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Impact of mitochondrial B-oxidation in fatty
acid-mediated inhibition of glioma cell proliferation
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Abstract Tetradecylthioacetic acid (TTA), which cannot be
B-oxidized, exerts growth-limiting properties in glioma
cells. In order to investigate the importance of modulated
lipid metabolism and alterations in mitochondrial proper-
ties in this cell death process, we incubated glioma cells
both with TTA and the oxidizable fatty acid palmitic acid
(PA), in the presence of L-carnitine and the carnitine palmi-
toyltransferase inhibitors etomoxir and aminocarnitine.
L-carnitine partly abolished the PA-mediated growth reduc-
tion of glioma cells, whereas etomoxir and aminocarnitine
enhanced the antiproliferative effect of PA. The production
of acid-soluble products increased and the incorporation of
PA into glycerolipids decreased after 1-carnitine supple-
mentation. L-carnitine was found to enhance the antiprolif-
erative effect of TTA, but did not affect the incorporation
of TTA into glycerolipids, or ceramide. PDMP, sphingosine
1-phosphate, desipramine, fumonisin B;, and 1-cycloserine
were able not to rescue the glioma cells from PA and TTA-
induced growth inhibition, suggesting that increased ceramide
production is not important in the growth reduction. TTA-
mediated growth inhibition was accompanied with an in-
creased uptake of PA and increased incorporation of PA
into triacylglycerol (TG).Hl Our data suggest that mitochon-
drial functions are involved in fatty acid-mediated growth
inhibition. Whether there is a causal relationship between
TG accumulation and the apoptotic process remains to be
determined.—Berge, K., K. J. Tronstad, P. Bohov, L. Madsen,
and R. K. Berge. Impact of mitochondrial B-oxidation in
fatty acid-mediated inhibition of glioma cell proliferation.
J- Lipid Res. 2003. 44: 118-127.
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Since the early 1980s, it has been firmly established that
fatty acids can be selectively cytotoxic to tumor cells but
not normal cells (1-3). Numerous studies have been car-
ried out and several reports have revealed that fatty acids
and compounds modulating the fatty acid metabolism ex-
ert growth-limiting properties in a variety of cancer cells
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(4, 5). One of these compounds is tetradecylthioacetic
acid (TTA) [CH3-(CHy)3-S-CHo-COOH], which is a sulfur-
substituted fatty acid that has been shown to reduce prolif-
eration of tumor cells (6-9).

Cell death induced by long-chain fatty acids in pancreatic
islets has been explained by the involvement of a lipoap-
optotic pathway and nitric oxide overproduction (10, 11).
It has recently been proposed that a change in cellular tri-
acylglycerol (TG) levels has implications for the regulation
of cell growth (12). Furthermore, there was an inverse re-
lationship between cytotoxicity of free fatty acids in pan-
creatic islet cells and TG accumulation (13). These data
indicate that TG accumulation may play a central role in
the regulation of cellular proliferation.

During the past two decades there has been growing ev-
idence that sphingolipids play a central role in growth
regulation (14), and many of the enzymes participating in
the sphingolipid metabolism are involved in signal trans-
duction and cell growth regulation. One of these sphin-
golipids, ceramide, is a lipid second messenger involved in
the apoptotic response induced by TNFa, ionizing radia-
tion, and heat shock (15). An increased ceramide level
can be induced by at least two alternative biochemical
pathways: the hydrolysis of sphingomyelin by sphingomy-
elinases (16, 17), or elevated de novo synthesis, where
serine palmitoyltransferase is the rate-limiting enzyme
(18, 19). It has been suggested that a reduced fatty acid
oxidation, accompanied by TG accumulation, at least
partly contributes to high ceramide level in pancreatic is-
lets (11, 20).

Thus, factors influencing the balance between TG bio-
synthesis and mitochondrial fatty acid oxidation may ulti-
mately influence the regulation of cell growth. To contribute
to the understanding of relations between mitochondrial
B-oxidation, TG accumulation, and ceramide synthesis in
growth regulation and apoptosis, the metabolism and the

Abbreviations: CPT, carnitine palmitoyltransferase; A, mito-
chondrial membrane potential; PA, palmitic acid; PL, phospholipid;
TG, triacylglycerol; TTA, tetradecylthioacetic acid.
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capacity of a natural utilizable fatty acid and TTA to re-
duce the growth of glioma cells were compared. The ex-
periments demonstrated that a low fatty acid oxidation ca-
pacity results in excess TG accumulation when the cells
are exposed to saturated fatty acids. TG accumulation
seems to correlate with the growth limiting properties of
palmitic acid (PA) and TTA, and is independent of cera-
mide synthesis. Furthermore, a stimulation of fatty acid
oxidation retarded PA-mediated growth inhibition, whereas
inhibition enhanced the growth-limiting properties of
both PA and TTA.

