
Osaka, Japan) [Tatematsu et al., 1996]. Briefly,
1� 106 cells were lysed in a lysis solution follow-
ed by preparation of 1� 105 cell-equivalent
extracts. Telomerase reaction was conducted
at 378C for 30 min after mixing the cell lysate
with PCR mix and Taq mix which were
contained in a TeloChaser kit. PCR amplifica-
tion was repeated by 28 cycles using an Astec
thermal cycler PC-800 with a synchronized
temperature shift at 958C for 30 s, 688C for
30 s, and 728C for 45 s, respectively, as one cycle.
PCR products of 20 ml/lane were loaded onto
10% polyacrylamide gel, and electrophoresed
at 300 V/cm in 0.7� TBE, followed by staining
with a SYBR Green I dye and the subsequent
densitometry.

Cell Viability as Endogenous Mitochondrial (MT)
Activity Using a WST-1 Dye

WST-1 assay was achieved to determine
viable cell numbers. At different time points,
the cells were rinsed with phenol red-free
DMEM, then incubated for 3 h in phenol red-
free DMEM medium containing 10% WST-1
(2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2-disul-
fophenyl)-2H-tetrazolium, monosodium salt;
Dojn Laboratories Co., Kumamoto, Japan) at
378C. Cell viability was determined based on
MTability to reductively convert aWST-1dye to
yellowish formazan, being indicative of the
number of viable cells [Ishiyama et al., 1996].
The absorbance at 450 nm was read with an
absorbancemultiplate readerMicroplatePhoto-
meter (Bio-Rad, San Jose, CA).

Intercellular Toc Concentrations

The synthetic compound TocP was continu-
ously administered at adose of 150mMtoHBME
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cells upon each passage and medium exchange.
Intracellular Toc amounts were measured
by high-performance liquid chromatography
(HPLC) analysis protocols [Yamauchi et al.,
2002] as well as other vitamin E analogues
analysis. After calculated for cell numbers, cells
were suspended in ethanol solution. The cells’
lysate was mixed with a standard solution
containing 10 nmol/ml d-Toc (200 ml), 5%
pyrogallol and HCl (200 mL) in ethanol
(0.5 ml). The mixture was diluted with 4 ml of
hexane/ethylacetate (9:1) solution, and was
subjected to freeze-thawingwhichwas repeated
three times. The mixture in cells lysates under-
went shaking for 5 min, was centrifuged at
3000 rpm for 5 min at 48C, and then was stored
on ice. The hexane layer was saved, and the
hexane extracts were evaporated under dry-
ness. The residuewas dissolved againwith 30 ml
ofmethanol/H2O/trihydrogenphosphate (93:6:1)
eluent solution. This solution was filtrated
with an YMC membrane filter Duo-filterTM.
The chromatographic profiles of extracts
from TocP-treated and untreated HBME cells
are shown corresponding to a calibrator in
Figure 4C–E. The TocP peak was well sepa-
rately resolved and identified by comparing a
peak retention time of Toc peak with that of
d-Toc added as an internal standard. Elution
peaks of Toc and TocP show retention times at
5.3 min and 10 min, respectively; because there
were no later eluting peak, further injections
were made at intervals of 20 min (Fig. 4C–E).

Intracellular Oxidative Stress

HBME cells seeded at 1,000–1,500 cells/cm2

were grown on a 24-well microplate in the
presence or absence of 150 mM TocP in culture
medium for 24 h, were rinsed three times with
phosphate-buffered saline (PBS(�)) and replac-
ed by the medium containing CDCFH (Molecu-
lar Probes, Eugene, OR) at a final concentration
of 50 mM [Szejda et al., 1984]. After 30-, 60- and
90-min incubation for the control or TocP group,
the fluorescence intensity was measured with a
fluorescence plate readerCytoFluor 2350 (Milli-
pore,Bedford,MA). The excitationand emission
wavelengths used were 480 and 530 nm,
respectively. Fluorescence of the oxidative form
of CDCFH increased in a manner dependent on
cell numbers and incubation times for viable
cells, but not for methanol-killed cells similarly
as compared with the blank.

