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Carnitine-induced senescence in glioblastoma cells
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Abstract. Carnitine is essential for lipid metabolism in cells
and is known to possess antioxidant properties. Previous
reports have suggested that antioxidants are able to induce
senescence in glioblastoma cells, consequently, in the present
study, we investigated the effect of carnitine on glioblastoma
cells. Under conditions of hyponutrition (undernutrition), the
proliferation of glioblastoma cells was attenuated and the
level of intracellular carnitine was increased. Glioblastoma
cell proliferation was also attenuated in cultures that were
supplemented with exogenous carnitine, where the induc-
tion of senescence was detected by senescence-associated
B-gal (SA-B-gal) staining. However, there was no evidence
of the induction of apoptosis. These effects were not detected
when cells were cultured with carnitine plus an inhibitor of
p38 mitogen-activated protein kinase (MAPK). It, therefore,
appears that carnitine has antioxidant actions in normal cells
but induces senescence, which may be regarded as an oppo-
site phenomenon, in glioblastoma cells. Senescence has been
reported in cells exposed to temozolomide, which is a standard
drug used for the treatment of glioblastoma. Carnitine could,
therefore, represent an attractive alternative therapy for glio-
blastoma.

Introduction

Glioblastoma is the most common malignant type of primary
brain tumor found in humans, and the prognosis for patients
remains poor despite multimodal therapy including surgery,
radiotherapy and chemotherapy (1,2). The median patient
survival time following glioblastoma diagnosis is only
12 months owing to characteristic diffuse infiltrations into the
surrounding central nervous system tissue (3,4). Therefore,
there is an urgent need to develop new approaches to its
management.
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Cellular senescence leads to the permanent growth arrest
of proliferating somatic cells in response to damage and
stress from exogenous and endogenous sources (5-7). It is also
thought to contribute to a decrease in tissue renewal (that is, the
replacement of aged cells), and has recently been recognized
as a mechanism of tumor suppression (5,6,8). Several studies
have attempted to induce replicative senescence in cancer cell
lines using genetic, chemical, or biological treatments (9-11),
providing preliminary evidence that senescence has potential
as an anticancer therapy.

Carnitine is essential for the -oxidation of fatty acids
in mitochondria to generate adenosine triphosphate (ATP)
in living cells (12,13). Under normal conditions, 70-80% of
human carnitine is obtained through dietary means, although
the liver, kidney and brain are capable of biosynthesizing
carnitine from lysine and methionine. Carnitine is commonly
regarded as an anti-aging agent, since it strongly suppresses
the apoptosis of various cell types through the stabilization of
mitochondrial membrane permeability (14-16). Furthermore,
oxidative damage to mitochondria and cell death in the kidney
and intestine, which may be induced by anticancer drugs such
as cisplatin, is reported to be inhibited by carnitine (17). It is
therefore widely regarded as having a protective effect on cells
and tissues. However, few reports to date have documented the
effects of carnitine on cancer cell senescence.

Glioblastoma cells in which senescence has been induced
by reduced fetal bovine serum (FBS) levels (that is, hyponutri-
tion) show increased amounts of intracellular carnitine. The
present study therefore investigated the effects of carnitine on
glioblastoma cells in vitro. The addition of exogenous carni-
tine to the culture attenuated the proliferation of glioblastoma
cells and increased the number of senescent cells.

Materials and methods

Cells. The murine GL261 glioblastoma cell line was provided
by A. Natsume of the Department of Neurosurgery at Nagoya
University (Nagoya, Japan). The cell culture was maintained
in an atmosphere of 5% CO, and 95% humidified air at
37°C in Dulbecco's modified Eagle's medium (DMEM,; Life
Technologies, Grand Island, NY, USA) supplemented with
10% FBS (Cellgro, Manassas, VA, USA), 2 mM L-glutamine,
100 U/ml penicillin and 100 mg/ml streptomycin. Cells were
grown to 80-90% confluence in 75-cm? culture flasks (Corning,
Acton, MA, USA) and were subcultured at a ratio of 1:2.
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Figure 1. Effect of hyponutrition on cell proliferation and SA-f-gal-positive senescence. GL261 cells (1x10%dish) were seeded into 60-mm dishes and cultured
in DMEM supplemented with FBS at concentrations of 1,2 and 10%, and cultivated for 72 h. (A) Number of viable cells over time. (B) Percentage of SA-f3-
gal-positive cells according to FBS concentration. “P-value of <0.05. (C) Cytochemical staining for SA-B-gal activity of GL261 cells after cultivation for 72 h.