EXPERIMENTAL PROCEDURES

Chemicals

Palmitic acid, r-carnitine, Cyo-ceramide, 1-erythro-sphingosine,
fumonisin B, 1~cycloserine, etomoxir, PDMP (1-phenyl-2-decanoyl-
amino-3-morpholino-1-propanol hydrochloride), sphingosine
l-phosphate, desipramine, and fatty acid-free BSA (BSA) were
obtained from Sigma Chemical Co, St. Louis, MO. [*H]thymidine
and [1-14C]palmitic acid were obtained from Amersham Pharmacia
Biotech, Piscataway, NJ. TTA and [1-'*C]TTA were prepared at
the Department of Chemistry, University of Bergen, Norway, as
described previously (21, 22). r-Aminocarnitine (1-3-amino-
4-trimethyl-aminobutyrate) was a kind gift of A. C. Rustan, Uni-
versity of Oslo, Norway. All other chemicals and solvents were ob-
tained from common commercial sources.

Cell cultures

The human glioma cell line D54Mg (23) and the rat glioma
cell line BT4Cn (24) were grown in DMEM supplemented with
10% new-born calf serum, streptomycin (100 wg/ml), penicillin
(100 U/ml), and three times the prescribed concentration of
non-essential amino acids (all from Sigma Chemical Co.). For
metabolism experiments, cells were seeded in 3.5 cm or 6 cm cul-
ture dishes. All cells were cultured under humidified conditions
of 95% air and 5% COy at 37°C. In all experiments, the number
of cells seeded was controlled to avoid confluence during the ex-
periment period. The cells were allowed to settle overnight be-
fore the treatments were started. Fatty acid solutions were pre-
pared as described earlier (25).

Growth assays

Cells were grown in 96-well tissue culture plates, and [*H]thy-
midine incorporation was measured after 4 h of incubation with
1.0 wCi/well of [*H]thymidine diluted in 0.9% NaCl. After incu-
bation, the cellular DNA was transferred to a UniFilter™-96 GF/C™
using a Filtermate Harvester (Packard Instruments, Meriden,
CT). Radioactivity was measured using a TopCount NXT™
Microplate Scintillation Counter (Packard Instruments).

Measurement of acid-soluble products

The glioma cells were cultivated in medium containing [1-14C]PA
or [1-*C]TTA. Final specific activity in the medium was in the
range 1,000-3,000 dpm/nmol PA/TTA. After 4 h, 9 h, or 24 h in-
cubation, the medium was removed, cells kept on ice, and then
washed once with PBS followed by scraping in PBS. Acid-soluble
products were extracted by the following procedure: at the ter-
mination of the experiment, 250 pl medium was transferred to a
new glass tube, and 100 pl 6% fatty acid free BSA was added. The

mixture was shaken for 15 s followed by the addition of 1 ml ice
cold 1 M HCIO,4 and 150 pl 0.1 M KOH. The mixture was shaken
for 30 s, centrifuged (10 min, 1,800 g), and the radioactivity was
measured in the supernatant.

Extraction and quantitation of lipids

Lipids were extracted from pelleted cells according to Folch et
al. (26). Twenty volumes of chloroform-methanol (2:1, v/v) and
4 vol of 0.9% NaCl (pH = 2) were added to the cell suspension,
and the mixture was allowed to separate into two phases. After
evaporating the organic phase under Ny, the extracted lipids
were dissolved in chloroform-methanol (2:1, v/v) and separated
by TLC on silica gel plates developed in hexane-diethyl ether-
acetic acid (80:20:1, v/v/v) as described previously (27). The
lipid bands were visualized by iodine vapor, cut into pieces and
the radioactivity was measured by scintillation counting.

GC/MS analysis

Polar lipids were separated by TLC as described previously (28).
Lipid spots were scraped, transferred to a test tube, and trans-
esterified with 14% BFs;-methanol (29).

Fatty acids were determined on a GC 8,000 Top gas chromato-
graph (CE Instruments, Milano, Italy), equipped with a flame ioniza-
tion detector, programmable temperature of vaporization injector,
and AS 800 autosampler using a fused silica capillary column coated
with SP 2340 stationary phase (60 m X 0.25 mm X 0.20 pwm)
(Supelco, Bellefonte, PA). Chromatographic conditions were simi-
lar as referred (30). Identification of chromatographic peaks
were performed by means of known standards (Larodan Fine
Chemicals, Malmo, Sweden) and confirmed by GC/MS analysis
(GCQ, Finnigan MAT, Austin, TX) on the same column. Quanti-
fication was made with Chrom-Card A/D 1.0 chromatography
station (CE Instruments, Milano, Italy) based on heneicosanoic
acid as an internal standard.