Determination of Lipid Peroxidation

Lipid peroxidative products, Acrolein (ACR)
were measured with use of anti-ACR rabbit
antibody at a dilution rate of 1:3,000 (Niho-
nyushi Co. Ltd., Japan). ACR is known to
preferentially react with lysyl residues result-
ing in the formation of the novel ACR-lysine
adduct, Ne-(3-formyl-3, 4-dehydropiperidino)
lysine (FDP-lysine). FDP-lysine was found to
potently deserve as an epitope of the antibody.
Indeed, low-density lipoprotein (LDL) was
demonstrated to be oxidatively modified and
generate ACR-LDL adducts. Furthermore,
after in vitro incubation of some proteins with
glucose, ascorbate, and arachidonate, arachido-
nate was the only source of antigenic material,
suggesting that polyunsaturated fatty acids
may be a source of ACR that causes the
production of protein-bound ACR [Uchida,
1998; Calingasan et al., 1999; Kondo et al.,
2001; Luo et al., 2005]. Cells were cultured on
cover glasses and incubated for 18–24 h in
the culture medium containing 150 mM TocP.
Then cells were rinsed three timeswithPBS(�),
fixed with 4% paraformaldehyde by immersion
for 10 min, and subsequently rinsed three
timeswith PBS(�). Endogenous peroxideswere
inhibited with a final concentration of 0.3%
H2O2 in methanol for 20 min. After washing,
cells were incubated with the primary anti-
body in 0.1% Triton X-100 in PBS(�) at 2 h,
then followed by addition with the FITC-
conjugated secondary antibodies against rabbit
IgG (1:1000) for 2 h in the same solution.

RESULTS

Effects of the Vitamin E Derivative TocP on
Cellular Proliferation and Life-span of HBME

HBMEwere serially cultured in the presence
or absence of the vitamin C derivative Asc2P,
the vitamin E derivative TocP, or Asc2P plus
TocP, which were always added at a dose of
150 mM upon each subculture and medium
exchange. Cellular life-span, as estimated by a
population doubling level (PDL), for TocP- or
Asc2P plus TocP-administered HBME cells in
culture was 2.4-fold longer than that of the non-
administered control cells. In contrast, the
solelyAsc2P-administered cellswere lessmark-
edly (1.3-fold) prolonged for their cellular life-
span comparativewith the control cells (Fig. 1B).
The TocP-administered cells even at older ages
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were retained for their proliferation ability at
the normal level nearly equal to the level of
the non-administered control cells at an age as
young as PDL 3.3, and were continued for their
full ability via anaging perioduntil the so-called
Hayflick limit around the 50-day culture.

The Ability of TocP to Retain a Compact Cell
Size and Cell Morphological Aspect

To examine the effects of TocP on age-
dependent changes of cell size and morphology,
a channelyzer was utilized for the particle-
distribution analysis to a portion of harvested
HBME cells that were serially subcultivated in
the absence or presence of TocP of 150 mM until
spontaneous stoppage of cell division. Adminis-
tration with TocP exerted an inhibitory effect
on a PDL-dependent increment in the cell size
(Fig. 2B) and the senescent cell features in
microscopic photographs, as shown for three
typical periods such as relatively young,middle,
and old ages (Fig. 2A). Enlarged cell diameter is
known as one of the symptoms of cell aging to be
inversely correlated with cellular senescence
[Mitsui and Schneider, 1976]. The cell diameter
ofTocP-administered cellswas suppressedup to
6.8–8.2%, andwas as long as 16.8 mmeven at an
old age of PDL 15.3 being more compact than
18.3 mm at a PDL as low as 9.4 of the control
(Fig. 2B). In contrast, solely Asc2P-administed

cells were not markedly suppressed for the
enlargement of cell size.