Microphotograph shows positive (blue) cells.

Culture. GL261 cells (approximately 1x10°) were seeded into
60-mm dishes and cultured for 72 h in DMEM with FBS at
concentrations of 1, 2 and 10%. Hyponutrition was defined as
a culture condition with 1 or 2% FBS. For some of the experi-
ments, GL261 cells were cultured for 72 h in DMEM with 10%
FBS in the presence of carnitine (100 or 500 xM).

Viable cell count. Following washing with phosphate-buffered
saline (PBS) to remove dead floating cells, living cells were
harvested by trypsinization. Following trypan blue staining,
the total number of viable cells was determined by the Vi-XR
cell viability counter (Beckman Coulter, Brea, CA, USA) in
triplicate.

Intracellular carnitine measurement. Following washing with
PBS, GL261 cells were treated with radio-immunoprecipita-
tion assay (RIPA) buffer (Funakoshi, Tokyo, Japan). The cell
lysate was collected in a microcentrifuge tube and centrifuged
at 20,000 x g for 5 min. The supernatant was assayed using
the enzymatic cycling method (Kainos, Tokyo, Japan), and the
carnitine concentration was determined from the amount of
accumulated thio-dihydronicotinamide adenine dinucleotide
(NADH).

Senescence-associated f3-galactosidase (SA-f-gal) activity
assay. SA-B-gal activity was measured with a (3-gal staining
kit (BioVision, Mountain View, CA, USA) according to the
manufacturer's instructions. Briefly, GL261 cells were washed
in PBS, fixed for 10 min at room temperature with 0.5 ml

fixative solution, washed and incubated overnight at 37°C with
the staining solution mix. Blue staining was observed under a
microscope, and the absolute number of $-gal-positive cells in
a sample of 200 cells was determined.

S$SB203580. SB203580, a specific inhibitor of p38 mitogen-
activated protein kinase (MAPK), was dissolved in dimethyl
sulfoxide (DMSO) and added to the GL261 cell culture at a
final concentration of 10 uM to determine its effects.

Statistical analysis. Data are expressed as the mean + standard
deviation (SD) of five independent experiments. Comparisons
between two groups with one variable were made using
a Tukey-Kramer test for all data, with the exception of cell
counts at 48 h cultured under hyponutrition or with carnitine,
which did not show a normal distribution. Instead, Dunnett's
test was used to analyze these data.

Data were analyzed using Predictive Analytics SoftWare
(PASW) version 18.0.0 (SPSS Japan Inc., IBM, Tokyo, Japan).
A P-value less than 0.05 was considered statistically significant.

Results

Hyponutrition attenuates GL261 cell proliferation and
increases GL261 cell senescence (Fig. 1). The proliferation
of GL261 cells was attenuated in cells cultured in DMEM
supplemented with 1 and 2% FBS compared with 10%
FBS (the standard concentration) for 72 h. This effect was
dose-dependent. Greater numbers of SA-[3-gal-positive senes-
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Figure 2. Effect of hyponutrition on intracellular carnitine. GL261 cells
were cultured in DMEM with FBS at concentrations of 1, 2 and 10%. After
cultivation for 72 h, the cells were collected and the amount of intracellular
carnitine was assessed. "P-value of <0.05.

cent GL261 cells were found in those cultures incubated with 1
and 2% FBS than in those cultivated with 10% FBS after 72 h.

Hyponutrition increases intracellular carnitine levels (Fig. 2).
Increased levels of carnitine were observed in cells cultured
under conditions of hyponutrition compared with cells cultured
with the standard concentration of FBS.

Carnitine attenuates cell proliferation and induces cellular
senescence (Fig.3). Increased intracellular carnitine levels were
detected in the cultured cells that demonstrated hyponutrition-
induced senescence. We therefore added exogenous carnitine
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to the culture and examined the effects on cell proliferation
and senescence. Proliferation was attenuated by carnitine in
a dose-dependent manner, while increased numbers of SA-f3-
gal-positive cells were observed in the culture supplemented
with exogenous carnitine.