Triacylglycerol and phospholipid measurements

5-7 X 10° glioma cells were kept on ice, the medium was re-
moved, and the cells were washed once with PBS followed by
scraping in PBS. Pelleted cells were lysed in 150 pl distilled HyO
and the cellular levels of TG and phospholipid were measured
enzymatically (TRINDER reaction kits from bioMeérieux, MO)
with an AXON Byer spectrophotometer (31, 32).

Oxidation

Glioma cells were grown in 25 cm? flasks. After 24 h of treat-
ment, the medium was removed, followed by addition of 5 ml
medium containing [1-'*C]PA (200 pM, 2,775 dpm/nmol) com-
plexed to BSA (molar ratio 2.5:1). Each flask was sealed with a
rubber stopper containing a filter paper in a holder. Following
incubation for 4 h, the flasks were kept on ice, 0.75 ml cold 1 M
HCIO, was added, and the filter paper was moistened by addition of
0.3 ml phenyl ethylamine-methanol (1:1, v/v). The cultures were
left for 1 h in room temperature for [1*C]CO, trapping. The fil-
ter papers (containing trapped [1*C]CO,) were then transferred
to vials for scintillation counting. Acid-soluble products were ex-
tracted by addition of 5 ml of cold 1 M HCIOy into the flask.
After centrifugation (10 min, 1,800 g), radioactivity in the super-
natant was measured by scintillation counting.

Apoptosis

The level of apoptosis was determined by microscopic cell sur-
face examination and fluorescence analysis after staining with
Hoechst 33342 (10 wg/ml) in 4% paraformaldehyde. Apoptotic
cells were discriminated from non-apoptotic cells by the appear-
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Fig. 1. Induction of apoptosis in glioma cells. D54Mg cells were
treated with control medium (A) or 200 wM tetradecylthioacetic
acid (TTA) (B) for 24 h. The cells were incubated with Hoechst
33342 and condensed chromatin was detected by fluorescence mi-
croscopy. Intense white color appears in condensed chromatin in
apoptotic cells. Cell morphology was also investigated by micros-
copy (C) and the amount of apoptotic D54Mg or BT4Cn cells was
determined after cultivation in control medium or medium con-
taining 50, 100, or 200 uM TTA for 48 h (n = 3).

ance of multiple surface buds and intense color associated with
chromatin condensation and fragmentation.

Staining of lipid droplets

Glioma cell cultures were washed twice with PBS, and then
fixed for 1 h in a 10% formaldehyde solution (diluted in PBS) at
room temperature. After removing the fix solution, the cells
were stained using a 0.5% Oil Red O in isopropanol for 1 h at
room temperature. Following staining, cells were rinsed several
times using distilled water to remove any non-dissolved stain.
The cells were then observed under a Leica DM IRB inverted mi-
croscope and photographs of representative cells were taken for
documentation.

Mitochondrial membrane potential and
glutathione distribution

After treatment, glioma cells were exposed to 6 uM CellTracker
green 5-chloromethylfluorescein diacetate (CMFDA) and 0.6
M Mitotracker Red CM-HyXros (MTR) (Molecular Probes,
Inc., Eugene, OR), according the manufacturer’s directions. Fol-
lowing incubation, medium was removed, cover slips were
mounted with fresh tissue culture medium, and the cells were
immediately studied with a BIO-RAD MRC-1000 Laser Scanning
Confocal imaging System connected to a Zeiss Axiovert 100 mi-
croscope. MTR and CMFDA staining were identified by indepen-
dent simultaneous scans of red (ex. 568 nm, em. 585 nm) and
green (ex. 488 nm, em. 522/35 nm) fluorescence, respectively.
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Statistical analysis

The data are presented as mean *= SD. The results were evalu-
ated by a two-sample variance Student’s test (two-tailed distribu-
tion). Results were considered as statistically significant when
P<0.05.

RESULTS

TTA induces apoptosis in glioma cells

Fatty acids are known to induce apoptosis in several dif-
ferent cells lines. To decide whether apoptosis contributes
to the retarded proliferation reported in glioma cells after
treatment with TTA (8), we performed morphological stud-
ies of D54Mg cells treated with control medium or medium
containing a high dose of TTA for 24 h (Fig. 1A, B). The
amount of apoptotic cells grown in control medium was
less than 5% (data not shown). After TTA exposure, more
than 50% of the cells showed characteristic apoptotic
morphology. Further, massive apoptotic nuclear conden-
sation and fragmentation was also observed after staining
with Hoechst 33342. Figure 1C shows that the induction
of apoptosis after TTA exposure was dose dependent both
in D54Mg cells and BT4Cn cells. The apoptogenic proper-
ties of PA have previously been described (33-35), and char-
acteristic apoptosis was also observed after PA exposure in
our experiments (data not shown).