Slow-down of Age-dependent Telomere
Shortening and Telomerase in

TocP-Administered Cells

DNA extracts from HBME cells of each
culture passage were restrictively digested
to produce terminal restriction fragments
(TRFs) consisting of both entire telomeric and
partial subtelomeric regions, and analyzed by
Southern blots [Hiyama et al., 1995]. The TRF
patterns in Figure 3A were converted to scores
of their average telomeric DNA lengths in
Figure 3B. The TRF lengths indicative of
telomeric DNA lengths were markedly shor-
tened at a rate of 291 bp/PDL for the control
cells, while TRF lengths in TocP-treated cells
were considerablymaintained at 165 bp/PDL in
a degree similar to that of Asc2PþTocP-treated
cells (158 bp/PDL). The solely Asc2P-treated
cells were only slightly reduced for the telo-
mere-shortening rate down to 227 bp/PDL
relative to the control. The slowed rate of age-
dependent shortening of TRF lengths was
shown to be in proportion to longevity of the
cellular life-span for TocP-treated cells that
were most markedly maintained out of all
examined cells. Telomerase, an intracellular
reverse transcriptase that elongates or retains

Fig. 1. Life-span prolongation by a-tocopheryl phosphate
(TocP). Chemical structures of TocP, the growth rate, and life-
span of human neonatal brain microvascular endotheliocytes
(HBME) were assessed for the serial treatments in the presence or
absence of TocP during the culture period. A: Chemical
structures of TocP and a-tocopherol (Toc) are shown by

schematic representation [Traber, 2005]. The properties of
tocopherol analogues are known to exhibit relative differences
in the specific activity (SA) for anti-sterility. B: The life-spans of
HBME cells that were serially cultured in the presence or absence
of the vitamin C derivative Asc2P, TocP, or Asc2PþTocP. The
data shown are typical of three independent experiments.
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Fig. 2. Retention of compact cell size as a hallmark for cell
juvenility. A: Cell morphological photographs were shown for
control and TocP-treated cells at each passage of relatively
young, middle, or old age. B: Dependence of mean cell size on
PDLs. These data are obtained based on three independent
experiments that were conducted with dishes in duplicate for
cells that were subjected to each treatment, SD of which is

indicated by the bar. C: The life-spans of HBME cells that were
serially cultured in the presence or absence of the vitamin C
derivative Asc2P, TocP, or Asc2PþTocP. PDL-dependent
change of cell size of HBME cells was diversely treated as in
Figure 1B. Scale bar, 10 mm. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.
com.]

Fig. 3. Telomeric DNA length and telomerase. A: Age-depen-
dent shortening of telomere length for graded PDLs in HBME cells
by Southern blot analysis. B: Terminal restriction fragments (TRFs)
were analyzed by length of densitometic telomere fragments as a
hallmark for telomere length of HBME cells that were serially
subcultivated in the presence of 150 mM Asc2P, 150 mM TocP,
Asc2PþTocP of equimolar 150 mM and control (no additive).
C: Telomerase activity in 1.0�105 cells was measured by the

PCR-based TRAP method, and shown by electrophorograms of
Southern blots, where the sum of brightness of faint ladder-shaped
several bands correlates with degrees of telomerase activity as
compared with wide bands as the internal standard in the bottom
of all lanes. Extracts from HeLa cells (1.0�102 cells) were
similarly analyzed as the positive control. Note some faint bright
bands in two left TocP lanes and one left control lane. The data
shown are typical of three independent experiments.