SB203580 inhibits the carnitine-induced attenuation of
cell proliferation (Fig. 4A). The addition of the specific p38
MAPK inhibitor SB203580 reversed the inhibition of GL261
cell proliferation induced by carnitine. The carnitine-induced
attenuation of GL261 cell proliferation therefore appeared to
be mediated by the p38 MAPK signaling pathway.

Role of apoptosis in hyponutrition-induced GL261 cell senes-
cence (Fig. 4B). Flow cytometry with Annexin V conjugated
to fluorescein (Annexin V-FITC)/propidium iodide (PI)
double staining was used to investigate whether apoptosis was
involved in the attenuation of proliferation by hyponutrition.
No morphological changes were observed under transmission
electron microscopy and the number of apoptotic cells did
not increase in 1 or 2% FBS cultures compared with the 10%
culture, suggesting that apoptosis did not play a role in the
hyponutrition-induced senescence.

Discussion
Carnitine is an essential substance for the [-oxidation of

fatty acids in mitochondria and is recognized as an anti-
aging nutrient (12,18). Several reports have shown that it
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Figure 3. Effect of carnitine on cell proliferation and senescence. GL261 cells were cultured in the presence of carnitine in DMEM with 10% FBS for 72 h.
(A) Viable cells. (B) Cytochemical staining for SA-B-gal activity of GL261 cells. Microphotograph shows positive (blue) cells. “P-value of <0.05. (C) SA-B-

gal-positive cells.
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Figure 4. Effect of SB203580 and the result of flow cytometry for GL261 cells cultured under hyponutrition. (A) Effect of SB203580 on the proliferation of
GL261 cells treated with carnitine. “P-value of <0.05. (B) Number of Annexin V-FITC/PI double-positive cells among the GL261 cells cultured in DMEM

supplemented with 1,2 and 10% FBS.

acts protectively in cells and tissues against various stresses
and damage, including the side effects of anticancer chemo-
therapy (14-17,19). However, few studies have documented the
carnitine-induced changes to cancer cells. The present study
revealed, for the first time, that carnitine induces senescence
in glioblastoma cells. The addition of exogenous carnitine to
the culture media attenuated cell proliferation and increased
the number of SA-f-gal-positive senescent cells, suggesting
that carnitine promotes cellular senescence. Carnitine shows
antioxidant activity in normal cells, which suggests that it
plays a crucial role in the prevention of aging. However, it
induces senescence in glioblastoma cells, thus it appears to
have opposing effects in different target cells.

The attenuation of proliferation and the increase in SA-p3-
gal-positive cells induced by exogenous carnitine have been
confirmed in the U§7MG glioblastoma cell line (Yamada et al,
unpublished data). The absence of an increase in apoptosis
among glioblastoma cells cultured with carnitine also supports
the theory that carnitine induces senescence. The suppression
of proliferation by a recognized inhibitor of p38 MAPK,
which is part of the common senescence-signaling pathway
(20,21), further indicates that carnitine induces senescence in
glioblastoma cells.

Treatment-induced senescence (TIS) is of interest in
conventional anticancer therapy. Although initially identified
in tumors following radiation or genotoxic chemotherapy
(9-11), TIS might also be induced at lower drug doses, in
contrast to the higher doses at which DNA damage and apop-
totic responses are elicited. Temozolomide is widely used for
the treatment of glioblastoma (22,23), and has been reported
to induce senescence without apoptosis in melanoma cells
(24). The present study demonstrated that carnitine induced
senescence in glioma cells. Considering its beneficial effects
on aging and the side effects of anticancer drugs, the use of

carnitine in combination with chemotherapy could represent
an attractive alternative therapy for glioblastoma, which
currently lacks an effective treatment.

In addition to carnitine, the polyphenolic phytoalexin
resveratrol, found in grapes and other foods such as nuts, has
well-known effects on aging, metabolic disorders, and inflam-
mation (25,26). Indeed, it was recently reported to induce
cellular senescence in carcinoma cells, including glioblastoma
cells (27). Notably, its activity increased when it was admin-
istered in combination with the senescence-inducing nutrient
quercetin. Although it is not yet known how resveratrol
performs in association with carnitine, combining food nutri-
ents with chemotherapy and radiation therapy might further
improve outcomes in the treatment of glioblastoma.
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