Relation between fatty acid oxidation and cell growth

The capacity of TTA to inhibit cancer cell growth is pro-
nounced when compared with normal fatty acids such as
PA (6, 7). This might be related to their capacity to modu-
late mitochondrial oxidation and thereby lipid accumula-
tion. Therefore, D54Mg cells were incubated with 150 uM
TTA or PA, which are reported to be the approximate IC5,
concentration of TTA after 48 h of cultivation (25), in the
presence of 1-carnitine and inhibitors of mitochondrial fatty
acid oxidation. 1-carnitine, which is essential for mitochon-
drial transmembrane transport [reviewed in ref. (36)],
partly abolished the PA-mediated reduction in [*H]thymi-
dine incorporation in D54Mg cells (Fig. 2). In contrast,

TTA Palmitic acid
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incorporation
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etomoxir - + - - - +
aminocarnitine - - + - - - +
L-carnitine - - - + - - - +

Fig. 2. Effects of palmitic acid (PA) and TTA on the growth of
glioma cells in the absence and presence of 1-carnitine amino carna-
tine, and etomoxir. Bars represent incorporation of [*H]thymidine in
human glioma cells (D54Mg), calculated as a percentage of control
(fatty acids alone). Cells were treated with 150 wM palmitic acid or
TTA = 50 uM etomoxir, 50 wM aminocarnitine, or 500 uM r-car-
nitine for 48 h or 72 h. Data shown are mean values = SD (n = 3).
* Significantly different from control cells (fatty acids alone), P < 0.05.
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TABLE 1. Uptake and oxidation of radiolabeled fatty acids in glioma cells

['#C]Fatty Acid r-Carnitine Hours [4C]Fatty Acid Uptake ['4C]Fatty Acid Oxidation
nmol/mg protein

Palmitic acid - 4 157.3 £ 2.0 5.2+ 0.6

24 284.0 = 31.3 39.9 + 2.7
Palmitic acid + 4 157.6 = 24.2 17.6 = 4.1¢

24 245.2 * 60.2 143.3 = 34.0¢
TTA - 4 53.8 + 1.5 nd

24 96.7 = 3.5 nd
TTA + 4 53.3 + 3.4 nd

24 104.1 £ 22.7 nd

BT4Cn cells were incubated with 100 wM [1-*C]TTA or [1-'4C]PA * 500 wM r-carnitine. The amount of acid-
soluble products and the uptake of labeled fatty acids were measured after 4 h and 24 h of cultivation. The values
represent mean values (nmol/mg protein) * SD (n = 3). nd, not detected.

“Significantly different from cells grown without supplementary L-carnitine, P < 0.05.

1-carnitine enhanced the antiproliferative effect of TTA.
On the other hand, inhibition of either mitochondrial car-
nitine palmitoyltransferase (CPT) I or II by etomoxir or ami-
nocarnitine, respectively, enhanced the antiproliferative ef-
fect of both TTA and PA. Similar results were obtained in
BT4Cn cells (data not shown). At the concentrations used,
etomoxir, aminocarnitine, and t-carnitine did not signifi-
cantly affect cell growth when used alone (data not shown).

Relation between fatty acid oxidation and
glycerolipid synthesis

Since stimulation of the mitochondrial fatty acid transport
system by L-carnitine partly abolished the antiproliferative
effect of PA, but not TTA, we sought to determine how
L-carnitine influenced the metabolism of these individual
fatty acids in glioma cells. 1-carnitine stimulated the pro-
duction of acid-soluble products from [1-1*C]PA ~3-fold
(Table 1). This is probably due to increased fatty acid oxi-
dation capacity, as L-carnitine did not influence the uptake of
[1-14C]PA. Moreover, the incorporation of [1-!*C]PA into
glycerolipids in BT4Cn cells was reduced after r-carnitine
supplementation (Table 2). As expected, there were no
detectable levels of acid-soluble products from [1-!*C]TTA in
the presence of additional t-carnitine (Table 1). Further-
more, L-carnitine did not affect the incorporation of [1-
HC]TTA into glycerolipids. The uptake of [1-1*C]PA was
2-3-fold higher when compared with [1-'“C]TTA (Table 1),

TABLE 2. Effect of 1-carnitine on the incorporation of palmitic acid
and TTA into glycerolipids in glioma cells