Fig. 3.
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telomeres, was measured for each passage
of telomeric repeats [Piatyszck et al., 1995]
(Fig. 3C). Non-administered control cells and
150 mM TocP-administered young, middle,
or old age cells displayed a prominent telo-
merase-mediated 6-bp-interval ladder-like pat-
tern using PCR-based modified TRAP assay
(Fig. 3C). TocP-administered cells exhibited
some detectable telomerase activity at the
young age (PDL 4.9) and middle age (PDL 7.3),
but not detectable at the old age (PDL 15.3),
whereas the control cells have a significantly
detectable telomerase activity only at the young
age (PDL4.8) but no activity at themiddle (PDL
7.7) and old ages (PDL 9.4). These results
indicate that TocP activated telomerase activity
through administration to cells, but exerted
no direct effect on telomerase reaction and
the inherent level of telomerase of HBME cells
was slightly detected only at the young age,
but thereafter rapidly disappeared age-depen-
dently in the absence of TocP, whereas the
telomerase activity was retained until the
middle age in the presence of TocP.

Cellular Metabolic Level Associated
With MT Activity

To examine an effect of TocP on the endogen-
ous MT activity, HBME cells were exposed to
TocPof the indicated concentrations below300mM
for 12 h in the same way as done for the cell
viability assay by the WST-1 method. All data
represent that wide-ranged concentrations at
1–500 mM were preliminarily examined for
activation to MT dehydrogenases resulting in
the determination of the optimal concentration
at 150 mMof TocP (data not shown). Viable cells
that exhibit MT dehydrogenases such as succi-
nate dehydrogenase are capable of reducing the
WST-1 dye to generate the yellowish formazan.
The MT activity was of the highest degree in
cells that were administered with TocP of
125 mM, nearly equal to 150 mM where cellular
aging was examined, out of graded doses of
TocP. Particularly, the TocP-derived effects
influenced the MT activity in a dose-dependent
manner below 150 mMof TocP, although theMT
activity was gradually reduced at the range of
200–300 mM TocP (Fig. 4A). All TocP-treated
cells examined were augmented for MT activity
as compared with untreated cells. MT activities
that may be putatively affected by TocP were
examined for MT dehydrogenase as a typical

redox-related indicator, but not yet for other
functions.

Intercellular TocP and Toc Contents and
TocP-to-Toc Conversion Efficacy

It should be clarified whether TocP of 150 mM
thatwas administered toHBMEcellswas taken
up into cells and converted by enzymatic depho-
sphorylation to Toc. The amounts of TocP in the
extracts from 5.0� 105 cells were shown not to
be obviously different among the non-added
middle-age cells, TocP-added middle-age, and
old-age cells (PDL 7.7, 7.3, and 15.3, respec-
tively) by anHPLC technique with fluorometric
detection (Fig. 4B,middle). The ratio of TocP-to-
Toc conversion thatmay be executed assumedly
by diverse types of intracellular phosphatases
was drastically decreased during aging from
147.3 nmol at themiddle age to 11.7 nmol at the
old age per 5.0� 105 cells (Fig. 4B, top; 4D and
E). These changes of Toc contents are pre-
sumably attributed either to age-dependent
reduction of the number of Toc transporters
concurrently with promotion of oxidative col-
lapse of Toc [Sato et al., 1991; Arita et al., 1995;
Hosomi et al., 1995] or to the diminishedactivity
of intracellular phosphatases. The efficacy of
Toc-converting ratio to intracellular TocP
between ToP-treated middle- and old-age cells
significantly reduces; this change in rate sug-
gests thatTocP-active sites are localizing for the
cell membrane or cytosol.

In Situ Detection of Cellular Oxidative Stress

Non-administered old-age cells (PDL 9.4)
became notably fluorescent after loading with
CDCFH-DA, whereas TocP-added old-age cells
(PDL 15.3) did not appear appreciably fluores-
cent (Fig. 5A), suggesting that generation of
intracellular ROS might be markedly sca-
venged by Toc that was yielded by dephosphor-
ylation of administered TocP. The level of
intracellular ROS in HBME cells was signifi-
cantly lower after 90-min incubation for the
TocP-added old-age (PDL 15.3) and middle-age
(PDL 7.3) cells than for the non-added control
old-age (PDL9.4) andmiddle-age (PDL7.7) cells
(Fig. 5B). The level of intracellularROS inTocP-
added old-age cells was suppressed 3.4 times
lower than that in the control old-age group.
Intercellular ROS in each age cells was indi-
cated in Figure 5C. In the TocP-added cells,
the ROS-attributed fluorescence was repressed
as indicated by no transcendence over 500 fluor.
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unit/0.1ml during the culture period regardless
of cellular ages.

Immunocytochemical Detection of the Oxidative
Stress-Associated Substance ACR

To determine whether the cell membrane
that is composed of polyunsaturated fatty acids
may be injured, the production of protein-bound
ACR was examined by immunocytochemical

stain (Fig. 5D). The protein-bound ACR was
detected abundantly in the non-added control
cells of older age at PDL 9.4, but scarcely detect-
ed in TocP-added cells of older age (Fig. 5D, left
and middle), and markedly detected in H2O2-
treated cells ofmiddle age even at PDL as low as
7.3 in the absence of TocP owing to acute drastic
oxidative stress on the cell membrane (Fig. 5C,
right).

Fig. 4. Promotion of metabolic level and intracellular uptake of
TocP. The TocP-induced promotion of basic metabolic levels of
HBME cells and intracellular uptake of TocP. A: As an indicator
for intercellular metabolism level, MT dehydrogenase activity
was estimated by formazan-based WST-1 assay for cells that
were administered with TocP at graded doses. The control cells
that were administered with TocP-lack medium are shown by the
arrow. HBME cells were plated at the density of 1.0–1.5� 104

cells/cm2. After preincubation for 24 h, the medium was replaced
by fresh FBS-free medium containing diverse concentrations of
TocP of 0–300 mM. The data shown are typical of three
independent experiments. B: The age-dependent change of

intercellular TocP and Toc contents in TocP-administered HBME
cells as analyzed by HPLC and fluorometry. Toc conversion ratio
represents a ratio of intracellular Toc content versus intracellular
TocP content. C–E: HPLC chromatograms with detection by
fluorometry were obtained at 15-fold dilution of cell lysates by
mobile phase solution (asterisk) for extracts from: (C) the control
middle-aged (PDL 7.7) cells that were cultured in TocP-lack
culture medium, (D) the middle-aged (PDL 7.3) and (E) old-aged
(PDL 15.3) cells that were administered with TocP of 150 mM.
Retention times of Toc (long black arrow) and TocP (arrowhead)
are indicated together with a peak of d-Toc added as the internal
standard at 10 nmol/ml (long gray arrow).
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DISCUSSION

The present study demonstrates that the Toc
derivative TocP has a potent prolonging effect
on the cellular life-spans of HBME, because
the maximal replication level was expanded for
TocP-treatment culture (Fig. 1B). HBME cells
grow at a doubling period of 1–2 days,which is a
normal rate as a normal human cell strain in
contrast to most types of well-spread cell lines.
The TocP-treated culture effectively repressed
either the age-dependent cell-size enlargement
(Fig. 2C) as a symptom of cellular aging, or the
age-dependent decreasing of telomeric repeats
in the chromosome ends (Fig. 3B). Intracellular
oxidative stress including hydroperoxide and
LOO. during the aging processwas significantly
reduced in TocP-treated endotheliocytes as
shown by the redox indicator CDCFH analysis
(Fig. 5B) and ACR immunostain (Fig. 5D),
suggesting a close correlation between dimin-
ishment of the oxidative stress andprolongation
of cellular life-spans, both of which were
executed by TocP. TocP significantly prevented
age-dependent decreases in telomerase activity
in addition to those of telomeric repeats, each of
which might be associated with the level of
intracellular oxidative stress; and increased
oxidative stress in old passage cells is a well-
known phenomenon as one of major causes for
cellular senescence, and may be attributed to
increased ROS amounts due to age-dependent
accumulated error catastrophe of metabolic
machineries.
The change of telomeric repeats has been