Incorporation Incorporation

[1C]Fatty Acid 1-Carnitine Hours into PL into TG
nmol/mg protein
Palmitic acid - 24 123.5 = 17.5 87.5 + 19.5
Palmitic acid + 24 87.1 = 35.8 48.6 = 17.0
TTA - 24 52.6 + 10.3 13.8 £ 2.1
TTA + 24 60.4 + 24.7 12.3 £ 5.4

BT4Cn cells were incubated with 100 uM [1-1*C]TTA or [1-!4C]PA =
500 pM 1-carnitine. The amount of labeled fatty acids incorporated
into phospholipids (PL) and triacylglycerol (TG) after 24 h of cultivation
were measured by TLC as described in Experimental Procedures. The
values represent mean values (nmol/mg protein) * SD (n = 3).

which is in accordance with a higher incorporation of [1-
HC]PA into glycerolipids than [1-'*C]TTA (Table 2).

Incorporation of TTA and palmitic acid into glycerolipids

Fatty acid metabolism is balanced between glycerolipid
biosynthesis and fatty acid oxidation, and, independent of
the uptake of these fatty acids and the supplementation of
L-carnitine, TTA seemed to be preferentially incorporated
into phospholipid (PL) (Table 2). In order to investigate
this in more details, glioma cells were cultured at different
concentrations of TTA and PA. Figure 3 shows that there
was a dose-dependent increase in the incorporation of la-
beled PA and TTA into glycerolipids. At a concentration of
200 wM, there was a more rapid increase of [1-1*C]PA into
TG than PL (Fig. 3A), whereas the rate of TTA incorpora-
tion into these lipid classes was almost equal (Fig. 3B).

As a function of dose, the amount of PA-labeled TG
increased several-fold, whereas the increase in [1-1*C]PA-
labeled PL was less significant (Fig. 3C). This was not ob-
served after TTA treatment, where [1-1*C]TTA was predomi-
nantly found in PL with all doses (Fig. 3D). In all cases, the
amount of labeled PA incorporated into PL and TG was sig-
nificantly higher than the corresponding incorporation of
TTA. The quantity of cell-associated [1-'4C]PA and [1-1*C] TTA
corresponded to the disappearance of the respective fatty
acids from the medium (data not shown).

Effect of TTA, etomoxir, and L-carnitine on
PA metabolism

Since TTA may modulate cellular fatty acid metabolism, it
was of interest to examine how TTA affects the incorporation
of normal fatty acids, such as PA, into glycerolipids. TTA in-
creased both the cellular uptake (Fig. 4A) and oxidation (Fig.
4E) of [1-'*C]PA in D54Mg cells. The increased amount
of [1-1*C]PA in these cells were reflected in an increased ester-
ification of [1-'*C]PA into TG (Fig. 4D). The amount of
[1-"*C]PA incorporated into PLs was unaffected by TTA treat
ment (Fig. 4C), whereas the amount of [1-'*C]PA in choles-
terol ester was significantly decreased upon TTA exposure at
different doses (Fig. 4B).

Since TTA appeared to stimulate [1-1*C]PA uptake and
[1-14C]PA incorporation into TG, selectively, it is likely
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that TG synthesis was stimulated. Staining of the cells with
Oil Red O confirmed lipid accumulation in D54Mg cells
treated with TTA (Fig. 5A) as more clusters of larger lipid
droplets in D54Mg were observed in these cells when com-
pared with control. Lipid accumulation was, however, also
seen after PA supplementation.

Increased accumulation of TG in cells treated with sat-
urated fatty acids might be related to poor capacity of
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the cells to oxidize fatty acids. Inhibition of mitochon-
drial B-oxidation by etomoxir indeed amplified the TTA-
and PA-mediated stimulation of TG accumulation (Fig.
5B), whereas no significant change in cellular PL levels
could be observed after etomoxir supplementation (Fig.
5C). On the other hand, rL-carnitine significantly re-
duced the amount of TG in PA-treated cells, but not cells
exposed to TTA. In contrast, no increase in cellular PL

M 4 hours
24 hours

Fig. 4. Effect of TTA on the metabolism and oxidation
of PA and in glioma cells. Bars represent (A) the uptake
of [1-"*C]PA or the incorporation of [1-'*C]PA into (B)
cholesterol ester, (C) phospholipids, or (D) triacylglyc-
erol D54Mg cells after incubation with 50 pM [1-
4C]PA = 100 or 200 pM TTA for 4 h or 24 h. E: Bars
represent COy and acid-soluble products in D54Mg
cells. The oxidation was measured subsequently to culti-
vation with 50 pM [1-*C]PA *+ 100 pM TTA for 24 h.
All data shown are mean values (nmol/mg protein) = SD
(n = 3). * Significantly different from cells grown with
PA alone, P < 0.05.
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Fig. 5. Triacylglycerol accumulation in glioma cells treated with fatty acids. A: D54Mg cells were cultured in
the presence of control medium, 150 uM PA, or TTA for 48 h and stained with Oil Red O as described in Ex-
perimental Procedures. Areas with elevated level of lipids are indicated with white arrows. Magnification:
20X. D54Mg cells were incubated for 48 h in control medium, or in medium containing 150 wuM PA or TTA
as indicated = 50 wM etomoxir or 500 wM 1-carnitine. Values represent total cellular amount of (B) TG and
(C) PL (nmol/mg protein), and the values represent mean * SD (n = 3). * Significantly different from cells

incubated without etomoxir or 1-carnitine, P < 0.05.

levels could be observed after r-carnitine supplementa-
tion.

Effect of PA, TTA, and 1-carnitine on
sphingolipid metabolism

Inhibition of mitochondrial B-oxidation by etomoxir has
been shown to stimulate incorporation of fatty acids into cer-
amides (34). Increased ceramide production has been re-
ported to induce apoptosis in several different systems (37),
both via elevated de novo synthesis and degradation of sphin-
gomyelin. Since stimulation of B-oxidation by 1-carnitine

Palmitic acid TTA
: —_
S8
TE 920
o
8 &
g9
o
23 80
T &
S35
ZE 40
88
Q G
~ (=]
= GAN SM CRB CRM GAN SM CRB CRM
L-carnitine: - + - +

Fig. 6. Effect of 1-carnitine on the incorporation of PA and TTA into
sphingolipids. BT4Cn cells were incubated with 200 pM [1-1#C]PA
(black bars) or [1-1#C]TTA (striped bars) in the presence or ab-
sence of 500 M r-carnitine. Sphingolipids were separated by TLC
and the radioactivity was measured with liquid scintillation count-
ing. Bars represents mean incorporation of [1-1*C]fatty acids into
sphingolipids calculated as percent of incorporation in cells culti-
vated with no 1-carnitine supplementation (n = 3). GAN, ganglio-
sides; SM, sphingomyelin; CRB, cerebrosides; and CRM, ceramide.

partly abolished the antiproliferative effect of PA but potenti-
ated the growth-limiting effect of TTA (Fig. 2), we measured
the incorporation of labeled TTA and PA into sphingolipids
in the absence or presence of supplementary 1-carnitine. The
level of PA-labeled ceramide, gangliosides, cerebrosides, and
sphingomyelin decreased after 1-carnitine supplementation
(Fig. 6). In contrast, the incorporation of [1-1*C]TTA into
these sphingolipids was at least not reduced by stimulation
with 1-carnitine. Moreover, the amount of amide-linked fatty
acids in ceramides after PA and TTA supplementation was
marginally influenced when compared with untreated con-
trol cells (Table 3).

Sensitivity to sphingolipids and the effect of inhibitors of
sphingolipid metabolism

Based on the possible involvement of ceramide in PA
and/or TTA-mediated growth arrest, we sought to determine
if D54Mg and BT4Cn cells were sensitive to Co-ceramide, a

TABLE 3. Effect of palmitic acid and TTA on ceramide synthesis in
glioma cells

Treatment Amount of Fatty Acids in Ceramides
nmol/mg protein

Control 14.7

PA 17.0

TTA 17.1

D54Mg cells were incubated with 100 WM palmitic acid or 100 uM
TTA for 24 h, and cells grown in medium without additional fatty acids
were used as control. Cells were pooled from 2-4 dishes, ceramide was
separated by TLC, and fatty acids were measured by GC/MS analysis as
described in Experimental Procedures.
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cell-permeable ceramide analog previously shown to cause
apoptosis (38), and sphingosine, an intermediate in sphin-
golipid metabolism which has been reported to induce ap-
optosis in different cell systems (39). Indeed, glioma cells
were sensitive to both Co-ceramide (Fig. 7A) and sphingosine
(Fig. 7B), but not Co-dihydroceramide (Fig. 7A). The ICy,
values for Co-ceramide and sphingosine were ~30 uM and 6
M, respectively, which is in a similar range to that observed
in other cell lines (34, 39-41).

To further evaluate if ceramide synthesis could be involved
in the growth-limiting properties of PA and TTA, we cultivated
PA and TTA-treated D54Mg (Fig. 7C) and BT4Cn (Fig. 7D)
cells in the absence or presence of sphingosine 1-phosphate,
a compound that is known to prevent ceramide-mediated
apoptosis (42), and four different inhibitors of enzymes
involved in sphingolipid metabolism. Sphingosine 1-phos-
phate, PDMP (UDP-glucose:ceramide glucosyltransferase in-
hibitor; inhibits GD3 synthesis), desipramine (acidic sphingo-
myelinase inhibitor), fumonisin B; (ceramide synthase
inhibitor), and 1-cycloserine (serine palmitoyltransferase in-
hibitor) were not able to rescue the cells from PA and
TTA-induced growth inhibition.