reported to be correlated with cellular age
[Moyzis et al., 1988]. However, it is poorly
understood whether antioxidants such as vita-
min Emay give an influence on telomere length

and telomerase and on the level of intracellular
oxidative stress from a viewpoint of the aging.
We reported that the TRF, a hallmark of
telomere lengths, is shortened along with
cellular aging in human umbilical endothelial
cells (HUVEC) and human epidermal keratino-
cytes (NHEK), where the age-dependent short-
ening of TRF can be slowed down together with
both elongation of cellular life-span and reten-
tion of telomerase activity by maintaining the
intracellular Asc concentration at the higher
level [Fujiwara et al., 1997; Furumoto et al.,
1998; Yokoo et al., 2004], and the decline in TRF
is known to take place concurrently with DNA
single strand cleavages by hyperoxia treatment
or high-concentration hydrogen peroxide [Von
Zglinicki et al., 2000]. Age-dependent short-
ening of telomeres has been elucidated in the
present study to be closely related to cellular
senescence, whereas it remains to be elucidated
in the forthcoming study whether telomere
shortening activates or merely results from
senescence by detecting telomere dysfunctional
foci. Both the persistent retentions of telomer-
ase expression and full telomeric length cannot
be conducted by TocP, but might be achieved by
gene technological methods resulting in life-
span extension rather than immortalization.

Intracellular processing of TocP is considered
to occur around the cell membrane boundary,
where Toc may be converted from TocP by
diverse types of phophatases. We observed no
significant difference between the solely TocP
treatment and the TocP plus Asc2P treatment
in terms of age-dependent telomere shortening
(Fig. 3B). In terms of telomere shortening that is
expressed as per PDL and may be affected
by more long-term ROS exposure for slowly
doubling cells, HBME cells exerted a value

Fig. 5. Intracellular oxidative stress and TocP-disposition into
the intracellular space. A: HBME were serially subcultivated in
the presence or absence of TocP, and stained with the redox
indicator CDCFH-DA, a membrane-permeable dye precursor.
After 90-min dye-staining, fluorographs are shown for the non-
administered control middle-aged cells and the TocP-treated
older-age cells. The scale bar, 20 mm. B: Intracellular oxidative
stress is evaluated by fluorometry using CDCFH-DA and
expressed in fluorescence unit for the middle- and older-age
HBME cells that were serially cultured in the presence or absence
of TocP of 150 mM. C: Intracellular oxidative stress levels are
semi-quantitatively expressed for the control and TocP-treated
cells in diverse age states as assessed by CDCFH-DA fluorometry,
and are categorized according to degrees of CDCF-attributed
florescence intensity (fluor. unit) as follows: þ, 100–500 fluor.