Effects on mitochondria and glutathione

The results indicate that the mitochondria may be of
importance in TTA-induced apoptosis. In order to investi-
gate this, BT4Cn cells were dually stained with the glu-
tathione-reactive dye, CMFDA, and MTR, which is a mito-
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chondrial membrane potential (A, )-dependent probe
(Fig. 8). The intensity of MTR was modestly decreased in
TTA-treated cells, indicating that TTA-mediated apoptosis
is associated with a decrease in Ay,. Glutathione, as as-
sessed by CMFDA-staining, was ubiquitously present in the
cytoplasm in healthy control cells, but the concentration
was evidently higher near the nuclei. TTA dose-depen-
dently induced a redistribution of glutathione from the
nuclei and mitochondria toward cellular bodies appear-
ing as highly intensified particles. The decreased level of
mitochondrial glutathione was also supported by the loss
of yellow staining in the merged pictures.

DISCUSSION

This investigation shows that TTA and PA reduced the
growth of glioma cells and that the modified 3-thia fatty
acid induced apoptosis. The main finding was that the mi-
tochondrial functions are involved in this fatty acid-medi-
ated growth inhibition. This conclusion is evident from
the data on mitochondrial B-oxidation, the use of r-car-
nitine, etomoxir, and aminocarnitine, incorporation of
fatty acids into glycerolipids and ceramide and the mito-
chondrial membrane potential Ags,,,.

L-carnitine was found to enhance the antiproliferative
effect of TTA, but partly abolished the effect of PA (Fig.

c D54Mg M palmiticacid 2 TTA

Fatty acids alone
+10puM PDMP
+5uM S-1-P

+ 10uM Desipramine

+ 5uM Fumonisin B1 g

+ 10uM L-cycloserine ~

D

Fatty acids alone

+ 10pM PDMP
+5uM S-1-P
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+ 10uM L-cycloserine
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[3H]thymidine incorporation
(% of control)

Fig. 7. Effect of sphingolipids and inhibitors of sphingolipid metabolism on the growth of glioma cells.
BT4Cn (diamond) and D54Mg (square) cells were grown in the presence of increasing doses of (A) Co-ceramide
and Co-dihydroceramide (as indicated) or (B) p-sphingosine, for 48 h. All values represent incorporation of
[*H] thymidine, calculated as a percentage of control (no sphingolipids added). Data shown are mean values *
SD (n = 3). D54Mg (C) and BT4Cn (D) cells were grown in the presence of 150 wM TTA or PA alone, or in
the presence of 10 uM PDMP, 5 uM sphingosine 1-phosphate, 10 uM desipramine, 5 uM fumonisin B, or 10
M r-cycloserine, for 48 h. Bars represent incorporation of [*H]thymidine, calculated as percentage of con-

trol (fatty acids alone) (n = 3).
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combined

Fig. 8. Cell micrographs: mitochondrial membrane potential and glutathione distribution in cells exposed
to TTA. BT4Cn cells were grown in control medium or treated with 150 pM or 200 uM TTA for 21 h, fol-
lowed by dual staining with the glutathione-reactive dye CMFDA (green) and the mitochondrial dye
Mitotracker red (MTR). The samples were studied by the use of laser scanning confocal microscopy. Red
(585 nm) and green (522/35 nm) fluorescence indicates mitochondria and glutathione, respectively.

2). In the presence of 1-carnitine the oxidation of labeled
PA was elevated, independent of the fatty acid uptake (Ta-
ble 1). Furthermore, addition of 1-carnitine decreased the
incorporation of [1-'*C]PA into TG and PL (Table 2),
suggesting that less palmitoyl-CoA was available for glycero-
lipid synthesis after stimulation of the mitochondrial
B-oxidation. In support, 1-carnitine reduced the cellular
TG concentration in PA-treated cells, which was not ob-
served for cells exposed to TTA (Fig. 5B). The enhanced
effect of 1-carnitine on TTA-mediated growth suppression
suggests that a direct effect on the mitochondria might be
involved. It has been demonstrated that CPT-I might be
involved in the regulation of apoptosis through regulation
of the carnitine/palmitoylcarnitine ratio (43). An ele-
vated level of palmitoylcarnitine activated caspases, and
carnitine-coupled TTA may have similar functions. We
have recently detected formation of TTA-carnitine in
plasma of rats treated with TTA (Berge et al., unpublished
observations). Furthermore, it has been demonstrated
that CPT-I directly interacts with the antiapoptotic protein
Bcl-2 (44), but the importance of this interaction in the
apoptotic process is a matter of dispute (33).

TTA also stimulated the oxidation of PA (Fig. 4E),
which is in agreement with previous findings (8). Com-
pared with r-carnitine stimulation, which induced oxida-
tion of PA ~3-fold (Table 1), the stimulating effect of TTA
was very low. Hence, it is likely that the increased mito-

chondrial oxidation observed after TTA treatment is not
sufficient to prevent increased TG synthesis, as observed
in D54Mg cells (Fig. 5). It is noteworthy that in hepato-
cytes, an increased oxidation of fatty acids was accompa-
nied by a reduced synthesis of PA-labeled TG after TTA
treatment (45), indicating that the mitochondrial $-oxida-
tion capacity is higher or more inducible in rat hepato-
cytes than in glioma cells. One important factor involved
in the stimulation of fatty acid oxidation is the activation
of peroxisome proliferator-activated receptor (PPAR)a
(46). However, the level of PPARa in rat glioma cells is
very low (7), supporting the hypothesis that the oxidative
capacity is restricted.

It is unclear whether it is the amount of fatty acids taken
up by the cells, or the specific effects of the fatty acids,
that gives rise to growth suppression. The uptake of TTA
was low when compared with PA, suggesting that TTA has
a more specific effect. However, TTA increased the uptake
of PA (Fig. 4A), and might therefore induce indirect
growth-limiting signals, as well as direct effects. The mech-
anism behind the increased uptake of PA in the presence
of 200 uM TTA is currently not known, but might be re-
lated to a passive uptake of fatty acids due to the high total
fatty acid concentration in the medium. With 100 pM
TTA, however, we did not observe any increased uptake of
PA, but still found a stimulation of TG synthesis. Thus,
TTA specifically stimulates TG synthesis. Since TTA is
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more favored for incorporation into PL than TG (Fig. 3B,
D), it might therefore occupy positions in PL and, conse-
quently, direct PA (and other fatty acids) to TG synthesis.

The cellular TG concentration increased in the presence
of etomoxir in control cells, as well as in cells treated with
fatty acids (Fig. 5B). These results demonstrate that an inhi-
bition of the mitochondrial B-oxidation leads to an ele-
vated intracellular level of TG. Retarded cell growth after
etomoxir treatment has also been described in a hemato-
poietic cell line (34), where PA was found to enhance the
generation of the pro-apoptotic second messenger cer-
amide after inhibition of CPT1. The mechanism account-
ing for enhanced growth inhibition by etomoxir treatment
is elusive and requires further investigation, but decreased
mitochondrial B-oxidation might lead to a channeling of
acyl-CoA toward ceramide synthesis. Moreover, increased
TG accumulation might be considered as a contributing
factor for an elevated ceramide synthesis due to an ex-
panded source of acyl-CoA (11, 20). Our experiments, how-
ever, indicates that neither PA nor TTA mediate growth in-
hibition via increased ceramide synthesis. Even if increased
B-oxidation was accompanied by a decreased rate of de
novo ceramide synthesis after PA exposure (Fig. 6), the
amount of ceramides was not significantly elevated after
treatment with saturated fatty acids (Table 3). Moreover,
ceramide synthesis does not seem to be essential, since an
inhibition of both de novo ceramide synthesis, sphingomy-
elinase, and GD3 synthesis could not rescue the cells from
PA and TTA-mediated growth suppression (Fig. 7C, D).

It is now well established that the mitochondrion plays
a crucial role in the regulation of growth and apoptosis
(47, 48). This report shows that modulation of the mito-
chondrial B-oxidation significantly affects both PA and
TTA-mediated growth suppression. Second, TTA induced
alterations in Ay, and mitochondrial glutathione con-
tent (Fig. 8). Recently, we have found that TTA induced
an early depletion of mitochondrial glutathione and a re-
duction in the percentage of non-oxidized glutathione
(GSH) in leukemia cells (unpublished observations). In
these IPC-81 leukemia cells, we also saw that the apop-
totic morphology and cytochrome c release were partly
blocked by over-expression of Bcl-2. As TTA-induced
apoptosis was associated by depolarization of A, in both
glioma cells and in IPC-81 cells (unpublished observa-
tions), the potential of PA and TTA to inhibit growth of
glioma cells seems to be related to mitochondrial func-
tions (33).

Lipid droplet formation and increased cellular TG level
has been suggested to enhance the apoptotic process (12,
49). Thus, our data support that apoptosis at least could
be associated with TG accumulation. Whether there is a
causal relationship between lipid droplets and TG accu-
mulation and/or the apoptotic process remains to be de-
termined. Al
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