unit; þþ, 500–1000 fluor. unit; þþþ 1000 fluor. unit at a sent
number of 7 for a fluorometer. D: HBME cells under diverse
conditions underwent immunostain for ACR as an indicator for
intracellular lipid peroxidation. ACR stain was conducted for the
control, 150 mM TocP- and 150 mM H2O2 (for 30 min)-treated
cells. Note arrows in that the faint stain in TocP-cells, the
cytoplasm-preferable stain in the control cells, and the stain
directional to the peri-nuclear loci and cell destructive fragments
in H2O2-treated cells. The scale bar, 10 mm. E: A phosphate-OH
moiety of TocP forms an adduct with the fatty acid ester portion of
a phosphatidyl choline component in the membrane bilayers
through hydrogen bond. F: TocP achieves a better fitting to the
arachidonic acid portion of the membrane phospholipid like a
key-to-keyhole mode. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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higher than those of other types of cells as-
sumedly because of higher oxygen consumption
of the brain and a mechanical injuries due to
speedy blood stream as their in vivo milieu.
The combined effect of vitamins E and C was
indistinguishable from that of either single
vitamin in terms of TRF length by Southern
blots in a way similar to that for cell replication
levels (Figs. 1B and 3B) or cellular oxidative
stress (data not shown). The results imply that
150 mM TocP may be necessary and sufficient
for appreciable protection of the cell membrane
from aging-associated ROS injuries. Telomer-
ase is known to be composed of both a catalytic
core of a reverse transcriptase (hTERT) as a
whole molecule and an RNA template compo-
nent (hTR) [Greider and Blackburn, 1989; Feng
et al., 1995; Lingner et al., 1997;Meyerson et al.,
1997; Nakamura et al., 1997], and has a slight
activity in normal human somatic cells. Telo-
merase activity in HBME as detected by PCR-
basedTRAPassay (Fig. 3C)was at the only faint
level for the non-treated control cells, and
disappeared during the aging process from
young to middle ages, whereas the age-depen-
dent diminishment of telomerase activity was
appreciably slowed down for TocP-treated cells,
suggesting the repressive effect of TocP/Toc on
age-dependent disappearance of telomerase
activity [Hiyama et al., 1996]. The amount of
endogenous vitamin E that has been originally
contained in the intracellular space may be at
least partially responsible for telomere reten-
tion, but too short to appreciably retain the
telomere length, because an age-dependent
telomere-shortening was rapid for non-admi-
nistered cells in spite of a significant content of
intracellular vitamin E as quantified by HPLC.
In addition, the direct targeting sites by TocP to
telomere and telomerase may be potently
different from each other, but may be at least
in part in common with repressive effects
against ROS-induced lesions either in the
RNA template and reverse transcriptase pro-
tein portions of telomerase or in the vicinity of
telomere and the nuclear matrix. TocP acti-
vated telomerase activity through administra-
tion to cells, but exerted no direct effect on
telomerase reaction. A large amount of data and
evidences have been necessitated in the present
study only for confirmation for a closely positive
correlation between oxidative-stress repres-
sion and telomere-shortening inhibition, and it
should be therefore analyzed in the next study

from a viewpoint of the causal relationship
between oxidative stress and telomere dysfunc-
tion or life-span.

Toc is the most active type out of diverse
tocopherols in terms of antioxidant activities
including a scavenging ability againstLOO.and
d-tocopherol is the least active (a> b¼ g> d).
The antioxidant activity of vitamin E is based
on the facility with which the hydrogen on
6-hydroxyl group of the chroman ring moiety
can be donated to neutralize a free radical
resulting in the formation of a more stable
tocopheroxyl radical (Fig. 1A). Here, esterifica-
tion byphosphate on the 6-hydroxyl group of the
chroman nucleus of a Toc molecule (Fig. 1A)
enables an excellent availability of TocP in the
aqueous solution owing to its diminished hydro-
phobic molecular property relative to Toc. TocP
may be localized preferentially in the cell
membrane or less hydrophobic loci through its
molecular property being more hydrophilic
than Toc. The phosphate group of TocP can be
adductedwith the estermoieties of unsaturated
acids such as arachidonic acid in the cell
membrane, being like a relationship between
key and keyhole (Fig. 5E and F). Thus, TocP
compounds may be able to be easily incorpo-
rated into the biomembrane, as TocP may be
localized preferentially in the cell membrane or
less hydrophobic loci through its molecular
property being more hydrophilic than Toc. In
contrast to no significant difference in levels of
intracellular TocP from young to old ages for
TocP-treated cells, a lowered level of Toc in old
age versus that in young or middle age (Fig. 4B)
may be attributed to either a lowered efficiency
of the dephosphorylated conversion of intracel-
lular TocP to Toc or a more frequent consump-
tion of the converted Toc in older ages.

Recently, it has been reported that severity
of oxidative stress is reduced age-dependently
together with an increased genomic stability as
indicatedbybothdecreased oxidative stress and
mitochondria deletions in heart and muscle
tissues [Cutler, 2005]. Marked dependence of
MT dehydrogenase activity as an indicator for
intracellular basic metabolism on TocP doses of
0–300mM in themiddle-age cells (Fig. 4A)may
ensue from marked influences of antioxidants
such as Toc converted from TocP on MT meta-
bolism.We found that TocP promoted the activ-
ity of MT dehydrogenases such as succinate
dehydrogenasemost efficiently at 100–125mM,
whereas TocP, at 150 mM near the plateau
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(Fig. 4A) for maximal retention of the MT
function, was shown to execute cell longevity
(Fig. 1B) and telomere retention (Fig. 3B). Thus
intracellular ROS in the absence of any anti-
oxidants can contribute to diminishment of the
enzymeactivity ofmitochondria dehydrogenase
and to some membrane injuries such as abol-
ishment of membrane proteins including phos-
pholipase A2 [Adibhatla et al., 2003].
To examine whether TocP could influence

ROS levels in HBME cells, we quantified by
fluorometry using the dichlorodihydrofluores-
ceinderivativeCDCFH-DAasa redox indicator.
CDCFH-DA is taken up into cells, and under-
goes esterolysis to be converted into the mem-
brane-impermeable form, which is subjected to
the subsequent oxidation to a highly fluorescent
CDCF form primarily by H2O2, hydroxyl radi-
cals, and diverse peroxides [Szejda et al., 1984;
Haugland, 1996]. Repressive effects of TocP
treatment on intracellular oxidative stresswere
observed in CDCFH fluorometry. Intracellular
ROS distributed in both the cytoplasm by TocP
administration, showing that TocP-derived Toc
can prevail all over the intracellular space
through the nuclearmembrane or Toc receptors
rather than localize in the membrane. Hydro-
gen peroxides and hydroxyl radicals under
physiological conditions in terms of oxygen
partial pressures andROS pertinent concentra-
tions may be selected in order to analyze the
mechanism of normal aging. Intracellular dis-
tribution of the lipid peroxide-bound products,
ACR-lysine additive compounds such as oxida-
tive LDL was investigated in HBME cells.
Repressive effects of TocP treatment on intra-
cellular oxidative stress were observed in ACR
immunostain, demonstrating a practical ability
of TocP-derived Toc to scavenge ROS of diverse
species such as hydroperoxides, hydrogen per-
oxides, and ACR that are frequently generated
in the intracellular space rather than in the
cell-free chemical reaction. Cell morphological
enlargement may be associated with intracel-
lular accumulation of the waste products such
as ACR and malondialdehyde (MDA) [Richter
et al., 2005] and other oxidative products
[Selvakumar et al., 2005], and was shown
(Fig. 2C) to be closely correlated with the
cellular life-spans among the control, and
TocP-, TocPþAsc2P-, and Asc2P-administered
HBME, additionally suggesting that anti-aging
effects of TocP may be attributed to an anti-
oxidant ability of TocP-derived Toc. Toc mole-

cules exist in the cell membrane through
hydrophobic interactions [Diplock and Lucy,
1973; Diplock et al., 1977; Maggio et al., 1977;
Fragata and Billemare, 1980; Srivastava et al.,
1983]. Therefore, themicroenvironment around
nuclear matrix where telomere region casts an
anchor may be more hydrophobic than vicinity
of other chromosomal DNA portions, and is
therefore considered to be easy to capture TocP
so as to protect, the adjacent phospholipid
portions from oxidative decomposition.

We suggest that TocP at the effective dose for
HBME cell longevity may be more safe than
traditional non-natural cerebral drugs because
it is an ester of two natural ingredients such as
vitamin E and the DNA component phosphate
in addition to no inhibitory effect on cell
proliferation within wide-ranged doses. In
future, neurodegenerative diseases are increas-
ingly serious problems, and should be cured by
therapeutic agents including anti-dementia
drugs and simultaneously prevented as an
everyday care by anti-aging countermeasures
with theuse of safetyvitamins suchasTocP that
can expand the cell longevity of HBME as well
as that of neuronal and glial cells together with
interruption of cellular damage progresses.
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